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2 Abstract

Insulin/IGF system is a complex network of three similar hormones (insulin, IGF-1 and
IGF-2) and their three similar receptors (IR-A, IR-B and IGF-1R, Figure 5.1.), which play
important roles in maintaining basal energy homeostasis of the organism, in growth,
development, life-span but also in development of diseases such as diabetes mellitus, cancer,
acromegaly or Laron dwarfism. Despite structural similarities between family members,
each member has its unique role in the system. Identification of structural determinants in
insulin and IGFs that trigger their specific signalling pathways is important for rational drug
design for safer treatment of diabetes or for more efficient combating of cancer or growth-
related disorders. In this thesis, we focused on identification of such structural determinants
in IGF-1. Comparison of our data with parallel studies with IGF-2 and insulin could give a
more complex picture of the problem.

First of all, we developed necessary methodologies for the preparation of IGF-1
analogues. We developed a new methodology for the total chemical synthesis of IGF-1
analogues based on the solid-phase synthesis of fragments and their ligation by a Cu'-
catalyzed cycloaddition of azides and alkynes. In parallel, we developed a procedure for a
recombinant production of IGF-1 and its analogues in E. coli.

Next, to gain an insight into the structural basis of IGF-1 binding specificity for IGF-
1R, IR-A and IR-B, especially in comparison with insulin and IGF-2, we generated a series
of mutants with specific amino acid substitutions at the positions 49, 45 and 46 of the B
domain of IGF-1. In another study, we modified a pair of arginine residues at the positions
36 and 37 of the C domain of IGF-1. For all analogues we tested binding affinities of
analogues for the selected receptors and abilities of analogues to activate these receptors.

Our data provided new insights into importance of the studied amino acids in IGF-1 for
interaction with receptors for IGF-1 and insulin and may be useful for further rational

engineering of new hormone analogues for potential medical applications.



3 Abstrakt

Insulin a hormony IGF jsou soucasti komplexniho systému t¥i navzajem si podobnych
hormoni (insulinu, IGF-1 a IGF-2) a jejich tii pfibuznych receptort (IR-A, IR-B a IGF-1R,
obr. 5.1), ktery hraje dualezitou roli v regulaci basalni energetické rovnovahy organismu,
V jeho rustu, vyvoji, délce Zivota ale i ve vyvoji onemocnéni jako je diabetes mellitus,
rakovina, akromegalie nebo Larontv nanismus. Navzdory strukturnim podobnostem ma
kazdy hormon svou jedine¢nou roli v organismu. Identifikace specifickych strukturnich
motiva Vv insulinu, IGF-1 a IGF-2, které spoustéji specifické signaliza¢ni drahy, by byla
rakoviny nebo rustovych onemocnéni. V této praci jsme se zaméfili na identifikaci takovych
strukturnich motivii u hormonu IGF-1. Srovnani dat se studiemi provadénych paralelné s
IGF-2 a insulinem by mohlo poskytnout komplexnéjsi pohled na danou problematiku.

Nejdiive jsme vyvinuly nezbytné metodologie pro ptipravu analogi IGF-1. Vyvinuli
jsme novy postup pro celkovou chemickou syntézu analogti IGF-1 zalozeny na syntéze na
pevné fazi fragmentd IGF-1 a jejich spojovani pomoci cykloadice azidi a alkynt
katalyzované ionty Cu'. Paraleln& jsme vyvinuli postup pro rekombinantni produkci IGF-1
a jeho analogt v E. coli.

Abychom ziskali informace o dilezitosti specifickych strukturnich motivi IGF-1 pro
vazbu na IGF-1R, IR-A a IR-B zvlasté ve srovnani s insulinem a IGF-2, ptipravili jsme série
mutanti Se substitucemi ve vybranych pozicich 49, 45 a 46 v doméné B a v pozicich 36 a 37
v doméné C IGF-1. U vSech analogt jsme testovali jejich vazebné afinity vici receptort a
rovnéZ jejich schopnosti tyto receptory aktivovat.

Nase data poskytla nové informace o dilezZitosti studovanych pozic v IGF-1 pro
interakci s receptory IGF-1 a insulinu a mohou byt uzite¢né pro dalsi racionalni modifikace

téchto hormoni pro potencialni 1ékaiské aplikace.



4 List of Abbreviations

ALS = acid labile subunit

GSH = reduced gluthathione

GSSG = oxidized gluthathione

IGF = insulin-like growth factor

IGFBPs = insulin-like growth factor binding proteins
IGF-1R = The type 1 insulin-like growth factor receptor
IGF-2R = The type 2 insulin-like growth factor receptor
IR = insulin receptor

IR-A =isoform A of the insulin receptor

IR-B = isoform B of the insulin receptor

IRSs = insulin receptor substrates

Nle = Norleucine

PI3K = phosphoinositol 3-kinase

PPP = cyclolignan picropodophyllin

RTK = receptor tyrosine kinase

siRNA = short-interfering RNA



5 Introduction
5.1 The insulin/insulin-like growth factor (IGF) system

Insulin/IGF system plays key developmental and metabolic roles at every stage of life.
It is a complex system that controls and coordinates a number of biological effects such as
cellular growth, tissue formation and remodelling, bone growth, brain development and
basal energy metabolism. The cross-talk between components of insulin/IGFs system has a
crucial role in proper coordination of these biological outcomes [1].

Insulin/IGF system consists of three receptors of the Insulin/IGF receptor tyrosine
kinase subfamily (i.e. two isoforms of the insulin receptors, IR-A and IR-B, and the type 1
insulin-like growth factor receptor, IGF-1R), structurally different receptor for insulin-like
growth factor 2 (IGF-2R), three hormones (IGF-1, IGF-2 and insulin), six circulating IGF
binding proteins (IGFBP-1-6) and proteases that modulate IGF binding proteins availability
[1, 2].

Although the insulin receptors (IR-A and IR-B) and IGF-1 receptor (IGF-1R) share
similar structures and similar downstream cytoplasmic mediators it is known that IR-A and
IR-B are involved mainly in a regulation of physiological processes such as glucose transport
and metabolism, biosynthesis of glycogen and fat, whereas IGF-1R is mainly a regulator of
cell growth, proliferation, and differentiation. Moreover, theses receptors can form
heterodimers called hybrid receptors [3].

All these receptors can be activated by the three hormones, IGF-1, IGF-2 and insulin
(see Figure 5.1.) and each hormone has a different role in the organism [4]. It is supposed
that IR-B is activated mainly by insulin, whereas IR-A mainly by insulin or IGF-2. IGF-1R
is activated primarily by IGF-1 or IGF-2. Moreover IGF-2 can also bind to the IGF-2R,
which is also known as mannose-6-phosphate receptor, and which functions are not fully
clear [1].



IGF2 clearance
Physiological role?

¢ IGF-2R

Development
Growth
Healing

Life span

Development

Growth

Metabolic/energy homeostasis
Life span

Metabolic/energy homeostasis
Life span
Growth

Insulin

IR-B

Figure 5.1. Insulin/IGFs system. Schematic and simplified representation of the binding of
insulin, IGF-2 and IGF-1 to individual receptors and their predominant impacts on the
organism. Solid and bold arrows show strong binding, thin and dashed arrows denote weaker
binding. Typical affinities determined in the laboratory of Dr. Jird¢ek are shown in Table
5.1. (below). Figure was kindly prepared by Dr. Lenka Zakova.

Moreover, bioactivity of IGF-1 and IGF-2 in tissues is further regulated by circulating
and local expression of these hormones, respective IGF-BPs and degrading proteases. In
contrast, bioactivity of insulin is regulated by its production in -cells of islets of Langerhans

in pancreas in response to elevated glucose levels and other factors as well [5].



52 IGF-1

The insulin-like growth factor 1 (IGF-1) was discovered in the late 1950s as skeletal
growth factor under control of the pituitary hormones produced in the liver that has impact
on whole-body somatic growth and it was also known as somatomedin [6].

IGF-1 is a hormone, a member of insulin protein family as well as IGF-2 or insulin but
also other human peptides as relaxins or INSL peptides. All these three hormones share
similar secondary and tertiary structures and have similarities in primary structures as well,

although their biological roles are different [6].

5.2.1 Structure

IGF-1 is 70 amino acid single chain polypeptide cross-linked by three disulphide
bridges, that is divided into four domains: B, C, A and D (from N to C terminus, see Figure
5.2.). All four domains have about 60 % sequence identity with 1GF-2, mostly in the B and A
domains, which have also about 50 % sequence similarity with the B and A chains of insulin

[6].

1 10 20 30 40

IGF-1 |GFETLCGAELVDALQFVCGDRGFYFNKFTGYGSSSRRAF'QT
1 10 20 30 40
IGF-ZIAYRFSETLCGGELVDTLQFVCGDRGFYFsRPASR——VSRRS——R
1B 10 20 30
Insulin I_FVNQHLCGSHLVEALVLVCGERGFFYTFKT

50 60 70
IGF-1 |GIVDECCFRSCDLRRLEMYCA|FLKF'AKSAl
50 60 67
IGF-2 |GIVEECCFRSCDLALLETYCA|T--PAKSEl

1A 10 20
Insulin |GI VEQCCTS I CS LYQLENYCNl

Figure 5.2. Primary sequences of human IGF-1, IGF-2 and insulin. Grey background
highlights identical amino acids in all three hormones. Amino acids of B domains (B chain
in insulin) is in a red box, C domain residues are in a green box, A domain (A chain in
insulin) residues are in a blue box and D domain amino acids are in a purple box. [6]

The three dimensional structures of IGF-1 have been already solved by both NMR
[7-10] and X-ray crystallography [11-14] methods (Figure 5.3.). The 3D-structure of IGF-1
consists of three highly conserved a-helices. Helix 1 (Gly8-Cys18) is in the B domain
whereas helix 2 (1le43-Cys47) and helix 3 (Leu54-Glu58) are both located in the A domain.
The structure is further stabilized by three characteristic disulphide bonds (Cys6-Cys48,

Cys18-Cys61 and Cys47-Cys52). The C and D domains appear highly flexible in the
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solution structures determined by NMR [7-10]. Overall, the 3D structure is very similar to
3D structures of IGF-2 and insulin especially in the hydrophobic cores of hormones formed

by helical parts (Figure 5.4.).

Figure 5.3. 3D-structure of IGF-1. Structure showing helix 1 (blue) in the B domain, helix
2 (pink) and helix 3 (red) in the A domain [9].

IGF-1 IGF-2 Insulin

Figure 5.4 Comparison of 3D-structures of IGF-1, IGF-2 and insulin [9, 15, 16].

5.2.2 Binding to the receptors
IGF-1 binds to the insulin/IGF subfamily of cell surface tyrosine kinase receptors.
IGF-1 binds IR-A (without 12 amino acids at the C-terminus of the a-domain) and especially

IR-B (with 12 amino acids at the C-terminus of the a-domain) with a low affinity. Typical
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binding affinities of IGF-1 but also of IGF-2 and human insulin determined in the laboratory

of Dr. Jira¢ek are shown in Table 5.1.

Table 5.1. Binding affinities of insulin, IGF-1 and IGF-2. Typical values of binding
affinities (Kq values) of insulin, IGF-1 and IGF-2 for human IR-A (in membranes of human
IM-9 lymphocytes), human IR-B or human IGF-1R (in membranes of mouse fibroblasts)
measured in Dr. Jiraéek’s laboratory using %l-labeled insulin or %l-labeled IGF-1 as
tracers. Adapted from [17].

Hormone/Receptor | IR-A (nM) | IR-B (nM) | IGF-1R (nM)

Human IGF-1 24 225 0.2-0.3
Human IGF-2 2.9-3.0 35 2.3
Human insulin 0.2-0.5 0.3-0.7 290

IGF-1 binds also with relatively high affinities both hybrid receptors, IGF-1R/IR-A
(ECso about 0.3 nM) or IGF-1R/IR-B (ECsp about 2.5 nM) [18].

Different binding affinities of IGF-1 for IR and IGF-1R receptors indicate different
binding interactions with each receptor, however details of these interactions are still only
partly understood. Interaction of IGF-1 especially with IGF-1R and IR-A receptors is
extensively investigated through the preparation and functional analysis of IGF-1 analogues.
Table 5.2. shows a list of IGF-1 analogues and their binding properties, which have been
already prepared. There is a variability of the absolute values of binding affinities of
analogues from different studies due to different techniques used by different groups to
determine binding affinities. However, the relative binding affinities (related to wild type
IGF-1), are relatively consistent between individual studies. Moreover, some early studies
with IR were performed with different tissues often expressing a mixture of both IR
isoforms.

Chimeras combining domains of insulin and IGF-1 or domains of IGF-1 and IGF-2
were frequently used to identify regions important for differential binding to the receptors.
Likewise, point mutations, deletions or multiple mutations were frequently used for mapping
binding epitopes in insulin, IGF-1 and IGF-2. At least 24 of the 70 IGF-1 amino acids have
been individually mutated and tested for their receptors binding properties.

Experiments involving chimeras showed, that the C domain plays a role in
determining the IGF-1R binding preference for IGF-1. Substitution of the IGF-1 C domain
for the IGF-2 C domain lead to the IGF-1R binding affinity similar to that of native IGF-2

12



and reverse effect was observed for IGF-2 containing the IGF-1 C domain [19]. Likewise, it
was found that binding of IGF-1 analogue is disrupted when using IGF-1R chimera with IR
CR domain suggesting that the IGF-1 C domain interacts predominantly with IGF-1R CR
domain [20]. Mutations of Tyr31, Arg36 and Arg37 revealed their importance for IGF-1R
binding. Substitution of Arg36 and Arg37 with Ala leads to a decrease of binding to IGF-1R
[20, 21] 5- to 15- fold, depending on the assay methodology. Mutation of Tyr31 to Ala
caused a 6-fold decrease of binding to IGF-1R [22].

Ala mutations of IGF-1 residues Tyr31, Arg36 and Arg37 cause increase in IR
binding [20-22], which can support the assumption that the C domain of IGF-1 plays a rather
minor role in IR binding. Another experiments leading to this conclusion involved
replacement of the IGF-1 C domain with a 4-glycine bridge and caused an increase binding
to IR [23], a single chain insulin with the IGF-1 C domain had IR affinity similar to native
human insulin [24], and double chain insulin with the IGF-1 C domain on the C-terminus of
the B chain had a lower IR affinity than native insulin [25]. In contrast, it seems that IGF-2
C domain has more important role in IR binding [19].

Although the IGF-1 D domain is less significant in IGF-1R binding, a study mutating
the positively charged Lys65 and Lys68 residues in the IGF-1 D domain for Ala showed
their importance in IR binding properties of IGF-1. Their mutation to Ala caused an increase
in IR binding potency relative to IGF-1 indicating that they can represent an obstacle in
binding to the IR [20].

Both A and B domains, in general, have crucial roles in binding properties of IGF-1
to both IR isoforms and to IGF-1R receptor. However, it was shown that the N-terminal tail
of IGF-1 B domain is not crucial for IGF-1R binding. Sequential deletions of the N-terminus
of IGF-1 revealed that removal of first 4 residues do not significantly disrupt IGF-1R binding
[26]. Mutagenesis of Glu3 and Thr4 supported this conclusion [27-30]. However, Thr4 has
influence on IR binding since a mutation of this residue to His, which is the corresponding
residue in insulin, led to an increase in affinity for the IR-A and IR-B [28].

Nevertheless a few residues, namely Ala8, Valll, Phe23 and Tyr24, of the B domain
were shown as crucial for binding of IGF-1 to both IR and IGF-1R receptors as well [31].

An additional interesting position in IGF-1 is Glu9. Analogue of IGF-1 with the
substitution of negatively charged Glu9 to positively charged Lys9 binds IGF-1R with 25 %
of native IGF-1 affinity and Glu9GIn IGF-1 binds IGF-1R 75 % of native IGF-1 [32].

Interestingly, the mutation of corresponding HisB10 residue in insulin to Lys also reduces

13



IR binding of the analogue [1]. However, mutation HisB10Asp of insulin results in insulin
analogue with very high potency for both receptors [33]. This suggests the preference of
both receptors, IGF-1R and IR-A, for a negative residue or for the lack of a positive charge
at this position at the beginning of the B chain helix.

Moreover, it was determined that the substitution of the first 16 N-terminal IGF-1
amino acids with the first 17 N-terminal amino acids of insulin B-chain, which includes 10
sequence changes, has almost no effect on IGF-1R binding [27]. These data indicate that the
IGF-1R binding surface is similar within the B domains of insulin and IGF-1.

IGF-1 A domain interactions were not investigated as intensively as the B domain
interactions. Nevertheless, residues Val44 [34], Glu58 [35], Met59 [28] and Tyr60 [22] were
identified as crucial for IGF-1R binding. Val44Met IGF-1 has been found in a patient with
severe mental and growth retardation, which was explained by the impaired IGF-1R binding
[36]. On the other hand, A domain residues that were not shown to be important for IGF-1R
binding include Phe49 [29], Asp53 [35], Arg50, Arg55 and Arg56 [21]. Residues Ala54 and
Leu55 in IGF-2 that are equivalent to Argb5 and Arg56 in IGF-1 also do not seem to be
crucial for IGF-1R binding [37].

Exchanging residues 42-56 in IGF-1 for the first 15 N-terminal residues of the insulin
A chain, together with a substitution of Thr41 for lle in the C domain, led to a 7-fold increase
in IR binding thus indicating an important role of these residues in IR binding. On the other
hand, this IGF-1 chimera maintained IGF-1R binding affinity similar to native IGF-1,
suggesting different binding epitopes in IGF-1R and IR responsible for binding of these parts
of the hormones. Interestingly, the replacement of Phe49, Arg50 and Ser51 or the
replacement of Arg55 and Arg56 in IGF-1 with the equivalent residues in insulin do not
change the binding affinity to IR. However, it was found the simultaneous replacement of

all these residues led to an increase of IR binding [38].
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Table 5.2. IGF-1R, IR-A, IR-B and IGF-2R binding affinities of IGF-1 analogues. Binding affinities are relative to IGF-1. B domain is

in blue, C domain is in green, A domain is in black and D domain is in red.
N.B.= no binding detected, *13 amino acid N-terminal extension M FPAMPLSSLFV N)
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—————————————————————————————————————————————————————————— F -——————-———- 0.06 <0.11 0.19 [28]
——————————————————————— L-———= - - ——————————— 2.20 0.05 0.78 [22]
—————————————————————————————— A-mmmome o ——————————— 1.58 0.17 0.88 [22]
——————————————————————————————————————————————————————————— L--—————--—- <0.57 0.05 <0.7 [22]
—————————————————————————————— A-—m—mmmm e e - 40.57 0.002 <0.7 [22]
——————————————————————— I L i { - - 7/ 0.004 2.33 [22]
——————————————————————— L-------——- -—-—————-— - - <e.57 0.001 <0.7 [22]
——————————————————————— L--——- A | —————————— <@.57 0.001 <0.7 [22]
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5.2.3 Binding to IGF binding proteins
IGF-1 binds to insulin-like growth factor binding proteins with high affinities (see

table 5.3.), which are different for each of proteins [32].

Table 5.3. Binding affinities of IGF-1 for insulin-like growth factor binding proteins.
From Ref. [32].

Protein ED50 of IGF-1 (nM)
Human IGFBP-1 8.1+0.7
Rat IGFBP-2 0.18 £ 0.02

Human IGFBP-3 0.08 +0.02
Human IGFBP-4 0.92 +0.02
Human IGFBP-5 0.65+0.03
Human IGFBP-6 2.1+0.1

In general, specific IGF-1 mutants have different decreases in IGFBP binding
affinities compared to nature IGF-1, depending on the IGFBP investigated, which suggests
that the IGFBP-binding epitopes in IGF-1 can differ for each IGFBP [50-52]. Since the most
frequent serum IGFBP is IGFBP-3, it is also the most studied for IGF-1 binding. Truncated
des-(1-3)-1GF-1 binds to IGFBP-3 with several times lower affinity than natural IGF-1 and
has also reduced binding affinity to other IGFBPs [53]. Other data measured on IGF-1 Glu3
mutants showed that the Glu3 is an important determinant of the des-(1-3)-1GF-1 binding
properties [29, 41].

Alanine scanning mutagenesis of the entire IGF-1 molecule identified Valll, Arg36,
Pro39 and Pro63 like other determinants important for IGFBP-3 binding. The same residues
were identified to be important also for IGFBP-1 binding [51].

Other IGF-1 residues found to be important for IGFBP binding are Glul5, Phel®,
Phe48, Arg49, and Ser50 [27, 32, 52, 54].

5.2.4 Biology of IGF-1

IGF-1 is a hormone, with biological effects typical for a growth factor, which acts
either in autocrine or paracrine fashion. It is synthesized in multiple tissues including liver,
skeletal muscle, bone and cartilage. Since the majority of IGF-1 is synthetized by the liver,
this organ is the most important regulator of blood concentration of IGF-1 and about 80 %

of the total serum IGF-1 comes from the liver. Circulating IGF-1 acts by a paracrine
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mechanism. The remaining IGF-1 is synthesized in the periphery, usually by connective
tissue cell types. IGF-1 that is synthesized in the periphery locally regulates cell growth by
an autocrine mechanism (it can bind to receptors that are present on the connective tissue
cells themselves) and by paracrine mechanism as well (can bind to receptors on adjacent cell
types, often epithelial cell types, that do not actually synthesize IGF-1) [55]. Moreover, the
mesenchymal cells surrounding the tumours are also an important paracrine source of IGF-
1 [56].

The synthesis of IGF-1 by cells in the connective tissue is under control of GH (the
human pituitary growth hormone, also known as somatotropin). Secretion of growth
hormone (GH) in the pituitary is regulated by the neurosecretory nuclei of the hypothalamus
[57].

Serum IGF-1 circulates in relatively high concentrations (150-400 ng per ml) in
plasma, mostly as the IGFBP-bound form. The free active form represents only a small part
(less than 1 %) [58]. Serum levels of IGF-1 increase slowly from birth to a pubertal peak
and then decrease with age. IGF-1, in contrast to IGF-2, is expressed at a low level
embryonically and thus seems to be more important for postnatal growth and development,
however it is still needed for correct embryonic development [59]. For example, foetal brain
expression of IGF-1 is suggested to be crucial for determining brain growth and head size
[60].

In mice, germline deletion of Igfl gene results in a 50 % reduction in birth weight
and a 70 % reduction in final adult size [61], whereas selective deletion of IGF-1 synthesis
in the liver (without effect on peripheral synthesis), results in less than a 10 % reduction in
adult size [55]. These data support the theory that the peripheral synthesis of IGF-1,
stimulated by GH, is an important determinant of somatic growth.

Hepatic synthesis of IGF-1 is regulated by several factors, including the GH
hormone, but the ability of GH to stimulate synthesis of IGF-1 is strongly influenced by
nutritional status [62]. In addition, increasing blood IGF-1 concentrations suppress GH
synthesis in the pituitary gland (a process termed negative-feedback regulation) [63].

Other hormones, such as thyroxine, cortisol, estradiol and testosterone participate
with GH in regulation of hepatic IGF-1 synthesis. Thyroxine increases sensitivity to GH,
and thus IGF-1 synthesis. Whereas estradiol, as well as cortisol, inhibit IGF-1 synthesis in
the liver. High cortisol concentrations can lead to growth attenuation by this mechanism.

Testosterone enhances hepatic IGF-1 synthesis, moreover alters the sensitivity of the
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pituitary gland to negative-feedback regulation of GH secretion, and thus causes an increase
in both GH and IGF-1[64].

Increasing of IGF-1 synthesis is also connected with injury. A wave of IGF-1
synthesis that stimulates reparative cell types to replicate was observed following tissue or
cellular injury of blood vessels [65], skeletal muscle [66], cartilage [67] and of the brain
[68]. Additionally, local synthesis of IGF-1 can be elicited by other growth factors involving
in the repair process, such as platelet derived growth factor (PDGF), fibroblast growth factor
(FGF) and epidermal growth factor (EGF) [69].

IGF-1 as a growth hormone plays a significant role also in protein metabolism. It was
demonstrated that IGF-1 enhances protein synthesis and slows down protein degradation not
only in muscle and skeletal tissues. In general, it mediates the anabolic effects [70-72].

Although IGF-1 is a growth hormone, it plays also another roles in organism than
only growth and development [2]. Structural similarities between IGF-1, IGF-2 and insulin
suggest that both peptides may arise from a common evolutionary precursor, which was used
by organisms to link nutrient intake and growth. The IGF-1/1IGF-2/insulin precursor could
be synthesised after the food intake to stimulate cells to use the ingested nutrient for protein
synthesis and tissue growth. IGF-1 has retained some insulin-like properties such as
stimulation of glucose transport into skeletal muscle cells and its synthesis is linked to
nutrient intake [73].

Several studies suggested that IGF-1 can enhance insulin action. For example glucose
disposal is partially dependent on circulating IGF-1 concentrations [74] and deletion of the
IGF-1R in skeletal muscle of mice results in glucose intolerance connected with impaired
insulin action [75]. The mechanisms of these IGF-1 actions is proposed to be connected with
either cross-talking between the insulin and the IGF-1 signal transduction pathways or with
inhibiting the secretion of GH, which can act as an insulin antagonist [76].

IGF-1/IGF-1R has also unknown role in the brain connected not only with controlling
synthesis of GH by the neuroendocrine brain. IGF-1 is also synthetized in the brain, within
neurons and glia. Partial inactivation of IGF-1R in the embryonic brain selectively inhibited
GH and IGF-1 pathways after birth, caused growth retardation, smaller adult size, and
metabolic alterations, and led to delayed mortality and longer mean lifespan. It suggests that
the development of this hormone axis is under control of the central nervous system (CNS)
[77]. The brain IGF-1 action is mostly connected with lifespan [78]. Neurons in the central

nervous system, by sensing the circulating levels of ligand, may have a central function in
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regulating the ageing of all tissues. This possibility was investigated using the Cre-lox
approach to produce brain-specific IGF-1R knockout mice. Homozygous mice for this
mutation are microcephalic, sterile, and have a complex neuroendocrine dysfunction, but

heterozygous mice are healthy and have an increase lifespan [77].

5.2.5 Diseases connected with IGF-1

Defects of the IGF-1 gene are rather rare in humans. Only a few cases (three
homozygous and two families with heterozygous mutations) have been described. Patients
have a variable degree of intrauterine and postnatal growth retardation, microcephaly,
deafness and developmental delay [79]. However a relatively high concentration of serum
IGF-1 is connected with an increased risk of developing cancer [80].

On the other hand, defects in GH action are not as rare as IGF-1 and lead to diseases
such as dwarfism or acromegaly. Children with attenuation of GH action often also have
IGF-1 deficiency that could be remedied by IGF-1 replacement. These treatments should be
beneficial especially in cases of GH receptor defects that resulted in the resistance to GH.
Several clinical studies used recombinant human IGF-1 (sold as Mecasermin) for treatment
children with IGF-1 deficiency [81-83]. Although the long term effect of this therapy did not
allowed children to achieve a normal range of adult heights, their adult heights is
significantly greater than in the absence of the therapy. Conceivably, further improvements
such as initiating treatment earlier, or using different dosing regimens, could lead to better
results [83]. IGF-1 has also been co-administered with IGFBP-3. Treatment of children with
this complex results in more stable serum IGF-1 levels with growth rates in the first year of
therapy equivalent to those obtained using IGF-1 alone [81].

Several catabolic states were described to lead to a relative resistance to GH as a
result of increased concentrations of cytokines, which thus inhibit IGF-1 synthesis and block
its actions in tissues [84]. These patients as well as patients with burns treated by IGF-1
respond to IGF-1 with increases in protein synthesis and an enhancement of the whole body
protein anabolism [85, 86]. Likewise, experiments performed on rats showed that treatment
by injection of biotinylated nanofibers delivering IGF-1, which provided sustained IGF-1
delivery for 28 days into rat myocardium, could be beneficial after myocardial infarction
[87].
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Two studies demonstrated that the reduction in bone mineral density can be improved
by administered IGF-1, as a potent growth factor for osteoblasts [88, 89]. In addition, studies
on animal models show that IGF-1 could be involved in stimulating atherogenesis [90, 91].

Administering IGF-1 to patients with severe insulin resistance, diabetes mellitus type
1 or type 2 lead to enhanced insulin sensitivity and improvement of post-prandial glucose
usage [74, 92-94].

In addition, IGF-1 has a role in longevity connected with its action in brain. It was
reported that heterozygous knockout mice (Igf1r*"-) (heterozygous because null mutants are
not viable) live on average 26 % longer than their wild-type littermates. For females, the
effect was even more significant than for males. Long-lived Igfir*’"- mice do not develop
dwarfism, and their nutrient uptake, energy metabolism, physical activity, fertility and
reproduction are unaffected. Moreover they display greater resistance to oxidative stress, a
known determinant of ageing [95]. The same was observed in nematodes [96]
(Caenorhabditis elegans [97]) and in the insect Drosophila melanogaster [98]. The presence
of low levels of GH/IGF-1 in most of the long-lived rodent models delays puberty and
reproduction. This observation led to an idea of shifting a ‘biological timer’ that will also
delay aging. Thus, the longer lifespan of these models may be due to the late arrival of age-
related diseases, despite many other problems that they face early in life [99].

Finally, IGF-1 was demonstrated to play a role in Alzheimer’s disease [100] and in

Huntington's disease [101].

5.3 Insulin-like growth factor binding proteins

Insulin-like growth factor binding proteins family consists of six protein members
(IGFBP-1 to -6), which bind IGF-1 and IGF-2 with high affinity. They are well known for
modulating bioavailability of IGF-1 and IGF-2, whereas their bioavailability is known to be
modulated by proteolysis [102].

In serum, IGF-1 and IGF-2 are predominantly (about 90 %) found in a ternary complex
consisting of IGF-1 or IGF-2, IGFBP-3 and acid labile subunit (ALS). Another ternary
complex of IGF:IGFBP-5:ALS is also formed in a lower amount (about 10 %). ALS is 85
kDa glycosylated protein and belongs to the leucine-rich repeats (LRR) family of proteins,
which main role is to increase the half-life of IGFs in the circulation. The downregulation of
ALS leads to low serum IGFBP-3 and IGF-1, which causes growth retardation [103].
Surprisingly, ALS binds IGFBPs only if they are in complex with IGF [104, 105].
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Both of these ALS-containing complexes work as a reservoir of IGFs trapped in
circulation because they are not able to cross the vascular epithelial layer. Moreover these
complexes have half-life about 16 hours, in contrast to less than 15 minutes of free IGF-1
[106].

The rest of IGFBPs (IGFBP-1, -2, -4, -6) are also present in serum, however in small
amounts (the most frequent is IGFBP-2) and form smaller binary IGF:IGFBPs complexes,
which can cross the vascular epithelial layer, and thus deliver IGF-1 to target tissues. Binding
of these IGFBPs to IGFs also considerably slows down serum IGFs clearance [107, 108].
Likewise, locally expressed IGFBPs also modulate IGFs actions by blocking their binding
to the IGF-1R [102].

In addition, almost all IGFBPs have been shown to have also IGF-independent role
in organism, however their IGF-independent actions are much less investigated than the IGF-
dependent actions [109, 110].

The mature IGFBPs contain 216-289 amino acids that are organized into three
domains of approximately equal size. There are more conserved cysteine-rich N- and C-
domains, which are linked together via L-domain, which is unique to each IGFBP. IGFBPs
1-5 have 18 conserved cysteines, whereas IGFBP-6 has 16 cysteines resulting in its different
fold from other IGFBPs. All six IGFBPs have the same three conserved disulphide bonds
within the C-domains [102, 111, 112].

Both conserved regions, the N- and C-domains, are binding IGFs and the IGF binding
determinants are similar in all six IGFBPs [111, 113-116]. The binding site for ALS is
located in the C-domain [117].

The L-domains of IGFBPs are not conserved and are not directly involved in binding
of IGFs. They contain mainly sites of post-translational modifications such as glycosylation,
phosphorylation and proteolysis. Glycosylation of IGFBPs does not change IGF binding
affinities, but influences other IGFBPs properties such as stability, circulating half-life, and
susceptibility to proteolysis and cell association [118-120]. Phosphorylation has been also
shown to influence IGFBPs properties such as susceptibility to proteolysis [121, 122] or cell
surface binding [123]. Moreover, in contrast to glycosylation, phosphorylation was
demonstrated to influence IGF binding properties [124].

Proteolysis of IGFBPs predominantly occurs in the L-domain and provides a
mechanism for regulation of circulating IGFBPs amounts. Moreover, some of the resulting

fragments of the proteolysis have been reported to retain biological activity [125, 126]. A
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number of proteases cleaving IGFBPs was identified, such as plasmin, pregnancy-associated
plasma protein A (PAPP-A), pepsin, cathepsins or matrix metalloproteinases [102, 112, 127-
130].

5.4 The type 1 insulin-like growth factor receptor

The type 1 insulin-like growth factor receptor (IGF-1R) is a transmembrane tyrosine
kinase that belongs to insulin/IGF-1 receptor subfamily of receptor tyrosine kinases (RTK)
[131, 132]. All RTKs share a similar molecular architecture, with large extracellular
glycosylated ligand-binding domain, a single transmembrane helix, and intracellular
region that contains a juxtamembrane regulatory region, protein tyrosine kinase domain
with an additional C-terminal region. They are one of a major cell surface receptor family,
containing about 60 members, subdivided into at least 13 receptor subfamilies. The major
common structural feature of these receptors is their dimeric character or dimerization upon
activation by a ligand [131, 133].

IGF-1R is similar to IR-A (insulin receptor isoform A, lacking 12 amino acids at the
C-terminus of the a-subunit coded by exon 11) and to IR-B (insulin receptor isoform B,
having 12 amino acids at the C-terminus of the a-subunit coded by exon 11). The IGF-1R
and the IRs have high sequence homology (84 % in the tyrosine kinase domain, about 55 %
in the ligand binding part, and above 50 % in overall amino acid sequence) [134].

IGF-1R binds IGF-1 with high affinity and IGF-2 with lower affinity as well but
insulin with a low affinity (Table 5.1.) [17].

5.4.1 Structure

The human IGF-1R gene, located on chromosome 15, is greater than 100 kb in size
and the coding sequence contains 21 exons [135]. The product of this gene is a 180 kDa
(1367 amino acids) precursor, which is proteolytically processed to yield a-chain (residues
1-707) and B-chain (residues 712-1337) [134, 136]. The mature IGF-1R is subsequently
composed of two a- and two B-chains linked together via disulphide bonds to form (ap)2
homodimer (Figure 5.3.) which is heavily glycosylated [137-139]. Since glycosylation is
critical for IR biosynthesis it is suggested the same is valid for IGF-1R, which has 16
potential N-linked glycosylation sites, 11 on the a-chain and 5 on the B-chain [134, 140].

a-Chain of IGF-1R consists of, from the N-terminus to the C-terminus, a leucine-rich

repeat domain (L1 domain), a cysteine-rich region (CR domain) containing 22 cysteine
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residues, a second leucine-rich domain (L2 domain), fibronectin type Il domains (Fnlll-1,
and Fnlll-2a) and an insert domain o (ID-a), which contains so-called o-CT peptide at the
end [31, 141-144].

B-Chain is formed by, again from the N-terminus to the C-terminus, insert domain 3
(ID-B), fibronectin type 111 domains (Fnlll-2b and Fnlll-3), transmembrane sequence, tyrosine
kinase domain and C-tail (Figure 5.3.) [31, 142-144].

Extracellular ectodomain of IGF-1R consists of two complete a-chains and 195
residues of each of B-chain (ID-B, Fnlll-2b and Fnlll-3 domains) and is responsible for
binding of hormones. The transmembrane sequence (TM domain) is formed by the residues
906-929 of each B-chain, which continue by another 408 residues into the cytoplasm where
form a juxtamembrane region (JM domain, residues 930-972), contains the phosphotyrosine
binding sites for signaling molecule, tyrosine kinase domain (TK domain, residues 973-
1229) followed by C-tail (residues 1230-1337) [3, 134, 139] (Figure 5.3.).

The 3D structure of the first three domains (L1-CR-L2) of the IGF-1R has been
solved by X-ray crystallography [145]. In addition, several structures of the kinase domain
have been also determined [146-149].
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Figure 5.3. IGF-1R structure. The domain organisation of IGF-1R and the approximate
location of the disulphide bonds are shown. Reproduced from Ref. [3].

5.4.2 Binding of hormones

Structural understanding of binding of IGF-1 and other hormones to the extracellular
ectodomains of the IGF-1R is not completely understood. Until spring 2018 (see below),
there was no complete crystal or any other structure of any of receptors of the tyrosine kinase
superfamily [132]. However, the interaction of IGF-1 with its receptor is similar to the
insulin/IR interaction where some structural advances were done.

It is widely acknowledged that insulin binding to the IR is mediated by two binding
epitopes, so-called Site 1 and Site 2, which together form the complete binding pocket for
the hormone. Site 1 (also known as ‘‘classical binding site’”) consists of L1 domain and a-
CT peptide and binds insulin with a dissociation constant (Kq) of approximately 6.4 nM
[150-154]. The first crystal structure of the complex of insulin sitting on L1 domain and o.-
CT peptide of IR representing Site 1 was published in 2013 [150] and further refined in 2014
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[155]. This structure (Figure 5.4.) confirmed the results of previous studies suggesting the
detachment of the C-terminus of the B-chain of insulin from the central core of the insulin
molecule [156, 157].

The first crystal structure of IGF-1 in a complex with the receptor (hybrid construct
consisting of L1-CR domains of IR and a-CT peptide of IGF-1R) showed that the binding
IGF-1 to the IR receptor binding Site 1 is very similar to the binding mode of insulin.
However, this structure (Figure 5.5.) did not provide details about the arrangement of the C-
domain of IGF-1 on the receptor [158].

Figure 5.4. Crystal structure of the complex of insulin sitting on L1 domain and a-CT
peptide of IR. An overlay of receptor bound insulin (in green) sitting on the L1 domain of
the insulin receptor (in grey) and a-CT peptide (in yellow, 40GA from Ref. [155]) with a
crystal structure of AsnB26-insulin (in violet, 4AUNG from Ref. [156]) mimicking the
receptor-bound conformation of insulin. This complex represents so-called Site 1 of the
interaction.
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Figure 5.5. Crystal structure of the complex of human IGF-1 and receptor. IGF-1 bound
to L1 and CR domains of IR (in light blue) and o-CT peptide of IGF-1R (in violet). A-
domain of IGF-1 is in yellow, B-domain in black and E-domain in green. Orange and blue
parts of the IGF-1 C-domains are shown in orange and were modelled in the complex
because they were not visible in a crystal structure. Reproduced from the Ref. [158].

If the Site 1 of the IR receptor is relatively well defined from the available crystal
structures (see above), the identity of Site 2 still remains unclear. It was proposed that it
should be formed by Fnlll-1 and Fnlll-2 domains and its dissociation constant (Kq) value for
insulin is about 400 nM [151, 153, 154, 159]. Therefore, only the simultaneous interaction
of both Sites creates a high affinity complex with affinity about 0.2 nM [17].

The first structural insight into the second binding surface of insulin and IR was
published early this year by Scapin et al. [160]. The Cryo-EM structure of the extracellular
ectodomain of IR confirmed crystallographic data about Site 1-Site 1’ interaction and
proposed that Site 2 in insulin is formed only by residues CysA7, ThrA8 and B-chain
residues B4-B10 (Figure 5.6.) and by Site 2’ residues 495-498, 539-541 and 575 in IR Fnlll-
1 domain. This result is surprising especially because the extent of Site 2 in insulin is much
more limited than predicted (see above). It is not excluded that some new discoveries will

correct these findings.
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Figure 5.6. The CryoEM structure of the complex of insulin and insulin receptor.
Bound insulin is in blue and is overlaid with free insulin in red (PDB1ZNI). Site 1’ of the
receptor is represented by L1 in green and a-CT peptide in orange. Site 2’ of the receptor is
in yellow and belongs to Fnlll-1 domain. Reproduced from Ref. [160].

Interestingly, the first crystal structure of IGF-1 in a complex with IGF-1R was
published almost simultaneously with Scapins’s et al. Nature paper. Xu et al. [161] showed
(Figure 5.7.) that IGF-1 binds to IGF-1R L1, CR and o-CT in an almost identical fashion as
to IR/IGF-1R hybrid receptor (as shown above) [158]. They also identified contacts of IGF-
1 with Fnlll-2 IGF-1R domain, which were attributed to the supposed Site 2. However, the
mutagenesis of Fnlll-2 residues involved in this interaction did not confirm their importance
for IGF-1 binding [161]. Hence, the authors conclude that Fnlll-2 interaction with IGF1-R

is likely non-physiological and probably caused by crystal soaking with the hormone.
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Figure 5.7. Crystal structure of a complex of IGF-1 and IGF-1R extracellular
ectodomain. Reproduced from Xu et al. Ref. [161].

5.4.3 Signalling cascade

According to the classical model, hormone binding induces a conformational change
of the receptor, leading to the activation of the TK domain via sequential
autophosphorylation of three conserved tyrosine residues 1131, 1135, and 1136. In the un-
phosphorylated state, the receptor catalytic activity is at a low basal level [162-165].

Activation loop (A-loop), located at TK domain and containing the critical tyrosines
1131, 1135, and 1136, behaves as a pseudosubstrate that blocks the active site (closed
configuration). After ligand binding, phosphorylation of Tyr 1135 and Tyr 1131 destabilizes
the auto-inhibitory conformation of the A-loop and phosphorylation of Tyr 1136 and Tyr
1135 stabilizes the catalytically active conformation of TK domain [146].
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The two most studied intracellular substrates of the IGF-1R tyrosine kinase are
adaptor proteins Shc and the insulin receptor substrates (IRSs). They are well known to play
important roles in subsequent signalling cascades [166].

Shc protein family contain four unique proteins (ShcA, B, C, and D) and their
multiple splicing isoforms [167]. Their PTB (phosphotyrosine-binding) domain at the N-
terminal region interacts with the phosphotyrosine P-Tyr®% (NPXY®* motif), located at the
juxtamembrane region of the IGF-1R [168, 169]. Maximal phosphorylation of Shc is reached
5-10 min after IGF-1R stimulation [170].

The IRS protein family consists of four proteins (IRS1-IRS4) encoded by four genes
(Irs-1-4), from which IRS-1 and IRS-2 are the best characterized. They bind to the IGF-1R
in the same manner as Shc [169, 171] and their maximal phosphorylation is occurs 1-2 min
after phosphorylation of the receptor [170]. In addition, IRSs can form high-molecular-mass
complexes with a variety of proteins that modulate their availability to the IGF-1R [172,
173].

The two best-characterized pathways associated with IGF-1R activation are the
MAPK (MEK) and PI3K pathways (see Figure 5.8.).

MAPK pathway is initiated by phosphorylation of Shc or IRSs adaptors through Grb2
molecule [174]. Grb2 is an adapter protein, which interacts with Shc or IRSs via its SH2
domain and with son of sevenless (Sos) protein, a guanine nucleotide exchange protein, via
its two SH3 domains. Sos mediates the release of GDP and subsequent binding of GTP to
the membrane-bound protein Ras [175, 176]. The activated Ras initiates a classical
phosphorylation cascade, where Ras interacts with and translocates the serine/threonine
protein kinase Raf to the plasma membrane, where Raf becomes activated. Activated Raf
subsequently phosphorylates and thus activates one of the serine-threonine mitogen-
activated protein kinases (MAPKs) known as MEK [177]. MEK in turn stimulates by
phosphorylation the extracellular-related kinases (ERKs) ERK1 and ERK2, members of
MAPKSs group too, which are afterwards translocated to the nucleus [178]. ERK1/2 regulate
cellular processes such as proliferation, differentiation and protein synthesis [179].

PI3K pathway begins by phosphorylation of the insulin receptor substrates (IRSs)
and this interaction with a p85 regulatory subunit of P1 3-kinase (phosphoinositol 3-kinase)
class | leads to activation of the catalytic subunit p110 of PI 3-kinase [180]. It has also been
shown that PI 3-kinase can directly bind to the Y**!6XXM motif of IGF-1R if this tyrosine
is phosphorylated [181]. PI 3-kinase synthesizes the second messenger phosphatidyl inositol
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(3, 4, 5)-triphosphate (P1P3) from membrane-bound phosphatidylinositol (4,5)-bisphosphate
(PIP,). These phospholipids trigger phosphorylation of the Thr3® and Ser*’® residues on Akt,
a serine/threonine-specific protein kinase also known as protein kinase B, and activates this
kinase [182, 183]. Activated Akt subsequently phosphorylates and thus inhibits several pro-
apoptotic proteins [184-186], which leads to a suppression of apoptosis and causes survival
effects. Other effects of Akt activation are metabolic and can result by the uptake of glucose
to cells [166].

\ Cell growth cell ol
Differentiation el surviva
Protein synthesis Metabolic effects
Migration/Invasion

0 Tyrosine phosphorylation

Figure 5.8. IGF-1R signalling pathways. Reproduced from Ref. [166].

5.4.4 IGF-IR internalization, recycling, and degradation

Ligand-activated receptors are normally downregulated by internalization allowing
the cells to return to an unstimulated, basal state. This is also the case with IGF-1R. Only
phosphorylated IGF-1R is internalized and, hence, the internalization is ligand-dependent
process. IGF-1R is incorporated into specific clathrin- or calveolin-coated vesicles that
transfer the receptor to the lysosome system for degradation [187].
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After internalization, IGF-1R degradation is mediated by both the proteasome and
lysosomal pathways [188]. Likewise, IGF-1R can be recycled to the plasma membrane
[189]. However the details of these processes are still unknown [166].

Recent data demonstrated that IGF-1R is a substrate for ubiquitination and three E3
ligases, Mdm2 [190], Nedd 4 [191] and c-Cbl [187], have been shown to be involved in
mediating ubiquitination of lysine residues of the IGF-1R. In Mdm2-mediated
ubiquitination, B-arrestin functions as a molecular scaffold in bridging the ligase to the
receptor [192]. Similarly Grb10 functions as an adapter protein in case of Nedd4-mediated
IGF-1R ubiquitination [191].

5.45 Nuclear IGF-1R

Accumulating evidences indicate that intact, or proteolytically cleaved, fragments of
IGF-1R (but also IR) translocate to the nucleus [193, 194]. It is suggested that IGF-1R
nuclear import has a biological significance. Even though the mechanism is still unknown,
it was shown to be mediated by SUMOylation [195, 196]. Interestingly, SUMOylation sites
on lysine residues, located on the tyrosine kinase domain, are conserved among a variety of
species and their mutagenesis arrested nuclear translocation and gene activation [196].
Further, one study showed that nuclear trafficking is mediated at least in part by clathrin and
confirmed that both the a- and B-chains of IGF-1R translocate to the nucleus [194].
Moreover, other studies also demonstrate that ligand-mediated receptor phosphorylation is
crucial for nuclear trafficking [197].

It was established that IGF-1R interacts, either directly or indirectly, with double-
stranded DNA [195]. Notion that IGF-1R is actively translocated to the nucleus, where it
can bind to enhancer regions of genomic DNA, prompted speculations about function of
nuclear IGF-1R as a non-classical transcription factor [197]. A recent study has shown that
nuclear IGF-1R binds and activates transcription factor LEF-1, a key regulator of the Wnt
signaling cascade [198]. Several other receptor tyrosine kinase family members, including
EGFR, ErbB, FGFR, MET, VEGF, were reported to travel to the nucleus and function as

transcription factors as well [199].
5.4.6 Hybrid receptors of IGF-1R

Since the insulin receptors and the insulin-like growth factor 1 receptor have highly

homologous structures, the one-half of IR and one-half of IGF-1R can heterodimerize, which
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leads to the formation of IR/IGF-1R hybrid receptors. In addition, each of the IR isoforms is
equally able to form hybrids with the IGF-1R [18, 200, 201]. The heterodimerization is
believed to occur with a similar efficiency as homodimerization in close agreement with the
random assembly model. Hybrid receptors are widely distributed in all mammalian tissues
co-expressing both IR and IGF-1R receptors [202].

Several functional studies have demonstrated that both hybrid receptors, IR-A/IGF-
1R and IR-B/IGF-1R, have basically the same binding properties. They bind IGF-1 with
relatively high affinity, whereas insulin with much lower affinity. In other words, their
binding characteristics are very similar to those of native IGF-1R [202-205]. Moreover, a
recent study [206] clearly showed that both hybrid receptors are effectively activated only
by IGF-1 and not by insulin, which can have important implications for development of

insulin resistance or other health complications.

5.4.7 1GF-1R downregulation and diseases

Patients with mutations in IGF-1R, which would lead to a massive downregulation
of the receptor, are rare, only a few patients with heterozygous mutations in the IGF-1R have
been reported. The phenotypes of these patients appear to be variable. However, intrauterine
and postnatal growth retardation, microcephaly and increased IGF-1 level, which can be low
initially because of feeding problems, are consistent findings in these patients [79].

IGF-1R is more frequently connected with malignancy. Since IGF-1R plays a
nontrivial role in the control of cell growth and works as antiapoptotic factor, his significant
role in cancer diseases is not surprising. There are studies that have shown increased
expression of IGF-1R or IGF-1 in cancer of breast, lung, thyroid, gastrointestinal tract,
prostate and other tissues [207, 208]. Likewise, epidemiological studies connected higher
serum IGF-1 levels with increased risk of pre-menopausal breast cancer and prostate, lung
or colorectal cancers [80, 209-211] thus indicating that the hormone and its receptor could
be promising anticancer therapeutic targets.

Treatment with agents that block IGF-1R function could enhance the efficacy of
treatment by chemotherapeutic in case of resistance [2]. Several experimental strategies have
been tried to block IGF-1R function, or expression. First of all, reduction in the number of
IGF-1R receptors was used, by antisense oligonucleotides and short-interfering RNA
(SIRNA) [2, 212], or by directly increasing receptor degradation [213, 214]. The majority of
these systems were unsuitable for transfer to the clinical trials because of problems with
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application to human treatment or with specificity, so new studies were focused on clinically
more suitable methods for blocking the IGF-1R function.

An option is blocking of IGF-1R function by inhibiting IGF-1 binding using
monoclonal antibodies, which have a high affinity for the hormone binding domain of the
receptor. Interestingly, in some cases the antibody also reduces a population of IGF-1R by
enhancing the rate of receptor internalization. The antibodies were tested especially on
model systems of human tumour cells [2]. The initial studies used mouse monoclonal
antibodies [215-217], and later, humanized [218] or fully human [219] antibodies have been
also prepared and tested. Some of these antibodies had significant activity and thus were
tested in clinical trials. Despite the promising results of the preclinical studies, the clinical
results have been disappointing. Responses were observed only in cases of relatively rare
tumours, Ewing’s sarcoma [220-222], non-small cell lung carcinoma [223], adrenal cortical
sarcoma and carcinoma [224] and even in these cases not all patients benefited from IGF-
1R inhibition [166, 225].

Another option is the inhibition of IGF-1R function by using tyrosine kinase
inhibitors that inhibit the enzymatic activity of the receptor. The development of specific
inhibitors of the IGF-1R tyrosine kinase is a challenge owing to structural similarities with
the insulin receptors. Tyrosine kinase domain is the most homologous part (84 %) of the
IGF-1R and insulin receptors [134]. First large group of these compounds have been
designed to compete for the ATP binding site on the tyrosine kinase. However, some of
these inhibitors bind to the insulin receptor too. In addition, they also prevent IGF-1R
downregulation [166].

A distinct category of IGF-1R kinase inhibitors is the cyclolignan picropodophyllin
(PPP) and its analogues. PPP blocks phosphorylation of Tyr1136 residue, within the kinase
domain A-loop, while sparing the two others (Tyr 1131 and Tyr 1135) [226]. Its great
advantage, in contrast to ATP binding site inhibitors, is that PPP also triggers IGF-1R
downregulation [227].

Inhibitors binding to ATP site of IGF-1R kinase [228-234] and PPP analogues [235-
242] were used in a model of immunocompromised mice and human tumour xenografts.
Several of these inhibitors have been tested in clinical trials too [243, 244].

Finally, overexpression of inhibitory forms of IGFBPs or antibodies against both IGF-
1 and IGF-2, which mimic natural IGFBPs action, have also been suggested as potential

therapeutic strategies. A great advantage of these strategies should be the lack of interference
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with insulin signalling [245, 246]. Also some peptide analogues of IGF-1 have been shown
to be able to inhibit the growth of cell lines [212].

However, the results of clinical trials were not satisfactory, because of either the
toxicity of the TK-targeting drugs or because of an increasing overlap and takeover of IGF-
1R signalling pathways by the IR [247]. The lack of progress in addressing one of the key
hallmarks of cancer underlines the need for new anticancer therapies that would exploit
alternative, and specific, targets of the insulin/IGF system. Here, a high-affinity/no-efficacy
IGF-based IGF-1 analogue, i.e., selective antagonist of the IGF-1R, should represent a

promising new strategy for combating IGF-1R-related malignancies.

5.5 Click chemistry

Term “click reaction” was first used by K. B. Sharpless in 2001 for conjugation
reactions, which are stereospecific, high yielding, wide in scope and simple to perform under
biologically benign conditions (aqueous solution, ambient temperature, and near physiologic
pH) [248]. Several reaction types have been identified that meet these criteria and thus these
organic reactions are used as ligation tools for the synthesis of bio-conjugates, such as strain-
promoted azide—alkyne cycloaddition (SPAAC), thiol-ene reaction, Diels—Alder reaction,
oxime ligation, native chemical ligation and many others (see table 5.4.). However the most
powerful and favourite one to date is the Cu'-catalysed variant of the Huisgen 1,3-dipolar
cycloaddition of azides and alkynes (CUAAC) [249].

Table 5.4. Summary of click reactions that are used to synthesize bioconjugates [249].
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5.5.1 Cu' catalysed 1,3-dipolar cycloaddition of azides and alkynes

The Cu' catalysed 1,3-dipolar cycloaddition of azides and alkynes, also called the copper-
catalyzed azide-alkyne cycloaddition (CUAAC), is reaction of azides and alkynes to form
1,2,3-triazoles (Figure 5.9.) was first published by Meldal et al [250] and further developed
by the same lab and by Sharpless’ lab [251, 252].

R']
R1_: uC ln
u(l) N>__N
+ . -m2?
e R
N=D-N-R? y

Figure 5.9. Reactants and product of the Cu' catalysed 1,3-dipolar cycloaddition [253].

These 1,2,3-triazole heterocycles have characters of stable and rigid linking units that

can mimic some properties of the peptide bond, but are resistant to hydrolytic cleavage (see
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Figure 5.10.). Few structural differences between triazoles and amide bonds of course exist.
First of all, the extension of one extra atom in the triazole backbone leads to a 1.1 A longer
distance R'™-R? in comparison to the typical amide bond. Moreover, triazoles also possess a

much stronger dipole moment than an amide bond [254].
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98 5.0A

Figure 5.10. Structure of electronic and topological similarities of amides and 1,2,3-
triazoles [254].

A long list of applications suggests that Cu'-catalysed alkyne—azide coupling affords
triazoles mostly in good yields under varying conditions and thus it is accepted as a robust
reaction [255]. Although CuAAC is described as almost quantitative conversion in organic
synthesis, however, in the case of peptide conjugations (as well as polysaccharide
conjugation), the secondary structures of peptide chains may hinder the efficiency of the
reaction. Increased temperature and microwave irradiation have been demonstrated to
increase the reaction rates and the yields [249, 256, 257].

Another common problem of this reaction is the oxidation of Cu' to Cu'"', which can
be caused by air oxygen. Degassing and protection by an inert gas, as well as the addition of
reducing agent like sodium ascorbate are routine strategies to avoid the Cu' oxidation. In
addition, the use of rate-accelerating ligands is a common procedure to limit copper
oxidation. These ligands are capable of binding to Cu' by forming a stable chelate and thus

prevent it from oxidation [258].
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6

Research Aims

Project 1. Fully synthetic IGF-1 analogues

Development of a new methodology for the total chemical synthesis of IGF-1 analogues.
Preparation of a series of fully synthetic IGF-1 analogues with modifications at the
positions Arg36 and Arg37 in the IGF-1 C domain and at the position Met59 of the A
domain.

Biochemical characterization of new analogues for binding to cognate receptors (IR-A

and IGF-1R) and for inducing autophosphorylation of these receptors.

Project 2. Recombinant IGF-1 analogues

Development of a new methodology for a recombinant production of IGF-1 and its
analogues in E. coli.

Preparation of recombinant IGF-1 analogues with modifications at the positions Asp45,
Glu46 and His49 in the IGF-1 A domain.

Biochemical characterization of new analogues for binding to cognate receptors (IR-A

and IGF-1R) and for inducing autophosphorylation of these receptors.
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7.1 Insulin-like Growth Factor 1 Analogues Clicked in the C Domain: Chemical
Synthesis and Biological Activities

Background:

The central biological importance of IGF-1 and its involvement in many relevant
human pathologies led to the use of IGF-1 analogues as molecular tools for the studies of
interactions with IGF-1 receptor (IGF-1R) and as potential new therapeutics. The
recombinant production of insulin and IGFs in E. coli, or in yeast, is an obvious choice [259,
260], but it does not allow a facile incorporation of non-coded amino acids and unusual
structural motifs. Such wunusual structural motifs can offer new possibilities to
structure—activity studies of the hormones and their rational modifications. Here, the organic
synthesis offers more possibilities and variability than recombinant production.

The biological aspect of this work was focused on the role of a pair of arginines at
the positions 36 and 37 located within IGF-1 C domain. This motif was previously identified
by the others as important for binding to the IGF-1 receptor (IGF-1R) [20] and to IGF
binding protein 1 (IGFBP-1) [21] and their mutations to Glu36 and Glu37 resulted in a partial
antagonism towards IGF-1R [261]. Moreover, it was suggested [13] that the peptide bond
between Arg36 and Arg37 can be cleaved in vivo being a mechanism of hormone’s

deactivation but hypothetically also a maturation of the prohormone to its active form.

Summary of the results:

Using the solid-phase peptide synthesis and biomimetic formation of a native pattern
of disulphides we prepared a two-chain IGF-1 analogue (disconnected between Arg36 and
Arg37) and three single-chain IGF-1 analogues with a connecting 1,2,3-triazole moiety
between, or in, sites 36 and 37 to probe the feasibility of the chemical synthesis of IGF-1
analogues and to test the impact of these modifications on the biological activities of these
analogues. We found that the solid phase synthesis of two shorter IGF-1 fragments and their
subsequent connection by the triazole moiety is a convenient method to overcome
difficulties with the synthesis of too long peptide chains. For this, we also prepared a series
of N-Fmoc-protected azido amino acids and we optimized their incorporation to peptide
chains. Biomimetic formation of a native pattern of disulphides enabled to avoid laborious
preparation of peptide chains with orthogonally protected cysteine. These new synthetic
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IGF-1 analogues are unique examples of disulphide bonds rich proteins with intra main-
chain triazole links.

The binding affinity of two-chain IGF-1 was severely reduced indicating that the
cleavage of the 36-37 peptide bond is more likely a degradation than an activation step. The
intra-chain triazole moiety was relatively well tolerated in IGF-1R binding and its activation
and the resulting analogues did not show any signs of antagonism. The methodology
reported here presents a convenient synthetic platform for the design and production of new

analogues of this important human hormone with non-standard protein modifications.

My contribution:
| developed a new methodology for the total chemical synthesis of IGF-1 analogues
and prepared all analogues with the triazole link in the main chain. | participated in the

measurement of their binding affinities and in the preparation of the manuscript.
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ABSTRACT: Human insulin-like growth factor 1 (IGF-1) is a 70 amino acid protein A %’\)} .
hormone, with key impact on growth, development, and lifespan. The physiological and 1938 C domain
clinical importance of IGF-1 prompted challenging chemical and biological trials toward the 9 | GFC'I]I(:(F(IESOQS

development of its analogs as molecular tools for the IGF-1 receptor (IGF1-R) studies and as
new therapeutics. Here, we report a new method for the total chemical synthesis of IGF-1
analogs, which entails the solid-phase synthesis of two IGF-1 precursor chains that is
followed by the Cu'-catalyzed azide—alkyne cycloaddition ligation and by biomimetic
formation of a native pattern of disulfides. The connection of the two IGF-1 precursor chains
by the triazole-containing moieties, and variation of its neighboring sequences (Arg36 and
Arg37), was tolerated in IGF-IR binding and its activation. These new synthetic IGF-1
analogs are unique examples of disulfide bonds’ rich proteins with intra main-chain triazole
links. The methodology reported here also presents a convenient synthetic platform for the
design and production of new analogs of this important human hormone with non-standard

protein modifications.

l INTRODUCTION

Human insulin and related insulin-like growth factors 1 and 2
(IGF-1 and IGF-2) are small protein hormones, with a key
impact on basal metabolism, growth, development,'™ life-
span,* as well as being implicated in diabetes and cancer.”’
Hence their central biological importance and involvement in
many relevant human pathologies require efforts toward the
development of specific analogs of these hormones for studies
of the interactions and signaling with respective insulin- and
IGF-receptors (IR, IGF-1R) and their applications as new
therapeutics}_g The recombinant production of insulin and
IGFs in E. coli, or in yeast, was an obvious choice, """ but did
not easily allow the incorporation of non-coded amino acids
and unusual structural motifs, which could facilitate more
directed structure—activity studies of the hormones and their
rational modifications. Moreover, the total chemical synthesis
of these proteins, especially of IGF-1 and -2, remains a very
challenging task."

The single-chain organization, fold, and disulfide bond
pattern of IGF-1/IGF-2 is similar to proinsulin, a prohormone
of insulin, but they are significantly longer (70, 67, and 86
residues, respectively) than both insulin chains (21 and 30
amino acids). Therefore, their solid-phase synthesis is
challenging and inefficient as demonstrated by only few early
reports on the total chemical synthesis of IGF-1 analogs."*™°
Nevertheless, elegant studies employed a combination of
shorter protein fragments by a native ligation for the synthesis

- 4 ACS Publications — © 2017 American Chemical Society
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of human proinsulin,17 single chain “ester” insulin, and
IGF-1 analog.”® The complexity of the synthesis of these
hormones is highlighted further by only one report on the total
chemical synthesis of IGF-2.”"

Therefore, our aim here was to develop a new methodology
for the chemical synthesis of IGF-1 analogs as a feasible
alternative for the production of single-chain insulin-like
hormones, and one that would allow easy incorporation of
non-standard amino acids or other unusual structural motifs.

As the solid-phase synthesis of a single, 70-amino acid chain
of IGF-1 is inefficient, in this work we combined the solid-
phase synthesis of two shorter precursor IGF-1 fragments with
their ligation by a Cu'-catalyzed 1,3-dipolar cycloaddition of
azides and alkynes,**~** followed by the biomimetic formation
of the native pattern of disulfide bridges. Cu'-catalyzed 1,3-
dipolar cycloaddition of azides and alkynes is a biorthogonal
reaction, also called a “click” chemistry, which leads to the
formation of 1,4-disubstituted 1,2,3-triazoles. This reaction has
become widely used® in organic, medicinal, and, especially,
peptide chemistry,zé as 1,2,3-triazole is a motif with the
structural and electronic characteristics similar to those of the
peptide bond.”””**

The synthesis of insulin and insulin-like proteins is difficult
due to the necessity to form three disulfide bridges. Therefore,
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a number of sophisticated methods of insulin synthesis have
been developed, usually with an orthogonal protection of
cysteines (e.g, in refs 29 and 30 and reviewed in ref 31) and a
directed, stepwise formation of disulfides. A similar strategy was
developed for other proteins from the insulin family, such as
relaxins, DILP, INSL peptides,’uf“’ and cone snail insulin.*” An
alternative, and straightforward, method for the formation of
disulfides starts with the simultaneous deprotection of all six
cysteines (from e.g. S-sulfonate protected forms) and pairing by
a slow air oxidation. This approach takes advantage of the
intrinsic biomimetic ability of insulin chains to adopt a natural
conformation and a correct coupling of disulfides.'¥**™* In
this study, we used the strategy of biomimetic formation of
disulfides for the synthesis of IGF-1 analogs.

The biological functionality aspect of this work was focused
on the role and modifications of the IGF-1 C domain,
specifically, at its Arg36 and Arg37 sites. The C domain of IGE-
1 (residues 30—41, Figure 1) was found to be important for its

1 5 10 15 20 25 30 35 40
GPETLCGAELVDALQFVCGDRGFYFNKPTGYGSSSRRAPQT
B [

45 0 55 60 65 Y
GIVDECCFRSCDLRRLEMYCAPLKPAKSA

N-terminus

C-terminus.

Figure 1. The primary sequence and the 3D fold of human IGF-1. The
primary sequence of human IGF-1 (one-letter code, N-terminus is in
the left, C-terminus is in the right, upper panel); residues mutated in
this study (Arg36, Arg37 and Met59) are highlighted in yellow;
disulfide bridges: 47-52, 48-6, and 61-18. The organization of IGF-1
into B, C, A, and D domains is shown below the sequence by arrows,
and the 3D fold of its main chain is in the lower panel (1GZR.PDB).*'
The gap in the protein chain (marked by a gray arrow) reflects a
typical lack of connectivity between Arg36-Ala38; Met59, mutated in
one of the analogs is shown in green, IGF-1 residues 39-66 are in light
blue, residues 3-35 are in pink; residues 67-70 and 1-2 were

disordered.

functionality,"*~*® as the double Arg36-Arg37 — Ala36-Ala37
mutation severely impaired binding of this mutant to the IGF-1
receptor (IGF-1R)"” and to IGF binding protein 1 (IGFBP-1),
which contributes to the regulation of IGF-1 bioavailabi]ity,lm
In addition, a double Arg36-Arg37 — Glu36-Glu37 substitution
also indicated a partial antagonism of this analog, that is, its still
effective binding to IGF-1R, but an impaired receptor
signaling” and tumorigenesis.™

Interestingly, the connectivity, that is, well-defined electron
density for residues Arg36- Arg37-Ala38, and, generally, for this
central part of the C domain, was frequently missing in several
crystal structures of human free, and IGFBP-bound, IGF-1

(Figure 1).°'7% It was postulated then that the pair of these
basic arginine side chains may constitute an in vivo proteolytic
cleavage site. Although the presence of Arg36 and Arg37 in the
IGF-1 C domain is important for an efficient binding to IGF-
IR," it was not known whether the cleavage of the Arg36-
Arg37 peptide bond impairs hormone binding to IGF-1R or if
the resulting two-chain IGF-1 is still able to effectively activate
IGF-1R. For this reason, we produced a two-chain IGF-1
analog here as well, which is disconnected between sites Arg36
and Arg37.

Together, we designed, synthesized, and characterized one
two-chain IGF-1 analog and three single-chain IGF-1 analogs
with a connecting triazole bridge between, or in, sites 36 and 37
to probe the feasibility of their synthesis and to test the impact
of these modifications on the biological activities of these
analogs. In one of the analogs, Met59 was mutated to NleS9 to
prevent oxidation of Met. The in vitro functional properties of
the analogs were characterized by the determination of their
binding affinities to the IGF-1R, insulin receptor isoform A (IR-
A), and their receptor-activation potencies. The IR-A receptor
was used here as an IR isoform that, in contrast to its IR-B
isoform, is a relatively good binder of IGF-1 and, especially, of

IGE-2. 12,54,55

B RESULTS

Synthesis. The primary structures of peptide precursors and
analogs are shown in Figure 2, and the respective synthetic
pathways are overviewed in the Supporting Information Figures
S1-54.

Two-Chain IGF-1 Analog. First, a two-chain human IGF-1
was prepared, referred to as analog 1, which has a native IGF-1
amino acid sequence, with the same pattern of the disulfide
bonds, but it has a split Arg36-Arg37 peptide bond. Hence,
analog 1 consists of chain 1-36 and chain 37-70, with all N-
termini and C-termini being in the free amine or carboxylic acid
forms, respectively (Figure 2).

The individual chains of the analog were prepared by a
standard solid-phase synthesis, and the free SH groups of
cysteines were converted to S-sulfonates (chains la and 1b,
Figure 2) immediately after the cleavage of Trt protecting
groups (Figure S1). The chains were recombined (i,
disulfides formed) to give analog 1 with approximatel? 0.6%
yield (0.2 mg) by a procedure described previously.***

Single-Chain IGF-1 Analogs. We designed the strategy of
the solid-phase peptide synthesis of two shorter IGF-1 chains
with f-azido-alanine or propargyl glycine at their C- or N-
termini, respectively, followed by their ligation by the Cul-
catalyzed azide—alkyne cycloaddition.”* " The final synthetic
step consisted of the simultaneous biomimetic formation of the
native pattern of all three disulfide bridges, as in analog 1.

The analog 2 was synthesized first (Figures 2 and S2). The
synthesis started with the preparation of the chain 2a, in which
the C-terminal Arg36 was replaced by f-azido-alanine
carboxamide, and the chain 2b, in which N-terminal Arg37
was replaced by propargyl glycine. Both chains were “clicked”,
and the single-chain (Acm-protected) precursor 2c was purified
by RP-HPLC. Finally, the Cys-protecting acetamidomethyl
(Acm) groups were cleaved, and the analog 2 was allowed to
fold by air-induced oxidation.

Next, we synthesized the similar analog 3 from the chains 2a,
3a, and 3b (Figures 2 and S3). The only difference between
analogs 2 and 3 was that Met59 was substituted in 3 for
norleucine (Nle) to prevent the observed oxidation of Met59
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Figure 2. Primary structures of peptide precursors and analogs synthesized in this work. Amino acids are shown in one-letter code. The connecting

lines between Cys residues represent disulfide bridges. Unnatural structural features in peptides are highlighted in red or in blue. Red C in peptides
1a and 1b represents Cys residues protected by S-sulfonate groups. Blue C in peptides 2a, 2b, 2¢, 3a, 3b, 4a, 4b, and 4c represents Cys residues
protected by Acm groups. Blue X in peptides 3a, 3b, and analog 3 is norleucine. Azido or propargyl amino acids in 2a, 2b, 3a, 4a, and 4b and
connecting triazole-containing moieties and 2¢, 2, 3b, 3, 4¢, and 4 are shown in blue as well. !G and YR in peptides 1a, 1b, and analog 1 are N-
terminal residues, and R* and A” in the same peptides are C-terminal residues. 'G is N-terminal glycine in peptides 2a, 2¢, 3b, 4a, 4¢, and analogs
2—4. A is C-terminal alanine in peptides 2b, 2¢, 3b, 3¢, and analogs 2 and 3. A is C-terminal alanine in peptides 4b, 4¢, and analog 4. All

terminals of peptides and analogs are in the free forms.

side chain. Finally, we designed and made analog 4 (from the
chains 4a, 4b, and 4c, Figures 2 and S4), in which Arg36 was
preserved, the triazole link was formed between sites 37—38,
with an additional Arg at the position 39; these modifications
resulted in an analog that is two amino acids longer than native
IGF-1.

In general, the chains with propargyl glycine at the N-
terminus (2b, 3a, and 4b) gave better yields (15—18%) than
the azido chains 2a and 4a (6—13%). The preparation of the
precursor 2a was hampered by the formation of some
byproducts, which were identified as aspartimides (racemized)
at positions Asp20 and Arg2l (see analyses and model
experiments described in Supporting Information). This
problem was largely solved by the use of Fmoc-Asp(OEpe)
instead of Fmoc-Asp(OtBu), and the yield improved from 6%
to 10%, respectively. We also observed the generation of a
byproduct during the synthesis of the peptide 2b, due to the
oxidation of MetS9 to methionine sulfoxide. This prompted
synthesis of analog 3, for which the chain 3a with Met59Nle
mutation was used.”” Although this resulted in a better purity of
the crude product 3a, the yields of HPLC purified peptides 2b

and 3a were similar (18% and 15%, respectively). Therefore,
the native MetS9 was retained in peptide 4b, with only a
marginal oxidation of the final product.

Our first attempts (Figure S1) at the click ligation of the
azido and alkyne precursor chains were performed as described
previously,"”** with cysteines protected as S-sulfonates.
However, we have not succeeded to isolate the desired
products here: None of the reaction conditions used (CuBr/
TBTA/DIPEA, CuBr/THPTA/DIPEA, Cul/DIPEA, CuSO,/
ascorbic acid/THPTA, or CuSO,/ascorbic acid in different
organic or aqueous solvents with or without chaotropic agents)
was successful, that is, compatible with the use of S-sulfonates.

Therefore, the strategy for an efficient disulfide pairing was
changed, and all subsequent precursor peptides were
synthesized with cysteines protected with Acm groups.
Different conditions for the click reactions were investigated,
but the only effective setup consisted of an excess of CuSO,/
ascorbic acid in tBuOH/water, and this methodolog},rsé"‘!’7 was
employed for the preparation of peptide chains 2c, 3b, and 4c.
The effect of different molar ratios of chain precursors for the
synthesis of 2¢ and 4c¢ was also tested, and it was observed that
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Table 1. The Receptor-Binding Affinities of Analogs 1—4 Reported in This Work”

K; SD [nM] (n) for human IGF-1R

Relative binding affinity for Ky

SD [nM] (n) for human IR-Ain  Relative binding affinity for

Analog in mouse fibroblasts human IGF-1R [%] IM-9 lymphocytes human IR-A [%]
Human IGF-1 024 010 (5)” 100 42 238 115 (3)% 10 05
024 012 (35) 100 350
012 001 (5) 100 83
Human insulin 2918 543 (3)"° 008 001 024 005 (5)° 100 21
020  0.04 (3) 100 20
012 004 (3) 100 33
032 0.09 (4) 100 28
1 674 262 (3)° 3.56  1.38%* 482 50 (3Y 041  0.04%
2 115 045 (4)¢ 208  8.1%* 483 7.5 (3)" 025  0.04%
3 5.04 231 (3)° 476  2.18%* 13 53 (3)* 021  0.09%
4 049 012 (3)° 245 6.0%F* 751 62 (3) 043 0.04*

“The values of K; and relative binding affinities (relative receptor-binding affinity is defined as (K; of human insulin or IGF-1/K; of analog) X 100)
of human IGF-1, insulin, and the analogs were determined for human IGF-1R in membranes of mouse fibroblasts and human IR-A in membranes of
human IM-9 lymphocytes. Asterisks indicate that binding of the ligand differs significantly from that of IGF-1 (*p < 0.05; *#p < 0.01; ***p < 0.001).
“From Vikova et al. (ref 57). “From Krizkova et al. (ref 55). “Relative to human insulin K value of 0.24 0,05 (n = 5). “Relative to human IGF-1 K,

value of 0.24  0.10 (n = 5)./Relative to human insulin K, value of 0.20

"Relative to human insulin K; value of 0.12
value of 0.32  0.09 (n = 4).

v 0.04 (n = 5). ®Relative to human IGF-1 K value of 0.24
0.04 (n = 3). Relative to human IGF-1 K; value of 0.12

0.12 (n=5).
0.01 (n = 5). Relative to human insulin Ky

the cycloadditions at equimolar ratio of the precursor chains
gave lower yields than the reactions with 2-fold molar excess of
the azido chains. However, the optimum ratio of azido and
propargyl precursors for 3b was 1:1. Moreover, the use of more
than 0.5 umol (about 2 mg) of the yield-limiting propargyl-
containing chain was ineffective. As a result, several click
reactions for each analog were preformed to accumulate a
sufficient amount of the material for their functional testing.
The yields of optimized click reactions were typically about
16%, 18%, and 7% for 2¢, 3b, and 4c, respectively, after HPLC
purification.

The final part of the synthetic work was focused on the
optimization of an efficient, and proper/native, formation of the
disulfide bonds in single-chain precursors 2¢, 3b, and 4c.
Initially, an access of iodine in an acetic/hydrochloric acid
mixture was used to cleave the Acm groups from Cys side
chains in 2¢ (Figure $2).*° However, this was ineffective, as the
majority of the Acm groups remained uncleaved, even after 4 h.
Therefore, silver triflate was employed for the removal of the
Acm groups, without the purification of an intermediate
product. Subsequently, the free —~SH groups were “liberated”
from the Ag” salt by the gaseous H,S, and the precipitated Ag,S
was removed by centrifugation. We followed here our
successful application of such an approach for the removal of
copper from synthesized compounds after click reactions.”*™*"
Finally, the dilution of the supernatant, and the removal of an
excess of the reductive H,S gas, was followed by a slow air
oxidation of the peptide, and its biomimetic folding, and the
products 2, 3, and 4 were isolated by RP-HPLC. The typical
yields of this last synthetic step were about 8% (0.5 mg) for 2,
5.7% (0.27 mg) for 3, and 1.7% (0.12 mg) for 4 (Figures S2—
S4), which provided sufficient material for their biological
characterization.

In summary, during the synthesis of peptide chain precursors
and analogs, we encountered problems with the aspartimide
formation in peptide 2a and partly also with the oxidation of
Met59 in peptide 2b. We also found that S-sulfonate protection
is not compatible with Cu'-catalyzed click reaction and that
simultaneous cleavage of six Acm-protecting groups in
molecules of precursors with an access of I, was ineffective

10108

and had to be rectified by the use of silver triflate, followed by
the removal of Ag" with a gaseous H,S.

Functional Characterization of the analogs. Binding
Affinities to the Receptors. The analogs 2—4, and human
insulin and IGF-1 as controls, were tested for their binding to
human IGF-1R in membranes of mouse fibroblasts and to
human IR-A in membranes of human IM-9 lymphocytes (Table
1, with the representative binding curves in Figures S5 and S6,
respectively).

The two-chain analog 1 has significantly impaired binding for
IGF-1R of only about 3.5% of the native IGF-1. Similar low
binding (4.8%) was also detected for a single-chain analog 3, in
which Arg36 and Arg37 were replaced with f-azido-alanine and
propargylglycine, respectively, connected by a triazole link, and
with Met59Nle mutation. Interestingly, analog 2, a “wild-type”
homologue of 3 with preserved native Met59, showed markedly
stronger 20.8% affinity than analog 3.

The insertion of Arg36 and Arg39 in analog 4, adjacent to
the connecting triazole-containing 37—38 moiety, further
enhanced IGF-1R binding affinity of this analog to almost
25% of the native IGF-1 binding.

Native human IGF-1 has only 1.0% binding affinity for IR-A
compared to human insulin, but all analogs were even
significantly weaker than human IGF-1 in binding to this
receptor (Table 1).

Autophosphorylation of Receptors and Akt Activation.
We also investigated the ability of analogs 1—4 to induce the
autophosphorylation of IGF-1R (Figure 3A,C), and subsequent
downstream phosphorylation of the Akt protein (pAkt) (Figure
3B,D), in response to their binding to this receptor. The
potencies of the analogs were measured in IGF-1R-transfected
3T3 fibroblasts with high receptor population (Figure 3A,B)
and, in parallel, in the non-transfected fibroblasts with a natural,
that is, much lower, mouse IGF-1R population (Figure 3C,D).
We also determined the ability of analogs 1—4 to stimulate the
autophosphorylation of IR-A receptor in the IR-A-transfected
fibroblasts (Figure 3E). The cells were stimulated for 10 min at
10" M concentration, and signals compared for all analogs
(Figure 3A—E). Subsequently, the dose—response curves were
measured for each analog (Figure 3F).

DOI: 10.1021/acs jmedchem.7b01331
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Figure 3. Receptor autophosphorylation and pAkt activation induced by analogs 1—4, human IGF-1, and human insulin (HI). In (A—E), the cells
were stimulated for 10 min with proteins at 10~ M concentration only. In (F), the dose responses for proteins at several different concentrations
were determined. In all pane]s, the same color scheme was used: human IGF-1 in black, ana]og 1in red, analog 2 in green, ana[og 3 in blue, analog 4
in orange, and human insulin (HI) in yellow. (A) IGF-1R autophosphorylation in IGF-1R-transfected 3T3 fibroblasts. (B) pAkt activation in IGF-
1R-transfected 3T3 fibroblasts. (C) IGF-1R autophosphorylation in non-transfected 3T3 fibroblasts. (D) pAkt activation in nen-transfected 3T3

fibroblasts. (E) IR-A autophosphorylation in IR-A-transfected 3T3 fibroblasts. In most cases, the scatter plots show means

SD of several

independent measurements. However, in some cases where a low amount of material was available (for analog 4 in C—D), the plots show mean
range calculated from two measurements. HI is human insulin. (F) Concentration-dependent effects of analogs on IGF-1R autophosphorylation in
IGF-1R-transfected 3T3 fibroblasts. Asterisks indicate that phosphorylation of the receptor or Akt induced by the ligand differs significantly from that

of IGF-1 (*p < 0.05; *¥p < 0.01; ***p < 0.001).

In general, the abilities of the analogs to stimulate
autophosphorylation of IGF-1R and phosphorylation of
intracellular Akt protein paralleled their IGF1-R binding
affinities. The lowest IGF-1R autophosphorylation was
observed for the two-chain analog 1 (4% binding) and for
analog 3 with MetS9Nle substitution ($% binding). However,
interestingly, the analog 2 that lacks Arg36 and Arg37 activates
IGF-1R somehow more strongly than analog 4, which has
Arg36 and Arg39 (Figure 3A), despite their reversed binding
affinities of 21% and 249%, respectively. The ability of these

10109

analogs to activate/phosphorylate Akt protein follows this
trend, although the differences between 2 and 4 are less
significant here and similar to the native IGF-1 (Figure 3B). We
compared the data measured for analogs 2 and 4, using the
two-tailed t test to determine the statistical significance of the
observed differences, and only the stimulation of autophos-
phorylation of IGF-1R in transfected fibroblasts appeared
statistically significant (p = 0.02), while the difference in
binding activities was negligible (p = 0.82). In general, it
appears that the transfected cells (Figure 3A,B) respond more

DOI: 10.1021/acs jmedchem.7b01331
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sensitively to the stimulation with analogs than the non-
transfected cells (Figure 3C,D), and this trend is visible
especially in Akt activation (Figure 3B,D). It seems that higher
sensitivity of the transfected cells alleviates the differences in
binding affinities of analogs.

All analogs are also less potent than native IGF-1 in the
stimulation of IR-A autophosphorylation in IR-A-transfected
cells (Figure 3E).

Finally, the dose—response curves of IGF-1R autophosphor-
ylation ability of analogs 1—4 and IGF-1 (Figure 3F) indicate
that all analogs are weaker than IGF-1, where analog 2 is the
strongest and analog 1 is the weakest, without a major
difference between 3 and 4; all in general agreement with the
previous results.

B DISCUSSION

Chemistry. The low yield (0.6%) of the recombination
reaction, that is, a biomimetic formation of disulfides, for analog
1 is similar to the rather poor yields of some insulin analogs
prepared previously and is significantly lower than typical yields
for native human insulin (~10%).** The poor folding ability of
two separate chains of IGF-1 is also reflected in the complexity
of the byproducts in the reaction mixture, where we identified,
for example, a misfolded, inactive, but correct molecular mass,
analog; the active analog 1 was found there as a rather minor
peak (Figure S9). Misfolded and inactive IGF-1 molecules,
specifically with “swapped” pairs of disulfides, that is, Cys6-
Cys47 and Cys48-CysS2, instead of the correct Cys6-Cys48
and Cys47-CysS52, were identified previously in preparations of
synthetic IGF-1 and its analogs.”’ However, the particularly
poor vield of 1 clearly indicates the importance of a single-chain
form of IGF-1 for its effective folding. Nevertheless, the
amounts of analog 1 were sufficient for its biological
characterization, especially with the recycling of chains 1a and
1b and repetition of the reaction.

‘We assumed that the single-chain IGE-1 analogs, with six free
-SH groups, will oxidize themselves to a native conformation
and that better folding properties of the single, rather than two-
chain, IGF-1 analogs can be expected. However, as mentioned
above, the 70-amino acid chain of IGF-1 is too long for an
efficient solid-phase peptide synthesis. Therefore, we inves-
tigated here the possibility of connecting two IGF-1 fragments
by Cu'-catalyzed 1,3-dipolar cycloaddition of azides and
alkynes, which would generate 1,2,3-triazole in the main-chain
of IGF-1 analog. A similar approach was used by Valverde et
al*” to connect three fragments of cysteine-protease protein
inhibitor cystatin (98 amino acids). However, this did not
require the formation of native disulfide bonds in this protein.
As 1,4-disubstituted 1,2,3-triazoles are considered to be good
mimics of the peptide bond,”® it might be possible that their
incorporation into the peptide chain in the IGF-1 C domain
could be tolerated by IGF-1R. We were also encouraged here
by our similar approach in the cross-linking of insulin B-chain
with 1,2,3-triazole bridges, in which some highly potent IR
analogs were obtained.”

Our first attempts at the clicking of two IGF-1 fragments
involved the use of IGF-1 fragment 1—36 with f-azido alanine
at position 36 and the IGF-1 fragment 37-70 with the
propargyl glycine at position 37; all cysteines in these peptides
were protected as S-sulfonates, which assured their good
solubility and better separation on the HPLC. However, all our
experiments (not shown) for connecting these fragments by
Cu'-catalyzed click reaction were unsuccessful (Figure S1). We

concluded that the S-sulfonate groups are incompatible with
the reaction, probably due to the S-sulfonate-copper chelation,
which could lead to an undesired Cu-mediated folding of IGF-1
chains and steric blocking of the azido and alkyne groups,
making them inaccessible for cycloaddition.

For this reason, we changed the Cys-protection strategy,
synthesizing peptide chains with acetamidomethyl-protected
cysteines, assuming that the Acm protection should not
interfere with the c]ickin(g step, offering also several different
alternative deprotections.”’ Unfortunately, the first synthesis of
2a was hampered by a considerable amount of other, hardly
separable, byproducts, identified as racemized aspartimides at
positions Asp20-Arg21 (ie., peptide 2ax, see Figures S2, SI12,
and $28). The appearance of Asp-Arg aspartimides is rather
rare, but not unusual in peptide chemistry,®” as the Arg(Pbf)/
Cys(Acm) protection strategy may promote this side reaction
to a greater extent.”® To test such a scenario in our chemical
environment, we performed a model experiment (Supporting
Information, pp 27—28) in which, with a model peptide 7, Phe-
Val-Cys(Acm)-Gly-Asp(OtBu)-Arg(Pbf), we were able to
generate and characterize (Figures $29, S30 and Scheme S1,
Tables S$1—S3) racemized aspartimides that were similar to the
ones found in 2ax. Therefore, we used a Fmoc-Asp(OEpe)
derivative,”* which helped to eliminate this problem in 2a and
4a. Hence, it seems that the formation of Asp20-Arg2l
aspartimide in 2ax was both sequence and side-chain
protection-type dependent, as such byproducts were not
observed in 1a, 2b, 3a, and 4b.

As mentioned above, the effective reactions and isolation of
the products in the cycloaddition step required a reaction setup
with a high excess of CuSO,/ascorbate in water-tBuO,”>*” but

65,66 - .
or reactions In

the addition of some click accelerators
organic solvents” did not lead to the desired products. It is
possible that the participation of bulky copper chelating agents
like TBTA or THPTA is not favorable for steric reasons, if large
peptide precursors are used. The failure of CuBr or Cul/
DIPEA strategy in DMF could be due to a need for an effective
protein hydration that is better in water-fBuOH. Although all
reactions performed here were ineffective if they were scaled up
above ~2—4 mg per chain, some amount of the precursors
could be recycled, and the reactions repeated. Both single-chain
peptides without arginines in the proximity of the azido and
alkyne precursor residues (2c and 3b) gave better yields than
peptide 4c with the triazole-neighboring arginines. This could
be due some steric shielding of the azido and alkyne moieties
by the bulky arginine side chains.

Overall, we were able to prepare full-length IGF-1 chains on
a preparative scale, still within reasonable yield ranges (7—
18%). Our results underline the difficulty of click reactions
where both precursors are large peptides, or proteins, compared
to click reactions with small peptides/molecules, which usually
proceed quickly and quantitatively,”*>"

The final synthetic steps, that is, the deprotection of cysteines
and the formation of physiological S—S bridges, were crucial for
the success of the synthesis. Interestingly, the use of iodine in
acetic acid/HCI®! was not successful here, due to an incomplete
cleavage of the Acm groups. One of the reasons for this could
be the presence of six Acm groups accumulated in each
molecule of the precursor, while only two Acm groups are
usually simultaneously deprotected by I, for a directed
formation of the disulfide.” For this reason, we used silver
triflate, instead of I, for the cleavage of the Acm groups,
without the purification of an intermediate product. Interest-
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ingly, this three-step procedure was relatively effective and
successful, providing 6—8% yields for analogs 2 and 3, which
are comparable to our yields of syntheses of human insulin
from its separate A and B chains (~10%). However, calculated
for a single folding step,” they were also much better than the
~0.6% yields for the two-chain IGF-1 analog 1. The less
effective (1.7%) folding of analog 4 may result from the
presence of Arg36 and Arg39 in this analog and, consequently,
from a longer C domain than in 2 and 3. It seems that the
insertion of two additional Arg residues, rather than the
presence of the triazole-containing connecting moiety, lowered
the folding efficiency of this IGF-1 precursor. The folding of 2—
4 was accompanied by the appearance of inactive misfolded
“swapped” products (Figure S16), but to a lesser extent than in
the case of 1 (Figure S9), certainly due to the single-chain
character of precursors for 2—4.

The clicked polypeptides reported here are, to our
knowledge, unique examples of the use of triazole-forming
chemistry for the preparative production of large peptides/
small proteins (relative molecular weights about 8000 Da), with
a native pattern of disulfide bridges. The middle position of the
connecting triazole bridge in the protein main chain further
validates the results. Moreover, the only few examples of true
proteins with main-chain triazoles that were reported””®” did
not contain disulfide bridges, which present additional
challenges to such an approach.

Biology. Analog 1 retained some IGF-1R binding affinity,
but its binding potency was severely impaired (3.5%) in
comparison with the potency of the native IGF-1 (Table 1).
This strongly suggests that the cleavage of Arg36-Arg37 peptide
bond, if it occurs in vivo, is not a part of IGF-1 processing, but
is rather a degradation-like step of this hormone, which leads to
a much less active protein. Whether such cleavage represents
some physiological attenuation of IGF-1 activity cannot be
excluded, but it requires further, complex studies on this
hormone, especially on in vivo-derived material.

The incorporation of the triazole bridge formed from fj-
azido-alanine at 36 and propargylglycine at 37 reduced the
binding affinity of the analog 2 to about 21% of the binding
affinity of the native IGF-1. However, this affinity drop is less
significant than the effect of Ala36-Ala37 mutation of this
hormone, which reduced its receptor binding to about 5%.%
Therefore, it seems that the loss of Arg36-Arg37 in 2 is,
somehow, compensated for by the triazole ring and/or the
neighboring ethyl carboxymido (at 36) and ethyl amino (at 37)
moieties. Some insight into the functional differences of the
analogs 1—4 may be facilitated by a direct comparison of their
connecting motifs shown in Figure 4. In 2, this motif is three
atoms longer than the peptide bond of the native IGF-1, and
the only difference between analog 2 and 3 is Met59Nle
mutation in analog 3. This exchange reduced the IGF-1R
affinity of the analog 3 to 5%, in agreement with the work of
Shooter et al,”® where Met59Phe mutation resulted in the 17-
fold decrease in IGF-1R binding. Therefore, analog 3 further
highlights the importance of the sulfur atom in Met59 for
receptor binding, which is not compensated for in 3 by the Nle
alkyl chain. The highest IGF-1R binding affinity in the series
from Table 1 was found for analog 4 (almost 25% of native
IGF-1). However, statistical analysis (see above) showed that
the difference in binding affinities of 4 and 2 is not significant,
hence, both analogs are rather similar in this aspect. Although
analog 4 retains arginines in the C-loop, they are at sites 36 and
39, not at their native positions 36—37 (Figures 2 and 4).
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Figure 4. Comparison of the connecting motifs at positions 36—37 or
37-38 in analogs 2—4 with the native human IGF-1. Ca atoms are
marked by residue numbers.

Therefore, the Ca atoms of the arginines in 4 are separated by
eight extra backbone atoms plus triazole ring and carboxamide
and amino moiety. Interestingly, this extension did not reduce
the binding affinity of this analog in comparison with analog 2,
indicating a relative tolerance of IGF-1R for the modifications
in this part of the C domain. However, it is also possible that at
least one of the Arg36/Arg39 in 4 (e.g, Arg36) occupies a
similar position on the receptor as one of the natives Arg36—
37. This result opens up new possibilities for the use of
different side chains, and motifs, at positions adjacent to the
triazole ring, that is, 36 and 37 in 2 and 37 and 38 in 4.
However, such approaches depend on the development of
available functionalized azides and alkynes suitable for the solid-
phase peptide synthesis.

All analogs 1—4 have reduced binding affinities for the
isoform A of the insulin receptor (Table 1) compared to native
IGF-1. However, it seems that this decrease (21—43% of native
IGF-1) is lower than for the IGF-1R (3—25% of native IGF-1),
indicating that the C domain of IGF-1 is less important for IR-
A binding than for an effective hormone complex formation
with the IGF-1R.

The abilities of analogs 1—4 to induce the autophosphor-
ylation of IGF-1R and IR-A and to activate the downstream Akt
generally reflected their binding affinities for these receptors.
This trend is especially visible in non-transfected fibroblasts,
with a natural population of IGF-1R (Figure 3C,D). It seems
that the high non-natural concentration of IGF-1R in IGF-1R-
transfected fibroblasts is behind their higher sensitivity to the
stimulation by the analogs, rather than differences in binding
affinities of human IGF-1 for rat and human IGF-1R; this levels
up the differences in binding affinities of analogs. The reason
for this phenomenon could be in the “disproportional”
populations/distributions of receptors and intracellular signal-
ing proteins. In this respect, the native fibroblasts, with
naturally lower population of IGF-1R, seem to be a better
model. The only apparent exception here could be observed in
a higher receptor stimulating activity of analog 2 than of analog
4 despite slightly reverse binding affinities. This “discrepancy” is
interesting, but should be treated with caution, due to the low
statistical significance of the differences between biological
properties of analogs 2 and 4 mentioned above. Nevertheless,
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“Reagents, conditions, and yields (a) DIC, DMAP, 3-ethyl-3-pentanol, DCM 0 °C 1 h, then rt 48 h (91%); (b) 10% Pd/C, H,, 10 psi, methanol 12
h; (c) Fmoc-OSu, NaHCO,, water and dioxane, 0 °C 1 h, then rt overnight (65% over two steps).

we observed a similar phenomenon in the case of insulin-IGF
hybrids, that is, human insulin molecules with the B chain
prolonged for C domain amino acids of human IGF-2.°*
However, it is rather difficult to explain such a discrepancy
without a structure of the analogs in a complex with the
receptor, and even crystal/NMR structures of the analogs
would provide only very limited clues. It is possible that only a
complex with the so-called site 2 of IGF-1 receptor would shed
light on the slightly differential activation/binding observed
here, and only the structures of insulin and IGF-1 complexed
with site 1 of the IR are currently available.”””° Nevertheless, as
it was observed that differential binding kinetics of insulin-like
analogs, that is, slower or faster k, or k. rates, can influence
their metabolic or mitogenic biological responses,71 this could
be the case of the apparent differences between analogs 2 and
4.

Finally, analogs 1—4 do not appear to possess the properties
of IGF-1R antagonists or partial antagonists, as was observed
for the IGF-1 Glu36-Glu37 mutant.*” It is possible then that
the antagonism observed for the Glu36-Glu37 IGF-1 analog
results from a reversed, negatively charged glutamic acid’s side
chains, instead of the arginine basic guanidine groups, and that
the replacement of the Arg36-Arg37 pair, by moieties shown in
Figure 4, is not sufficient to elicit a similar antagonistic effect.

B CONCLUSIONS

In summary, we developed a new method for the total chemical
synthesis of human IGF-1 analogs, which entails a solid-phase
synthesis of two IGF-1 precursor chains, and their ligation by
Cu'-catalyzed azide—alkyne cycloaddition chemistry. This
relatively straightforward methodology presents a viable
synthetic alternative to the previously established IGF synthetic
strategies, which employed native ligation. The connection of
two IGF-1 precursor chains by triazole-containing moieties was
relatively well tolerated by IGF-1R and IR-A, both in terms of
receptor binding and activation, and can thus represent a
convenient and relatively straightforward synthetic strategy for
the design of new analogs of this important human hormone
with non-standard protein modifications. We also found that
the disruption of the connectivity of the IGF-1 Arg36-Arg37
peptide bond deactivates this protein, hence it is unlikely that
such cleavage represents a maturation step of this hormone in
vivo.

B EXPERIMENTAL SECTION

Unless otherwise stated, reagents and materials were obtained from
commercial suppliers (Sigma-Aldrich-Fluka, Merck) and used without
purification.

Solid-Phase Peptide Synthesis. Peptide chains were prepared by
manual solid-phase synthesis in plastic syringes, equipped either with a
Teflon frit or with ABI433A peptide synthesizer. Standard Fmoc
amino acids (Iris Biotech, Gmbh, Germany) were used, and couplings
were done with HBTU/DIPEA or DIC/HOBT reagents in DMF.
Usually two couplings (60 min) with Fmoc-amino acids (3—5 equiv

for manual synthesis and 10 equiv for automated synthesis) were done.
In manual synthesis, the efficiency of the couplings was monitored by
the Kaiser test, and the amount of cleaved Fmoc group (20%
piperidine in DMF for $ and 20 min) was determined spectrophoto-
metrically (extinction coefficient 7040 M™" cm™ at 301 nm). Fmoc-
Asp(OEpe)-OH was prepared as described in the Supporting
Information and used for the syntheses of 2a and 4a. Fmoc-f-azido-
(8)-Ala-OH was prepared as described by Picha et al.”

The peptide chains with the C-terminal f-azido-(S)-Ala carbox-
amide, 2a and 4a, were synthesized on Rink amide AM LL resin or
Nova PEG Rink amide (Merck-Novabiochem), respectively. Fmoc-
(8)-propargylglycine-OH was purchased from Sigma-Aldrich-Fluka.
The peptide chains 1a, 1b, 2b, 3a, and 4b with a free carboxy terminus
were synthesized on Wang-ChemMatrix LL resins, preloaded with
Fmoc-Ala or Fmoc-Arg(Pbf) (PCAS BioMatrix Inc.). The peptides
were cleaved with 91.5% TFA, 2.3% H,O, 2.3% thioanisol, 2.3%
phenol, 1.15% DODT, and 0.45% TIS for 2—4 h. Subsequently, the
crude peptides were precipitated from the cold diethyl ether (in at
least 10-fold excess), centrifuged, and dried. The precipitates of crude
peptides 1a and 1b were immediately converted to S-sulfonates and
subsequently desalted, as previously described in detail.*** Finally, all
peptide chains were purified by RP-HPLC.

Peptide and Compound Characterization. The precursor
peptides (1a, 1b, 2a, 2b, 2¢, 3a, 3b, 4a, 4b, and 4c), and the resulting
IGF-1 analogs 1—-4 were purified and the purity of compounds
analyzed by RP-HPLC. HRMS spectra of all compounds, peptides, and
analogs were obtained on a FTMS mass spectrometer LTQ-orbitrap
XL (Thermo Fisher, Bremen, Germany) in electrospray ionization
mode. The purity of target compounds 1—4 was >95% (RP-HPLC,
HR-MS). The identity and purity of analogs 1—4 were furthermore
verified by N-terminal sequencing. Analytical data for all peptide
precursors, IGF-1 analogs 1—4, and conditions for NMR measure-
ments of 2a and model compounds 7 are provided in the Figures S7—
§30, Tables $1—S3, and Scheme S1. Melting points of compounds §
and 6 were determined on a Boetius block and are uncorrected. 'H
and "NMR spectra of compounds 5 and 6 were measured on a Bruker
AVANCE-600 spectrometer ("H at 600.13 MHz, °C at 150.9 MHz)
in CDCly, DMSO-d;, CD;0D, or D,O solution at 300 K. The 2D-
H,H-COSY, 2D-H,C-HSQC and 2D-H,C-HMBC spectra were
recorded and used for the structural assignment of proton and carbon
signals. IR spectra of compounds § and 6 were recorded on Bruker IFS
55 Equinox apparatus.

Peptide 1a. The yield (RP-HPLC) was 4.3% (27 mg). HRMS-ESL:
Monoisotopic M, caled for CjH,53N4504S, 4000.701, found
4000.677.

Peptide 1b. The yield (RP-HPLC) was 12.2% (S1 mg). HRMS-
ESI: Monoisotopic M, caled for C,g,H,5N40060Se 4146.683, found
4146.66S.

Analog 1. Recombination of chains 1a (17 mg, 4.27 ymol) and 1b
(33 mg, 7.95 pgmol) was done according to the procedure previously
described in detail.*** The typical yield of the analog 1 (relative to
chain 1a as the limiting component of the reaction) after RP-HPLC
purification was about 0.6% (0.2 mg). HRMS-ESI: Monoisotopic M,
caled for Cy3,Hy N0, 0,55 7661.597, found 7661.617.

Peptide 2a. When Fmoc-Asp(OtBu)-OH was used, the yield (RP-
HPLC) was 6.2% (22 mg). HRMS-ESI: M, caled for
Ci7H,y56N 450558, 3937.815, found 3937.818. The aspartimide
derivative of 2a (with an aspartimide bond at Asp20-Arg2l, that is,
peptide 2ax, see in the Supporting Information) was purified (Figure
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$28) as well, and the yield was 8.6% (30 mg). HRMS-ESI M, calcd for
CiraHasiN 3OS, 3919.805, found 3919.809.

If Fmoc-Asp(OEpe)-OH (6) was used for the synthesis, the yield
(RP-HPLC) was 10.1% (120 mg). HRMS-ESI: M, caled for
C17,H,56N 450455, 3937.815, found 3937.819. Undesired aspartimide
byproduct was not found in this case.

Peptide 2b. The yield (RP-HPLC) was 18.5% (75 mg). HRMS-ESI
M, caled for C,;3H,59NOs,Ss 4049.941, found 4049.945.

Peptide 2c. In general, the click reactions were performed according
to the protocol previously published by Vikova et al,>” but with a few
modifications. Briefly, the typical reaction mixture contained the linear
peptide 2a (4 mg, 1.02 gmol) and 2b (2 mg, 0.49 gmol), which were
dissolved in 4.5 mL of a fert-butanol:water mixture (2:1, v/v). Next,
the ascorbic acid (5.5 gmol) and CuSO,-5 H,0 (4.80 gmol) were
added in a minimum volume of water (the mixture was freshly
prepared). The reaction mixture proceeded with stirring at 40 °C
overnight. The precipitated product was removed from the reaction
mixture by centrifugation and was purified using RP-HPLC (C4
column). The typical yield (RP-HPLC, relative to the chain 2b as the
limiting component of the reaction) was about 16% (0.6 mg). HRMS-
ESI M, caled for CyysHs34Ngg04078; 7987.756, found 7987.768.

Analog 2. Clicked peptide 2¢ (6.6 mg, 0.83 ymol) was dissolved in
1 mL of TFA with 250 mM silver triflate and 25 mM anisole and
allowed to react for 1 h in an ice bath. The deprotected peptide was
removed from the solution by precipitation with cold diethyl ether.
The crude peptide was dissolved (60 uM) in degassed 0.1 M Gly/
NaOH buffer (pH 10.5), and then the reaction mixture was treated
with gaseous H,S>*™® to remove Ag" ions from cysteine salts. The
precipitated Ag,S was removed by centrifugation. The supernatant,
containing the peptide with free SH groups, was diluted to 30 uM
concentration (by the same buffer) and purged with argon to remove
the excess hydrogen sulfide. The reaction mixture was briefly purged
with air and allowed to oxidize in an opened flask without stirring for 3
days at 4 °C. The crude target compound 2 was desalted on a C4-
cartridge (Macherey-Nagel) and purified using RP-HPLC (C4
column). The yield (RP-HPLC) was 8% (0.5 mg). HRMS-ESI M,
caled for Cy5;Hs0oNg0105S5, 7555.486, found 7555.502.

Peptide 3a. The yield (RP-HPLC) was 15% (46 mg). HRMS-ESI
M, caled for C;,H,N;,04,S, 4031.984, found 4031.988.

Peptide 3b. The compound was prepared from 3a (2 mg, 0.5 gmol)
and 2a (2 mg, 0.51 ymol) according to the procedure described for 2c.
The typical yield (RP-HPLC) was about 18.5% (0.74 mg). HRMS-ESI
M, caled for CyHs35Ng3017S¢ 7969.799, found 7969.801.

Analog 3. Analog 3 was prepared from 3b (S mg, 0.63 ymol) by the
method described for 2. The yield (RP-HPLC) was 5.7% (0.27 mg).
HRMS-ESI M, caled for CyHs35Ng,O,;S6 7537.530, found 7537.551.

Peptide 4a. The yield (RP-HPLC) was 13.8% (170 mg). HRMS-
ESI M, caled for C5H,55N5,056S, for 4093.916, found 4093.923.

Peptide 4b. The yield (RP-HPLC) was 16.6% (140 mg; 33 gmol).
HRMS-ESI M, caled for C79H,0,N5,053S5 4206.042, found 4206.047.

Peptide 4c. Peptide 4c was prepared from peptides 4a (4 mg, 0.98
pmol) and 4b (2 mg, 0.48 umol) by the method described for 2c. The
typical yield (RP-HPLC, relative to the chain 4b as the limiting
component of the reaction) was 7.3% (0.29 mg). MS-ESI M, calcd for
CasrHs6oN 10601005, 8299.958, found 8299.987.

Analog 4. Analog 4 was prepared from 4c (7.5 mg, 0.9 ymol) by
the method described for analog 2. The yield (RP-HPLC) was 1.7%
(0.12 mg). HRMS-ESI M, caled for Cy30HpuN 000455, 7867.688,
found 7867.709.

(25)-N-Benzyloxycarbonylaspartic Acid 1-Benzyl-4-((3-ethyl)-
pent-3-yllester 5. Intermediate 5 was prepared using a slightly
modified method described previously in a patent.** Briefly, DIC (870
pL; 5.63 mmol) was added under stirring and ice-cooling to a solution
of Cbz-Asp-OBn (5 g; 14 mmol) and DMAP (0.34 g; 2.8 mmol), and
3-ethyl-3-pentanol (4.8 g; 42 mmol) in 25 mL DCM was added DIC.
The cooling was finished, and the mixture was allowed to react at rt 16
h. Addition of DIC (870 pL) was repeated twice, and the total reaction
time was 48 h. The excess of DIC was eliminated by quenching with
glacial acetic acid, and the volatile material was evaporated in vacuo to
give a yellow residue, which was purified by flash chromatography on

silica gel using a linear gradient of ethyl acetate in petroleum ether.
Yield 5.8 g (91%). Colorless oil. Ry = 0.74 (20% ethyl acetate/toluen).
[a] = +14° (c = 0.669 ; CHCL,). "H NMR (500 MHz, CDCl,): 0.70
(9H, t, ] = 7.5, 3x CH;), 1.71 (6H, q, ] = 7.5, 3x CH,), 2.96 (1H, dd, |
= 17.2 ‘and 4.5, CO-CHaHb-), 2.77 (1H, dd, J = 17.2 and 4.5, CO-
CHaHb-), 4.56 (1H, dt, ] = 8.8, 4.5 and 4.5, > CH-N), 5.05 (1H, d, ] =
122, O-CHaHb-), 5.08 (1H, d, J = 12.2, O-CHaHb-), 5.10 (1H, d, J =
12.4, 0-CHaHb-), 5.14 (1H, d, ] = 12.4, O-CHaHb-), 5.77 (1H, d, | =
8.7, -NH-CO), 7.25-7.30 (10H, m, 2X CsH;); "*C NMR (125.7
MHz, CDCL,): 7.53 (3x CH,); 26.63 (3% CH,); 37.27 (CH,); 50.53
(CH-N); 6695 and 67.40 (2x CH,-O), 90.06 (C-O), 127.95(2),
128.08, 128.17(2), 128.32, 128.45(2) and 128.49(2) (10X Ar =CH-),
135.18 and 136.18 (2x Ar > C=), 155.98 (N-CO), 169.61 and
170.75 (2x O-CO). IR (CCL,) vy cm™' 3433 m, 3353 m (NH);
2972 s, 2883 m, 1380 s (CH,); 2943 s (CH,); 1751 vs + br (C=0)
esters; 1727 vs (C=0) carbamate; 3091 w, 3066 w, 3034 w, 1500 s,
1456's, 1175 s, 1028 s, 1003 s, 737 5, 697 m (ring). HRMS (ESI) calcd
for C,qH;,0¢NNa [M + Na]* 478220, found: 478.220.

The synthesis of Fmoc-Asp(OEpe)-OH 6 is summarized in Scheme
1.

(25)-N-((9H-Fluoren-9-ylmethoxy)carbonyl))aspartic acid 4-((3-
ethyl)pent-3-yllester 6. Intermediate S (6.9 g 15.1 mmol) was
charged to a nitrogen flushed glass pressure bottle, dissolved in 80 mL
of methanol, and then 500 mg of 10% Pd/C was added. The mixture
was vigorously stirred and allowed to react under the atmosphere of
hydrogen (15 psi) at RT for 12 h. TLC analysis (50% ethyl acetate/
toluen) revealed that the starting compound had completely
disappeared. The catalyst was filtered off through Celite, and the
filter cake was washed with 100 mL of methanol. The filtrate was
evaporated in vacuo to give 3.5 g of light brown residue, which was
immediately dissolved in S0 mL of aqueous solution of NaHCOj; (2.5
¢ 30.2 mmol). The flask was placed in an ice bath, and Fmoc-OSu
(5.1 g; 15.1 mmol) in S0 mL of dioxane was added dropwise under
stirring. After the addition of the total amount of Fmoc-OSu, stirring
continued for 1 h at 0 °C and then overnight at room temperature.
Thereafter, 10% aqueous solution of citric acid was added to the
reaction mixture until pH ~3—4 was reached, followed by 200 mL
water. The solution was transferred to a separator funnel and extracted
with 4 X 100 mL of ethyl acetate. Combined organic layers were
washed consecutively with 2 X 50 mL water, 2 X 50 mL brine, and
dried over anhydrous Na,SO,. The filtrate was evaporated to afford a
dark yellow oil, which was purified by flash chromatography on silica
gel, using a linear gradient of ethyl acetate in toluene. Yield 4.5 g (65%
over two steps). Bright yellow semisolid. R; = 0.67 (ethyl acetate-
acetone-ethanol-water 6/1/1/0.5). [a]¥ = —8.6° (¢ = 0.326 ; DMF).
'H NMR (600 MHz, DMSO): 0.73 (9H, t, ] = 7.5, 3x CH,), 1.72
(6H, q, ] = 7.5, 3% CH,), 2.53 (1H, dd, ] = 15.9 and 9.1, CO-CHaHb-
),2.78 (1H, dd, J = 15.9 and 4.6, CO-CHaHb-), 420 (t, ] = 6.5, > CH-
), 425 (3H, m, > CH-N and —CH,-0), 7.38 (1H, br, -NH-CO), 7.31
(2H, m), 741 (2H, m), 7.69 (2H, m) and 7.88 (2H, m) (2x
CgH,);"C NMR (150.9 MHz, DMSO): 7.60 (3x CH,); 26.50 (3%
CH,); 37.27 (CH,); 46.83 (~CH-); 66.81 (CH, -O), 87.83 (C-O),
120.31(2), 125.44(2), 127.26(2) and 124.83(2) (8x Ar =CH.),
140.91(2), 144.02 and 144.02 (4X Ar > C=), 155.98 (N-CO), 169.71
(0-CO). IR (CCL) ¥ oy em™ 3437 w, 3322 w (NH); 2971 m, 2887
m, 1380 m, 1370 m (CH,); 2945 m, 2856 m (CH,); 1727 vs+vbr
(C=0) all carbonyles; 1505 s (amide 1I); 3068 w, 3042 w, 3021 w,
1600 m, 1478 m, 1452 m, 678 s (ring). HRMS (ESI) caled for
Cy6Hy,ONNa [M + Na] * 476.204, found: 476.204.

Cell Cultures. Human IM-9 lymphocytes and NIH/3T3 mouse
fibroblasts were obtained from ATCC. Mouse fibroblasts derived from
IGF-1R knockout mice” and stably transfected with either human
IGE-1 receptor (IGF-1R), or human insulin receptor isoform A (IR-
A), were kindly provided by Professor A. Belfiore (University of
Magna Grecia, Catanzaro, Italy) and Professor R. Baserga (Thomas
Jefferson University, Philadelphia, Pennsylvania, USA). IM-9 cells were
grown in RPMI 1640 media with 10% fetal bovine serum. IGF-IR and
IR-A cells were grown in DMEM media with S mM glucose with 10%
fetal bovine serum and 0.3 pg/mL puromycin. NIH/3T3 cells were
grown in DMEM media with 10% bovine serum albumin. All media
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were further supplemented with 2 mM L-glutamine, 100 U/mL
penicillin and 100 pg/mL streptomycin, and the cells were grown in
humidified air with 5% CO, at 37 °C.

Receptor-Binding Studies. Human IM-9 Lymphocytes (Human
IR-A Isoform). Receptor-binding studies with the insulin receptor in
membranes of human IM-9 lymphocytes (containing only human IR-
A isoform) were performed and K values determined as described
previously.'”* Binding data were analyzed using the Excel algorithms
specifically developed for the IM-9 cells system in the laboratory of
Prof. Pierre De Meyts (A. V. Groth and R. M. Shymko, Hagedorn
Research Institute, Denmark, a kind gift from P. De Meyts), using the
method of a non-linear regression, and a one-site fitting program,
taking into account the potential depletion of the free ligand. Each
binding curve was determined in duplicate, and the final dissociation
constant (K,) of an analog was calculated from at least three (n > 3)
binding curves (K values), determined independently. The dissoci-
ation constant of human '*L-insulin (PerkinElmer) was set to 0.3 nM.

Mouse Embryonic Fibroblasts (Human IGF-1R). Receptor binding
studies with the human IGF-1 receptor in membranes of mouse
embryonic fibroblasts derived from IGF-IR knockout mice and
transfected with human IGF-1R were performed as described
previously.' ™" Binding data were analyzed, and the dissociation
constant (Ky) was determined with GraphPad Prism $ software, using
a non-linear regression method and a one-site fitting program, taking
into account potential depletion of free ligand. Each binding curve was
determined in duplicate, and the final dissociation constant (K;) of an
analogue was calculated from at least three (1 > 3) binding curves (K
values) determined independently. The dissociation constant of
human '**I-IGF-1 (PerkinElmer) was set to 0.2 nM. Here we should
note that the use of bovine serum albumin (e.g., Sigma-Aldrich A6003)
void of “IGF-binding-like” proteins, which interfere with these binding
assays, is essential for the preparation of the binding buffer.”*

The significance of the changes in binding affinities of the analogs,
related to the binding of IGF-1, was calculated using a two-tailed f test.

Receptor Phosphorylation Assay. Cell Stimulation and
Detection of Receptor phosphorylation. Both were performed as
previously described.®® In brief, mouse fibroblasts (NIH/3T3, IR-A
and IGE-1R) were seeded in 24-well plates (Schoeller) and incubated
for 24 h. Cells were afterward starved for 4 h in serum-free media. The
cells were stimulated with 10 nM concentrations of the ligands for 10
min. Proteins were routinely analyzed, using immunoblotting and
horseradish peroxidase-labeled secondary antibodies (Sigma-Aldrich).
The membranes were probed with antiphospho-IGF-1Rf (Tyr1135/
1136)/IRB (Tyr1150/1151) and antiphospho-Akt (Thr308)
(C31ESE) (Cell Signaling Technology). The blots were developed
using the SuperSignal West Femto maximum sensitivity substrate
(Pierce) and analyzed using the ChemiDoc MP Imaging System (Bio-
Rad). Each experiment was repeated four times. The data were
expressed as contribution of phosphorylation relatively to the human
insulin (IR-A) respective IGF-1 (NIH/3T3 and IGF-1R) signal. The
significance of the changes in stimulation of phosphorylation of
receptors and related Akt-stimulation by the IGF-1 was calculated
using one-way analysis of variance.

Ligand-Dose Response IGF-1R Autophosphorylation Levels. The
levels were determined using In-Cell Western assay’~ adapted for
chemiluminescence. The IGF-1R cells were plated at 20 000 cells/well
in white 96-well Brand plates cell grade (Brand GMBH, Germany) and
incubated for 24 h. Cells were afterward starved for 4 h in serum-free
media and stimulated with dilutions of ligands (0—100 nM) for 10
min. After incubation, the medium was discarded, and the cells were
fixed in 3.75% freshly prepared formaldehyde for 20 min. Cells were
permeabilized with 0.1% Triton-X-100 in PBS for S min and blocked
with 5% BSA in T-TBS for 1 h. Plates were incubated with
antiphospho-IGF-1Rf# (Tyr1135/1136)/IRS (Tyr1150/1151) over-
night at 4 °C. Then plates were thoroughly washed with TBS,
incubated with peroxidase-labeled antirabbit secondary antibody
(Sigma) for 1 h at room temperature, and washed again. SuperSignal
West Femto maximum sensitivity substrate was added to each well,
and chemiluminescence was detected using the ChemiDoc MP
Imaging System after 5 min. Data were subtracted from background

values and expressed as contribution of phosphorylation relatively to
the 10 nM IGF-1 signal. Control wells and wells stimulated with 10
nM IGF-1 were in tetraplicates on each plate. Experiments were
repeated at least four times. Log(agonist) vs response curve fitting of
data was carried out with GraphPad Prism $ software.
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Figure S1. A. Schematic overview of the synthetic procedures for peptides 1a, 1b and analog 1. B

An overview of the unsuccessful synthesis of S-sulfonate protected IGF-1 chain connected by a

triazole bridge between positions 36 and 37. Arginines 36 and 37 in S-sulfonate protected

precursors were replaced by the C-terminal B-azido-alanine (position 36) and the N-terminal

propargyl glycine (position 37). Substitution of Met59 for norleucine is shown as a blue X. SPS =

solid-phase synthesis.
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Figure S2. Schematic overview of the synthetic procedures for peptides 2a (both synthetic variants,
i.e. with Fmoc-Asp(OEpe) and Fmoc-Asp(OtBu), are shown), 2b, 2¢ and analog 2. Undesired by-
product 2ax contains an aspartimide bond at Asp20-Arg21 (in red). Arginines 36 and 37 in S-Acm



protected precursors were replaced by the C-terminal (§-azido-alanine (position 36) and the N-
terminal propargyl glycine (position 37). Unsuccessful deprotection of Acm protecting groups from

2¢ by iodine mentioned in the main text is shown as well. SPS = solid-phase synthesis.
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Figure S3. Schematic overview of the synthetic procedures for peptides 3a, 3b and analog 3.
Arginines 36 and 37 in S-Acm protected precursors were replaced by the C-terminal B-azido-

alanine (position 36) and the N-terminal propargyl glycine (position 37). Substitution of Met59 for

norleucine is shown as a blue X. SPS = solid-phase synthesis.
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Figure S4. Schematic overview of the synthetic procedures for peptides 4a, 4b, 4c and analog 4.
3-Azido-alanine was placed in the position 37 at the C-terminal of the precursor 4a, and propargyl

glycine was placed in the position 38 at the N-terminal of the precursor 4b. SPS = solid-phase
synthesis.
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RP-HPLC purification and analyses of compounds

Precursor peptides were purified using reverse-phase high-performance liquid
chromatography (RP-HPLC) on a preparative Vydac C4 column (214TP101522, 10-15 pm, 250 x
22 mm) at 10 ml/min.

IGF-1 analogs were purified using reverse-phase high-performance liquid chromatography
(RP-HPLC) on a semipreparative Vydac C4 column (214TP510, 5 pm, 250 x 10 mm) at 4 ml/min.

The purity of all compounds was verified on an analytical Vydac C4 column (214TP54, 5
pm, 250 x 4.6 mm) or on an analytical Macherey-Nagel C18 column (EC280/4 Nucleosil, 120-5,
250 x 4.6 mm) at 1 ml/min.

We used different gradients of acetonitrile in water and 0.1 % TFA (v/v), see below.
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Figure S7. RP-HPLC analysis of the purified peptide 1a. Gradient (min/% ACN): 0 /8 %, 1/28 %,
21/36 %, 34/44 %, 36/72 %, 37/72 %, 37.1/8 %. Macherey-Nagel C18 column (EC280/4 Nucleosil,

120-5, 250 x 4.6 mm).
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Figure S8. RP-HPLC analysis of the purified peptide 1b. Gradient (min/% ACN): 0 /8 %, 30/80
%, 31/8 %. Macherey-Nagel C18 column (EC280/4 Nucleosil, 120-5, 250 x 4.6 mm).
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Figure S9. RP-HPLC purification of analog 1 after oxidative formation of disulfide bonds between
precursors 1a and 1b. Gradient (min/% ACN): 0 /8 %, 1/27, 34/32, 36/80 %, 37/80, 37.1/8 %.
Vydac C4 column (214TP510, 5 pm, 250 x 10 mm). The peak with the analog 1 is marked by an

arrow and the peak with the misfolded (swapped) product of 1 is marked as well.
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Figure S$10. A. RP-HPLC analysis of the purified analog 1. Vydac C4 column (214TP54, 5 um,
250 x 4.6 mm). Gradient (min/% ACN): 0/8 %, 1/27 %, 34/64 %, 36/80 %, 37/80 %, 37.1/ 8%. B.
RP-HPLC analysis of native human IGF-1 (Tercica) performed under the same conditions. The

peak at 4 min. is caused by elution of acetic acid, in which the proteins were injected.
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Figure S11. High-resolution ESI MS spectrum of purified analog 1. Monoisotopic relative

molecular weight (Mr) was calculated for C331Hs514No4O102S7 and is 7661.597. The experimental

monoisotopic Mr value was 7661.616 and the respective signal in the spectrum is marked by an

asterisk.
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Figure S12. RP-HPLC purification of the crude peptide 2a prepared using Fmoc-Asp(OsBu)
derivative. The peptides in the peaks 2a and 2ax were identified as the target peptide and its
aspartimide derivative (at Asp20-Arg2l, see below), respectively. Vydac C4 column
(214TP101522, 10-15 pm, 250 x 22 mm). Gradient (min/% ACN): 0/34 %, 30/39 %, 31/80 %o,
32/80 %, 33/34 %.
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Figure S13. RP-HPLC analysis of the purified peptide 2a prepared using Fmoc-Asp(OEpe)
derivative. Vydac C4 column (214TP54, 5 um, 250 x 4.6 mm). Gradient (min/% ACN): 0/33 %,
30/35 %, 31/80 %, 32/80 %, 33/33 %.
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Figure S14. RP-HPLC analysis of the purified peptide 2b. Vydac C4 column (214TP54, 5 um,
250 x 4.6 mm). Gradient (min/% ACN): 0/22 %, 30/34 %, 31/80 %, 32/80 %, 33/22 %. The peak

at 4 min. is caused by elution of acetic acid, in which the analog was injected.
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Figure S15. RP-HPLC analysis of the purified peptide 2¢. Vydac C4 column (214TP54, 5 um,
250 x 4.6 mm). Gradient (min/% ACN): 0/20 %, 20/32 %, 40/35 %, 41-42/80 %, 43/20 %. The

peak at 4 min. is caused by elution of acetic acid, in which the analog was injected.
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Figure S16. RP-HPLC purification of analog 2 after oxidative formation of disulfide bonds in the
precursor 2¢. Gradient (min/% ACN): 0 /20 %, 33/44, 35-37/80, 37.1/20 %. Vydac C4 column
(214TP510, 5 um, 250 x 10 mm). The peak with the analog 2 is marked by an arrow and the peak
with the misfolded (swapped) product of 2 is marked as well. RP-HPLC reaction profiles for

analogs 3 and 4 were similar (not shown).
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Figure S17. A. RP-HPLC analysis of the purified analog 2. Vydac C4 column (214TP54, 5 um,
250 x 4.6 mm). Gradient (min/% ACN): 0/20 %, 33/54 %, 34/80 %, 35/80 %, 37/20 %. B. RP-

HPLC analysis of native human IGF-1 (Tercica) performed under the same conditions. The peak

at 4 min. is caused by elution of acetic acid, in which the proteins were injected.
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Figure S18. High-resolution ESI MS spectrum

of purified analog 2. Monoisotopic relative

molecular weight (Mr) was calculated for C327Hs500N920101S7 and is 7555.486. The experimental

monoisotopic Mr value was 7555.502 and the respective signal in the deconvoluted spectrum is

marked by an asterisk.

17

75



A218 | ) o .

0.35_]

] 3a

" X A

0.06+—+—————T T ——

0.00 500 10.00 15.00 2000 2500 3000 35.00

|
l

|

0.25 ‘
| |
|

|

|

|

|

\

|

40.00
T (min)

Figure S19. RP-HPLC analysis of the purified peptide 3a. Vydac C4 column (214TP54, 5 um, 250
x 4.6 mm). Gradient (min/% ACN): 0/20 %, 30/44 %, 31/80 %, 32/80 %, 33/20 %.
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Figure S20. RP-HPLC analysis of the purified peptide 3b. Vydac C4 column (214TP54, 5 um,
250 x 4.6 mm). Gradient (min/% ACN): 0/20 %, 20/32 %, 40/35 %, 41/80 %, 42/80 %, 43/20%.
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Figure S21. A. RP-HPLC analysis of the purified analog 3. Vydac C4 column (214TP54, 5 um,
250 x 4.6 mm). Gradient (min/% ACN): 0/16 %, 1/28 %, 21/28 %, 30/44 %, 31/80 %, 32/80%,
33/16%. B. RP-HPLC analysis of native human IGF-1 (Tercica) performed under the same

conditions. The peak at 4 min. is caused by elution of acetic acid, in which the protein was injected.
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Figure S22. High-resolution ESI MS spectrum of purified analog 3. Monoisotopic relative
molecular weight (Mr) was calculated for C32sHs502N020101S6 and is 7537.530. The experimental
monoisotopic Mr value was 7537.551 and the respective signal in the spectrum is marked by an

asterisk.
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Figure S23. RP-HPLC analysis of the purified analog 4a. Vydac C4 column (214TP54, 5 pm, 250
x 4.6 mm). Gradient (min/% ACN): 0/24 %, 30/40 %, 31/80 %, 32/80 %, 33/24%.
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Figure S24, RP-HPLC analysis of the purified peptide 4b. Vydac C4 column (214TP54, 5 um,

250 x 4.6 mm). Gradient (min/% ACN): 0/20 %, 30/40 %, 31/80 %, 32/80 %, 33/20 %. The peak
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Figure S25. RP-HPLC analysis of the purified analog 4¢. Vydac C4 column (214TP54, 5 um, 250

x 4.6 mm). Gradient (min/% ACN): 0/20 %, 20/32 %, 40/35%, 41-42/80 %, 43/20 %. The peak at

4 min. is caused by elution of acetic acid, in which the analog was injected.
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Figure S26. RP-HPLC analysis of the purified analog 4. Vydac C4 column (214TP54, 5 um, 250

x 4.6 mm). Gradient (min/% ACN): 0/20 %, 33/54 %, 34/80 %, 35/80 %, 36/20 %. The peak at 4

min. is caused by elution of acetic acid, in which the analog was injected. Native human IGF-1
analyzed under the same conditions is shown in Figure S17 B.
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Figure S27. High-resolution ESI MS spectrum of purified analog 4. Monoisotopic relative
molecular weight (Mr) was calculated for C33oHs24N1000103S7 and is 7867.688. The experimental
monoisotopic Mr value was 7867.709 and the respective signal in the spectrum is marked by an

asterisk.
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Characterization of an aspartimide derivative of peptide 2a

MS analysis of the peptide found in peak 2ax in the Figure S11 showed the major signal
corresponding to the relative molecular mass smaller by 18 Da, compared to target peptide 2a (see
the main text). This difference indicated the loss of one water molecule and a possible formation
of an aspartimide derivative. To confirm this hypothesis, the compound in peak 2ax was isolated

(Figure S28) and its structure analyzed by NMR.
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Figure S28. RP-HPLC analysis of the purified peptide 2ax. Vydac C4 column (214TP54, 5 um,
250 x 4.6 mm). Gradient (min/% ACN): 0/20 %, 33/40 %, 31/80 %, 32/80 %, 33/20 %.
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NMR characterization of peptide 2ax

NMR spectra were measured on a Bruker AVANCE-600 spectrometer ('H at 600.13 MHz,
13C at 150.9 MHz) equipped with cryoprobe in DMSO-ds solution at 310 K. The 2D-H,H-COSY,
2D-H,H-NOESY, 2D-H,C-HSQC and 2D-H,C-HMBC spectra were recorded and used for the
structural assignment of proton and carbon signals.

The absence of the sequential NOE cross-peaks between Asp-20 and Arg-21 and amide NH
peak of Arg-21 together with a doubling of the NH, Ho. and Hf signals of Asp-20 indicated
structural modification of the Asp20 residue, obviously to the racemic aspartimide. Aspartimide
formation, which results from a ring-closure between B-COOH of Asp and amide NH of the
following residue, is known as a frequently encountered side reaction in the solid-phase peptide
synthesis (Behrendt, R.; White, P.; Offer, J. Advances in Fmoc solid-phase peptide synthesis.
Journal of Peptide Science 2016, 22, 4-27). Proton NMR chemical shifts of peptide 2ax are given
in Table S1.
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Table S1. Proton chemical shifts of peptide 2ax in DMSO at 310 K.

Residue NH CaH CBH CyH C3H Other protons

Gly-1 n.a n.a. -- - - -

Pro-2 -- 4.398 2.089 1.938;1.886 | 3.537;3.477 [--

Glu-3 8.344 4.275 1.950; 1.779 | 2.289; 2.225 -

Thr-4 7.525 4.247 4.022 1.044 -

Leu-5 7.895 4.321 1.619 1.498 0.872; 0.831 | --

Cys(Acm)-6 8.064 4417 2.912;2.750 -- - Acm: 4.251 (S-CHa);
8.452 NH); 1.85 (CHs)

Gly-7 8.115 3.727 (2H) - - - -

Ala-8 7.889 4.279 1.209 - - -

Glu-9 8.051 4.237 1.895; 1.768 2.233 -

Leu-10 7.831 4.323 0.86; 0.82

Val-11 7.694 4.129 1.960 1.032 -- -

Asp-12 8.136 4.545 2.679;2.503 - -

Ala-13 7.773 4.199 1.036 - - -

Leu-14 7.780 4.115 0.848 --

GIn-15 7.810 4.139 1.808; 1.691 2.041 -- 7.230 + 6.677 (CONH>)

Phe-16 7.771 4.452 3.082;2.811 -- -- 7.24 = 7.15 (CeHs)

Val-17 7.850 4.533 - -

Cys(Acm)-18 8.210 4.473 2.943;2.761 -- - Acm: 4.226 (S-CHa);
8.484 NH); 1.85 (CH3)

Gly-19 7.854 3.753 - -- - --

Asp-imid-20 8.618 4.593 2.967; 2.558 - -- --

8.586 4.417 2.995;2.578 -- - -

Arg-21 -- 4.533 2.085; 1.870 1.535;1.410 3.090 -

Gly-22 8.016 3.677 (2H) -- -- - --

Phe-23 7.618 4.450 2.892;2.683 -- - 7.24 — 7.15 (CHs)

Tyr-24 7.974 4.387 2.849;2.632 -- -- 6.96 (H2,6); 6.616 (H-3,5);
9.12 (OH)

Phe-25 8.012 4.548 3.047;2.808 -- - 7.24 - 7.15 (CeHs)

Asn-26 8.194 4.577 2.522;2.437 - - 7.310 + 6.842 (CONH3)

Lys-27 7.835 4478 1.655; 1.579 1.466; 1.346 n.a.

Pro-28 -- 4.460 2.132;2.037 | 1.887; 1.851 | 3.644;3.505 | --

Thr-29 7.749 4.152 4.002 1.040 -

Gly-30 7.850 3.751; 3.661 -- - - -

Tyr-31 8.002 4.426 2.918;2.670 -- - 7.013 (H2,6); 6.636 (H-3,5);
9.12 (OH)

Gly-32 8.200 3.758 (ZH) -- -- - --

Ser-33 7.878 4.386 3.623; 3.575 4.981 (OH) -- -

Ser-34 8.012 4.362 3.677 5.025 (OH) - -

Ser-35 7.966 4.320 3.663; 3.580 5.058 (OH) - -

Ala(N3)-36 8.118 4.386 3.575 -- - 7.157 4+ 6.674 (CONH>)
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Synthesis and characterization of a model heptapeptide and its aspartimide derivative

To further confirm the putative formation of an aspartimide derivative of the chain 2a, we
designed a model peptide Phe-Val-Cys(Acm)-Gly-Asp-Arg-Gly (7 in Scheme S1), representing
amino acids at the positions 16-22 of 2a. The peptide 7 was prepared by the same solid-phase
synthesis methodology on the Wang resin (ABI433A synthesizer) as 2a (see in the main text).
However, after the last Fmoc-protecting group was cleaved, the resin with a crude peptide was
washed with DMF and the resin was suspended in a solution of 20 % piperidine in DMF and shaken
at RT overnight. Then, the peptide was cleaved (95 % TFA, 2 % TIS, 2 % DODT and 1 % water
for 2 hours and then precipitation by diethyl ether) and purified by a standard procedure. The HPLC
chromatogram of the crude peptide 7 is shown in Figure S29. MS analysis of the compound in peak
7 identified peptide Phe-Val-Cys(Acm)-Gly-Asp-Arg-Gly (found Mr 823.3642, calculated
823.3647). MS analysis of the compound(s) in peak 7x identified a compound with a relative
molecular weight of 805.3562, which could indicate the presence of the formed aspartimide

(calculated 805.3541), but also a minor signal of 823.3645, indicating the presence of racemized

peptide 7.
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Figure S$29. RP-HPLC analysis of the crude peptide 7. Gradient (min/% ACN): 0 min /8 %, 30/40
%, 31/80 %. Macherey-Nagel C18 column (EC280/4 Nucleosil, 120-5, 250 x 4.6 mm).
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Therefore, we further optimized the HPLC separation and found that peak 7x can be divided

into at least three separate peaks, which were labeled as 7xa, 7xb and 7xc¢ (Figure S30).
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Figure S30. Optimized RP-HPLC analysis of the crude peptide 7. Gradient (min/% ACN): 0 min/§
%, 30/16 %, 31/80 %, 32/8%. Macherey-Nagel C18 column (EC280/4 Nucleosil, 120-5, 250 x 4.6

mm).

Peaks 7, 7xa, 7xb and 7xe¢ were separated and submitted for MS analysis, which revealed
the presence of a compound having the molecular mass (823.3647 Da) of the target peptide Phe-
Val-Cys(Acm)-Gly-Asp-Arg-Gly in the peaks 7 and 7xa, but compounds with molecular masses
805.3537 and 805.3536 in peaks 7xb and 7xc, respectively. The NMR spectra confirmed structures
of model peptides. Their 'H and *C NMR data are summarized in Tables S2 and S3. In general,
results of NMR analyses agree with MS data. Both pairs of peptides, i.e. 7-7xa and 7xb-7xe, differ
obviously by the configuration at Ca carbon atom of Asp or Asp-imide, respectively. Although
there is no direct evidence from NMR spectra, it is very probable that compounds in 7 and 7xb
have retained (S)-configuration, while compounds 7xa and 7xe¢ contain (R)-configuration of Asp

or Asp-imide, respectively. The deduced structures are shown in Scheme S1.
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Table S2. Proton NMR data of peptides 7, 7xa, 7xb and 7xc¢ in DMSO at 310 K. Coupling constants

are given in brackets.

7 7xa 7xb 7x¢
Phe
CoH 4.178 dd (7.5; 5.3) 4.166 dd (7.6; 5.0) 4.176 bt (7.8, 5.2) 4.173 bt (7.9; 5.3)
CpH 3.110dd (14.4; 5.3) 3.102 dd (14.2; 5.0) 3.110dd (14.2; 5.2) 3.108 dd (14.3; 5.3)
2946 dd (14.4;7.5) 2.937 dd (14.2; 7.6) 2.940 dd (14.2; 7.8) 2.940 dd (14.3; 7.9)
CeHs: o- 7.25m, 2H 7.23m,2H 7.25m,2H 7.25m, 2H
m- 7.32m, 2H 7.29 m, 2H 7.32m, 2H 7.32m, 2H
p- 7.26 m 7.25m 727m 7.27m
Val
NH 8.477d (8.9) 8.467 d (9.0) 8.476 d (8.6) 8.467d (8.7)
CoH 4.30dd (8.9; 6.6) 4.334 dd (9.0; 6.4) 4.290 dd (8.6; 6.7) 4.300 dd (8.7; 6.7)
CBH 1.996 m 2.016 m 1.99 m 1.99 m
CH; 0.897 d (6.8) 0.918d (6.8) 0.896 d (6.8) 0.900 d (6.8)
0.878 d (6.8) 0.898 d (6.8) 0.879d (6.8) 0.884 d (6.8)
Cys(Acm)
NH 8.28d(7.9) 8.370d (8.3) 8.320d (7.7) 8.348 d (7.5)
CaH 4.546 ddd (7.9; 4.9; 9.1)| 4.607 ddd (8.3; 9.2; 4.6) | 4.525 ddd (7.7; 5.0; 9.1) | 4.520 ddd (7.7; 5.1; 9.0)
CpH 2.945dd (13.8; 4.9) 2.975 dd (13.8; 4.6) 2.965 dd (13.8; 5.0) 2.952.dd (13.8; 5.1)
2.756 dd (13.8;9.1) 2.715dd (13.8;9.2) 2.765dd (13.8; 9.1) 2.779 dd (13.8; 9.0)
S-CH» 4.286 dd (13.5;6.3) 4.301 dd (13.5; 6.3) 4.281 dd (13.5;6.4) 4.267d,2H (6.4)
4.248 dd (13.5; 6.3) 4.184 dd (13.5; 6.3) 4.248 dd (13.5; 6.4)
NH 8.493t(6.3) 8.4571(6.3) 8.493t(6.4) 8.485t(64)
CH;s 1.855s 1.853 s 1.854 s 1.856s
Gly
NH 8.11t(5.8;5.5) 8.170t (5.8) 8.221t(5.8) 8.257t(5.8)
CoH 3.808 dd (16.8; 5.8) 3.837dd (17.0; 5.8) 3.786 dd (16.8; 5.8) 3.796 dd (16.8; 5.8)

3.734 dd (16.8; 5.5)

3.765dd (17.0; 5.8)

3.755dd (16.8; 5.8)

3.759 dd (16.8; 5.8)

Asp(Asp-imide)

Asp

Asp

Asp-imide

Asp-imide

NH

8.146 d (7.7)

8.196d (7.6)

8.630d (7.5)

8.627 d (7.6)

CoH 4.606 td (7.7,7.8;5.5) | 4.609td (7.6;7.5;5.8) | 4.472ddd (7.5;9.4;5.5) | 4.595 ddd (7.6;9.3;5.4)

CBH 2.730 dd (16.7; 5.5) 2.710 dd (16.5; 5.8) 3.022 dd (17.6;9.4) 2.966 dd (17.7; 9.3)
2.522dd (16.7; 7.8) 2.534dd (16.5;7.5) 2.576dd (17.6; 5.5) 2.572.dd (17.6; 5.4)

COOH 12.42 br 12.00 br -- --

Arg

NH 7.95d(8.1) 7.966d (8.1) - -

CoH 4.272 dd (8.1; 7.8; 5.8) 4.269 m 4.515 dd (4.6; 10.6) 4.460 dd (4.7, 10.4)

CBH 1.74 m; 1.56 m 1.747 m, 1.564 m 2.12m; 1.93 m 2.14m; 1.93 m

CyH 1.52 m (2ZH) 1.504 m, 2H 1.53m; 1.44 m 1.52m; 1.46 m

C8H 3.093 m (2ZH) 3.09 m, 2H 3.074 m, 2H 3.080 m, 2H

NH 7.57t(5.8) 7.5381(5.7) 7.4611(5.7)

Gly

NH 8.0851(5.9;5.9) 8.077 1 (5.8) 8.132t(6.3;5.5) 8.108 t (6.3; 5.5)

CoH 3.777dd (17.5; 5.9) 3.775dd (17.5; 5.8) 3.840dd (17.4; 6.3) 3.847 dd (17.4; 6.3)

3.740dd (17.5; 5.9)

3.737 dd (17.5; 5.8)

3.595dd (17.4; 5.5)

3.585dd (17.4; 5.5)
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Table S3. Carbon-13 chemical shifts of peptides 7, 7xa, 7xb and 7xc¢ in DMSO at 310 K.

7 Txa 7xb 7xc
Phe
C=0 167.93 168.06 167.94 167.93
Co 53.21 53.29 53.20 53.19
Cp 37.10 37.13 37.09 37.10
CsHs  ipso- 134.83 134.84 134.81 134.78
ortho- 129.63 129.59 129.63 129.62
meta- 128.60 128.58 128.60 128.60
para- 127.18 127.15 127.18 127.18
Val
C=0 170.58 170.60 170.66 170.73
Co 57.91 57.97 57.91 57.84
CB 30.95 30.94 30.93 30.97
CHs 19.26 19.34 19.19 19.18
18.24 18.14 18.26 18.25
Cys(Acm)
C=0 170.47 170.49 170.46 170.51
Co. 52.87 52.23 52.97 53.08
Cp 32.68 33.30 32.54 32.47
S-CH» 40.50 40.40 40.53 40.54
Ac: C=0 169.88 169.73 169.89 169.87
CH; 22.64 22.63 22.64 22.63
Gly
C=0 168.25 168.70 169.51 169.52
Co 42.09 42.06 41.96 42.00
Asp(imide)
C=0 171.83 171.85 175.25 175.78
Co 49.62 49.67 48.44 48.63
CB 36.31 36.35 35.00 34.82
COOH 170.48 170.52 -- -
C=0 -- -- 174.75 174.32
Arg
C=0 171.52 171.48 168.09 168.00
Co 52.22 52.23 52.80 53.15
CB 29.07 29.03 2451 24.63
Cy 24.89 24.83 25.16 25.51
C8 40.52 40.52 40.42 40.41
NH=C-NH> 156.96 156.93 156.93 156.90
Gly
COOH 170.94 170.95 170.88 170.88
Co 40.73 40.75 41.00 40.99
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Scheme S1. Deduced structures of compounds 7, 7xa, 7xb and 7xc
H
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7.2 Optimized syntheses of Fmoc azido amino acids for the preparation of

azidopeptides

Background:

The rise of Cu'-catalyzed click chemistry lead to an increased demand for azido derivatives
of amino acid as precursors for this synthesis. Some azido amino acids are commercially
available, however their costs are high. Thus, we investigated the possibility of the in-house
synthesis of five Fmoc azido amino acids: B-azido L-alanine and D-alanine, y-azido L-

homoalanine, 8-azido L-ornithine and w-azido L-lysine.

Summary:

We investigated several reaction pathways for the synthesis of several N-Fmoc-protected
azido amino acids described in the literature and we suggested several improvements.
Moreover, we proposed several alternative routes for the synthesis of these compounds in a
high purity. In conclusion, we provided detailed synthetic protocols for multigram
preparation of these Fmoc azido amino acids, which can be prepared in a week or two and

with user-friendly costs.

My contribution:

Under the guidance of Dr. Jan Picha, | prepared a Fmoc-B-azido-L-alanine which | used for
synthesis of IGF-1 analogues and | participated on synthesis of model peptides with azido

amino acids in the sequence.
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The rise of Cul-catalyzed click chemistry has initiated an increased demand for azido and alkyne derivatives of amino acid as pre-
cursors for the synthesis of clicked peptides. However, the use of azido and alkyne amino acids in peptide chemistry is complicated
by their high cost. For this reason, we investigated the possibility of the in-house preparation of a set of five Fmoc azido amino
acids: p-azido L-alanine and p-alanine, y-azido L-homoalanine, s-azido L-ornithine and w-azido L-lysine. We investigated several
reaction pathways described in the literature, suggested several improvements and proposed several alternative routes for the
synthesis of these compounds in high purity. Here, we demonstrate that multigram quantities of these Fmoc azido amino acids
can be prepared within a week or two and at user-friendly costs. We also incorporated these azido amino acids into several model
tripeptides, and we observed the formation of a new elimination product of the azido moiety upon conditions of prolonged
couplings with 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate/DIPEA. We hope that our detailed
synthetic protocols will inspire some peptide chemists to prepare these Fmoc azido acids in their laboratories and will assist them
in avoiding the too extensive costs of azidopeptide syntheses.

Experimental procedures and/or analytical data for compounds 3-5, 20, 25, 26, 30 and 43-47 are provided in the supporting
information. © 2017 The Authors Journal of Peptide Science published by European Peptide Society and John Wiley & Sons Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.

Keywords: synthesis; azido amino acid; alanine; homoalanine; ornithine; lysine; azide elimination
. _________________________________________________________________________________________________________________________________________|

Introduction

The discovery of the Cul-catalyzed Huisgen 1.3-dipolar cycloaddition
reaction of azides and alkynes, which leads to the formation of 1,4-
disubstituted 1,2,3-triazoles [1,2], has triggered a boom of these types
of click reactions, which have subsequently found a plethora of appli-
cations in peptide and protein chemistry. It is because 1,2,3-triazoles
present a motif with structural and electronic characteristics similar
to those of the peptide bond [3,4]. 1,2,3-Triazoles have also found
applications in cyclizations [5,6], induction of S-turns [7,8], f-hairpins
[9], helical structures [10,11] or mimics of disulfide bonds [12] in pep-
tides. The broad applications of 1,2,3-triazoles were reviewed in many
excellent reviews (e.g. [13,14] or [15]). Moreover, azides have also
found utility in a variant of Staudinger ligation for the synthesis of
peptides and proteins [16]. However, the syntheses of peptides with
azido or alkyne moieties are often hampered by the high cost of azido
or alkyne precursors, mostly Fmoc-protected azido and alkyne amino
acids, which are usually available for about €250-300 per 250 mg. This
can make the preparation of larger series of azido/alkyne peptides
very expensive, as we have recently experienced [17]. For this reason,
we decided to investigate the accessibility of the in-house prepara-
tion of a series of five Fmoc-protected azido amino acids; (S)-2-
amino-3-azidopropanoic and (R)-2-amino-3-azidopropanoic acids
(-azido L-alanine and p-alanine), (S)-2-amino-4-azidobutanoic acid
(y-azido L-homoalanine), (S)-2-amino-5-azidopentanoic acid (d-azido
L-ornithine) and (S)-2-amino-6-azidohexanoic acid (e-azido L-lysine).
Serine is a convenient precursor for the synthesis of the azido
derivative of alanine. Several different methods were previously

developed for introducing the azido moiety to a serine derivative:
(i) ring opening of cyclic N-(phenyl fluoride) serine sulfamidate
[18-20], (i) opening of (S)-3-amino-2-oxetanone [21], (iii) mild bro-
mination of the hydroxyl group followed by azidation [22-25], (iv)
Mitsunobu reaction treatment with triphenylphosphine (PPhs),
hydrazoic acid and azodicarboxylate [26-35], and (v) activation of
the hydroxyl group by mesyl chloride (MsCl) [35-38] or tosyl chlo-
ride [39], followed by substitution with sodium azide. In addition,
the synthesis of azidoalanine starting from N-protected asparagine
represents a different but straightforward approach. The first step is
Hoffman degradation by treatment with /-bis(trifluoroacetate) (CAS
2712-78-9) [40-44] or (diacetoxyiodo)benzene (PIDA) [45], followed
by a diazotransfer reaction [41,46-51].

* Correspondence to: Jifi Jirdcek, Institute of Organic Chemistry and Biochemistry,
Czech Academy of Sciences, v.v.i, Flemingovo ndm. 2, 166 10 Prague 6, Czech
Republic. E-mail: jiracek@uochb.cas.cz
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In general, there are two main approaches for the synthesis of
derivatives of Fmoc-t-azidohomoalanine. Mostly, the protected
Fmoc-t-glutamine is converted under Hofmann rearrangement
conditions [41,52-54] to 2-Fmoc-4-aminobutanoic acid, followed
by the azido transfer reaction [12,41,46]. The other approach in-
volves protected L-aspartic acid, which is partially reduced via a
mixed anhydride. The resulting alcohol is mesylated, and the corre-
sponding mesyl derivative is replaced by the azido function [55].

The strategy of orthogonal functional group protection [56-59]
of L-ornithine and L-lysine is usually used for the synthesis of their
azido derivatives.

Here, we compared several of these reaction pathways and also
investigated a few new routes for the preparation of the above-
listed Fmoc-protected azido amino acids in a multigram scale,
including their incorporation into short model peptides. The advan-
tages and drawbacks of the approaches are discussed.

Results and Discussion

Synthesis of -Azido L-Alanine and p-Alanine

Firstly, -serine 1 was chemoselectively protected by the
benzyloxycarbonyl (Z) group, and Z-Ser 3 was then esterified with
tert-butyl bromide in the presence of a benzyltriethylammonium
chloride phase catalyst and excess of potassium carbonate [60,61]
(Scheme 1). These two transformations led to the intermediate 4.
The removal of the Z group by a catalytic hydrogenation and a sub-
sequent acylation with  N-(9-fluorenylmethoxycarbonyloxy)
succinimide (Fmoc-OSu) yielded Fmoc-protected compound 5,
which, after the Abell reaction conditions, gave compound 6. It is
well known that the direct azidation of bromo compounds in
DMF (CAS 68-12-2) is unfeasible because of the high basicity of
NaNj3. Therefore, for the introduction of N3 moiety under mild

o
RZB‘
g,

NH,

L-Serine 1: R =H, R? = CH,0H
D-Serine 2: R' = CH,0H, R? =H

8(S):R' =H, R? = CH,0H
9(R): R' = CH,OH, R?=H

12(R): R' =CH,N3, R? =
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Scheme 1. Reagents, conditions and yields: (a) 10% Pd/C, H,, methanol, RT, overnight then Fmoc-OSu, NaHCO3, water and dioxane, 0 °C for 1 h, then RT

overnight (74% over two steps); (b) CBr,, PPhy, DCM 0 °C for 1 h, then RT overnight (84%); (c) Trimethylsilyl azide, hexamethylphosphoramide, 70 °C
overnight; (d) 10% Pd/C, H,, methanal, RT overnight, then Boc,O, NaHCOs, water and dioxane, 0 °C for 1 h, then RT overnight (86% over two steps); (e)
Boc,O, NaHCO;, water and dioxane, 0 °C for 1 h, followed at RT overnight, then C4;HgBr, K;COs, benzyl triethylammonium chloride, N,N-dimethyl
acetamide, 60 °C overnight (72% over two steps for 8, 67% over two steps for 9); (f) MsCl, TEA, DCM, 0 °C for 0.5 h, then NaNs, DMSO, 70 °C overnight
(16% for 10, 47% for 11 over two steps, 21% for 10, 50% for 12 over two steps); (g) MsCl, pyridine, DCM, 0 °C for 0.5 h, then NaN; DMSO, 70 °C overnight
(26% for 10, 46% for 11 over two steps); (h) CBry, PPhs, DCM, 0 °C for 1 h, then RT overnight (68%); (i) NaNs;, DMSO, 70 °C overnight (40% for 10, 41% for
11 over two steps); (j) TFA, DCM, water, RT overnight, then NaHCO; and Fmoc-OSu, dioxane and water, 0 °C for 1 h, then RT overnight (86% for 14 over
two steps, 86% for 15 over two steps); (k) 2-chlorotrityl chloride resin, DIPEA, DMF, 2 h, then piperidine, DMF (75%); (I) 1-Val-OBn-TsOH, DIPEA, PyBroP,
DMF RT overnight (74%); (m) 20, DIPEA, PyBroP, DMF, RT overnight (70%); (n) TFA, DCM, 2 h, 2-chlorotrityl chloride resin, DIPEA, DMF, 2 h, then piperidine,
DMF (67%); (0) NaNs, DMSO, 70 °C overnight.
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conditions, we decided to apply trimethylsilyl azide (CAS 4648-54-
8) in hexamethylphosphoramide (CAS 680-31-9) or DMF [62,63].
However, we surprisingly only isolated from the reaction mixture
starting compound 6 instead of 7. The failure of this synthetic path-
way indicated that the sequence of steps must be changed; the az-
ido moiety should be introduced first, followed by the deprotection
of the amino group and then by derivatization with Fmoc. Thus, the
Z group was again subjected to catalytic hydrogenolysis, and then
the free amine group was protected by Boc to afford derivative 8.
We also found that the key intermediate 8 can be achieved by a
shortcut (Scheme 1, pathway A) directly from -serine 1. Thus, the
Boc-1-Ser-OtBu 8 was prepared in a good yield (72%) by the reac-
tion of L-serine with tert-BuBr in a similar manner as compound 4.
Thereafter, activation of the hydroxyl group was performed with
MsCl under basic conditions (TEA, CAS 121-44-8), ensuring the sta-
bility of acid-sensitive groups. The reaction mixture was tested with
TLC, and except for the required mesyl intermediate 11, the
dehydroalanine 10 was also observed as the elimination product
[31,64]. We also tested pyridine as a weaker base instead of TEA,
but the full conversion of 8 to mesyl intermediate 11 was achieved
only after 24 h, but again accompanied by a significant formation of
10. To prevent this unwanted process, compound 8 was trans-
formed to bromide derivative 13 and subsequently reacted with
sodium azide in DMSO (CAS 67-68-5). In this case, 11 was obtained
in a similar yield, but with a substantially higher amount of the elim-
ination product 10. Probably, a more easily leaving Br~ group bet-
ter promotes the elimination process. Hence, we can conclude that
both mesylation and azidation reactions contribute to the forma-
tion of dehydroalanine 10. Finally, with the use of standard proce-
dures, both acid-labile protecting groups of 11 were removed
with TFA (CAS 76-05-1) and the amino group was acylated with
Fmoc-Osu to furnish the required product 14.

Next, starting from o-serine 2 and through intermediates 9 and
12, we employed the synthetic pathway A and the following reac-
tions for the preparation of Fmoc-p-azido-o-Ala 15.

Cumulative yields of the six-step synthetic pathway A (i.e,, (i) ac-
ylation with Boc, (ii) alkylation with tert-But, (jii) activation by Ms, (iv)
addition of azide, (v) elimination of acid-labile groups and (vi) acyl-
ation with Fmoc) were satisfactory: 29% for 14 and 28% for 15, both
in multigram scales.

Johansson and Pedersen [65] and others [35,66] claimed that
dehydroalanine 10 is a perfect Michael acceptor, which undergoes

racemization. To verify this statement, we carried out a simple ex-
periment; the isolated dehydroalanine 10 was heated in DMSO
with an excess of NaN; at 70 °C overnight. However, no traces of
the expected product 17 were found.

Next, we verified the optical purity of the compound 14 by NMR
spectroscopy. For this, the dipeptide 18 was prepared by the reac-
tion of 14 with (-Val-OBn-TsOH. The incorporation of valine added
a new stereo center to the molecule, However, the presence of the
sterically bulky Fmoc group resulted in the observation of geomet-
rical isomers of the carbamate in a ratio of 60 : 40. Therefore, we
had to prepare a fully deprotected molecule. Compound 14 was
thus coupled with ester 20, which was prepared by esterification
of L-valine 19 using tert-butyl acetate [67] as a source of (CH3)sC* cat-
ion. Acidic hydrolysis gave free acid, which was attached to 2-
chlorotrityl chloride resin. This allowed the removal of the Fmoc
protecting group by conveniently washing off poorly separable
dibenzofulvene. A usual work-up and separation furnished dipep-
tide 22, which was manifested by only one set of signals in both
"H and ">C NMR spectra. The same protocol with the chlorotrityl
resin was used for the preparation of free amino acid 16. The optical
purity of water-soluble acid 16 was checked by the method of
Inamoto et al. [68]. No splitting of signals on a-carbons and
o-protons was observed after the addition of sodium [(5)-1,2-
diaminopropane-N,N,\',N'-tetraacetato]-samarate(lll) [69] to a pH-
adjusted solution of 16ina 2 : 1 molar ratio. In conclusion, NMR anal-
yses unequivocally proved the high optical purity of compound 14.
We have not performed the same procedure with the optical isomer
15, which was prepared by the same reactions, but from the pure -
serine, However, the same high optical purity can be expected.

We also investigated two alternative reaction routes (Scheme 2)
for the synthesis of Fmoc-f-azido-L-Ala 14 as outlined in Scheme 2.
Firstly, L-asparagine 23 was protected by the Fmoc group; then
carboxamide functionality of the resulting intermediate 25 was
eliminated under Hoffmann rearrangement conditions. The last
step of this reaction pathway B was a diazotransfer reaction, which
allowed the conversion of the amino group to the corresponding
azido acid 14. In parallel, we demonstrated that 14 can be obtained
with a similar synthetic strategy, but using Boc protection and
starting from L-asparagine 23 over intermediates 31 and 32 (reac-
tion pathway C).

Compound 14, which was prepared using three different syn-
thetic pathways (A, B or C), provided the same mass and NMR

Pathway B
o
(o a o2
[ OH N~ ToH
NH; NH; NH, NHFmoc
n=1 L-asparagine 23 n=1 25
n=2 L-glutamine 24 n=2 26
d
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N~ ToH HN I 0K
NH, NHBoc NHBoc
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— + HNTToH
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c
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NHFmoc
n=114
n=229
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f
— Nj OH

n)
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Scheme 2. Reagents, conditions and yields: (a) Na,COs, Fmoc-OSu, dioxane and water, 0 °C for 1 h, then RT overnight (87% for 25, 93% for 26); (b) PhI(OAC),,
CH;CN, ethyl acetate and water at RT overnight (75% for 27, 56% for 28); (c) TfN3, NaHCO,, CuS0O,4-5H,0, water and methanol at RT overnight (80% for 14, 92%
for 29); (d) Na,COs, Boc,0, dioxane and water 0 °C 1 h then RT overnight (73%); (e) PhI(OAc),, CHsCN, ethyl acetate and water at RT overnight (75%); (f) TfNs,
TEA, CuSO,4-5H,0, water and methanol at RT overnight; (g) TFA, DCM, 2 h at RT; (h) NaHCO3, Fmoc-OSu, dioxane and water, 0 °C for 1 h, then RT overnight (37%

over three steps).
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spectra and other physicochemical characteristics. Therefore, the  Synthesis of §-Azido L-Ornithine and @-Azido L-Lysine
number of synthetic steps, cumulative yields and costs are decisive
for the choice of the optimal strategy. Pathway A includes six steps
and gave 29% yield, pathway B was performed in three steps and
with 52% yield and pathway C required five steps and gave 20%
yield. Clearly, from this aspect, the preferred synthetic route is path-
way B and the less convenient is pathway C. We also calculated the
approximate costs of synthetic pathways A and B for the prepara-
tion of 14, using precursor and solvents purchased at standard
prices from Fluka. Synthetic pathway A yielded 1 g of 14 for about
€37 and pathway B for about €43. Pathway A can be completed
within a week; pathway B is faster. Taking everything together,
the method of choice for the preparation of 14 is pathway B,
despite the fact that its diazotransfer reaction requires the use of
an excess of rather costly trifluoromethanesulfonic anhydride (triflic
anhydride).

For the synthesis of azido acids 41 and 42, derivatives of L-ornithine
and L-lysine, we applied the strategy of orthogonal functional group
protection [56-59] (Scheme 3). Synthesis started from commercially
available L-ornithine:HCl 33 or L-lysine-HCI 34, and the reaction with
copper acetate monohydrate under basic conditions afforded [Orn
(Boc)],Cu 35 or [Lys(Boc)l,Cu 36, respectively, which were isolated
by a perfect filtering off of their insoluble copper complexes. Metal
was quantitatively removed using 8-quinolinol to furnish selectively
Boc-protected intermediates 37 and 38 in forms of zwitterions. The
alpha amino group was acylated with Fmoc-OSu, and the resulting
diamino acids 39 and 40 were treated with TFA to liberate J-free
amine and w-free amine, respectively. The final step is represented
by a diazotransfer reaction, which leads to the required Fmoc-
azido-L-norvaline 41 or Fmoc-azido-L-lysine 42.

Synthesis of f-Azido .-Homoalanine Synthesis of Model Azido Tripeptides

Next, for the preparation of L.-homoazidoalanine, we chose the  Finally, we synthesized a series of model tripeptides 43-47, using
straightforward pathway B (Scheme 2), starting from L-glutamine  the standard manual Fmoc solid-phase synthesis protocol [70]
over intermediates 26 and 28. The product 29 was obtained inan  (Scheme 4). When the methodology was precisely followed, all

excellent yield of 92%. required peptides were obtained in good yields and with a high
o
b
HCI* HQNWLOH = BocHNW L
NH, §

n =1 L-ornithine . HCI 33
n=2 L-lysine . HCl 34

o o o
c d e
BocHN OH BocHN OH Ny OH
" NH, " NHFmoe " NHFmoc
n=1 37 n=1 39 n=1 41
n=2 38 n=2 40 n=2 42

Scheme 3. Reagents, conditions and yields: (a) CuAcy'H,0, water, then Boc,O in acetone overnight (90% for 35, 92% for 36); (b) 8-hydroxyquinoline, water,
4h (90% for 37, 88% for 38); (c) Fmoc-OSu, NaHCO;, water and dioxane, 0 °C for 0.5 h, then RT overnight (93% for 39, 95% for 40); (d) TFA, DCM, 2 h at RT (e)
TfNs, NaHCO3, CuSO,-5H,0, water and methanol at RT overnight (92% for 41 over two steps, 89% for 42 over two steps).
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Scheme 4. Reagents, conditions and yields: (a) 20% piperidine/DMF; (b) (i) Fmoc-1-Phe, HBTU, DIPEA, DMF, 2 x 2 h at RT (i) 20% piperidine/DMF; (c) (i) Fmoc-
L-Phe or Fmoc-1-Val, HBTU, DIPEA, DMF, 2 x 2 h at RT (i) 20% piperidine/DMF; (d) 14, 29, 41 or 42, HBTU, DIPEA, DMF, 2 x 2 h at RT (ii) 20% piperidine/DMF; (e)
Ac,O, DIPEA, DMF, 15 min at RT; (f) 95% TFA/water, 1 h at RT. Yields (after HPLC purification) 69% for 43, 76% for 44, 80% for 45, 77% for 46 and 71% for 47.In
the case of long couplings (5 and 18 h) with 14, the yield for 44 was only 17% accompanied by the presence of 48 in 32% yield.
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Figure 1. HPLC trace of the purification of the crude tripeptide 44. The
major isolated products (44 and 48) are labeled with compound numbers,

chemical purity. However, surprisingly, during the synthesis of 44
and only in the case of prolonged condensations (5 and 18 h) of
Fmoc-azidoalanine 14 with the resin-bound Phe-Phe-NH,, we
observed the massive appearance of a new compound
representing a major product of the synthesis (Figure 1). This prod-
uct was isolated, and its chemical structure assigned using spectral
methods and attributed to the compound 48. It appears that only
alpha-keto functionality is present in 48 instead of methylazido
and acetylamino moieties. We have not found any information in
the available literature about this type of elimination of azido
species. Some studies (e.g, [71]) reported on obtaining carbonyl
compounds from a,f-disubstituded compounds. However, here,
we can only speculate that the shorter side chain of 14 (ie, the
proximity of the azido moiety and the primary a-amino group)
and/or possibly also the activating agent 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) in the
presence of DIPEA (7087-68-5) and/or longer couplings or treat-
ment with 95% TFA/5% water may play a role in this side reaction.
Interestingly, in addition, it seems that this elimination is also
sequence specific, as it occurred only in the case of the coupling
of 14 to Phe-Phe dipeptide and not to other sequences. Hence, at
this stage, we rather do not suggest any plausible reaction mecha-
nism for this process. The susceptibility of 14 to the elimination of
its azido moiety during the synthesis of a simple tripeptide suggests
that the use of azido amino acids in the peptide synthesis is not
without risks and that some precautions should be taken (e.g.
shorter reaction times and alternative reagents)

Conclusions

In conclusion, we investigated several synthetic protocols for the
preparation of L-Fmoc-f-azidoalanine and o-Fmoc-f#-azidoalanine
(14 and 15, respectively). We found that pathway B starting from
asparagine is the most straightforward one and it can also be used
for the preparation of y-azido .-homoalanine when starting from
glutamine. NMR analysis confirmed the high optical purity of 14
prepared with these protocols. We also synthesized L-Fmoc-y-
azidohomoalanine 29, L-Fmoc-d-azidoornitine 41 and L-Fmoc-¢-
azidolysine 42. Several synthetic steps previously described in
literature were improved and optimized, and several new reactions
investigated. All synthetic procedures were described in detail, and
the complete physicochemical characterization of all intermediates
and final compounds was provided. We found that multigram

quantities of these Fmoc-protected azido amino acids can be pre-
pared within a week, at average costs of about €40 per gram of final
compounds (excluding work and energies). This makes them
incomparably cheaper than standard commercial counterparts.
We also observed a new type of elimination which occurred during
prolonged couplings upon the solid-phase synthesis of Ac--azido-
Ala-Phe-Phe-NH,.

Experimental Part

Reagents and solvents (Sigma-Aldrich-Fluka, St. Louis, MO, USA)
used in this study were of analytical grade. TLC analyses were per-
formed on silica-gel-coated aluminum plates (Fluka). The com-
pounds were visualized by exposure to UV light at 254 nm and by
ninhydrin spraying (dark blue color) of Boc-protected amines or
amines. Flash chromatography purifications were carried out on sil-
ica gel (40-63 pum, Fluka). Preparative RP-HPLC chromatography
was carried out on a C18 Luna column (Phenomenex, Torrance,
CA, USA, 250 x 21.2 mm, 10 um) at a flow rate 9 ml/min (solvent
A: 0.1% TFA; solvent B: 80% CH3CN, 0.1% TFA). Eluted compounds
were detected at 218 and 254 nm and lyophilized from water.
Melting points were determined on a Boetius block and are
uncorrected. 'H and '*C NMR spectra were measured on a Bruker
AVANCE-600 spectrometer (Billerica, MA, USA; "H at 600.13 MHz,
'3C at 150.9 MHz) in CDCl;, DMSO-ds, CD;0D or D,O solution at
300 K. The 2D-H,H-COSY, 2D-H,C-HSQC and 2D-H,C-HMBC spectra
were recorded and used for the structural assignment of proton
and carbon signals. IR spectra were recorded on Bruker IFS 55
Equinox apparatus. HRMS spectra were obtained on an FTMS mass
spectrometer LTQ-orbitrap XL (Thermo Fisher, Bremen, Germany) in
electrospray ionization mode.

Experimental procedures and analytical data for compounds 3-5
are provided in the supporting information.

tert-Butyl 2-(S)-(9-fluorenylmethyloxycarbonylamino)-3-
bromopropanoate 6

Ester 5 (14.6 g; 38.1 mmol) and CBr4 (15.2 g; 45.7 mmol) were
dissolved in 100 ml of DCM (CAS 75-09-2). The flask with the reac-
tion mixture was immersed in an ice cooling bath, and PPh;
(12 g; 45.7 mmol) in 100 ml DCM was added dropwise under stir-
ring. Stirring at 0 °C was continued for 1 h and then at room temper-
ature (RT) overnight. DCM was removed under reduced pressure,
and a brown residue was purified by flash chromatography on silica
gel, using a linear gradient of ethyl acetate in petroleum ether. The
product was a colorless oil, which was triturated in petroleum ether
at —20 °C. Yield 14.2 g (84%). White solid. m.p. 75-76 °C. R = 0.67
(toluene-ethyl acetate 90 : 10). [a]%’ = +193 (c = 0.980; CHCl,). 'H
NMR (600 MHz, DMSQ): 1.41 (9H, s, (CH3)3), 3.65 (1H, dd, J = 10.5
and 7.8, -CHaHb-Br), 3.75 (1H, dd, J = 10.5 and 4.5, -CHaHb-Br),
424 (1H, t, J ~ 7.0, >CH-), 4.33 (2H, m, -O-CH;-), 4.34 (1H, ddd,
J =80, 7.8 and 4.5, >CH-N), 7.89 (1H, d, J = 8.0, -NH-CQ), 7.33
(2H, m, Ar-H), 7.42 (2H, m, Ar-H), 7.74 (2H, m, Ar-H), 7.89 (2H, m,
Ar-H). "*C NMR (150.9 MHz, DMSO): 27.73 ((CHs)5), 32.81 (~CH,-
Br), 46.77 (>CH-), 56.06 (>CH-N), 66.06 (-CH,-0-C0), 81.99 (O-C
(CH3)3), 120.30(2), 125.44(2), 127.25(2) and 127.84(2) (8x Ar=CH-),
140.92(2) and 143.90(2) (4x Ar>C=), 156.04 (N-CO-0), 168.15
(O=CO-). IR (KBN) vmax {cm ") 3349 m (NH); 1741 vs (C=0) ester;
1696 vs C=0 (carbamate); 1514 s (amide Il); 1247 s, 1159 s (C-O-
C); 3066 w, 3041 w, 1478 m, 760 s, 739 s (ring); 2978 m, 1394 m,
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1370 m (CHs). HRMS (ESI) calc for C,,H,404NBrNa [M + Na]”
468.07809, found: 468.07840.

tert-Butyl 2-(S)-(tert-butoxycarbonylamino)-3-
hydroxypropanoate 8

Z-1-Ser-OtBu 4 (12.8 g; 43.3 mmol) was put into a glass pressure bot-
tle and dissolved in 300 ml of methanol, and then 500 mg of 10%
Pd/C was added. The mixture was vigorously stirred and allowed
to react under the atmosphere of hydrogen (15 psi) at RT overnight.
TLC analysis revealed (toluene-ethyl acetate 50 : 50) that the
starting compound had completely disappeared. The catalyst was
filtered off through celite, and the filter cake was washed in
300 ml of methanol. The filtrate was evaporated in vacuo to give
7.2 g of light brown residue, which was immediately dissolved in
a 100 ml saturated solution of NaHCOs. The flask was placed into
theice bath, and di-tert-butyl dicarbonate (Boc,0) (9.5 g; 43.3 mmol)
in 100 ml dioxane was added dropwise under stirring. After the ad-
dition of all Boc,0, stirring was continued for 1 h at 0 °C and then
overnight at RT. Thereafter, 500 ml of water was poured in, and
the reaction mixture was transferred to the separatory funnel and
extracted four times with 150 ml of ethyl acetate. Combined
organic layers were washed consecutively twice with 100 ml of wa-
ter and twice with 100 ml of brine and dried over anhydrous
Na,SO,. Evaporation of the filtrate under reduced pressure
furnished a colorless oil, which was triturated in petroleum ether
at —20 °C: colorless solid, yield 9.7 g (86% over two steps). The
spectra and physicochemical characteristics of the product are
the same as those for 3 prepared by a direct alkylation of Boc-L-Ser.

Alternatively, .-serine 1(10.5 g; 0.1 mol; [al) = +13, ¢ =5, 5 m HCl)
was placed into a 1 |, round-bottom flask equipped with a magnetic
spin bar. The compound 1 was dissolved in the solution of sodium
hydrogen carbonate (16.8 g; 0.2 mol) in 150 ml of water. The flask
was immersed into the ice cooling bath, and 1.1 eq. of Boc,O
(24 g; 0.11 mol) in 100 ml of dioxane was added dropwise under
vigorous stirring for 30 min. When the addition of Boc anhydride
was completed, the reaction mixture was allowed to react for 1 h
at 0 °C and then overnight at RT. A saturated aqueous solution of
citric acid was added carefully until acidic pH = 3 was reached.
The aqueous-organic solution was saturated with sodium chloride,
followed by four extractions with ethyl acetate (each with 200 ml).
Combined organic phases were washed four times with 100 ml of
brine and dried over Na,SO,. The filtration of the drying agent,
followed by evaporation of the filtrate under reduced pressure,
furnished 25 g of the crude [(S)-2-(tert-butoxycarbonylamino)]-3-
hydroxypropanoic acid as a colorless oil (R = 0.46 ethyl acetate-ac-
etone-methanol-water 6 : 1: 1 : 0.5), which was used in the next
step without additional purification.

Compound 8 was prepared in the same manner as 4 by the reac-
tion of 25 g of Boc-L-Ser, 200 ml of tert-butyl bromide, potassium
carbonate (69.1 g; 0.5 mol) and benzyl triethylammonium chloride
(CAS 56-37-1, 11.4 g; 0.05 mol) in 450 ml of dimethylacetamide.
The required product was a clear oil, which solidified upon standing
in a refrigerator at 5 °C. An analytical sample was prepared by tritu-
ration in petroleum ether at —20 °C. Yield 18.7 g (72% over two
steps), m.p. 77-80 °C. R¢ = 0.55 (toluene—-ethyl acetate 50 : 50). [a]
2 = —22.2 (c = 1.928; EtOH). "H NMR (600 MHz, DMSO): 1.38 (9H,
s, (CHs)3), 139 (9H, s, (CHs)s), 3.60 (2H, dd, J = 6.1 and 5.0, -O-
CH,-), 3.89 (1H, dt, J = 82, 5.0 and 5.0, >CH-N), 478 (1H, t,
J=6.1, -OH), 6.75 (1H, d, J = 8.2, -NH-CO). "*C NMR (150.9 MHz,
DMSO): 27.87 ((CHs)3), 28.33 ((CH3)3), 57.12 (>CH-N); 61.63 (-CH,—
0), 78.32 (0-C(CHs)3), 80.53 (O-C(CHs)s), 155.49 (N-CO-0), 170.23

(O-CO-). IR (KBr) ¥max ecm ' 33225,3280 s (NH); 1741 vs (C=0) ester;
1684 vs (C=0) carbamate; 1498 m (amide II); 1155 vs (OC(CHs)s3);
2976 s, 2933 5, 1395 5, 1366 s (CH3); 1081 s, 1059 s, 1048 s (C-OH).
HRMS (ESI) calc for Cy5H.4OsN [M + HI' 262.16490, found:
262.16507.

tert-Butyl 2-(R)-(tert-butoxycarbonylamino)-3-
hydroxypropanoate 9

With the method described for 8, the title enantiomer 9 was pre-
pared from o-serine (10.5 g; 0.1 mol; [a]%) = —14.75, ¢ = 10; 2 N
HCl). Yield 17.5 g (67% over two steps), m.p. 76-78 °C. Ry = 0.55 (tol-
uene-ethyl acetate 50 : 50). [a]%) = +21.6 (c = 0.283; EtOH). "H NMR
(600 MHz, DMSO): 1.38 (9H, s, (CH3)3), 1.39 (9H, s, (CH3)3), 3.60 (2H,
dd, J = 6.0 and 5.0, HO-CH,-), 3.89 (1H, dt, J = 8.2, 5.0 and 5.0,
>CH-N), 478 (1H, t, J = 6.0, -OH), 6.76 (1H, d, J = 8.2, -NH-CO).
"*C NMR (1509 MHz, DMSOY): 27.86 ((CH)s), 28.33 ((CH5)), 57.12
(>CH-N), 61.63 (-CH,-0), 78.31 (O-C(CHs)s), 80.52 (O-C(CH)3),
155.48 (N-CO-0), 170.22 (O-CO-). IR (KBN) vinax (cm ') 3321 m,
3278 m (NH); 1740 vs (C=0) ester; 1683 vs (C=0) carbamate; 1497
m (amide I); 1155 vs (C-0); 2975 m, 2933 s, 1395 s, 1366 s (CHs);
1153 vs (OC(CHs)3); 1081 s, 1059 s, 1048 s (C-OH). HRMS (ESI) calc
for C15H240sN [M + Nal* 284.14684, found: 284.14692.

tert-Butyl 2-(tert-butoxycarbonylamino)acrylate 10, tert-Butyl
2-(S)-(tert-butoxycarbonylamino)-3-azidopropanoate 11 and tert-
Butyl 2-(R)-(tert-butoxycarbonylamino)-3-azidopropanoate 12

Ester 8 (18.7 g; 71.6 mmol) was dissolved in 150 ml of DCM with
TEA (10.9 g; 107.4 mmol). The reaction mixture was cooled in the ice
bath, and MsCl (9 g; 78.8 mmol) was added dropwise. After half an
hour of cooling and stirring, TLC analysis revealed that starting
compound 8 had been consumed. Except for mesyl intermediate
(Re=0.73 in toluene-ethyl acetate, 80 : 20), the elimination product
10 (R¢ = 0.88 in toluene-ethyl acetate, 80 : 20) was also detected on
the TLC plate. Excess of the base was eliminated by the addition of
1 m solution of citric acid; the lower organic layer was washed with
50 ml of water and 50 ml of brine and dried over Na,SO,. Volatile
materials were evaporated under reduced pressure to give 23.8 g
of brown oil. The crude intermediate was dissolved in 100 ml DMSO
with NaN3 (9.1 g; 140.4 mmol) and heated at 70 °C overnight. After
cooling, 200 ml of water was added, and the solution was extracted
four times with 200 ml of diethyl ether. The combined organic
layers were washed twice with 100 ml of water and twice with
100 ml brine and dried over Na,SQ,. The drying agent was filtered
off, and the filtrate was evaporated under reduced pressure to af-
ford 20 g of yellow residue, which was purified by flash chromatog-
raphy on silica gel, using a linear gradient of diethyl ether in
petroleum ether. Two major compounds were isolated, the product
of elimination 10 and the required azide 11. Yield 10 2.7 g (16%
over two steps). Yield 11 9.7 g (47% over two steps).

Alternatively, ester 8 (7.3 g; 27.9 mmol) was treated in 50 m| DCM
with (3.3 g; 41.9 mmol) pyridine and (3.5 g; 30.7 mmol) MsCl,
followed by the addition of NaN;3 (3.5 g; 53.1 mmol) in 50 ml DMSO
by the protocol described earlier. The starting compound was fully
reacted after 24 h; the formation of 10 during the mesylation step
was also observed. Yield 10 1.8 g (26% over two steps), yield 11
3.7 g (46% over two steps).

Alternatively, 13 (9.7 g; 29.9 mmol) was dissolved in 50 ml of
DMSO with NaN; (3.9 g; 59.8 mmol) and heated at 70 °C overnight.
After cooling, 100 ml of water was added, and the solution was
extracted four times with 50 ml of diethyl ether. The combined
organic layers were washed twice with 50 ml of water and twice
with 50 ml of brine and dried over Na,SO,. The drying agent was
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filtered off, and the filtrate was evaporated under reduced pressure
to afford 8.6 g of dark yellow residue, which was purified by flash
chromatography on silica gel, using a linear gradient of diethyl
ether in petroleum ether. Yield 10 2.9 g (40%), yield 11 3.5 g (41%).

Using the method described for 11, the title enantiomer 12 was
prepared from 9 (10.5 g; 40.2 mmol), MsCl (5.1 g; 44.2 mmol), TEA
(6.1 g; 60.3 mmol) and NaN; (5.3 g; 80.4 mmol). Yield 10 2.1 g
(21%), yield 12 5.8 g (50%).

Compound 10. Colorless oil. Ry = 0.77 (toluene-ethyl acetate
90 : 10). "H NMR (600 MHz, CDCly): 1.47 (9H, s, (CH3)3), 1.51 (9H, s,
(CHs)3), 5.63 and 6.07 (2H, 2x d, J = 1.5, =CH,), 7.03 (1H, br s, -
NH-CO). "*C NMR (150.9 MHz, CDCl5): 27.88 ((CH;)3), 28.22 ((CHs)
3), 80.39 (O-C(CH5)3), 82.54 (O-C(CHs)3), 103.95 (=CH,), 13243
(=C<), 152.60 (N-CO-0), 163.02 (0-CO-). IR (CCly) vmax (cm ")
3461w, 3421 m (NH); 1736 vs (C=0) ester; 1707 vs (C=0) carbamate;
1509 vs (amide II); 1157 vs, 1065 vs (C-0-C); 2980 s, 2934 s, 1393 s,
1369 s (CH3); 3005 w, 1641 m (C=C). HRMS (ESI) calc for
Cy2H2,04NNa [M + Na]* 266.13628, found: 266.13635.

Compound 11. Colorless liquid. Ry = 0.59 (toluene—ethyl acetate
90:10). [a]zg’ =+26.9 (c = 0.304; CHCly). "H NMR (600 MHz, CDCls):
136 (9H, s, (CH3)3), 140 (9H, s, (CHa)3), 3.57 (1H, dd, J = 12.4 and
3.7, -CHaHb-Ns), 3.62 (1H, dd, J = 124 and 3.5, -CHaHb-N3), 4.25
(1H, ddd, J = 7.4, 3.7 and 3.5, >CH-N), 5.26 (1H, d, J = 7.4, -NH-
C0)."C NMR (1509 MHz, CDCl3): 27.92 ((CHs)s), 28.27 ((CHs)3),
53.00 (-CH,-Na), 54.13 (>CH-N); 80.19 (O-C(CH5)s), 83.13 (0-C
(CHs)s), 155.08 (N-CO-0), 168.72 (0-CO-). IR (CCly) Vmax (€m )
3435 m, 3364 m (NH); 2108 vvs (N3); 1740 vs (C=0) ester; 1719 vs
(C=0) carbamate; 1498 s (amide II); 1155 vs (C(OCHs)3); 2980 s,
2935 s, 1394 5, 1369 s (CHs). HRMS (ESI) calc for C;,H5,04N4Na
[M + NaJ]* 309.15333, found: 309.15336.

Compound 12. Colorless liquid. Ry = 0.59 (toluene-ethyl acetate
90 :10). [a]%‘,’ = —27.9 (c = 0.369; CHCl3). 'H NMR (600 MHz, CDCls):
1.44 (9H, s, (CH3)5), 1.48 (9H, s, (CHs)3), 3.65 (1H, dd, J = 12.3 and 3.6,
-CHaHb-N3), 3.70 (1H, dd, J = 12.3 and 3.6, -CHaHb-N;), 4.33 (1H,
dt, J = 7.3, 3.6 and 3.6, >CH-N), 5.35 (1H, br d, J = 7.3, -NH-CO).
3C NMR (150.9 MHz, CDCly): 27.91 ((CHs)s), 28.26 ((CHs)3), 52.99
(-CH,-N3), 54.13 (>CH-N), 80.17 (O-C(CHs)3), 83.11 (O-C(CHs)s),
155.08 (N-CO-0), 168.71 (0-CO-). IR (CCly) vimax (cm ') 3435 m
(NH); 2109 vvs (N3); 1741 vs (C=0) ester; 1716 vs (C=0) carbamate;
1492 s (amide I1); 1155 vs (C(OCH3)3); 2981 s, 2933 5, 1393 5, 1369 5
(CH5). HRMS (ESI) calc for Cy5H»,04N,Na [M + Nal* 309.15333,
found: 309.15342.

tert-Butyl 2-(S)-(tert-butoxycarbonylamino)-3-
bromopropanoate 13

Ester 8 (11.5 g; 44 mmol) and CBry (17.5 g; 52.8 mmol) were
dissolved in 100 ml of DCM. The flask with the reaction mixture
was immersed in the ice cooling bath, and PPh; (13.8 g; 52.8 mmol)
in 50 ml of DCM was added dropwise under stirring. Stirring was
continued for 1 h at 0 °C and then at RT overnight. DCM was
removed under reduced pressure, and the brown residue was puri-
fied by flash chromatography on silica gel, using a linear gradient of
ethyl acetate in petroleum ether. The product was a colorless oil,
which was triturated in petroleum ether at —20 °C. Yield 9.7 g
(68%). White solid, m.p. 64-65 °C. R = 0.65 (toluene-ethyl acetate
90 : 10). [a]?DO = —7 (c = 0.284; CHCl3). 'H NMR (600 MHz, DMSO):
1.39 (9H, s, (CH3)3), 141 (9H, s, (CH3)3), 3.61 (1H, dd, J = 10.4 and
7.8, -CHaHb-Br), 3.70 (1H, dd, J = 10.4 and 4.5, -CHaHb-Br), 4.22
(1H, ddd, J = 8.2, 7.8 and 4.5, >CH-N), 7.21 (1H, d, J = 8.2, -NH-
CO). "3C NMR (150.9 MHz, DMSO): 27.72 ((CHs)3), 28.27 ((CHs)3),

32.89 (-CH,-Br), 55.75 (>CH-N); 78.77 (0-C(CH;)3), 81.75 (0-C
(CH5)3), 155.29 (N-CO-0), 16841 (0-CO-). IR (KBF) Vo (cm™")
3433 m (NH); 1736 vs (C=0) ester; 1714 vs ((=0) carbamate; 1498
s (amide II); 1157 s, 1067 s (C-0-C); 2980 s, 2934 5, 1395 5, 1369 5
(CH3). HRMS (ESI) calc for C;5H,,0.NBrNa [M + Nal* 346.06244,
found: 346.06254.
2-(S)-(9-Fluorenylmethyloxycarbonylamino)-3-azidopropanoic

acid (Fmoc-f-azido-L-Ala) 14 Compound 11 (9.6 g; 33.5 mmol) was
treated with the cleavage cocktail, consisting of 18.8 ml of DCM,
18.8 ml of TFA and 2.4 ml of water. The reaction started with severe
liberation of CO, and isobutene and continued at RT overnight
under stirring. Volatile materials were removed on the rotary evap-
orator. The yellow residue was dissolved in a solution of NaHCO;
(11.3 g; 134 mmol) in 50 ml of water. The reaction mixture was
cooled in the ice bath, and Fmoc-OSu (11.3 g; 33.5 mmol) in
50 ml dioxane was added dropwise under vigorous stirring. The re-
action mixture was allowed to react for 1 h at 0 °C and then over-
night at RT. The flask was again ice cooled, and concentrated
hydrochloric acid was carefully added until acidic pH = 1 was
reached. The reaction mixture was extracted thrice with 100 ml of
ethyl acetate. Thereafter, the combined organic layers were succes-
sively washed once with 100 ml of water and twice with 100 ml of
brine, followed by drying on Na,SO,. Evaporation of the filtrate
gave a brown oil, which was purified by flash chromatography on
silica gel, using a linear gradient of 1% CH;COOH/ethyl acetate in
toluene. Evaporation of the product afforded a yellow semisolid,
which was triturated in toluene at —20 °C. Yield 10.2 g (86%). Color-
less solid. m.p. 119-120 °C. R¢ = 0.63 (ethyl acetate-acetone-meth-
anol-water 6 : 1:1:0.5). [0]2¥ = —4.8 (c = 0.271; DMF). 'H NMR
(600 MHz, DMSO): 3.53 (1H, dd, J = 12.1 and 6.4, -CHaHb-N3),
368 (1H, dd, J = 12.1 and 3.6, -CHaHb-N3), 3.98 (1H, ddd, J = 7.0,
6.4 and 3.6, >CH-N), 4.22 (1H, m, >CH-), 4.22 and 4.33 (2H, 2x m,
-0-CH,-), 6.95 (1H, d, J = 7.0, -NH-CO), 7.31 (2H, m, Ar-H), 7.40
(2H, m, Ar-H), 7.69 (2H, m, Ar-H), 7.87 (2H, m, Ar-H). "*C NMR
(150.9 MHz, DMS0): 46.92 (>CH-), 52.89 (-CH,-N3), 56.08 (>CH-N),
65.86 (-CH,-0-CO0), 120.30(2), 125.40, 12546, 127.29(2) and 127.82
(2) (8x Ar=CH-), 140.90(2), 144.01 and 144.10 (4x Ar>C=), 155.83
(N=CO-0), 17229 (=COOH). IR (KBF) vy (cm™ ") 3402 m (NH);
2108 vs (N3); 1719 vs (C=0) acid; 1693 vs (C=0) carbamate; 1539 s
(amide I); 3065 w, 3041 w, 1603 vs, 1478 s, 1451 s, 757 m, 740 s
(ring). HRMS (ESI) calc for CygHy504N4[M — HI* 351.10988, found:
351.10968.

Alternatively, compound 14 was prepared from 27. Triflic anhy-
dride (13.3 g; 47.2 mmol) was added dropwise under ice cooling
and vigorous stirring to the two-phase system of NaN; (153 g;
236 mmol) in 60 ml of water and 70 ml of DCM. The ice bath was
removed and stirring continued for 2 h. The aqueous layer was
separated and extracted twice with 50 ml of DCM. Thereafter, the
combined organic phases were washed with 5% NaHCOs. The
resulting solution of triflic azide (TfN3) in DCM was immediately
added dropwise to the suspension of 27 (7.7 g; 23.6 mmol),
NaHCO; (19.8 g; 236 mmol) and CuSO45H,;0 (60 mg; 23.6 umol)
in 50 ml of water and 150 ml of methanol, and the mixture was
stirred at RT overnight. Volatile material was evaporated, and the
remaining slurry was carefully acidified with concentrated HCl until
pH 1-2 was reached. The reaction mixture was extracted four times
with 100 ml of ethyl acetate. The combined organic layers were
washed twice with 100 ml of water and twice with 100 ml of brine
and dried over Na,SO,. Filtering off the drying agent and evapora-
tion of the filtrate gave 8 g of brown residue, which was purified by
flash chromatography on silica gel, using a linear gradient of 1%
CH3;COOH/ethyl acetate in toluene. The yellow oil was triturated
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in toluene at —20 °C to give the pure product. Yield 6.6 g (80%).
Physicochemical characteristics were consistent with the above-
listed ones.

Alternatively, compound 14 was prepared from 32. Compound
32 (84 g; 36.5 mmol) was treated with a mixture of 18.8 ml of
DCM, 18.8 ml of TFA and 2.4 ml of water. After 2 h of stirring, volatile
materials were evaporated, and the yellow oil was dissolved in
50 ml of water with NaHCO; (9.2 g; 109.5 mmol). The flask was im-
mersed in an ice cooling bath, and Fmoc-OSu (12.3 g; 36.5 mol) in
100 ml of dioxane was added dropwise during a period 15 min un-
der vigorous stirring. When the addition of Fmoc-OSu was com-
plete, the slurry was allowed to react for 1 h at 0 °C and then
overnight at RT. The reaction mixture was again cooled in an ice
bath, and concentrated HCl was added dropwise until pH ~ 0-1
was reached. Thereafter, 150 ml of water was added, and the reac-
tion mixture was extracted thrice with 100 ml of ethyl acetate. The
combined organic layers were washed once with 100 ml of water
and twice with 100 ml of brine and dried over Na,SO,. The filtrate
was evaporated, and the resulting brown oil was subjected to flash
chromatography on silica gel, using a linear gradient of 1%
CH;COOH/ethyl acetate in toluene. The yellow oil was triturated
in toluene at —20 °C to afford the pure product. Yield 8.2 g (64%).
Physicochemical characteristics were consistent with the above-
listed ones.

2-(R)-(9-Fluorenylmethyloxycarbonylamino)-3-azidopropanoic
Acid (Fmoc-#-azido-p-Ala) 15

With the method described for 14, the title enantiomer 15 was pre-
pared from 12 (7.4 g; 259 mmol), 18.8 ml TFA, NaHCO; (8.7 g;
103.6 mmol) and Fmoc-OSu (8.7 g; 25.9 mmol). Yield 7.8 g (86%).
Colorless solid. m.p. 117-119 °C. R¢ = 0.63 (ethyl acetate-acetone-
methanol-water 6 : 1:1:0.5). [¢]2 = +5.1 (c = 0.235; DMF). 'H
NMR (600 MHz, DMSQ): 3.61 (1H, dd, J = 13.0 and 5.2, -CHaHb-
N3), 3.64 (1H, dd, J = 13.0 and 7.1, -CHaHb-N3), 4.24 (1H, ddd,
J =83, 7.1 and 5.2, >CH-N), 424 (1H, m, >CH-), 431 (1H, dd,
J =105 and 6.7, -CHaHb-0), 433 (1H, dd, / = 10.5 and 7.5, -CHa-
Hb-0), 7.33 (2H, m, Ar-H), 7.42 (2H, m, Ar-H), 7.74 (2H, m, Ar-H),
7.89 (2H, m, Ar-H), 7.92 (1H, d, J = 83, -NH-CO). *C NMR
(150.9 MHz, DMSO): 46.79 (>CH-), 51.12 (-CH,-N3), 54.01 (>CH-N),
66.03 (-CH,-0-CO), 120.29(2), 125.45(2), 127.26(2) and 127.84(2)
(8x Ar=CH-), 140.90(2), 143.92 and 143.96 (4x Ar>C=), 156.22 (N-
CO-0), 171.23 (COOH). IR (KBr) vihax (cm™") 3403 m, 3305 m (NH);
2109 vs (N3); 1712 vs (C=0) acid; 1707 vs (C=0) carbamate; 1538 s
(amide 1I); 3065 w, 3041 w, 1611 w, 1580 w, 1478 m, 1451 s, 758
m, 740 s (ring). HRMS (ESI) calc for CgH;s0sN4Na[M + Na]®
375.10638, found: 375.10653.

2-(5)-Amino-3-azidopropanoic Acid Trifluoroacetic Acid Salt 16

One gram of 2-Cl-Trt-chloride resin (Merck Novabiochem, Darm-
stadt, Germany, capacity 1.5 mmol/g, 100-200 mesh) was placed
in a 20 ml syringe with a frit and preswollen in 10 ml DMF for half
an hour. The solvent was removed, and 14 (0.575 g; 1.5 mmol) in
4 ml of DMF and DIPEA (783 pl; 4.5 mmol) in 2 ml of DMF were
added. The syringe was agitated by shaking for 1.5 h, followed by
washing (3x 10 ml of DMF). The reaction was terminated by two
subsequent additions of a mixture of 5.1 ml of DCM, 0.6 ml of
CH30H and 0.3 ml of DIPEA, each for 5 min. The resin was washed
thrice with 10 ml of DCM and thrice with 10 ml of DMF. The Fmoc
group was cleaved with 20% (v/v) piperidine in DMF (10 ml for 5
and 30 min). The resin was washed thrice with 10 m| of DMF and

thrice with 10 ml of DCM. Finally, the product was cleaved from
the resin by three subsequent treatments with a mixture of 2 ml
of AcOH, 2 ml of trifluoroethanol, CAS 75-89-8, and 6 ml of DCM,
each for 15 min. Filtrates were evaporated to dryness, and the crude
material was subjected to RP-HPLC. The following gradient was
used: t=0min (2% B), t = 15 min (15% B), t = 31 min (100% B). Yield
270 mg (74%). White lyophilisate. [a]z[? =+21.8 (c = 0.262; H,0). 'H
NMR (600 MHz, D,O + NaOD): 3.51 (1H, dd, J = 5.6 and 4.3, >CH-N),
3.60 (1H,dd, J=12.6 and 4.3, -CHaHb-N;), 3.65 (1H, dd, /= 12.6 and
5.6, ~CHaHb-Ns3). IR (KBF) vimay (cm™") 2122 wws (N3); 1733 s (C=0)
acid; 1640 s, 1443 m (C=0) CF;CO0; 1619 m, 1535 m (NH3);
1207 s, 1151 m (CF). HRMS (ESI) calc for C3H;0,N4 M + HI*
131.05635, found: 131.05640.

Fmoc-f-azido-Ala-Val-OBn 18

Fmoc--azido-Ala 14 (326 mg; 1 mmol), L-Val-OBn-TsOH (379 mg;
1 mmol), HOBt-H,0 (135 mg; 1 mmol),
bromotripyrrolidinophosphonium  hexafluorophosphate  (CAS
132705-51-2, 606 mg; 1.3 mmol) and DIPEA (387 mg; 3 mmol) were
stirred at RT in 7 ml of DMF. The solvent was evaporated under re-
duced pressure, and the residue was purified by flash chromatogra-
phy on silica gel, using a linear gradient of ethyl acetate in toluene.
Yield 400 mg (74%). Semisolid. R¢ = 0.54 (toluene-ethyl acetate
80 : 20). [a]?) = —7.4 (c = 0.270; DMF). 'H NMR (600 MHz, DMSO):
0.862 (3H, d, J = 6.8, -CH3), 0.866 (3H, d, J = 6.8, -CH;), 2.08 (1H,
m, -CH<), 3.39 (1H, dd, J = 12.5 and 9.1, -CHaHb-Ns), 3.47 (1H,
dd, J =125 and 4.4, -CHaHb-N3), 4.22-4.31 (3H, m, >CH-CH,-O-
CO), 4.24 (1H, t, J = 8.2, >CH-N), 443 (1H, ddd, J = 9.1, 8.7 and
44, >CH-N), 5.10 and 5.15 (2H, 2x d, J = 12.4, -0-CH,-), 7.32 (2H,
m, Ar-H), 7.33-7.37 (5H, m, -C¢Hs), 7.42 (2H, m, Ar-H), 7.73 (2H,
m, Ar-H), 7.89 (2H, m, Ar-H). 7.81 (1H, d, J = 8.7, -NH-CO), 8.36
(1H, d, J = 8.2, -NH-C0)."*C NMR (150.9 MHz, DMSO): 18.21 (CHs),
19.06 (CH3), 27.81 ((CHs)3), 30.02 (>CH-), 46.78 (>CH-), 51.69 (-
CH;-N3), 5443 (>CH-N), 57.79 (>CH-N), 66.04 (-CH,-0-CO),
66.22 (-CH,-0-C0O), 120.29(2), 12548, 12551, 127.25(2) and
127.84(2) (8% Ar=CH-), 128.20-128.60(5) (-CgHs), 140.90(2), 143.91
and 143.97 (4x Ar>C=), 156.10 (N-CO-0), 169.65 (N-CO-), 171.17
(N=CO-). IR (KBY) vimax (cm ") 3291 vs (NH); 2105 vs (N3); 1733 vs
(C=0) ester; 1690 vs (C=0) carbamate; 1655 vs (C=0) amide; 1539
vs (amide Il); 1252 s (C-O-C) ester; 3066 w, 3038 w, 1603 vs, 1478
m 1464 m, 1450 s, 758 s, 740 s (ring). HRMS (ESI) calc for
C30H3105NsNa[M + Na]* 564.22174, found: 564.22118.

Experimental procedures and analytical data for compound 20
are provided in the supporting information.

Fmoc-f-azido-Ala-Val-OtBu 21

Fmoc-p-azido-Ala 14 (0.652 g; 2 mmol), L-Val-OtBu-TsOH 20
0419 g 2 mmol), bromotripyrrolidinophosphonium
hexafluorophosphate (1.17 g; 2.5 mmol) and DIPEA (1 g; 8 mmol)
in 10 ml of DMF were stirred overnight at RT. The solvent was evap-
orated under reduced pressure, and the residue was purified by
flash chromatography on silica gel, using a linear gradient of ethyl
acetate in toluene. An analytical sample was gained by crystalliza-
tion from a mixture of ethyl acetate-petroleum ether. Yield
700 mg (70%). R; = 0.82 (toluene—ethyl acetate 50 : 50). White solid,
154-155 °C. [oX0= —4.2 (c = 0.357; DMF). 'H NMR (600 MHz, DMSO):
0.87 (3H,d,J=6.9, CH), 0.88 (3H,d, J = 6.9, CH3), 1.39 (9H, s, (CH3)3),
2.04 (1H, m, >CH-), 1.41 (9H, 5, (CH3)5), 3.44 (1H,dd, J=12.5and 8.8,
—CHaHb-N;), 3.54 (1H, dd, J = 12.5 and 4.2, -CHaHb-N;), 4.23 (1H,
dd, J = 75 and 6.9, >CH-), 427 (1H, dd, J = 104 and 6.9, -
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CHaHb-0-CQ), 4.31 (1H, dd, /= 10.4 and 7.5, -CHaHb-0-CQ), 4.44
(1H,td, J = 8.8 and 4.2, >>CH-N), 7.84 (1H, d, J = 8.8, -NH-CO), 8.20
(1H, d, J= 8.2, -NH-CO), 7.32 (2H, m, Ar-H), 7.41 (2H, m, Ar-H), 7.73
(2H, m, Ar=H), 7.89 (2H, m, Ar-H). *C NMR (150.9 MHz, DMS0): 18.90
(CH5), 19.10 (CH5), 27.81 ((CH5)3), 30.13 (>CH-), 46.79 (>CH-), 51.81
(-CH,-N3), 5449 (>CH-N), 58.19 (>CH-N), 66.08 (-CH,-0-CO),
80.95 (0O-C(CHs)s), 120.33(2), 125.52(2), 127.28(2) and 127.87(2)
(8% Ar=CH-), 140.92(2), 143.94 and 143.99 (4x Ar>C=), 156.14 (N-
CO-0), 169.45 (N-CO-), 170.43 (-O-CO-). IR (KBF) vpay (cm )
33355, 3266 s (NH); 2964 s, 2873 w, 1479 m, 1386 s, 1370 s (CH3);
2106 vs (N3); 1730 vs (C=0) ester; 1714 vs (C=0) carbamate; 1659
vs (C=0) amide; 1555 s, 1533 vs (amide II); 1253 vs (C-0); 1160 s
(-C(CH3)3); 1143 s (-CH(CH3),); 3069 w, 3045 w, 3007 w, 1479 m,
14515,13125,1110 m, 799 m, 761 s, 742 vs (ring). HRMS (ESI) calc
for C;;H3305NsNa[M + Nal*™ 530.23739, found: 530.23732.

p-Azido-Ala-Val 22

Compound 21 (600 mg; 1.2 mmol) was treated with a mixture
consisting of 2 ml of DCM, 2.5 ml of TFA and 40 pl of water. After
2 h, TLC analysis revealed completely deprotected tert-butyl moi-
ety, and the volatile material was evaporated under reduced pres-
sure. 2-Cl-Trt-chloride resin (0.8 g, Merck Novabiochem, capacity
1.5 mmol/g, 100-200 mesh) was placed into a 20 ml syringe with
a frit and preswollen in 10 ml of DMF for half an hour. DMF was re-
moved, and the crude acid Fmoc-f-azido-Ala-Val in 4 ml DMF and
DIPEA (627 pl; 3.6 mmol) in 2 ml DMF were added. The syringe
was agitated by shaking for 1.5 h, followed by washing thrice with
10 ml of DMF. In the next step, the Fmoc group was cleaved with
20% (v/v) piperidine in DMF (10 ml for 5 and 30 min). The resin
was washed thrice with 10 ml of DMF and thrice with 10 ml of
DCM. Finally, the product was cleaved from resin by three subse-
quent treatments with 10 ml of AcOH, 15 min each. Filtrates were
combined and evaporated to dryness. The residue was sonicated
for 10 min in 15 ml of diethyl ether. The white precipitate was
decanted and dissolved in 2 ml of hot acetonitrile (60 °C). After
cooling, the crystals were filtered off and washed with 5 ml of
diethyl ether. Yield 181 mg (67%). White solid, m.p. 187-189 °C.
[1:1]25j = +8.9 (c = 0.357; DMSO0). "H NMR (600 MHz, DMSQ): 0.856
(3H, d, J = 6.8, CH3), 0.865 (3H, d, J = 6.8, CH3), 2.07 (1H, m, >CH-),
344 (1H, dd, J = 124 and 6.4, -CHaHb-Ns), 348 (1H, dd, /= 12.4
and 4.4, -CHaHb-N3), 3.55 (1H, dd, J = 6.4 and 4.4, >CH-N), 413
(1H, dd, J = 86 and 5.2, >CH-N), 8.17 (1H, d, J = 8.6, -NH-CO) "*C
NMR (150.9 MHz, DMSO): 18.01 (CHs), 19.43 (CH3), 30.59 (>CH-),
54.34 (>CH-N), 54.49 (-CH,—-N3), 57.46 (>CH-N), 171.53 (N-CO-),
17316 (~COOH). IR (KBF) Vimax (cm ™) 3433 m + vbr (NH); 2967 s,
2875 m, 1389 s, 1376 m (CH5); 2938 m, 1443 m (CH,); 2110 vs
(N3); 1671 vs (C=0) amide; 1506 vs (amide II); 1581 s; 1403 m
(COO0 ™ ); 1174 m (-CH(CH3),). HRMS (ESI) calc for CgHy403Ns[M — H]
228.11021, found: 228.10999.

Experimental procedures and analytical data for compounds 25
and 26 are provided in the supporting information.

2-(S)-(9-Fluorenylmethyloxycarbonylamino)-3-aminopropionic
Acid 27

Compound 25 (11.1 g; 31.3 mmol) was suspended in a mixture of
48 ml of acetonitrile, 48 ml of ethyl acetate and 24 ml of water.
(Diacetoxyiodo)benzene (12.1 g; 37.6 mmol) was added under vig-
orous stirring in five portions, and the resulting slurry was allowed
to react overnight. The flask was ice cooled, and the crystals were
filtered off in a Biichner funnel and washed with 100 ml of chilled

ethyl acetate. Final purification was carried out by dissolving the
solid in 150 ml of hot isopropyl alcohol (70 °C). After cooling, the
crystals were filtered off and dried under deep vacuum. Yield
7.7 g (75%). White solid, m.p. 130-132 °C. R; = 0.75 (ethyl acetate-
acetone-methanol-water 4 : 1:1:1). [a]%) = +4.6 (c = 0.306; acetic
acid). "H NMR (600 MHz, DMSO): 2.87 and 3.04 (2H, 2x m, -CH-N),
3.80 (1H, m, >CH-N), 4.20-4.28 (3H, m, >CH-CH,-0-C0O), 6.91 (1H,
br s, -NH-CO), 7.32 (2H, m, Ar-H), 7.40 (2H, m, Ar-H), 7.70 (2H, m,
Ar-H), 7.88 (2H, m, Ar-H). '*C NMR (150.9 MHz, DMSO): 40.89 (-
CHo-NH,), 46.84 (>CH-), 52.00 (>CH-N), 65.92 (-CH,-0-COQ),
120.28(2), 125.44, 125.47, 127.29(2) and 127.81(2) (8x Ar=CH-),
140.89(2), 144.04 and 144.10 (4x Ar>C=), 15591 (N-CO-0),
171.56 (<COOH). IR (KBY) vmax (€m™") 3409 s (NH); 1703 vs + vbr
(C=0) acid and carbamate; 1530 m (amide IlI); 3065 w, 3040 w,
1479 m, 1450 m, 759 m, 740 s (ring). HRMS (ESI) calc for
CgH104N;Na [M + Na]* 349.11588, found: 349.11595.

2-(S)-(9-Fluorenylmethyloxycarbonylamino)-4-aminobutanoic
Acid 28

Compound 28 was prepared by the reaction of 26 (6.6 g;
17.9 mmol) and PIDA (6.9 g; 21.5 mmol) by the method used previ-
ously for 27. Yield 3.4 g (56%). Rr = 0.70 (ethyl acetate-acetone-
methanal-water 4 : 1:1: 1). [d]% = +22.4 (c = 0.241; DMSQ). 'H
NMR (500 MHz, DMSQ): 1.87 (2H, m, -CH>-), 2.87 (2H, t, J = 6.5,
-CH,-N), 3.71 (1H, q, J = 6.3, >CH-N), 420 (1H, m, >CH-), 4.24
(2H, m, -CH»-0), 6.76 (1H, d, J = 6.3, -NH-CQ), 7.32 (2H, m, Ar-H),
7.40 (2H, m, Ar-H), 7.68 (2H, m, Ar-H), 7.87 (2H, m, Ar-H). "*C NMR
(125.7 MHz, DMSQ): 30.97 (-CH,-), 37.32 (-CH,-N), 46.97 (>CH-),
54.70 (>CH-N), 65.84 (-CH,-0-CO), 120.40(2), 125.54(2), 127.42(2)
and 127.93(2) (8x Ar=CH-), 140.99(2) and 144.25(2) (4x Ar>C=),
155.70 (N-CO-0), 173.64 (-COOH). IR (KBF) Vinax (cm ') 3384 m
(NH); 1727 vs (C=0) acid; 1705 vs (C=0) carbamate; 1518 s (amide
I1); 3039 w, 3020 w, 1593 5, 1465 m, 1450 m, 1107 m, 1033 m, 760
m, 736 s (ring); 1478 m (CH,). HRMS (ESI) calc for C;gH204N,Na
[M + Nal* 363.13153, found: 363.13162.

2-(S)-(9-Fluorenylmethyloxycarbonylamino)-4-azidobutanoic
Acid 29

With the protocol previously employed for 11, the reaction of 28
(4.5 g; 13.2 mmol), NaHCO; (11.1 g; 132 mmol) and CuSO,-5H,0
(32 mg; 132 pmol) in a mixture of 75 ml of methanol and 25 ml
of water with TfN3 in dichloromethane gave azide 29. TfN; was pre-
pared by the reaction of NaN; (8.6 g; 132 mmol) and triflic anhy-
dride (7.5 g; 264 mmol) in 40 ml of water and 60 ml of DCM.
Yield 4.4 g (92%). R¢ = 0.68 (ethyl acetate-acetone-methanol-water
6:1:1:0.5). [(,:]EDO = —17.3 (c = 0.294; CH;0H). 'H NMR (500 MHz,
DMSO): 1.84 and 1.97 (2H, 2x m, -CH,-), 3.34 (1H, ddd, J = 12.5,
8.2 and 6.5, -CHaHb-N3), 3.44 (1H, dd, /= 12.5, 7.1 and 5.3, -CHa-
Hb-N3), 404 (1H, ddd, J = 10.0, 8.2 and 4.4, >CH-N), 423 (1H, m,
>CH-), 432 (2H, m, -CH,-0), 7.33 (2H, m, Ar-H), 741 (2H, m,
Ar-H), 7.70 (1H, d, J = 8.2, -NH-CO), 7.71 (2H, m, Ar-H), 7.88 (2H,
m, Ar-H). '*C NMR (125.7 MHz, DMSO): 3020 (-CH,-), 46.94
(>CH-), 47.85 (-CH,-N3), 51.50 (>CH-N), 65.91 (-CH,-0-CO),
120.42,120.44,125.51,125.53, 127.39(2) and 127.97(2) (8x Ar=CH-),
141.02(2), 144.04 and 144.08 (4x Ar>C=), 156.47 (N-CO-0), 173.67
(~COOH). IR (KBN) Vmax (cm™") 3333 m (NH); 2950 w, 1478 w (CH.);
2107 vs (N3); 1717 vs (C=0) acid; 1697 vs (C=0) carbamate; 1540 s
(amide 11); 3065 w, 3040 w, 3019 w, 1451 m, 758 m, 739 s (ring).
HRMS (ESI) calc for CigHi504N4Na [M + Nal* 389.12203, found:
389.12226.
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Experimental procedures and analytical data for compound 30
are provided in the supporting information.

2-(S)-(tert-Butoxycarbonylamino)-3-aminopropionic Acid 31

Intermediate 30 (18.9 g; 81.4 mmol) was suspended in a mixture of
acetonitrile (90 ml), 90 ml ethyl acetate (90 ml) and water (45 ml),
and PIDA (314 g; 97.7 mmol) was added in five portions during
15 min. Then, 10 min after the addition of all amount of PIDA, the
slurry turned clear followed by a rapid precipitation of the crude
product. The cake of the filtrate was washed out with 200 ml of
chilled ethyl acetate, and no additional purification was needed.
Yield 12.7 g (77%). White solid, m.p. 209-211 °C. R; = 0.40 (ethyl
acetate-acetone-methanol-water 4 : 1 : 1 : 1). [a] % = —53
(c = 0.318; acetic acid). 'H NMR (600 MHz, DMSO): 1.39 (9H, s,
(CHs)3), 2.77 (1H, dd, J = 11.9 and 9.1, -CHaHb-N), 3.01 (1H, dd,
J =119 and 54, -CHaHb-N), 3.67 (1H, ddd, J = 9.1, 6.0 and 54,
>CH-N), 6.28 (1H, br d, J = 6.0, -NH-CO). '*C NMR (150.9 MHz,
DMSO): 28.33 ((CHs3)3), 40.65 (-CH,-N), 51.08 (>>CH-N), 78.42 (O-C
(CH5)3), 15535 (N-CO-0), 171.18 (~<COOH). IR (KBF) oy (cm™')
3348 m (NH); 1714 vs (C=0) acid; 1684 vs (C(=0) carbamate; 1530
m (amide Il); 1624 s (NH,); 2978 m, 2932 m, 1366 m (CH3). HRMS
(ESI) calc for C1gH1504N; [M — HI™ 203.10373, found: 203.10366.

2-(S)-(tert-Butoxycarbonylamine)-3-azidopropionic Acid 32

With the previously described azido transfer reaction employed for
11, the reaction of 31 (12.7 g; 62.2 mmol), TEA (18.9 g; 186.6 mmol)
and CuSO,:5H;0 (155 mg; 0.622 mmol) in a mixture of 100 ml of
methanol and 50 ml of water with TfNs in dichloromethane gave
32. TfN; was prepared by the reaction of NaN3 (40.4 g; 622 mmol)
and triflic anhydride (35.1 g; 124.4 mmol) in 100 ml of water and
100 ml of DCM. A bright yellow oil (9 g) was obtained after the iso-
lation by flash chromatography on silica gel and was used as a
crude product in the following step.

Copper(ll) Complex of Nd-tert-Butoxycarbonyl-L-ornithine 35

Complex 35 was prepared according to the literature [58] by a
method starting from -ornithine. HCl 33 (8.4 g; 50 mmol), Cu
(CH3C00),-H,0 (5 g; 25 mmol), Boc,0 (12 g; 55 mmol) and 50 ml
of 2 m NaOH. Yield 11.8 g (90%). Dark violet solid, >220 °C (decay).
Because of the diamagnetism of copper, NMR spectra were not re-
corded. IR (KBP) vimax (cm ') 1684 vs (C=0) carbamate; 1573 m, 1401
s (COO7); 1620 vs (NHy); 1522 s (amide II); 2979 m, 1392 s, 1367
(CHs); 1174 vs (C(CHs)3). HRMS (ESI) calc for ChoH390gN4Cu
[M + 11" 526.20584, found: 526.20605.

Copper(ll) Complex of N”-tert-Butoxycarbonyl-L-lysine 36

With the method employed for 35, the complex of 36 was prepared
from L-lysine:HCl 26 (9.13 g; 50 mmol), Cu(CH;CO0),H,0 (5 g;
25 mmol), Boc,O (12 g; 55 mmol) and 50 ml of 2 M NaOH. Yield
12.7 g (92%). Dark violet solid, >200 °C (decay). Because of the dia-
magnetism of copper, NMR spectra were not recorded. IR (KBr) vinax
(cm ") 1686 vs (C=0) carbamate; 1573 m, 1401 s (COO); 1623 vs
(NH»); 1522 m (amide II); 2979 m, 1392 s, 1367 (CHs); 2934 m,
1456 m (CH5); 1173 vs (C(CH3)3). HRMS (ESI) calc for C35Hy305N4Cu
[M + 11" 554.23714, found: 554.23719.

5-(tert-Butoxycarbonylamino)-2-(S)-aminopentanoic Acid 37

Protected acid 37 was prepared by the reaction of 35 (10.2 g;
19.4 mmol) and 8-quinolinol (7.3 g; 50.4 mmol), using the method
described previously [56-59]. Yield 8.1 g (90%). White solid, m.p.
219-222 °C. Ry = 0.63 (isopropyl alcohol-concentrated aqueous
ammonia-water 7 : 1: 2). [a]?; =+16.7 (c = 0.222; glacial acetic acid).
'H NMR (500 MHz, DMS0): 1.37 (9H, s, (CHs)s), 1.42 (2H, m, ~CH,-),
1.51 and 1.67 (2H, 2x m, -CH,-), 2.88 (2H, m, —-CH,-N), 3.07 (1H, br t,
J = 60, >CH-N), 686 (1H, br t, J = 54, -NH-CO). '°C NMR
(125.7 MHz, DMSO): 26.14 (-CH;-), 28.48 ((CHs)s), 28.80 (-CH>-),
5426 (>CH-N), 7752 (O-C(CHs);), 15575 (N-CO-0), 169.75
(~COOH). IR (KBI) vynax (cm~") 3362 s (NH); 2978 vs, 1393 5, 1366 s
(CH3); 1174 vs (C(CH3)3); 1688 vs (C=0) carbamate; 1527 s (amide
; ~1588 vs, 1407 vs (COO"); 1588 s (NH]). HRMS (ESI) calc for
CigH2104N, [M + 17% 233,14958, found: 233.14959,

6-(tert-Butoxycarbonylamino)-2-(S)-aminohexanoic Acid 38

With the use of the same method as for 37, protected acid 38 was
prepared by the reaction of 36 (12.3 g; 22 mmol) and 8-quinolinol
(8.3 g; 57.2 mmol). Yield 9.9 g (88%). White solid, m.p. 228-230 °C.
R; = 0.64 (isopropyl alcohol-concentrated aqueous ammonia—
water 7 : 1: 2). [o]% = +4.8 (c = 0.270; glacial acetic acid). 'H NMR
(600 MHz, DMSO): 1.28 (2H, m, -CH,-), 1.34 (2H, m, -CH,-), 1.37
(9H, s, (CHs)3), 1.53 and 1.68 (2H, 2x m, -CH>-), 2.88 (2H, m, -CH,~
N), 3.06 (1H, dd, J = 7.3 and 5.0, >CH-N), 6.74 (1H, br t, J = 5.5,
-NH-CO). 3C NMR (1509 MHz, DMSO): 22.72 (-CH,-), 2845
((CHs)3), 29.41 (—CH,-), 31.04 (-CH,-), 3995 (-CH,-N), 54.34
(>CH-N), 77.51 (0-C(CHs)3), 155.70 (N-CO-0), 169.78 (—COOH).
IR (KBY) vimax (cm™") 3380 s (NH); 2978 vs, 1398 s, 1366 s (CHs);
1178 vs (C(CH3)3); 1689 vs (C=0) carbamate; 1520 s (amide II);
1624 vs (NH,); 1585 vs, 1407 vs (COO™7); 1588 s (NH;). HRMS (ESI)
calc for C;1H,,04N;Na [M + Na]* 269.14718, found: 269.14719.

5-(tert-Butoxycarbonylamino)-2-(5)-(9-
fluorenylmethyloxycarbonylamino)pentanoic Acid 39

Compound 37 (5.9 g; 254 mmol) was placed in a 1 | round-bottom
flask, equipped with a magnetic spin bar and dissolved in a solution
of NaHCO; (4.3 g; 50.8 mmol) in 100 ml of water. The flask was im-
mersed in an ice cooling bath and Fmoc-OSu (8.6 g; 25.4 mmol) in
100 ml of dioxane was added dropwise under vigorous stirring dur-
ing 30 min. When the addition of Fmoc-OSu was complete, the re-
action mixture was allowed to react for 1 h at 0 °C and then
overnight at RT. Thereafter, 200 ml of water was added and
followed by the dropwise addition of concentrated citric acid until
pH ~ 2-3 was reached. The reaction mixture was extracted four
times with 150 ml of ethyl acetate. The combined organic layers
were washed twice with 150 ml of brine and twice with 150 ml of
water and dried over Na,SO,. The filtrate was evaporated and the
resulting brown oil was subjected to flash chromatography on silica
gel, using a linear gradient ethyl acetate in ethyl acetate-acetone-
methanol-water 6 : 1: 1: 0.5. The yellow oil was triturated in a mix-
ture of ethyl acetate—petroleum ether at —20 °C to afford the pure
product. Yield 10.7 g (93%). White solid, m.p. 88-90 °C. R; = 0.69
(ethyl acetate-acetone-methanol-water 6 : 1 : 1 : 0.5). [o] %
= —1.6 (c = 0.254; DMF). '"H NMR (500 MHz, DMSO): 1.37 (9H, s,
(CH3)3), 143 (2H, m, —CH,-), 1.56 and 1.71 (2H, 2x m, —CH,-),
2.91 (2H, m, —CH>-N), 3.90 (1H, ddd, J = 9.1, 8.2 and 4.8, >CH-N),
4.22 (1H, dd, J=7.1 and 6.8, >CH-), 4.26 (1H, dd, / = 10.0 and 6.3,
CO-0-CHaHb-), 4.28 (1H, dd, J = 10.0 and 7.1, CO-O-CHaHb-),
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6.80 (1H, t, J = 5.6, -NH-CO-0), 7.52 (1H, br d, J = 8.2, -NH-CO-0),
7.33 (2H, m, Ar-H), 7.41 (2H, m, Ar-H), 7.72 (2H, m, Ar-H), 7.89 (2H,
m, Ar-H), 1270 (1H, br s, COOH). '*C NMR (125.7 MHz, DMSO):
26.46 (-CH,-), 28.47 ((CHs)s), 28.62 (-CH,-), 40.00 (-CH»-N), 54.13
(>CH-N), 65.78 (-CH,-0-CO), 77.58 (0-C(CHs);), 120.30(2),
12550, 125.51, 127.28(2) and 127.83(2) (8x Ar=CH-), 140.91,
14092, 144.02 and 144.08 (4x Ar>C=), 155.79 (N-CO-0), 156.24
(N-CO-0), 174.30 (-COOH). IR (KBF) vimax (cm ") 3348 s (NH); 2976
vs, 1393 5, 1366 s (CH3); 1169 vs (C(CHs)3); 1716 vs (C=0) acid;
1698 vs (C=0) carbamates; 1528 s (amide Il); 3066 w, 3041 w,
1451 m, 1105 m, 759 m, 740 m (ring). HRMS (ESI) calc for
Ca5H3006N;Na [M + Nal* 477.19961, found: 477.19964.

6-(tert-Butoxycarbonylamino)-2-(S)-(9-
fluorenylmethyloxycarbonylamino)hexanoic Acid 40

Acid 40 was prepared by the reaction of 38 (9.3 g; 35.2 mmol),
NaHCOs (5.9 g; 70.4 mmol) and Fmoc-OSu (11.1 g; 35.2 mmol),
using the protocol described for 39. Yield 15.6 g (95%). White solid,
m.p. 125-127 °C. Ry = 0.75 (ethyl acetate-acetone-methanol-water
6:1:1:05).[aF0= —8.5 (c = 0.272; DMF). "H NMR (500 MHz, DMSOY):
1.30 (2H, m, -CH,-), 1.36 (9H, 5, (CH5)3), 1.36 (2H, m, -CH,-), 1.59 and
1.69 (2H, 2x m, ~CH;-), 2.90 (2H, m, -CH>~N), 3.89 (1H, ddd, J = 9.2,
8.2 and 4.5, >CH-N), 4.22 (1H, m, >CH-), 4.27 (2H, m, CO-O-CH,-),
6.79 (1H, br t, J = 5.6, -NH-CO-0), 7.54 (1H, br d, J = 8.2, -NH-CO-
0), 7.33 (2H, m, Ar-H), 7.41 (2H, m, Ar-H), 7.73 (2H, m, Ar-H), 7.89
(2H, m, Ar-H). "3C NMR (125.7 MHz, DMSO): 23.17 (-CH,-), 28.49
((CH5)s), 29.34 (-CH,-), 30.83 (—CH,-), 39.82 (-CH,-N), 46.88
(>CH-), 5421 (>CH-N), 65.78 (-CH,-0-C0), 77.56 (O-C(CHs)3),
120.33,120.34, 125.50, 125.52,127.29(2) and 127.85(2) (8x Ar=CH-),
140.93, 140.94, 144.03 and 144.09 (4x Ar>C=), 155.80 (N-CO-0),
156.32 (N-CO-0), 174.40 (~COOH). IR (KBr) vpnayx (cm™') 3391 s,
3369 s (NH); 2978 vs, 1393 s, 1367 s (CH3); 2936 m, 1478 m (CH,);
1173 vs (C(CH3)3); 1711 vs (C=0) acid; 1693 vs + br (C=0) carba-
mates; 1525 s (amide Il); 3067 w, 3041 w, 1451 m, 1105 m, 760 m,
740 m (ring). HRMS (ESI) calc for CsgH3,0gNoNa [M + Nal*
491.21526, found: 491.21527.

5-Azido-2-(S)-(9-fluorenylmethyloxycarbonylamino)pentanoic
Acid 41

Compound 39 (104 g; 22.9 mmol) was treated with 20 ml of DCM,
20 ml of TFA and 2 ml of water. After 2 h stirring, volatile materials
were evaporated to give a yellow oil, which was then suspended
with NaHCO; (192 g; 229 mmol) and CuSO45H,O (57 mg;
0.229 mmol) in 100 ml of water and 150 ml of methanol. TfNs, pre-
pared by the reaction of NaN; (14.9 g; 229 mmol) and triflic anhy-
dride (12.9 g; 45.8 mmol), was added dropwise to the slurry in
100 ml of DCM, followed by the work-up, which was the same as
in the case of the diazotransfer reaction leading to the product
14. Yield 8 g (92%). White solid, 127-128 °C. Ry = 0.71 (ethyl
acetate-acetone-methanol-water 6 : 1: 1 : 0.5). [a]? = —6.7
(c = 0.254; DMF). "H NMR (500 MHz, DMSO): 1.59 (2H, m, —-CH,-),
1.66 and 1.78 (2H, 2x m, -CH,-), 3.34 (2H, m, -CH,-N3), 3.98 (TH,
ddd, /=92, 82 and 5.0, >CH-N), 423 (1H, br t, J = 7.0, >CH-),
4.30 (2H, m, CO-O-CH,-), 7.33 (2H, m, Ar-H), 7.42 (2H, m, Ar-H),
7.70 (1H, br d, J = 8.2, -NH-CO-0), 7.73 (2H, m, Ar-H), 7.89 (2H,
m, Ar-H), 1266 (1H, br s, COOH). '*C NMR (125.7 MHz, DMSO):
2531 (-CH,-), 28.21 (~CH,-), 46.89 (>>CH-), 50.45 (~-CH,-N3), 53.57
(>CH-N), 65.81 (-CH,-0-CQ), 12033, 120.35, 12548, 12550,
127.28(2) and 127.86(2) (8x Ar=CH-), 140.94, 140.96, 144.00 and
144.07 (4x Ar>C=), 156.38 (N-CO-0), 173.88 (~-COOH). IR (KBr) viax

(cm™") 3391 5, 3339 s (NH); 2874 m (CHy); 2096 vs (N3); 1711 vs,
(C=0) acid; 1729 vs, 1687 vs (C=0) carbamate; 1534 s (amide II);
3043 m, 1451 s, 1103 m, 1032 m, 759 s, 737 s, 622 s (ring). HRMS
(ESI) calc for Cy0H2004N,4Na [M + Nal* 403.13768, found: 403.13774.

6-Azido-2-(S)-(9-fluorenylmethyloxycarbonylamino)hexanoic
Acid 42

With the procedure described for 41, acid 42 was prepared starting
from 40 (149 g; 31.8 mmol), NaHCO; (26.7 g; 318 mmol),
CuS0,4-5H,0 (79 mg; 0.32 mmol), NaN;3 (20.7 g; 318 mmol) and triflic
anhydride (17.9 g; 63.6 mmol). Yield 11.1 g (89%). White solid, 73—
75 °C. Ry = 074 (ethyl acetate-acetone-methanol-water
6:1:1:05). [(]2 = —15.7 (c = 0.261; DMF). "H NMR (500 MHz,
DMSO): 1.38 (2H, m, =CH,-), 1.53 (2H, m, =CH,-), 1.63 and 1.73
(2H, 2x m, -CH,-), 3.32 (2H, t, J = 6.8, -CH,-N3), 3.94 (1H, ddd,
J=95,80 and 46, >CH-N), 422 (1H, br t, J = 7.0, >CH-), 4.28
(2H, m, CO-0-CH,-), 7.33 (2H, m, Ar-H), 7.42 (2H, m, Ar-H), 7.67
(1H, br d, J = 8.0, -NH-CO-0), 7.73 (2H, m, Ar-H), 7.89 (2H, m,
Ar-H), 12.62 (1H, br s, COOH). '*C NMR (125.7 MHz, DMSO): 23.14
(-CH>-), 28.06 (-CH,-), 30.50 (-CH,-), 46.87 (>CH-), 50.73 (-CH»-
Ns), 53.88 (>CH-N), 65.81 (-CH,-0-CO), 120.34, 120.35, 125.49,
12552, 127.28(2) and 127.87(2) (8x Ar=CH-), 140.94, 140.95,
144.02 and 144.07 (4x Ar>C=), 156.40 (N-CO-0), 174.11 (-COOH).
IR (KBr) vnax (cm™") 3378 m (NH); 2937 m, 2886 m, 1477 m (CH.);
2097 vs (N3); 1717 vs, (C=0) acid; 1746 vs, 1698 vs (C=0) carbamate;
1525 s (@mide 1); 3065 m, 3043 m, 14515, 1102 m, 758 s, 739 s (ring).
HRMS (ESI) calc for Co4H,,04NsNa [M + Nal* 417.15333, found:
417.15346.

General Protocol for the Manual Synthesis of Tripeptides 43-47

(i

Rink amide resin (400 umol, loading 0.68 mmol/g) was placed
in a 20 ml polypropylene syringe equipped with a polypropyl-
ene frit and swelled in 10 ml of DMF for 1 h.

(i) Fmoc group was cleaved by treatment with 20%
piperidine/DMF (5 ml for 5 and 20 min), followed by five wash-
ings with 5 ml of DMF.

(iii) Fmoc-Phe (619 mg; 1.6 mmol), HBTU (607 mg; 1.6 mmol) and
DIPEA (418 pmol; 2.4 mmol) were added in 5 ml of DMF. The
resin was stirred for 2 h and then washed five times with
5 ml of DMF. Step (iii) was repeated, and the resin was washed
successively with DMF, MeOH, DCM and DMF (each solvent
five times with 5 ml). Step (ii) was repeated. Step (iii) was re-
peated twice (Fmoc-Val was used in the case of tripeptide
43; 543 mg; 1.6 mmol). Step (i) was repeated.

(iv) 14 (563 mg; 1.6 mmol) or 29 (586 mg; 1.6 mmol) or 41
(608 mg; 1.6 mmol) or 42 (630 mg; 1.6 mmol) with HBTU
(607 mg; 1.6 mmol) and DIPEA (418 pmol; 2.4 mmol) in 5 ml
of DMF was added, stirred for 2 h and then washed five times
with 5 ml of DMF. Only in the case of the synthesis of 44 did
couplings with 14 proceed for 5 and 18 h. Step (iv) was re-
peated and the resin successively washed with DMF, MeOH,
DCM and DMF (each solvent five times with 5 ml). Step (i)
was repeated.

(v) Thereafter, 300 pl of Ac,O and 300 pl of DIPEA, each in 1 ml of

DMF, were added; the resin was stirred for 15 min and washed

five times with 5 ml of DMF. Step (v) was repeated. Thereafter,

the resin was transported to a small glass reactor equipped
with a frit, rinsed with 50 ml of dichloromethane and dried
overnight under deep vacuum. The resin was cleaved for

60 min with 5 ml of a cocktail of TFA/water/triisopropylsilane
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(CAS 6485-79-6) (95/2.5/2.5). The cleavage step was repeated
under the same conditions, the resin was washed with 10 ml
of glacial acetic acid and all cleavage solutions and acetic acid
were combined and evaporated under reduced pressure. The
brown residue was then sonicated for 10 min with 10 ml
diethyl ether in an ice cooling bath. The slurry was centrifuged
for 10 min at 10 000 g, diethyl ether was decanted and crude
amorphous white tripeptides were dried in vacuo. The purity
of the prepared tripeptides was checked by RP-HPLC; analyti-
cal samples were isolated using the following gradient:
t = 0 min (20% B), t = 30 min (100% B).

Analytical data for compounds 43-47 are provided in the
supporting information.

CH;COCO-Phe-Phe-CONH; 48

Yield 49 mg (32%). Lyophilisate. [aI7) = —14.3 (c = 0.119; DMSO). "H
NMR (500 MHz, DMSO): 2.25 (3H, s, CH;-CO), 2.81 (1H, dd, /= 13.8
and 9.1, -CHaHb-), 3.02 (1H, dd, J = 13.8 and 5.0, -CHaHb-), 2.89
(TH, dd, J=13.8 and 9.3, —CEHb—), 2.96 (1H, dd, J=13.8 and 4.7,
-CHaHb-), 444 (1H, ddd, J = 9.3, 8.7 and 4.7, >CH-N), 4.45 (1H,
ddd,J=9.1,8.2 and 5.0, >CH-N), 7.12 and 7.42 (2H, 2x br s, CONH,),
7.12-7.26 (10H, m, 2x CgHs), 8.21 (1H, d, J = 8.2, -NH-CO), 8.37 (1H,
d, J = 8.7, -NH-CO). "*C NMR (125.7 MHz, DMSO): 24.98 (CH;-CO),
37.23 (-CH,-), 37.92 (-CH,-), 54.02 (>CH-N), 5436 (>CH-N),
126.52, 126.57, 128.28(4), 129.40(2) and 129.46(2) (10x Ar=CH-),
137.62 and 13798 (2x Ar>C=), 160.61 (-CO-CO-N), 169.99
(N-CO-), 172.86 (-CONHj), 196.73 (-CO-CO-N). IR (KBr) vmax
(cm™') 3408 vs, 3320 (NH); 1725 m (C=0) ketone, 1665 s, 1640 vs
(C=0) amides; 1524 m (amide I); 3086 w, 3065 w, 3029 w, 1498
w, 1455 w, 750 w, 703 w (ring); 1358 m (CHs). HRMS (ESI) calc for
C21H2304N3Na [M + Na]™ 404.15808 found: 404.15815.
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2-(8)-(Benzyloxycarbonylamino)-3-hydroxypropanoic acid 3

L-Serine 1 (10.5 g; 0.1 mol; [[I]ZDO = +13, ¢ = 5, 5M HCI) was dissolved in 200 ml of 10 %
aqueous solution of sodium carbonate in a 1 L round-bottom flask equipped with magnetic spin
bar. The flask was immersed in an ice cooling bath, and benzyl chloroformate (1.1 eq.; 18.8 g;
0.11 mol) in 100 ml of dioxane was added dropwise during a period of 30 minutes under
vigorous stirring. When the addition of ZCl was completed, the reaction mixture was allowed
to react for 1 h at 0 °C and then overnight at room temperature. The reaction mixture was
transferred to the separatory funnel, 500 ml of water was added and the mixture extracted by
200 ml of diethyl ether. The separated aqueous-dioxane layer was poured back into the reaction
flask. During cooling, conc. HCI was added dropwise under vigorously stirring until pH = 1
was reached. A cloudy solution was extracted with 3 x 400 ml ethyl acetate; combined fractions
were washed 2 x with 150 ml of brine and then dried with solid Na;SOj. The drying agent was
filtered off and the filtrate evaporated under reduced pressure. Crystallization of the product
from a mixture of ethyl acetate and petroleum ether afforded colorless crystals. Yield 18.3 g
(77%), m.p. 114-116 °C. R = 0.70 (ethyl acetate-acetone-methanol-water 6 : 1: 1 : 0.5). [(1]2D0
=+6.6 (c = 1.089; CH;COOH). 'H NMR (600 MHz, DMSO): 3.65 (1H, dd, /= 11.2 and 5.6,
HO-CHaHb-), 3.67 (1H, dd, /= 11.2 and 4.5, O—CHaHb-), 4.06 (1H, ddd, J = 8.2, 5.6 and
4.5,>CH-N),5.03 (1H,d,/=12.5,CO-O-CHaHb-),5.05 (1H, d, /= 12.5, CO-O-CHaHb-),
7.29 (1H, d, J = 8.2, -NH-CO), 7.31 — 7.37 (5H, m, C¢Hs); '*C NMR (150.9 MHz, DMSO):
56.84 (>CH-N); 61.52 (-CH2-0), 65.65 (-CH—-0-CO0), 127.92(2), 128.00 and 128.54(2) (5x
Ar=CH-), 137.17 (Ar >C=), 156.22 (N-CO-0), 172.32 (O—CO-). IR (KBr) vimax cm™ 3436 s
(OH); 3336 s, 3319 s (NH); 1747 vs (C=0) acid; 1690 vs (C=0) carbamate; 1534 vs (amide
10); 3061 m, 3029 m, 1083 m, 1060 s, 1029 s, 697 s (ring). HRMS (ESI) calc for C11H120sN
[M+H]" 238.07210, found: 238.07195.

tert-Butyl 2-(S)-(benzyloxycarbonylamino)-3-hydroxypropanoate 4

The solution Z-L-Ser 3 (18 g; 75.3 mmol) in 400 ml of N,N-dimethylacetamide and 200 ml of
tert-butyl bromide was mixed with finely ground anhydrous potassium carbonate (69.1 g; 0.5
mol) and TEBAC (11.4 g; 0.05 mol). The reaction mixture was vigorously stirred and heated
at 60 °C overnight. After cooling, the content of the flask was poured on to 500 g of crushed
ice. The bright brown solution was extracted 4 x with 200 ml of ethyl acetate. Combined organic
layers were washed 2 x with 200 ml of water and dried over sodium sulfate. The drying agent

was filtered off and the filtrate was evaporated under reduced pressure to afford 22 g of crude
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oily material, which was purified by flash chromatography on silica gel, using a linear gradient
of ethyl acetate in toluene. The required product was a white solid and an analytical sample was
prepared by crystallization from ethyl acetate and petroleum ether. Yield 14.7 g (66%), m.p.
91-92 °C. Rr=0.69 (toluene-ethyl acetate 50 : 50). [(I]ZDO =-14.6 (¢ = 1.006; C:HsOH). 'HNMR
(600 MHz, DMSO): 1.39 (9H, s, (CH3)3), 3.62 (1H, dt, /= 11.0, 6.6 and 6.0, HO-CHaHb-),
3.65(1H, ddd,/=11.0, 6.6 and 5.3, O-CHaHb-), 4.00 (1H, ddd, /= 6.6, 6.0 and 4.0, >CH-N),
4.85 (1H, dd, J = 6.6 and 5.3, -OH), 5.04 (2H, s, CO-O-CHz-), 7.34 (1H, d, J = 4.4,
~NH-CO), 7.31 — 7.37 (5H, m, C¢Hs); 3C NMR (150.9 MHz, DMSO): 27.85 ((CH3)3), 57.49
(>CH-N), 61.56 (-CH>-0), 65.63 (—CH>—-0-CO), 80.77 (O-C(CHs)3), 127.91(2), 127.99 and
128.51(2) (5x Ar =CH-), 137.17 (Ar >C=), 156.19 (N-CO-0), 169.99 (O-CO-). IR (KBr)
vmax cm’' 3410 s (OH); 3266 s (NH); 1727 vs (C=0) ester; 1714 vs (C=0) carbamate; 1555 s
(amide II); 1456 s, 1395 s, 1367 s (CH3); 1240 vs, 1159 vs (C-O-C); 3064 m, 3037 m, 1029 s,
700 s (ring). HRMS (ESI) calc for CisH210sNNa [M+Na]" 318.13119, found: 318.13101.

tert-Butyl 2-(5)-(9-fluorenylmethyloxycarbonylamino)-3-hydroxypropanoate 5

Z-1L-Ser-OfBu 4 (15.2 g; 51.5 mmol) in a glass pressure bottle was dissolved in 300 ml of
methanol and 500 mg of 10 % Pd/C was added. The mixture was vigorously stirred and allowed
to react under the atmosphere of hydrogen (15 psi) at rt overnight. TLC analysis revealed
(toluene-cthyl acetate 50:50) that the starting compound had completely disappeared. The
catalyst was filtered off through celite and the celite was washed with 300 ml of methanol. The
filtrate was evaporated in vacuo to give 8.1 g of yellow residue, which was immediately
dissolved in 150 ml of saturated solution of NaHCO3. The flask was placed in the ice bath and
Fmoc-OSu (17 g; 50.3 mmol) in 150 ml dioxane was added dropwise under stirring. After the
addition of the total amount of acylation agent, stirring continued for 1 h at 0°C and then
overnight at room temperature. Thereafter, 250 ml of water was added and the reaction mixture
was transferred to the separatory funnel and extracted 4 x with 150 ml of ethyl acetate.
Combined organic layers were washed consecutively, once with 150 ml water, twice with 150
ml of brine and dried over anhydrous NazSOa. Evaporation of the filtrate under reduced pressure
furnished a colorless oil, which solidified upon standing at 5 °C. An analytical sample was
prepared by crystallization from a mixture of diethyl ether-petroleum ether. Colorless solid.
Yield 14.6 g (74% over two steps). m.p. 124-125 °C. Rt = 0.59 (toluene-ethyl acetate 50 : 50).
[Ol]zDO =+7.3 (¢ =0.998; CHCI3). "H NMR (600 MHz, DMSO): 1.39 (9H, s, (CH3)3), 4.01 (1H,
ddd, /= 8.1, 5.9 and 4.5, >CH-N), 4.23 (1H, dd, /= 7.1 and 6.8, >CH-), 4.29 (1H, dd, /= 10.5
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and 6.8, CO-O—-CHaHb-), 4.33 (1H, dd, J = 10.5 and 7.1, CO-O-CHaHb-), 4.65 (2H, m,
—0-CH»>-), 4.88 (1H, t, J= 5.9, —-OH), 7.43 (1H, d, J = 8.1, -NH-CO), 7.33 (2H, m, Ar-H),
7.42 (2H, m, Ar-H), 7.74 (2H, m, Ar-H), 7.89 (2H, m, Ar-H). >C NMR (150.9 MHz, DMSO):
27.87 ((CH3)3), 46.82 (>CH-), 57.48 (>CH—-N), 61.57 (-CH2-0), 65.88 (-CH>—0-CO), 80.77
(O—C(CHs)s), 120.29(2), 125.45, 125.42, 127.25(2) and 127.82(2) (8x Ar =CH-), 140.92(2)
143.99 and 144.02 (4x Ar >C=), 156.24 (N-CO-0), 170.03 (O-CO-). IR (KBr) vmsx cm™
3403 m (OH); 1737 vs (C=0) ester; 1682 vs C=0 (carbamate); 1540 vs (amide II); 1261 s, 1156
s (C-0-C); 3068 w, 3041 w, 1452 m, 1033 m, 764 s, 741 s (ring); 2978 m, 1395 m, 1371 m
(CH3). HRMS (ESI) calc for C22H260sN [M+H]" 384.18055, found: 384.18058.

L-Val-O7Bu.TsOH 20

L-Valine 19 (5.9 g; 50 mmol) was suspended in 70 ml of tert-butyl acetate, and 6.5 ml of 70 %
HCIO4was slowly added under ice-cooling. The ice bath was removed and the reaction mixture
was allowed to react at rt overnight. The reaction mixture was poured into 200 ml of water; the
separated aqueous layer was basified with KoCOj3 until pH ~ 10 was reached and then extracted
3 x with 100 ml of diethyl ether. The combined organic phases were dried over Na>SOy, filtered
and carefully evaporated to afford crude L-Val-OfBu (7.6 g; 43.8 mmol). The slightly yellow
oil was dissolved in 20 ml of methanol and the solution of TsOH.H20 (8.4 g; 43.8 mmol) in 20
ml methanol was added in one portion. The solvent was evaporated and the product was
crystallized from a mixture of i-PrOH-diethyl ether-hexane. Yield 9.3 g (63%). White solid, m.
p- 138-140°C. [(x]Z; =+11.5 (¢ = 0.374 ; CH30H). '"H NMR (600 MHz, DMSO): 0.95 (3H, d,
J=17.0,CHs3), 0.98 (3H, d, J= 7.0, CH3), 1.46 (9H, s, (CH3)3), 2.12 (1H, m, >CH-), 2.29 (3H,
br s, Ar—CH3), 3.80 (1H, d, J = 4.2, >CH-N), 7.12 (2H, m, Ar-H), 7.48 (2H, m, Ar-H). *C
NMR (150.9 MHz, DMSO): 17.60 (CH3), 18.39 (CH3), 21.00 (Ar—CHz), 27.80 ((CH3)3), 29.60
(>CH-), 57.75 (>CH-N), 83.25 (O-C(CH3)3), 125.70(2) and 128.30(2) (4x Ar=CH-), 137.92
and 145.77 (2x Ar >C=), 168.20 (~O—CO-). IR (KBr) vimax cm’' 2971 m, 2934 m, 1474 m,
1369 m (CH3); 1742 vs (C=0); 1254 s (C-0); 1618 m, 1521 m (NH3"); 3061 w, 3040 w, 1498
m, 1106 m, 1011 s, 849 m, 813 m, 676 s (ring); 1227 s, 1192 s, 1163 s, 1035 s (SO37). HRMS
(ESI) calc for CoH2002N [M]* 174.14886, found: 174.14871.

(9-Fluorenylmethyloxycarbonyl)asparagine 25
L-Asparagine 23 (5 g; 37.8 mmol, [(I]ZDO =+27°-31° ¢=13.2in IM HCI) was placed ina 1 L
round-bottom flask, equipped with a magnetic spin bar, and dissolved in a solution of Na;COs
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(4 g; 37.8 mmol) in 50 ml of water. The flask was immersed in an ice cooling bath and Fmoc-
OSu (12.8 g; 37.8 mol) in 70 ml of dioxane was added dropwise under vigorous stirring during
a period of 30 min. When the addition of Fmoc-Osu was complete, the reaction mixture (a dense
slurry) was allowed to react for 1 h at 0 °C and then overnight at room temperature. The reaction
mixture was cooled again in an ice bath and concentrated HCI was added dropwise until pH ~
0-1 was reached. The crystals were filtered off in a Biichner funnel and rinsed with 100 ml of
chilled water. The filter cake was frozen and dried by lyophilization. The final purification was
carried out by dissolving the solid in 100 ml of hot chloroform (60 °C). After cooling, the
crystals were filtered off and washed with petroleum ether. Yield 11.6 g (87%). White solid,
m.p. 181-183°C. Rr= 0.76 (ethyl acetate-acetone-methanol-water 4 : 1: 1: 1). [OL]ZDO =-11.1(c
=0.350 ; DMF). '"H NMR (600 MHz, DMSO): 2.46 (1H, dd, /= 15.5 and 8.0, -CHaHb—CO),
2.56 (1H, dd, J = 15.5 and 5.2, -CHaHb—CO), 4.22 (1H, m, >CH-), 4.27 (2H, m, —CH2-0),
6.92 and 7.35 (2H, 2x br s, -CO-NH>»), 7.53 (1H, d, J = 8.4, -NH-CO), 7.33 (2H, m, Ar-H),
7.42 (2H, m, Ar-H), 7.71 (2H, m, Ar-H), 7.89 (2H, m, Ar-H), 12.59 (1H, br s, COOH). *C
NMR (150.9 MHz, DMSO): 36.91 (-CH:-), 46.78 (>CH-), 50.74 (>CH-N), 65.87
(—CH>—0-CO0), 120.29(2), 125.43, 125.45, 127.28(2) and 127.82(2) (8x Ar =CH-), 140.88(2),
143.97 and 144.00 (4x Ar >C=), 155.98 (N-CO-0), 171.36 (N-CO-), 173.36 (-COOH). IR
(KBr) vmax cm™! 3405 s (NH); 3432 s, 3324 s (NH2); 1735 vs (C=0) acid; 1697 vs (C=0)
carbamate; 1657 vs (C=0) amide; 1541 s (amide IT); 3065 m, 1478 m, 1211 s, 758 m, 739 s
(ring). HRMS (ESI) calc for C19H130sN2Na[M+Na]" 377.11079, found: 377.11084.

(9-Fluorenylmethyloxycarbonyl)glutamine 26

Compound 18 was prepared by the reaction of L-Gln 24 (5 g; 34.2 mmol, [u]ZDO =+33%c¢c=5%
in SM HCI), and Fmoc-OSu (11.5 g; 34.2 mmol) by the method previously used for 25. Yield
11.7 g (93%). Ry = 0.76 (ethyl acetate-acetone-methanol-water 4 : 1: 1: 1). [(1]21:? =-13.6 (c=
0.286 ; DMF). '"H NMR (500 MHz, DMSO): 1.76 and 1.97 (2H, 2x m, —CH>-), 2.16 (2H, t, J
=17.7,-CH2—CO0), 3.94 (1H, ddd, /=9.5, 7.9 and 4.7, >CH-N), 4.21 (1H, m, >CH-), 4.26 (2H,
m, —CH>-0), 6.79 and 7.33 (2H, 2x br s, -CO-NH>»), 7.68 (1H, d, J = 7.9, -NH-CO), 7.33
(2H, m, Ar-H), 7.41 (2H, m, Ar-H), 7.72 (2H, m, Ar-H), 7.88 (2H, m, Ar-H). "*C NMR (125.7
MHz, DMSO): 26.82 (-CH>-), 31.68 (—CH>-), 46.91 (>CH-), 53.77 (>CH-N), 65.98
(—CH2—-0-CO0), 120.42(2), 125.60(2), 127.42(2) and 127.98(2) (8x Ar =CH-), 141.00(2) and
144.09(2) (4x Ar >C=), 156.48 (N-CO-0), 173.90 (-CO-NH2), 174.07 (-COOH). IR (KBr)
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Vmax cm™! 3429 m, 3335 w (NH); 1724 vs (C=0) acid; 1698 vs (C=0) carbamate; 1658 vs (C=0)
amide; 1532 m (amide 1I); 3066 w, 3040 w, 3021 w, 1670 w, 1450 m, 1215 m, 751 m, 740 m
(ring). HRMS (ESI) calc for C20H200s5N>Na[M+Na]' 391.12644, found: 377.12656.

(fert-Butoxycarbonyl)asparagine 30

Boc20 (25.7 g; 0.1176 mol) in 150 ml of dioxane was added dropwise to an ice-cooled solution
of L-asparagine 23 (14.9 g; 0.112 mol) and Na2CO3 (11.9 g; 0.112 mol) in 150 ml of water. The
reaction mixture was stirred for 1 h at 0 °C and then at rt overnight. The volume of the reaction
mixture was reduced to half; the slurry was cooled in an ice bath and pH was adjusted by the
addition of an aqueous solution of conc. KHSO4 to 2-3. The crystals were filtered off in a
Biichner funnel and rinsed with 100 ml of chilled water. The filter cake was lyophilized and the
pure product was gained by crystallization from methanol-ethyl acetate-petroleum ecther
mixture.

Intermediate 30 (18.9 g; 81.4 mmol) was suspended in a mixture of 90 ml of acetonitrile, 90 ml
of ethyl acetate and 45 ml of water. Thereafter, (diacetoxyiodo)benzene (31.4 g; 97.7 mmol)
was added in 5 portions within 15 minutes. Ten minutes after the addition of the total amount
of (diacetoxyiodo) benzene, the slurry turned clear, followed by rapid precipitation of the crude
product. The filter cake was washed out with 200 ml of chilled ethyl acetate and no additional
purification was needed. Yield 12.7 g (77%). White solid, m.p. 209-211 °C. Rr = 0.40 (ethyl
acetate-acetone-methanol-water 4 : 1: 1: 1). [U_]ZE? =-5.3(c=0.318 ; acetic acid). "H NMR (600
MHz, DMSO): 1.39 (9H, s, (CH3)3), 2.77 (1H, dd, /= 11.9 and 9.1, -CHaHb-N), 3.01 (1H,
dd, J=11.9 and 5.4, -CHaHb—N), 3.67 (1H, ddd, J= 9.1, 6.0 and 5.4, >CH-N), 6.28 (1H, br
d,J= 6.0, -NH-CO). '3*C NMR (150.9 MHz, DMSO): 28.33 ((CH3)3), 40.65 (-CH>—-N), 51.08
(>CH-N), 78.42 (O-C(CH3)3), 155.35 (N-CO-0), 171.18 (-COOH). IR (KBr) vmax cm™' 3348
m (NH); 1714 vs (C=0) acid; 1684 vs (C=0) carbamate; 1530 m (amide II); 1624 s (NHz);
2978 m, 2932 m, 1366 m (CHz). HRMS (ESI) calc for C1sH1504N> [M-H]" 203.10373, found:
203.10366.

Ac-B-azido-Ala-Val-Phe-CONH; 43

Yield 115 mg (69%). Lyophilizate. [a]z.f' =-19.3 (c = 0.218; DMSO). 'H NMR (600 MHz,
DMSO0): 0.74 (3H, d, J = 6.8, CH3), 0.75 (3H, d, J = 6.8, CH3), 1.87 (3H, s, CH3—-CO), 1.92
(1H, m, >CH-), 2.78 (1H, dd, J = 13.8 and 9.1, —-CHaHb-), 2.99 (1H, dd, J= 13.8 and 5.2,

—CHaHb-), 3.38 (1H, dd, J = 12.6 and 8.0, -CHaHb—N3), 3.46 (1H, dd, J = 12.6 and 4.7,
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—CHaHb—N3), 4.09 (1H, dd, J = 8.6 and 6.6, >CH-N), 4.47 (1H, ddd, J = 9.1, 83 and 5.2,
>CH-N), 4.58 (1H, td, J = 8.2, 8.0 and 4.7, >CH-N), 7.06 and 7.32 (2H, 2x br d, J = 2.0,
CONH>), 7.17 (1H, m, Ar-H), 7.22 (2H, m, Ar-H), 7.24 (2H, m, Ar-H), 7.90 (1H, d, J = 8.3,
-NH-CO), 7.93 (1H, d, J = 8.6, -NH-CO), 8.31 (1H, d, J = 8.2, -NH-CO). '*C NMR (150.9
MHz, DMSO): 18.10 (CHs), 19.30 (CHs), 22.67 (CH5-CO), 30.64 (>CH-), 37.82 (-CH>-),
51.75 (=CH>—Nz3), 52.38 (>CH-N), 53.70 (>CH-N), 58.15 (>CH-N), 126.42, 128.23(2) and
129.31(2) (5x Ar =CH-), 137.95 (Ar >C=), 169.22 (N-CO-), 169.86 (N-CO-), 170.44
(N-CO-), 172.89 (-CONH>). IR (KBr) vmax cm™' 3423 s, 3292 s (NH); 2108 m (N3); 1666 vs,
1642 vs (C=0); 1534 m (amide II); 3066 w, 3032 w, 1455 w, 1154 w, 700 w (ring); 2966 w,
2875 w (CHsz). HRMS (ES]I) calc for C19H270sN7Na [M+Na]* 440.20167, found: 440.20177.

Ac-B-azido-Ala-Phe-Phe-CONH: 44

Yield 141 mg (76%). Lyophilizate. [a]% = -9.7 (c = 0.185; DMSO). 'H NMR (600 MHz,
DMSO): 1.83 (3H, s, CH;—CO), 2.74 (1H, dd, /= 14.0 and 9.2, -CHaHb-), 2.95 (1H, dd, J =
14.0 and 4.7, -CHaHb-), 2.82 (1H, dd, J = 13.8 and 8.7, -CHaHb-), 3.01 (1H, dd, /= 13.8
and 5.2, -CHaHb-), 3.31 (1H, dd, J= 12.6 and 8.1, -CHaHb-N3), 3.42 (1H, dd, /= 12.6 and
4.6, -CHaHb-N3), 4.43 (1H, ddd, J = 8.7, 8.3 and 5.2, >CH-N), 4.44 (1H, ddd, J=9.2, 8.1
and 4.7, >CH-N), 4.48 (1H, ddd, J = 8.4, 8.1 and 4.6, >CH-N), 7.10 and 7.28 (2H, 2x br d, J
=2.0, CONH2), 7.16 — 7.27 (10H, m, 2x CeHs), 8.02 (1H, d, J = 8.3, -NH-CO), 8.15 (1H, d,
J = 8.1, -NH-CO), 8.20 (IH, d, J = 8.4, -NH-CO)."*C NMR (150.9 MHz, DMSO): 22.68
(CH;-CO), 37.46 (-CH>-), 37.80 (-CH,-), 51.70 (~CH»-N3), 52.23 (>CH-N), 53.88
(>CH-N), 54.31 (>CH-N), 126.48, 126.50, 128.25(2), 128.28(2) and 129.40(4) (10x Ar
=CH-), 137.68 and 137.92 (2x Ar>C=), 169.07 (N-CO-), 169.79 (N-CO-), 170.52 (N-CO-),
172.77 (-CONHa). IR (KBr) vimax cm™' 3406 s, 3287 s (NH); 2107 m (N3); 1666 vs, 1643 vs
(C=0); 1538 m (amide I1); 3064 w, 3031 w, 1498 w, 1454 w, 746 w, 700 w (ring). HRMS (ESI)
calc for C23H2604N7 [M+1]" 464.20518, found: 464.20460.

Ac-y-azido-Dab-Phe-Phe-CONH, 45

Yield 153 mg (80%). Lyophilizate. [a]ZDO =-25.4 (c = 0.358; DMSO). '"H NMR (500 MHz,
DMSO0): 1.81 (3H, s, CH3—CO), 1.63 and 1.75 (2H, 2x m, —-CH2>-),2.75 (1H, dd, J = 13.9 and
9.4, -CHaHb-), 2.95 (1H, dd, J = 13.9 and 4.6, -CHaHb-), 2.82 (1H, dd, /= 13.9 and 8.8,
—CHaHb-), 3.01 (1H, dd, J = 13.9 and 5.1, -CHaHb-), 3.20 (2H, m, —CH2—-N3), 4.24 (1H,
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ddd,J=8.8, 7.8 and 5.1, >CH-N), 4.42 (1H, ddd, /= 8.8, 8.1 and 5.1, >CH-N), 4.44 (1H, ddd,
J=9.4,8.0and 4.6, >CH-N), 7.09 and 7.26 (2H, 2x d, J= 1.9, CONH>), 7.16 — 7.27 (10H, m,
2x CeHs), 7.98 (1H, d, J = 8.0, -NH-CO), 8.02 (1H, d, J = 8.1, -NH-CO), 8.03 (1H, d, /= 7.8,
~NH-CO). '*C NMR (125.7 MHz, DMSO): 22.67 (CH:~CO), 31.30 (-CHz-), 37.38 (~<CHz—-),
3775 (-CHz-), 47.64 (-CH2-N3), 50.31 (>CH-N), 53.96 (>CH-N), 54.09 (>CH-N),
126.45(2), 128.21(2), 128.27(2), 129.36(2) and 129.39(2) (10x Ar =CH-), 137.81 and 137.98
(2x Ar >C=), 169.68 (N-CO-), 170.75 (N-CO-), 171.07 (N-CO-), 172.80 (—CONH.). IR
(KBF) vinax cm™! 3419 s, 3293 s (NH); 2104 m (N3); 1665 s, 1643 vs (C=0); 1530 m (amide TI);
3064 w, 3031 w, 1498 w, 1455 w, 746 w, 701 w (ring); 2930 w, (CH.). HRMS (EST) calc for
Ca24H2904N7Na [M+Na]* 502.21732, found: 502.21746.

Ac-06-azido-Orn-Phe-Phe-CONH> 46

Yield 152 mg (77%). Lyophilizate. [cc]r‘i)0 =-23.6 (¢ = 0.233; DMSO). '"H NMR (600 MHz,
DMSO0): 1.81 (3H, s, CH3;—CQ), 1.41 (2H, m, —CHz-), 1.44 and 1.55 (2H, 2x m, —-CH>-), 2.75
(1H, dd, J = 14.0 and 9.4, -CHaHb-), 2.96 (1H, dd, J = 14.0 and 4.6, -CHaHb-), 2.83 (1H,
dd, /= 13.8 and 8.7, -CHaHb-), 3.00 (I1H, dd, / = 13.8 and 5.2, -CHaHb-), 3.24 (2H, m,
—CH2-N3), 4.19 (1H, td, J = 7.8, 7.8 and 5.5, >CH-N), 4.42 (1H, ddd, /= 8.7, 8.3 and 5.2,
>CH-N), 4.45 (1H, ddd, J = 9.4, 8.1 and 4.6, >CH-N), 7.09 and 7.24 (2H, 2x d, J = 1.9,
CONHy), 7.16 — 7.26 (10H, m, 2x CsHs), 7.977 (1H, d, J = 7.8, -NH-CO), 7.982 (1H, d, J =
8.1, -NH-CO), 7.989 (1H, d, J = 8.3, -NH-CO). '*C NMR (150.9 MHz, DMSO): 22.67
(CH3—CO), 24.88 (—CH2-), 29.30 (—CH2-), 37.38 (-CH2-), 37.74 (—CH2—), 50.60 (—CH2—N3),
52.26 (>CH-N), 53.97 (>CH-N), 54.08 (>CH-N), 126.44, 126.45, 128.21(2), 128.27(2) and
129.37(4) (10x Ar=CH-), 137.86 and 137.97 (2x Ar>C=), 169.62 (N-CO-), 170.78 (N-CO-),
171.53 (N-CO-), 172.80 (—CONHa). IR (KBr) vmax cm™ 3397 m, 3283 m (NH); 2102 m (N:);
1662 s, 1642 vs (C=0); 1543 m (amide II); 3065 w, 3031 w, 1498 w, 1455 w, 745 w, 700 w

(ring); 2929 w, 2860 w (CH2). HRMS (ESI) calc for C2sH31O4N7Na [M+Na]" 516.23297,
found: 516.23296.

Ac-w-azido-Lys-Phe-Phe-CONH; 47

Yield 145 mg (71%). Lyophilizate. [0[]‘7;)0 =-24.5 (¢ = 0.326; DMSO). '"H NMR (600 MHz,
DMSO0): 1.20 (ZH, m, —CH>-), 1.40 and 1.50 (2H, 2x m, —-CH>-), 1.45 (2ZH, m, —CH>-), 1.81
(3H, s, CH3-CO), 2.75 (1H, dd, /= 14.0 and 9.5, -CHaHb-), 2.95 (1H, dd, J = 14.0 and 4.7,
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—~CHaHb-), 2.83 (1H, dd, J = 13.8 and 8.6, -CHaHb-), 3.00 (IH, dd, J = 13.8 and 5.1,
—~CHaHb-), 3.24 (2H, m, -CH>-N3), 4.16 (1H, ddd, . = 8.6, 8.0 and 5.3, >CH-N), 4.42 (1H,
ddd, J= 8.6, 8.0 and 5.1, >CH-N), 4.44 (1H, ddd, /= 9.5, 8.1 and 4.7, >CH-N), 7.10 and 7.24
(2H, 2x d, J = 2.0, CONH>), 7.16 — 7.26 (10H, m, 2x C¢Hs), 7.94 (2H, 2x d, J = 8.0, 2x
~NH-CO), 7.96 (1H, d, J = 8.1, -NH-CO). '*C NMR (150.9 MHz, DMSO): 22.65 (—-CH2-),
22.66 (CH3;—-CO), 28.11 (-CHy-), 31.54 (-CH>-), 37.34 (-CH>-), 37.75 (-CH2-), 50.66
(—~CH2-N3), 52.56 (>CH-N), 53.92 (>CH-N), 54.07 (>CH-N), 126.40, 126.43, 128.19(2),
128.25(2), 129.34(2) and 129.36(2) (10x Ar =CH-), 137.88 and 137.98 (2x Ar >C=), 169.55
(N-CO-), 170.77 (N-CO-), 171.81 (N-CO-), 172.74 (-CONHa). IR (KBr) vinax cm™ 3291 m
(NH); 2099 m (N3); 1665 s, 1640 vs (C=0); 1539 m (amide IT); 3065 w, 3031 w, 1498 w, 1455
w, 745 w, 701 w (ring); 2934 w, 2861 w (CHz). HRMS (ESI) calc for C26H3304N7Na [M+Na]"
530,24862 found: 530.24861.
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7.3 Probing Receptor Specificity by Sampling the Conformational Space of the
Insulin-like Growth Factor 11 C-domain

Background:

Insulin, IGF-1 and IGF-2 are structurally and functionally similar protein hormones.
Their evolution originated from a common ancestor and has resulted in different yet
overlapping biological functions. Insulin is a key regulator of basal metabolism, while IGF-
1/2 are major growth factors. Insulin and IGFs cross-bind with different affinities to insulin
receptor isoforms A and B (IR-A and IR-B) and IGF-1 receptor (IGF-1R), which mediate
their specific biological functions. Identification of structural determinants in IGFs and
insulin that trigger their specific signalling pathways is crucial for rational design of receptor
specific analogues with potential therapeutic applications. The C domains of IGF-2 and IGF-

1 are important structural determinants in which IGFs differ from insulin and each other.

Summary:

In this project, we developed a straightforward protocol for recombinant production
of IGF-2 analogues and we used this new methodology for preparation of six IGF-2
analogues with IGF-1-like mutations in C domain. The analogues were tested for their
binding features towards IR-A and IGF-1R. All of them exhibited significantly reduced
affinity towards IR-A. Moreover, one of the analogues had also higher binding affinity for
IGF-1R due to a synergistic effect of the Pro39-GIn40 insertion and Ser29Asn point
mutation. Consequently this analogue had almost a 10-fold higher IGF-1R/IR-A binding
specificity in comparison with native IGF-2. Moreover, we provided NMR structural
characterization of selected IGF-2 analogues that helped to explain the binding behaviour of
analogues by important conformational rearrangement of their C-domains. The development
of the methodology for recombinant production of IGF-2 analogues made in this work was
very important because later on we used the same methodology for the production of our

first recombinant IGF-1 analogues.
My contribution:

| participated in the development of the methodology for the recombinant production of IGF-

2 and analogues and | personally prepared two IGF-2 analogues (six in total) by this
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methodology. | also contributed to the performing of the binding tests with the IGF-2

analogues.
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Conformational Space of the Insulin-like Growth Factor
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Insulin and insulin-like growth factors I and II are closely
related protein hormones. Their distinct evolution has resulted
in different yet overlapping biological functions with insulin
becoming a key regulator of metabolism, whereas insulin-like
growth factors (IGF)-1/1I are major growth factors. Insulin and
IGFs cross-bind with different affinities to closely related insu-
lin receptor isoforms A and B (IR-A and IR-B) and insulin-like
growth factor type I receptor (IGF-1R). Identification of struc-
tural determinants in IGFs and insulin that trigger their specific
signaling pathways is of increasing importance in designing
receptor-specific analogs with potential therapeutic applica-
tions. Here, we developed a straightforward protocol for pro-
duction of recombinant IGF-II and prepared six IGF-II analogs
with IGF-I-like mutations. All modified molecules exhibit sig-
nificantly reduced affinity toward IR-A, particularly the analogs
with a Pro-Gln insertion in the C-domain. Moreover, one of the
analogs has enhanced binding affinity for IGF-1R due to a syn-
ergistic effect of the Pro-Gln insertion and S29N point muta-
tion. Consequently, this analog has almost a 10-fold higher IGF-
1R/IR-A binding specificity in comparison with native IGF-II.
The established IGF-II purification protocol allowed for cost-
effective isotope labeling required for a detailed NMR structural
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characterization of IGF-II analogs that revealed a link between
the altered binding behavior of selected analogs and conforma-
tional rearrangement of their C-domains.

The insulin-insulin-like growth factor (IGF)* axis is a com-
plex signaling pathway mediated by a group of three sequen-
tially and structurally homologous peptide hormones, their
membrane receptors, and several circulating IGF-binding pro-
teins. Insulin and IGF-I1 and -1 are all capable of higher or lower
affinity binding toward the transmembrane tyrosine kinase
receptors insulin receptor isoform A (IR-A), insulin receptor
isoform B (IR-B), and insulin-like growth factor type I receptor
(IGF-1R) (1, 2). All three receptors also share a high degree of
homology, which is manifested by overlapping biological
responses upon ligand binding (3-5). Binding of insulin and
IGFs to the receptors triggers two major signaling pathways via
autophosphorylation of tyrosines within their intracellular
tyrosine kinase domains. The first, usually referred to as a phos-
phoinositide 3-kinase (PI3K)/Akt pathway, is key for the meta-
bolic effects of ligand binding such as a decrease in plasma
glucose levels (6). The second signaling pathway, referred to as
Ras/ERK, involves activation of the Ras/Raf/MAPK/ERK1/2
cascade, which mediates proliferative effects through gene
transcription regulation (7). Whereas insulin signals mainly
via both IR isoforms (8), IGF-1 and IGF-II promote the mito-
genic signaling through IGF-1R (9, 10), and similar mito-
genic stimulation results from IGF-II binding to IR-A (11).

Both IGFs are essential for embryonic development and are
present in serum at nanomolar concentrations in adults (12)
with IGE-II levels being 3-fold higher than IGF-I levels (13).
Whereas the role of IGF-II in tumor development is well doc-

“The abbreviations used are: IGF, insulin-like growth factor; IR, insulin recep-
tor; IR-A, insulin receptor isoform A; IR-B, insulin receptor isoform B; IGF-1R,
insulin-like growth factor type | receptor; IGF-2R, insulin-like growth factor
type Il receptor; L1, leucine-rich repeat region; a-CT, C-terminal helix; GB1,
immunoglobulin binding domain B1 of streptococcal Protein-G; TEV,
tobacco etch virus; RP-HPLC, reversed phase HPLC; HSQC, heteronuclear
single quantum coherence; D11, Domain 11; HMQC, heteronuclear multi-
ple quantum coherence.
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Receptor Specificity of IGF-Il Analogs
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domain B A D
— — —
B
(N29]-1GF-TI
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[R34_GS]—IGF—II

[S39_PQ]-I

I
AYRPSETLCGGELVDTL
[R34_GS,S39 PQ] IGF-II
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[N29‘339_PQ]-IGF-II
AYRPSETLCGGELVDTLQFVCGDRGFYFNRE
[N29.R34_GS. S39_PQ)-IGF-I1I

AYRPSETLCGGELVDTLQFVCGDRGFYFNRPA:
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RSPQRGIVEECCFRSCDLALLETYCAT PAKSE

RGSVSRRSPQRGIVEECCFRSCDLALLETYCAT--PA}

FIGURE 1.A, the amino acid sequence alignment of insulin, IGF-1, and IGF-Il. Itillustrates their high primary structure homology with the conserved residues highlighted
in dark gray and the residues conserved between IGF-I and IGF-Il in light gray. The organization of IGF-l and IGF-Il into B-, C-, A-, and D-domains is shown below the
sequences; domains A and B correspond to insulin A and B chains. The positions of conserved a-helices are shown as bars above the sequences. IGF-ll residues mutated
in this study are labeled with an asterisk. B, the amino acid sequence of the six prepared IGF-Il analogs with highlighted mutations.

umented (14), its physiological role remains unclear. It is
known that IGF-II is important for fetal development and pla-
cental function (15, 16), and several animal studies indicate an
important role for IGF-II in memory enhancement (17-19).
The availability of IGF ligands for signaling is modulated by a
family of high affinity IGF-binding proteins 1-6 (20, 21) and
insulin-like growth factor type II receptor (IGF-2R) (22). The
equilibrium of individual components and the appropriate
function of the entire insulin-IGF system are essential for bio-
logical responses such as regulation of basal metabolism, cellu-
lar growth, proliferation, survival, and migration (23).

IGF-I and IGF-II are single chain peptides composed of 70
and 67 amino acids, respectively. Mature IGFs consist of four
domains: B, C, A, and D in order from the N terminus. IGF-I
and -II share over 60% sequence identity, mostly in the B- and
A-domains that correspond to the B and A chains in insulin
(Fig. 1). The 3D structure of IGF-I was obtained by both NMR
and x-ray (24-34), whereas the structure of IGF-II has been
determined only by NMR (35, 36). Together with insulin, these
hormones share the insulin-like conformation consisting of
three highly conserved a-helices (Fig. 1) further stabilized by
three characteristic disulfide bonds (28, 36, 37).

IR-A, IR-B, and IGF-1R are homodimeric, and each mono-
mer consists of an extracellular subunit (o) and transmembrane
subunit (B) that are linked via four disulfide bonds into a func-
tional B-a-a-B homodimer (38 —40). The alternative splicing of
IR exon 11 generates a 12-amino acid sequence in the C termi-
nus of the a-subunit or IR-B that is absent in IR-A (41-43).
Each monomer contains two insulin/IGF binding sites termed
the primary (1) and second (2) site on one monomer and 1’ and
2’ on the partner. The primary binding site is formed from a
leucine-rich repeat region (L1) and C-terminal helix (a-CT)
region that combine with the second site of the partner mono-
mer (2') to form the complete binding pocket. The two sites
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(1-2') bind a single molecule of insulin/IGF, triggering struc-
tural rearrangements and negative cooperativity for binding at
the 1'-2 site (44 —46). The mechanisms of insulin or IGF bind-
ing to their cognate receptors were originally proposed on the
basis of extensive mutagenesis studies only (47, 48). More
recently, however, several reports based on the crystal struc-
tures of the insulin‘IR complexes (49, 50), “activated” insulin
analogs (51-53), and the first bound structure of IGF-I through
complexation with a IR/IGF-1R hybrid construct (54) have
revealed the binding mode of the hormones at the receptor site
1 represented by the L1 subunit and «-CT segment. However,
details of the precise arrangement of the C-domain of bound
IGF-I are currently unknown, but structural rearrangement of
this region in conjunction with the «-CT region has been pro-
posed to be necessary to prevent unfavorable steric clashes.
Moreover, the C-domain is a region with major differences
between IGFs, both in the amino acid composition and length
(Fig. 1), probably being a key determinant of receptor binding
specificity.

Both insulin and IGF-I have been extensively studied
through the preparation and functional analysis of numer-
ous analogs (for extensive reviews, see Refs. 46, 48, and 55),
whereas the structure-function of IGF-II is less developed
(15, 56 —62). To gain greater insight into the structural basis
of IGF-1I binding specificity to IR-A and IGF-1R, we gener-
ated a series of mutants containing amino acid substitutions
within the B- and C-domains of IGF-II. These were designed
to make IGF-II more IGF-I-like (Fig. 1) and were tested
through binding affinities to their cognate receptors. This
was enabled by the development of a new, efficient, and cost-
effective protocol for recombinant production of IGF-II ana-
logs in sufficient quantities for structural characterization by
NMR. Our data revealed that the newly prepared IGF-II ana-
logs display conserved or slightly increased IGF-1R affinities
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Receptor Specificity of IGF-Il Analogs

but markedly reduced IR-A affinities, which correlates with
the specific conformational changes in the structurally elu-
sive C-domain of IGF-IL.

Results

Recombinant Production of IGF-II—A prerequisite for this
study was the efficient production of correctly folded IGF-II,
which would serve as a reference molecule as well as a platform
for the design and production of new IGF-II analogs. This was
achieved by recombinant IGF-II expression in Escherichia coli
as a fusion with an N-terminal and cleavable His,-tagged GB1
protein (immunoglobulin binding domain B1 of streptococcal
Protein-G) (63, 64). This technique provided high yields (0.8 —
1.8 mg liter ! of culture) of IGF-II analogs with only a single
additional glycine residue cloning artifact at the N terminus.
The fusion protein was successfully expressed in E. coli and
purified using immobilized metal ion affinity chromatography
(supplemental Fig. S1). Two major peaks were observed; the
first eluted at lower concentrations of imidazole (110 -160 mm;
fractions 1-2 in supplemental Fig. S1) and consisted of folded
and misfolded monomeric IGF-II with slightly different migra-
tion of two bands observable in non-reducing SDS-PAGE
(supplemental Fig. S1). The second peak eluted at higher con-
centrations of imidazole and consisted of multimeric forms
(310-480 mm; fractions 45 in supplemental Fig. S1). Both
monomeric and multimeric fusion proteins were subsequently
cleaved using TEV protease under redox conditions of oxidized
and reduced glutathione. Interestingly, the moderate reducing
environment triggered disulfide bond reshuffling that resulted in
liberation of monomeric IGF-II from multimeric aggregates. Fol-
lowing cleavage, IGF-II was separated from the His,-tagged GB1
and TEV by immobilized metal ion affinity chromatography. RP-
HPLC of this crude IGF-II product consisted of one major peak
and two to four minor peaks (supplemental Fig. S1). The retention
time of the major protein peak was nearly identical to that
observed for native human IGF-II, and the correct molecular
weight of the recombinantly produced purified IGF-II protein
with formed disulfide bonds was confirmed by high resolution
mass spectrometry. Both forms, monomeric and multimeric,
yielded the desired product of correct mass and were combined
after the correct protein fold was confirmed by 1D 'H NMR
(supplemental Fig. S2) and "H-">N HSQC that was highly similar
to the previously published data (65).

In total, six IGF-II analogs were designed to determine the
effects of IGF-I motif incorporation into IGF-II. The modifica-
tions were as follows: (i) a point mutation at position Ser™ for
Asn ([N29]IGF-1I), (ii) an insertion of Gly-Ser after Arg**
([R34_GS]IGF-II), (iii) an insertion of Pro-Gln after Ser®’
([S39_PQJIGF-II), (iv) a combination of both insertions
([R34_GS,S39_PQJIGF-II), (v) a combination of S29N muta-
tion with Pro-Gln insertion ([N29,S39_PQ]IGF-II), and (vi)
a combination of S29N mutation with both insertions
(IN29,R34_GS,539_PQJIGF-II). All analogs gave comparable
RP-HPLC elution profiles (data not shown) with that of IGF-II
(supplemental Fig. S1) with one major product and several
minor peaks. The characterization of minor by-products was
prevented by their relatively low yields.
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The structural integrity of the six analogs was confirmed
using 'H NMR and far-UV circular dichroism as illustrated in
supplemental Figs. S2 and S3. The CD spectra obtained for
prepared analogs are similar to the broadly a-helical secondary
structure profile obtained for non-modified IGF-II. The pres-
ence of the expected tertiary structure was further confirmed
by 1D 'H (supplemental Fig. S2) NMR spectra, and each analog
compared well with the native IGF-II profile.

Receptor Binding—The binding affinities of the IGF-II ana-
logs toward human IR-A and IGF-1R together with binding
affinities of selected analogs to IR-B are summarized in Table 1
and Fig. 2. The corresponding binding curves are shown in
supplemental Figs. S4-S6.

IR-A Binding Affinities—All modifications led to a signifi-
cantly impaired IR-A binding, ranging from 4.2 to 1.1% of the
insulin affinity when compared with IGF-II (7.9%). The
[N29]IGF-II B-domain mutant gave a 2-fold reduction in IR-A
affinity, whereas the analogs with C-domain insertions exhibited
stronger negative effects. [R34_GS]IGF-II showed an almost
3-fold reduction in binding (2.8%), whereas [S39_PQJIGF-II
showed an 8-fold reduction. All of the analogs bearing the Pro-GIn
motif were significantly less active (1.1-1.8%), and further combi-
nations did not appear to have any additive effect.

IGF-1R Binding Affinities—An insertion of IGF-I-like features,
S29N, Gly-Ser, Pro-Gln alone, or a combination of Gly-Ser and
Pro-Gln, within the IGF-II molecule led rather unexpectedly to a
moderate decrease of binding potency toward IGF-1R (Table 1
and Fig. 2). However, the Pro-Gln insertion combined with the
S29N mutation resulted in an increase in binding potency to that
of 18.8% to IGF-I in comparison with IGF-II (10.9%). In contrast,
this effect was negated when the S29N mutation was combined with
both insertions.

IR-B Binding Affinities—Both reference molecules, commer-
cial IGF-II and our recombinant IGF-II, show similar binding
potency for IR-B compared with IGF-I (1.9 and 1.5% of human
insulin, respectively; ~40 nwm; Table 1). The IR-B binding affin-
ity of [N29]IGF-II dropped to almost one-third of the potency
obtained for IGF-II (0.6%; 108 nm).

Structural Characterization of IGF-II Analogs by NMR
Spectroscopy—We selected two IGF-II analogs with the most
pronounced impact on receptor binding [S39_PQJIGF-II (with
lowest IR-A and IGF-1R binding) and [N29,539_PQJIGF-II
(with decreased IR-A and enhanced IGF-1R binding) (Table 1
and Fig. 2) for NMR structural characterization to understand
the molecular basis of Pro-Gln and S29N modifications.

Undesirable dynamic and aggregation behavior of IGF-II
severely affects the quality of NMR spectra of this protein and
would prevent the accurate structural determination required
for a detailed comparison between these analogs. Previously, it
has been shown that upon binding to an engineered high affin-
ity Domain 11 (D11) of the IGF-2R the spectral properties of
IGF-IIimprove dramatically (65). The fact that the IGF-1I mod-
ifications reported here are distributed on the opposing face to
the D11 binding site allowed this system to be utilized for struc-
tural studies of the B- and C-domains. As expected, the binding
of either '>N- or >C/"”N-labeled IGF-1I analogs to unlabeled
D11 led to a significant line narrowing of the NMR signals as
illustrated in supplemental Fig. S7 despite the more than a
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& 2-fold increase in the total molecular mass of the system. First,
e we determined the structure of the D11-bound unmodified
g |g o) IGE-II that was utilized in the structural analysis of IGF-II ana-
é E”% logs. As expected, it is highly similar to the previously published
R - structure (65) with some regions being more resolved, espe-
E ;% == 8 %E’é cially around the sites modified in the analogs, reflecting the
5 %e gé hn awennann substantially higher number of experlmental restraints (1039
= " =SS A-omasmaz versus 764 unambiguous NOE restraints (supplemental Table
é g S1 and Ref. 65)). Next, we verified that binding to D11 did not
= |E £ significantly affect the IGF-II C-domain and C-terminal
:E ';;é portion of the B-domain by comparison of assigned 2D
s |5 TH-15N HSQC spectra of free and D11-bound [$39_PQJIGE-II
z 52 [N S (supplemental Fig. $8). Although significant chemical shift per-
‘g_ = E E § Y S’:ﬁ% turbations were observed over the A/don;lain and the ﬁr:lt 75‘?
E |9 wal #4h of the B-domain, the regions containing the mutations showe
é ;LE 283 25228888 very small or negligible chemical shift perturbations.
= Both analogs, [S39_PQJIGF-II and [N29,539_PQJIGF-II,
g g o« preserved their overall structural organization with thfe three
o E: highly conserved a-helices further stabilized by three disulfide
$E é% . bonds. As expected, the D11 binding interface on the IGF-1I
E Ak E ’ S bbyuug analogs was not perturbed by the modifications, and structural
513 E i o Th-- oo i o changes were restricted to the modification sites (Fig. 3). In
8 ;:‘E g 8822 E E é aE® both analogs, the C-domain insertion led to a significant change
< 2 R in the conformational space sampled by this region of the pro-
%g ] tein compared with unmodified IGF-II with the main differ-
Ep E% ences residing between residues 29 and 42. Detailed analysis
% &2 (Fig. 4) revealed that the insertion of Pro-Gln after Ser® led to
ﬁg §§ s s increased conformational freedom within the C-loops of both
é :‘c} EE & gggggggg% g’ analogs that generated a rea;rangement stabi;iz}(:d é)ydseveFal
sSEZ| ® SSSZZ23CZ53:2 new packing interactions in the remote part of the C-domain.
2 § :iE c:' I PAGAPIRA I In the native IGF-II sequence, Tyr*” points away from the
. é E 28| B 29SRIFEENS C-loop and forms hydrophobic contacts with Ala®!, whereas
S the C-loop is unrestrained by additional contacts to the othg;
H ErElE « parts of IGF-II (Fig. 44). By contrast, the aromatic ring of Tyr
£ = % e forms contacts to the methyl group of Ala®? in [S39_PQJIGF-II
15 ok '§ é 2 (Fig. 4B) and Arg® and Pro® in [N29,539_PQJIGF-II (Fig. 4.C)‘
% £ g 2 . hoOREYREYRE Arg®®is no longer u;lrestér:ﬂ(r_l;d g}l these an:zllc;‘gsda?éi 1inltlf;racts wltth
8458 aaf TRRLTRNE the aromatic ring of Tyr yr’” in unmodifie -II) via a cat-
g 5—5 ;: = SRFZcEID s ion- interaction. These new hydrophobic contacts lead to the
8-% %ﬁ formation of a better defined C-loop that bends around the bulky
g g g g 5y side chains of Tyr*” and Tyr®® of both C-domain-modified analogs
I ~§ &g P (Fig. 4, B and C). In comparison with unmodified IGF-1I, the
8 EL3E e . & extended C-domain in both analogs is spatially constrained and
?v g '§ Eé o f T f I é bent toward the triad of aromatic residues at the C termh?us of th.e
1 L S £ E R v e o
6 Shlh<| ZIs STozmzmg| ZsS888:S% ocated at the hinge of the semiflexible loop with n
g ig Q ;LE: §§ 3 EE iR 4 g i 4 E g é‘ contacts to neigl':gboring residues. The Pro-Gln extension in
= % £l {;'Q b Q Q RPN S < g s3 g = [S39_PQJIGF-II led to the repositioning of Ser*® in close proximity
E E"Z: 2| SS8 dss=nAR=s § ;g_ E, g g E i to Tyr*”, although therle are no observed NOE contacts between
£ E g = ;ié“g EEic Ser* protons and Tyr*” or surrounding residues. However, the
g 2% ER = 8| A_E X% 52 é hydroxyl proton from its side chain may be invol'ved in hydrogeg]}
2358 £ 9 2 5= @3? HEEEE bonds, e.g. with the backbone carboxyl groups either from Pro
Sy g § § __5% a\ 3 3Ic E ke E :’é- (<2.8 A in half of4t§1e struc‘EuFes), which is closer in the extended
8 ;i g ;‘5 Z 2 2 _5il0¢|: E E 3 _§ E E Zs loop, or from Arg (<2.8‘A in a quarter of the sFructljlres) at tl;((e)
g 3 ag £ %% 555 5 2 5\ 3 EEE EE E T;; opposi;tg .side of theloop (Figs. 4B and 5). The moc'ilﬁcatlon of Ser
R £ E ET %2‘;‘:’;&?‘; % E £E2¢ _%fj X toAsn*in [N29,539_PQ]IGF—IIled toaloss of this hydrogen bond
P S & SUzERHZZ|ErEEEE3EE and a subtle conformational rearrangement of the C-loop back-
REESE T e bone. Inaddition, the Asn*” side chain is pointing out of the C-loop
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FIGURE 2. Summary of receptor binding affinities. Shown is a bar plot representation of relative binding affinities (from Table 1) of native hormones and
IGF-Il analogs prepared in this work for human IR-A (A), IGF-1R (B), and IR-B (C). Error bars represent S.D.

v
L A y
FIGURE 3. Solution structures of [S39_PQIIGF-Il (orange) and [N29,539_PQI]IGF-II (purple) compared with non-modified IGF-Il (gray). A and B show

representative structures of the Domain 11-bound IGF-Il analogs, and C and D show sets of 20 converged structures bound to D11 (white). The insertion of
Pro-GIn in the C-domain after position 39 led to a significant structural rearrangement of the semiflexible loop.

VY -

and is fully solvent-exposed with NOE contacts between the NH,
group from the Asn®® side chain and H®? from Phe®®, perhaps
further stabilizing the cluster of contacts between the C-domain
and aromatic triad that in turn might stabilize the additional inter-
actions seen between Tyr*” and Arg®’/Pro®' (Fig. 4C) that were
not observed for the [S39_PQJIGF-II analog.

Discussion

IGF-II is capable of binding to both IR-A and IGF-1R with
single digit nanomolar affinity (K, ~ 3 nm; Table 1) and to IR-B

21238 JOURNAL OF BIOLOGICAL CHEMISTRY

‘-4“} v 3 \

with lower affinity (~40 nm; Table 1). Although the binding
affinities of the “parent” ligands, insulin and IGF-I, toward their
cognate receptors are in the subnanomolar range (Table 1),
IGF-II can still effectively signal through both IR-A and IGF-1R
receptors or their hybrid forms in vivo (66, 67), which may
trigger unfavorable biological responses. The knowledge about
structural elements within these hormones responsible for dif-
ferential binding specificity to each receptor could open a new
path to the development of receptor-selective IGF and insulin
analogs with potential medical applications. The analogs pre-
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FIGURE 4. Structural impact of the IGF-Il modifications. Non-modified IGF-Il (A; gray) is compared with [S39_PQIIGF-II (B; orange) and [N29,539_PQ]IGF-II (C;
purple), revealing different spatial orientation of highlighted residues. In particular, the rearrangement of the C-domain is driven by repositioning of Ala*?
toward Tyr?” and Arg*° toward Tyr®" (Tyr*® in non-modified IGF-Il) supported by additional contacts within this area.

pared and structurally characterized in this work were designed
to investigate the effects of introducing unique IGF-I motifs (i.e.
Asn?®, Gly*°-Ser®!, and Pro®*-GIn®¢; Fig. 1) to IGF-1I on recep-
tor binding behavior. We hypothesized that such modifications
may negatively affect the hormone’s binding potency toward
IR-A while enhancing the binding affinity for IGF-1R. More-
over, there are no reported analogs with the mutation of Ser*”
in IGF-II, and there are only a few studies regarding alterations
in the C-domain (57, 59).

The development of an efficient protocol for IGF-II produc-
tion was a key step in being able to reliably prepare the IGF-II
analogs. The total chemical synthesis of IGF-II is extremely

~SASBMB
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difficult and time-consuming due to the length and unfavorable
composition of the IGF-II sequence (68). The most frequently
used recombinant approach, analogous to the production of
IGF-I (69, 70), is based on preparation of a fusion comprising
porcine growth hormone N-terminal residues 1-11 (plus
N-terminal Met), a subtilisin-specific cleavage sequence (Val-
Asn-Phe-Ala-His-Tyr 1), and human IGF-II (71). However,
specifically mutated subtilisin (H64A) used for the procedure is
no longer commercially available. We therefore chose an alter-
native approach that includes an “on-column” refolding step of
denatured IGF-II in a fusion with His,-tagged GB1 protein (63,
64). Subsequent cleavage of the fusion protein in a redox envi-
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FIGURE 5. The formation of stabilizing hydrogen bond in [S39_PQJIGF-II. The hydroxyl proton from the Ser®® side chain is stabilizing the C-loop via a

hydrogen bond to the backbone carboxyl groups either from Pro®' or Arg*?.

ronment and RP-HPLC purification yields IGF-II with only a
single additional glycine residue at the N terminus. This
improves on the recently reported recombinant method that
leaves three surplus N-terminal amino acids (glycine, alanine,
and methionine) (65, 72) and therefore reduces uncertainty in
interpreting structure and function of this protein in biological
assays.

The binding affinities of recombinantly produced IGF-II
toward IR-A, IR-B, and IGF-1R correlate with the values
obtained for commercial IGF-II (Table 1 and Fig. 2). These
comparable binding characteristics confirmed the correct
disulfide pairing as misfolded IGFs do not bind to IGF-1R or
IR-A with a measurable affinity (27, 73, 74). This method there-
fore leads to a rapid and cost-effective preparation of authentic
IGF-II, providing us and others with an essential tool for study-
ing IGF-II-related structure and function.

Our initial goal to reduce IR-A affinity of IGF-II was success-
ful as all six IGF-II analogs showed reduced IR-A binding (Table
1) with four of these showing low affinity similar to IGF-1. The
most significant was [S39_PQJIGF-II with an ~7-8-fold
reduction in affinity compared with IGF-II. Interestingly, this
reduction was greater than the effect of swapping the entire
IGF-II C-domain for IGF-I C-domain (3.7-fold) (57). Our data
and data of others (57, 59) suggest that there are two main
factors affecting the binding potency of IGF-II to IR-A. First, a
longer C-domain may introduce structural restrictions during
binding to the insulin receptor. This is in agreement with the
finding that IGF-I analogs with a shorter C-domain exhibit
enhanced binding affinity to IR-A (75). The second factor
relates to specific C-domain amino acids (e.g. Pro® in IGF-I),
which may affect the structure of the C-domain main chain and
therefore binding to IR-A.

Although we only tested a single analog for binding to IR-B,
the 2-fold reduction in binding observed for [N29]IGF-II sug-
gests a similar sensitivity to changes in the C-domain (Table 1).
Hence, we have not further pursued testing IR-B affinities of
analogs and we focused on binding to IGF-1R.

The combination of the Pro-Gln insertion with S29N muta-
tionin [N29,539_PQJIGF-II (Table 1 and Fig. 2) led to an analog
exhibiting higher binding affinity to IGF-1R compared with
native IGF-II. Our data suggest that the IGF-II specificity
toward IGF-1R is determined by the amino acid composition of
the C-domain rather than its length as demonstrated by the
relatively lower binding affinity of the [R34_GS,S39_PQJIGEF-II
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analog. The selected mutations do not completely recover IGF-
I-like binding to IGF-1R and cannot counterbalance the
absence of other important IGF-I determinants (e.g. IGF-I
Tyr®' (76-78)). Nonetheless, the almost doubling in IGF-1R
binding affinity of [N29,539_PQ]IGF-II analog together with its
markedly lowered affinity for IR-A resulted in almost 10-fold
enhanced IGF-1R/IR-A binding specificity in comparison with
IGF-IL

The comparison of D11l-bound structures of IGF-II,
[S39_PQJIGF-II and [N29,539_PQ]IGF-II, revealed that both
analogs differ from IGF-II in the orientation and structuring of
their C-loops (Figs. 3 and 4). The significant and similar dis-
placement of the C-loops in both [S39 PQJIGF-II and
[N29,839_PQJIGEF-II together with their more open C-loop
conformations can be attributed to the effect of their PQ
inserts. Moreover, the C-loop loops back to generate a turn
stabilized by contacts between Tyr*” and Ala®* and a hydrogen
bond between Ser*® and Pro®' or Arg® in [$39_PQJIGF-II
(Figs. 4B and 5). The absence of this hydrogen bond due to the
S29N mutation in [N29,539_PQ]IGF-II might be compensated
for by Pro®' packing against Tyr*” (Fig. 4C). A comparable
decrease in IR-A binding affinities of [S39_PQJIGEF-1I and
[N29,539_PQ]IGF-II in comparison with IGF-II indicates it is
caused mainly by their similarly altered C-loop structures
rather than S29N mutation, which is well tolerated by IR-A.

In the crystal structure of human IGF-I (Protein Data Bank
code 1GZR) (29), the Asn*® side chain is solvent-exposed at the
interface of the B- and C-domains with the Asn*® presenting
a potential polar hot spot. An equivalent Asn®® in
[N29,S39_PQJIGF-1I is in a similar position but is less exposed
due to a partial overlap by the rearranged C-loop (Fig. 6A).
Asn” is at the C terminus of the IGF-I B-domain, which is
structurally altered upon binding to IGF-1R or IR (54) (Fig. 6,
IGF-I receptor-bound structures in cyan). Analogous structural
events are observed upon insulin binding to IR (50, 53), and it
can be expected that receptor-driven activation of IGF-II is
similar. In the Menting et al. (54) structure (Protein Data Bank
code 4XSS), Asn>® is the last IGF-I B-domain residue resolved
in the complex with the hybrid IGF-IR/IR where it has been
captured in the binding site formed from the IGF-IR a-CT and
IR L1 domains (Fig. 6B). However, the structure of the complex
did not reveal any specific contacts between IGF-I Asn*® and IR
L1 domain or IGF-IR «o-CT. However, it cannot be ruled
out that Ser” within the IGF-II molecule (or Asn® in
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a-CT peptide

L1 domain

FIGURE 6. A superposition of free or hybrid IR/IGF-1R fragment-bound forms of IGF-1 with [N29,539_PQ]IGF-II. A, an overlay of the backbone of
free human IGF-I (Protein Data Bank code 1GZR; in blue) with [N29,539_PQIIGF-Il (in purple) and IGF-I from a complex with the L1 domain from IR and
IGF-1R -CT peptide (Protein Data Bank code 4XSS; in cyan). The positions of Asn?® in IGF-1 and Asn?® in IGF-ll side chains are highlighted. B, the crystal
structure (Protein Data Bank code 4XSS) of IGF-I (in cyan) in a complex with IR L1 domain (in white) and IGF-1R «-CT peptide (in green) overlaid with

[N29,539_PQJIGF-Il in purple.

[N29,539_PQJIGF-II) may be involved in direct contacts to
IGF-1R, and this hypothesis could be supported by a positive
effect of S29N mutation on IGF-1R binding affinity of
[N29,539_PQ]IGF-II Hence, Ser” may represent an important
site for engineering of the IGF-1R binding specificity in IGF-II
analogs.

Concluding Remarks

We have developed a straightforward protocol for the pro-
duction of recombinant IGF-II with an additional glycine at the
N terminus. We prepared six IGF-II analogs with IGF-I-like
mutations. All these mutants have markedly reduced affinity
for IR-A, especially those analogs with Pro-Gln insertions in the
C-domain. Moreover, one of the analogs, [N29,539_PQJIGF-II,
shows the enhanced binding affinity for IGF-1R in comparison
with IGF-1I due to the synergistic effect of Pro-Gln insertion
and S29N point mutation. Consequently, this analog has almost
10-fold enhanced IGF-1R/IR-A binding selectivity in compari-
son with IGF-IL Structural characterization of selected analogs
revealed that the conformational rearrangement of the C-loop
induced by insertion of two residues from IGF-I is manifested in
the reduced affinity for IR-A. A combination of the effect of this
insertion with an additional IGF-I like substitution, S29N,
driving the additional subtle rearrangement of the C-loop
forms a structural basis for the increased binding affinity of
[N29,539_PQJIGF-II for IGF-1R. To our knowledge, the
research reported here is a unique example of the determina-
tion of 3D structures of IGF-II analogs with modifications that
have an impact on receptor binding affinities. Identification of
structural determinants in IGFs and insulin that are responsible
for specific binding to their cognate receptors is important for
designing new, more specific hormone analogs with potential
therapeutic applications.

Experimental Procedures

Recombinant Expression of IGF-Il Analogs

The human IGF-II sequence was cloned into a modified
pRSFDuet-1 expression vector fused with an N-terminal His,
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tag, GB1 protein, and TEV protease cleavage site (Glu-Asn-
Leu-Tyr-Phe-Gln | Gly). An additional N-terminal Gly (—1)
was incorporated to facilitate TEV cleavage. Mutation S29N,
Gly-Ser insertion following Arg*®, Pro-Gln insertion following
Ser®, and a combination of both insertions were obtained by
site-directed mutagenesis (QuikChange kit, Agilent Technolo-
gies) performed with appropriate mutagenic primers of the
IGF-II sequence subcloned into the pBluescript vector. After
sequence verification, the mutant fragments were reintroduced
into the full-length IGF-II in the expression vector. Constructs
were transformed into E. coli BL21(ADE3) and cultivated using
LB medium or minimal medium containing [**N]ammonium
sulfate and p-["*C]glucose. The bacterial culture was grown at
37 °C to an optical density (550 nm) of ~1, induced with 1 mm
isopropyl B-p-1-thiogalactopyranoside, and further cultured
for 45 h. Cells were harvested by centrifugation for 20 min at
4,000 X g, and cell pellets were stored at —20 °C prior to further
processing.

Isolation of Inclusion Bodies

Cells pellets were resuspended in lysis buffer (50 mm Tris-
HCI, pH 8.0, 50 mm NaCl, 5 mm EDTA, 50 um PMSF) using 10
ml of buffer/1 g of biomass and homogenized by three passes
through an Avestin EmulsiFlex-C3® apparatus at 4 °C and
homogenization pressure of 1,200 megapascals. Inclusion bod-
ies from the cell lysate were obtained by centrifugation at
20,000 X g at 4 °C for 20 min and further washed as a suspen-
sion in a wash buffer (50 mm Tris-HCI, pH 8.0, 50 mm NaCl, 5
mm EDTA) with 0.1% (v/v) Triton X-100, sonicated in an ice
bath, and centrifuged (20,000 X g, 4°C, 20 min). The wash
procedure was repeated in the absence of 0.1% (v/v) Triton
X-100, and wet paste consisting of inclusion bodies was stored
at —20°C.

Purification of IGF-Il and Analogs

The inclusion bodies were resuspended in a minimum vol-
ume (2 ml/g of wet paste) of 50 mm Tris-HCI, pH 8.0 buffer with
300 mm NaCl and sufficient B-mercaptoethanol to yield a final
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concentration of 0.02% (v/v) after the following dilution step.
The suspension was gently diluted into 50 mm Tris-HCl, pH 8.0
buffer with 300 mm NaCl and 8 M urea to a final concentration
of ~1 g (wet weight of inclusion bodies)/50 ml and incubated
for 2-3 h at room temperature with moderate stirring. The
solution of the denatured fusion protein was then loaded onto
an equilibrated HisTrap HP (5 ml) column connected to an
AKTA FPLC® system (GE Healthcare), and after washing with
50 mm Tris-HCI, pH 8.0 buffer with 300 mm NaCl, the retained
protein was eluted using a 0 =500 mm imidazole gradient in 50
mum Tris-HCI, pH 8.0 buffer with 300 mm NaCl within 10 col-
umn volumes. The presence of the fusion protein in collected
fractions was verified by SDS-PAGE and anti-His, Western
blotting, and the pooled fractions were dialyzed at 6 °C against
50 mm Tris-HCl, pH 8.0, 300 mm NaCl. The fusion partner was
subsequently cleaved by an overnight TEV digestion in the
presence of reduced and oxidized glutathione (1.5 mm GSH and
0.15 mm GSSG) at room temperature. Cleaved IGF-II was sep-
arated from the fusion protein by a gravity flow nickel chelating
chromatography (HIS-Select Nickel Affinity Gel, Sigma-Al-
drich) and further desalted on a Chromabond C, column
(Macherey-Nagel) using 80% CH,CN (v/v) with 0.1% TFA (v/v)
for elution. The collected protein fraction was lyophilized;
resuspended in 7% (v/v) acetic acid, 27% (v/v) CH4CN, 0.03%
TEA (v/v); and purified on a semipreparative RP-HPLC column
(Vydac 214TP510-C4, 250 X 10 mm) using a CH,CN/H,O gradi-
ent supplemented with 0.1% TFA (v/v). The separated fractions
were lyophilized, the purity of products was analyzed by analytical
RP-HPLC, and the identity of the products was verified by high
resolution electrospray ionization mass spectrometry (LTQ
Orbitrap XL, Thermo Fisher Scientific, Waltham, MA).

NMR Spectroscopy

All NMR data for free IGF-II and analogs were acquired at
25 °C using 600- and 850-MHz Bruker Avance II spectrome-
ters, both of which were equipped with 'H/"*C/'°N cryoprobes.
To confirm the correct fold of IGF-1I analogs, 1D 'H spectra
(unlabeled samples) and 2D 'H-'*N HSQC spectra were
acquired. The NMR spectra were collected using 350-ul sam-
ples of protein (75-380 um) dissolved in 50 mm d,-acetic acid
(pH 3.0), 5% D,O (v/v), 0.01% (w/v) NaN,. Data for IGF-II and
analogs bound to a high affinity Domain 11 variant of IGF-2R
(D11) (65, 72) were acquired from 350-ul samples of 200 —400
uMIGE-II'D11 complex in acetate buffer (20 mm d,-acetic acid,
pH 4.2, 5% D,O (v/v), 0.01% (w/v) NaN,) at 35 °C.

To determine the structure of either free or bound IGF-IIs, a
series of double and triple resonance spectra (79, 80) were
recorded on *C/'N uniformly labeled IGF-1I or analogs to
determine essentially complete sequence-specific resonance
backbone and side chain assignments. Constraints for "H-'H
distances were derived from 3D '°N-'"H NOESY-HSQC and
3C-"H NOESY-HMQC, which were acquired using an NOE
mixing time of 100 ms.

The family of converged structures was initially calculated
using Cyana 2.1 (81). The combined automated NOE assign-
ment and structure determination protocol was used to auto-
matically assign the NOE cross-peaks identified in NOESY
spectra and to produce preliminary structures. In addition,
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backbone torsion angle constraints, generated from assigned
chemical shifts using the program TALOS+ (82), were
included in the calculations. Subsequently, five cycles of simu-
lated annealing combined with redundant dihedral angle con-
straints were used to produce sets of converged structures with
no significant restraint violations (distance and van der Waals
violations <0.2 A and dihedral angle constraint violation <5°),
which were further refined in explicit solvent using YASARA
software with the YASARA force field (83). The structures with
the lowest total energy were selected. Analysis of the family of
structures obtained was carried out using the Protein Structure
Validation Software suite (Northeast Structural Genomics con-
sortium) and MOLMOL (84). The statistics for the resulting
structures are summarized in supplemental Table S1.

Circular Dichroism

CD spectra were measured in a quartz cuvette with an optical
path length of 0.5 mm (Starna Cells) using a J-815 spectropola-
rimeter (Jasco, Japan) at room temperature. The far- and
near-UV CD spectra were used to identify changes in protein
secondary and tertiary structures. The spectral regions were
200-300 nm. The final spectra were obtained as an average of
five accumulations. The spectra were corrected for the baseline
by subtracting the spectra of the corresponding polypeptide-
free solution. Analogs or IGF-II was dissolved and measured in
5% aqueous acetic acid (0.33 mg/ml; 45 um).

Receptor Binding Studies

Commercial human insulin and IGF-II were provided by
Sigma-Aldrich, and human IGF-I was provided by Tercica.

Human IM-9 Lymphocytes (Human IR-A Isoform)

Receptor binding studies with the insulin receptor in mem-
branes of human IM-9 lymphocytes (containing only human
IR-A isoform) were carried out, and K, values were determined
according to the procedure described recently (85). Binding
data were analyzed by Excel algorithms especially developed for
the IM-9 cell system in the laboratory of Prof. Pierre De Meyts
(developed by A. V. Groth and R. M. Shymko, Hagedorn
Research Institute, Denmark; a kind gift of P. De Meyts) using a
method of non-linear regression and a one-site fitting program
and taking into account potential depletion of free ligand. Each
binding curve was determined in duplicate, and the final disso-
ciation constant (K,) of an analog was calculated from at least
three (# = 3) independently determined binding curves. The
dissociation constant of human "**I-insulin was set to 0.3 nm.

Mouse Embryonic Fibroblasts

Human IR-B Isoform—Receptor binding studies with the
insulin receptor in membranes of mouse embryonic fibroblasts
derived from IGF-I receptor knock-out mice that solely
expressed the human IR-B isoform were performed as described
in detail previously (86, 87). Binding data were analyzed, and
the dissociation constant (K,;) was determined with GraphPad
Prism 5 software using a method of non-linear regression and a
one-site fitting program and taking into account potential
depletion of free ligand. K, values of analogs were determined
and calculated by the same procedure as for IR-A.
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Human IGF-1R—Receptor binding studies with the IGF-I
receptor in membranes of mouse embryonic fibroblasts derived
from IGF-1R knock-out mice and transfected with human
IGF-1R were performed as described previously (86, 87). Bind-
ing data were analyzed, and the dissociation constants were
determined and calculated by the same method as for IR-B. The
dissociation constant of human '**’I-IGF-I was set to 0.2 nm.
Mouse embryonic fibroblasts expressing human IR-B or
IGF-1R were a kind gift from Prof. Antonino Belfiore (Univer-
sity of Magna Grecia, Catanzaro, Italy) and Prof. Renato
Baserga (Thomas Jefferson University, Philadelphia, PA). Here
we should note that the use of bovine serum albumin (e.g
Sigma-Aldrich A6003) void of “IGF-binding-like” proteins,
which interfere with these binding assays, is essential for the
preparation of the binding buffer (88).
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Figure S1. Purification procedure for IGF-II analogs. A. The elution profile from purification
of denatured IGF-II in fusion with GB1 protein by IMAC. The material eluted in two major
fractions (1-2 and 4-5) at two different imidazole concentrations. SDS-PAGE analysis of collected
fractions (1-5) under reducing (B) and non-reducing (C) conditions revealing the presence of two
monomeric isoforms (folded and misfolded) eluting at lower concentration of imidazole (150 mM)
and multimeric aggregates eluting at higher imidazole concentration (400 mM). M, molecular
weight standard; L, sample load; FT, flow through; W1 and W2, wash; 1-5, eluted fractions. Panel
D shows reducing SDS-PAGE of the fusion partner cleavage by TEV protease. Al, monomeric
fractions before TEV addition; A2, monomeric fractions after 24hrs of TEV digestion; BI,
multimeric fraction before TEV addition; B2, multimeric fractions after 24hrs of TEV digestion;
M, molecular weight standards. Panel E shows reducing SDS-PAGE of cleaved sample after nickel
chelating chromatography. The cleaved IGF-II is present in FT and W fraction. L, sample load, FT,
flow through; W, wash; E, elution; M, molecular weight standard. Panel F shows the final RP-
HPLC purification of IGF-II separating forms with differently linked disulfide bonds.
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Figure S2. 'H NMR spectra of IGF-II analogues. (A) IGF-II, (B) misfolded IGF-II, (C) [N29]-
IGF-II, (D) [R34_GS]-IGF-II, (E) [S39 PQ]-IGF-IL, (F) [R34_GS,S39 PQJ-IGF-II, (G) [N29,
S39 PQ]J-IGF-II, (H) [N29, R34 GS, S39 PQJ-IGF-II. The difference between correctly folded
(A) and misfolded (B) IGF-II spectra was used for verification of correct protein folding of the
IGF-II analogs (C-H). In particular, the presence of dispersed aromatic proton signals at 6.5 ppm
and upfield shifted methyl signals between 0.5 and -0.2 ppm could be utilized to fingerprint

correctly folded IGF-I1.
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Figure S8. The C-domain of IGF-II is not affected by D11 binding.

(A) An overlay of "H/ N'HSQC spectra obtained for the free (red) and D11-bound [S39 PQ]J-IGF-
11 (black). (B) Values of combined chemical shift changes calculated from the changes of backbone
amide signal positions. The major differences upon binding to D11 are distributed across the D11
binding interface, while the signals of the C-domain backbone amides bearing the modifications
remain relatively unaffected by the D11 binding.
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Table S1. NMR restraints and structural statistics

[N29, §39_PQJ-

IGF-II [S39_PQJ-IGF-1I IGF-IT
Non-redundant distance and angle
constrains
Total number of NOE constraints 1039 1116 1395
Short-range NOEs
Intra-residue (i = j) 301 315 341
Sequential (Ji-j|=1) 321 356 406
Medium-range NOEs (1 <|i-j|<5) 160 185 281
Long-range NOEs (|i-j|>5) 254 257 364
Torsion angles 46 46 46
Hydrogen bond restrains - - -
Total number of restricting constraints 1085 1162 1441
Residual constraint violations
Distance violations per structure
0.1-02A 5.05 5.85 9
02-05A 2.15 23 2.6
>035A 0 0 0
E.Qn]}l:t_r:;(thstance violation per 0.02 A 0.02 A 0.02 A
Maximum distance violation 0.45 A 0.48 A 048 A
Dihedral angle violations per structure
1-10° 13 12 1.7
>10° 0 0 0
;gl:lsgr:ifihedral violations per 0.68 ° 0.71° 075 °
Maximum dihedral angle violation 5.00° 5.00 ° 5.00°
Ramachandran plot summary from
Procheck
Most favoured regions 94.8% 92.2% 85.9%
Additionally allowed regions 5.2% 7.8% 13.8%
Generously allowed regions 0.0% 0.0% 0.1%
Disallowed regions 0.0% 0.0% 0.1%
r.m.s.d. to the mean structure ordered' all ordered’ all ordered! all
All backbone atoms 04 A 29A 1.1A 22A 1.0A 1.9A
All heavy atoms 1.0A 3.6 A 1.7A 29A 1.4 A 25A

! Residues with sum of phi and psi order parameters > 1.8
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7.4 Converting Insulin-like Growth Factors 1 and 2 into High-Affinity Ligands for
Insulin Receptor Isoform A by the Introduction of an Evolutionarily Divergent

Mutation

Background:

IGF-1 and IGF-2 are protein hormones involved in normal growth and development,
but also in abnormal growth like cancer. They exert their activities by binding to different,
but highly homologous (ca. 75 %) receptors: IGF-1R, IR-A and IR-B. A high degree of
homology of these receptors results in a significant cross-binding of both IGFs, and also
insulin, to IR-A and IGF-1R. IGFs mainly bind to the IGF-1R receptor. However, their
binding to the isoform A of insulin receptor (IR-A) probably have an important role in the
organism too, especially in the case of IGF-2. Both IGF-1 and IGF-2 were shown to be
involved in tumorigenesis by binding to IGF-1R and IGF-2 by binding to IR-A as well. The
clinical trials with IGF-1R tyrosine kinase inhibitors or specific anti IGF-1R of anti IGF-1
antibodies have not fulfilled expectations (see above). Hence, development of IGF-1R or IR-
A antagonists would be of great clinical interest with important clinical applications.
Whittaker et al showed that mutations of A4 and A8 sites in human insulin caused a
disproportionate effect on hormone IR binding and activation, i.e. partial antagonism [262].
In this study, we were interested if the mutation of respective residues in IGF-1 and IGF-2

can elicit similar effects as in the case of insulin.

Summary:

Here, we prepared recombinant IGF-1 analogues specifically mutated at sites 45, 46
and 49 and IGF-2 analogues at sites 45 and 48, which correspond, or are close, to insulin A4
and A8 sites. Afterwards, we tested the analogues and for their binding and activation of
IGF-1R and IR-A binding and their receptor autophosphorylation potencies.

All new analogues retained the main IGF-1R-related properties of native IGF-1 or
IGF-2, but the molecules with His49 in IGF-1, and His48 in IGF-2, showed significantly
higher affinities for the insulin receptor (for both IR-A and IR-B isoforms) and they are the
strongest 1GFs-like binders of these receptors ever reported. All hormones activated
receptors without major discrepancies with their binding affinities. This study revealed that
IR-A and IGF-1R contain specific sites, likely parts of their so-called sites 2’, which can

interact differently with specifically modified IGF analogues. These findings may facilitate
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novel and rational engineering of new hormone analogues for IR-A and IGF-1R studies and

for potential medical applications.

My contribution:

I customized the recombinant production protocol of IGF-2 for the production of IGF-1
analogues and | prepared all the IGF-1 analogues in the paper and participated in the
measurement of their bindings and signalling properties. 1 also contributed to the preparation

of the manuscript.
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ABSTRACT: Insulin-like growth factors 1 and 2 (IGF-1 and -2, respectively) are protein Receptor
hormones involved not only in normal growth and development but also in life span Binding
regulation and cancer. They exert their functions mainly through the IGF-1R or by  IGF-1/IGF-2 \ /& Fi
binding to isoform A of the insulin receptor (IR-A). The development of IGF-1 and IGF-2 : v oCT
antagonists is of great clinical interest. Mutations of A4 and A8 sites of human insulin lead
to disproportionate eftects on hormone IR binding and activation. Here, we systematically
modified IGF-1 sites 45, 46, and 49 and IGF-2 sites 45 and 48, which correspond, or are Hg:‘m:a !
close, to insulin sites A4 and A8. The IGF-1R and IR-A binding and autophosphorylation Binding
potencies of these analogues were characterized. They retained the main IGF-1R-related
properties, but the hormones with His49 in IGF-1 and His48 in IGF-2 showed
significantly higher affinities for IR-A and for IR-B, being the strongest IGF-1- and IGF-2-like binders of these receptors ever
reported. All analogues activated IR-A and IGF-1R without major discrepancies in their binding affinities. This study revealed
that IR-A and IGF-1R contain specific sites, likely parts of their so-called sites 2’, which can interact differently with specifically
modified IGF analogues. Moreover, a clear importance of IGF-2 site 44 for effective hormone folding was also observed. These
findings may facilitate novel and rational engineering of new hormone analogues for IR-A and IGF-1R studies and for potential
medical applications.

wo insulin-like growth factors, IGF-1 and IGF-2, together main “metabolic” receptor for insulin.’"!% A high degree of
with insulin, are members of a family of small protein homology of these receptors results in a significant cross-
hormones that share common evolutionary origins,'~* havin, binding of insulin and both IGFs to IR-A and IGF-1R," and
similar primary (Figure 1) and three-dimensional structures.’ hence some overlapping biological responses to binding of
They regulate a wide spectrum of key physiological events, with these 1igands_2°'ll
insulin being responsible mainly for broad, metabolic control,® The binding of insulin and IGFs to these receptors triggers
while IGF-1 and IGF-2 are growth factors involved primarily in two major signaling pathways that are initiated by the

the development and growth of mammals.” The role of IGF-1
is relatively well studied,”™ but physiological functions of IGF-
2 are much less understood,'” despite emerging evidence of its
impact on the central nervous system.'"'"”

IGF-1, IGF-2, and insulin exert their activities by binding to
different but highly homologous (~75%), ~450 kDa (af),
dimeric tyrosine-kinase receptors: IGF-1 receptor (IGF-1R)
and insulin receptor (IR)."*~'* IR exists in two isoforms, IR-A,
and IR-B, with distinct biochemical properties'®” and a
specific tissue distribution. IR-B is a predominant IR form in
liver, while muscle and adipose tissues contain both isoforms at

autophosphorylation of tyrosines within their intracellular
tyrosine kinase domains.”” The phosphoinositide 3-kinase
(PI3K)/Akt pathway leads to the metabolic, glycemic responses
and effects of the hormone:receptor complex, but it is also
important for growth and protein synthesis.”> The Ras/ERK
main pathway involves activation of the Ras/Raf/MAPK/
ERK1/2 cascade, which mediates proliferative effects through
gene transcription regulation.”’ Whereas insulin signals mainly
via both IR isoforms,”* IGF-1 and IGF-2 promote mitogenic

different ratios. IR-A is predominant in brain, fetus, and Received: December 15, 2017
lymphatic tissues and is considered mainly as a “mitogenic” Revised: ~ March 29, 2018
form of the IR, in contrast to IR-B that is considered as the Published: April 2, 2018
ACS Publications  © 2018 American Chemical Society 2373 DOI: 10.1021/acs biochem.7b01260
W Biochemistry 2018, 57, 2373—2382
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Figure 1. Comparison of the primary sequences of human IGF-1, IGF-2, and insulin. The organization of IGF-1 and IGF-2 into B, C, A, and D
domains is shown below the sequences. Insulin A and B chains correspond to IGF A and B domains, respectively. The homologous regions are
highlighted in gray, and the residues mutated in this study are highlighted in yellow.

Figure 2. Receptor-bound structures of human insulin and human IGE-1 overlaid with human IGE-2. (A) Complex (40GA)** of human insulin
sitting on the IR-L1 domain and IR @-CT peptide. Insulin is colored cyan, the L1 domain light gray, and a-CT pink. Side chains of insulin residues
GluA4, GInAS, ThrA8, and a-CT Asp707 are shown and labeled. (B) Complex (4XSS)*” of human IGF-1 (violet) bound to the IR-L1 domain (light
gray) and the IGF-1R a-CT peptide (orange). Side chains of IGF-1 residues Asp4S, Glu46, and Phe49 mutated in this study and a-CT Asn694 are
shown and labeled. The complex is overlaid with the NMR structure of human IGF-2 (SL3L),* which is colored light green. Mutated IGF-2 residues
Glu44, Glu45, and Phe48 and a-CT Asp694 are also shown and labeled.

signaling through IGF-1R, and, importantly, similar mitogenic
stimulation may result from binding of IGF-2 to IR-A.”> The
complexity of insulin/IGF signaling is amplified further by the
heterodimerization of IGF-1R and IR-A, and the presence of
hybrid receptors that can be effectively activated by IGF-1, but
not by insulin.”**” Mareover, the bioavailability of free IGF-1
and IGF-2 for receptor signaling is modulated by a family of
high-affinity IGF binding proteins 1—-6 (IGFBP 1-6,
respectively),”*”” and the circulation level of IGF-2 is also
affected by a structurally distinct, and presumably nonsignaling,
insulin-like growth factor type 2 receptor (IGF-2R), also known
as the mannose 6-phosphate receptor.** The equilibrium of all
individual components and the appropriate function of the
entire insulin/IGF system are essential for a proper functioning
of the organism.”’

In recent years, the role of the IGF/insulin system in cancer
development and growth has been widely studied.'*"**
Substantial efforts have been focused on the development of
new anti-IGF-1R-directed therapies, mostly tyrosine-kinase
(TK) inhibitors and antireceptor antibodies.>> However, the
results of clinical trials were not satisfactory,” because of either
the toxicity of the TK-targeting drugs or an increasing overlap
and takeover of IGF-1R signaling pathways by the IR. The lack
of progress in addressing one of the key hallmarks of cancer
underlines the need for new anticancer therapies that would

2374

exploit alternative, and specific, targets of the insulin/IGF axis.
Here, a high-affinity/no-efficacy IGF-based IGF-1 analogue, i.e,,
selective antagonist of the IGF-1R, should represent a
promising new strategy for combating IGF-1R-related malig-
nancies.

To date, no IGF-like peptide antagonists of the IGF-1R have
been identified. However, peptides with good IR/IGF-1R
binding and antagonistic properties toward these receptors
were discovered by a phage-display technique.*>*® Whittaker et
al.” showed that a combination of GluA4His and ThrA8His
mutations of human insulin results in insulin analogues with
native IR binding affinity but poor efficacy, an impaired ability
to stimulate autophosphorylation of IR, and downstream Akt
activation. They also proposed that surfaces involving insulin
GluA4 and IR Asp707 could be behind the mechanism of
receptor activation.

Interestingly, insulin acidic GluA4 is preserved by its
equivalent Asp4S and Glu44 in IGF-1 and IGF-2, respectively
(Figure 1). However, insulin-neutral Gln AS is replaced by
Glu46, and Glu4S in corresponding sites of IGF-1 and IGF-2.
In addition, Asp707 of IR a-CT is replaced by a neutral Asn694
in the IGF-1R a-CT segment (Figure 2).

These correlations and trends between positions A4 and AS
in insulin and their IGFs equivalent 45 and 46 (in IGF-1) and
44 and 5§ (in IGF-2) sites prompted us to study (i) the impact

DOI: 10.1021/acs biechem.7b01260
Biochemistry 2018, 57, 2373-2382
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of the mutations of these residues on receptor affinities and
potencies of these hormones, and (i) whether such mutations
can generate significant IGF-1R-specific antagonists, with
potential anticancer clinical applications. A series of 14 IGF-1
and IGF-2 analogues mutated at these sites have been designed
and made, and their binding to IGF-1R and IR-A and abilities
to activate the receptors were characterized. Some of these
mutations were also combined with the Phe49His mutation in
IGF-1 and the Phe48His mutation in IGF-2, as it has been
shown that insulin-corresponding mutation ThrA8His signifi-
cantly increased the IR-A binding potency of this ana-
logue. 41—

Despite the results for the analogues studied here not
showing any antagonism, they revealed interesting properties of
new IGF-1 and IGF-2 mutants that can interact differently with
receptors for insulin and IGF-1. This could indicate new
directions for a rational engineering of these hormones.

B MATERIALS AND METHODS

Cloning and Production of IGF-1 and IGF-2 Ana-
logues. As in our previously published research,** both human
IGF-1 (UniprotKB entry P05019 amino acids 49—118) and
human IGF-2 (UniprotKB entry P01344 amino acids 25—91)
have been cloned into a modified pRSFDuet-1 expression
vector (kindly provided by E. Boufa from the Institute of
Organic Chemistry and Biochemistry in Prague) as a fusion
with an N-terminally His6-tagged GBI protein and TEV
protease cleavage site. An additional N-terminal glycine residue
(Gly—1) was incorporated into IGF-1 to enable cleavage by
TEV protease (Glu-Asn-Leu-Tyr-Phe-Gln]Gly). In contrast to
our previous study,™ the TEV protease cleavage site for the
IGF-2 expression construct was modified to Glu-Asn-Leu-Tyr-
Phe-GInl|Ala, cleavage (}) of which resulted in a native
hormone with an N-terminal alanine. [D45H], [D45N],
[D45A], [E46H], [E46Q], and [E46A] mutations in IGF-1
analogues were obtained by the standard site-directed muta-
genesis protocol (SDM)'17 using appropriate mutagenic primers
(listed in Table S1). After sequence verification, the mutant
fragments were reintroduced into the expression vector.
Additional [D4SN+E46Q], [F49H], [E46H+F49H], [E46Q
+F49H], and [D45N+E46Q+F49H] mutations in IGEF-1
analogues and in all cloned IGF-2 analogues were introduced
either by the overlap-extension polymerase chain reaction (OE
strategy in Table S1),*® using specific primers as flanking
master primers and subsequent recloning into expression
vector, or by the standard site-directed mutagenesis as
mentioned above (SDM strategy in Table S1), using
appropriate mutagenic primers.

We succeeded in expressing and purifying all planned IGF-1
analogues. However, only three IGF-2 analogues (with
mutations [E45Q], [F48H], and [E45Q+F48H]) were
successfully produced. A list of successfully expressed
constructs along with primers used for mutagenesis is provided
as Table S1.

All successfully constructed analogues were produced,
purified, and characterized, using the procedures described by
Hexnerova et al.*’ The purity of all tested analogues was >95%
(and controlled by reverse phase high-performance liquid
chromatography analyses and high-resolution mass spectrom-
etry spectra).

Biological Characterization of IGF-1 and IGF-2
Analogues. Binding affinities for the receptors were
determined with receptors in the intact cells. Specifically,
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binding affinities for IGF-1R were determined with mouse
fibroblasts transfected with human IGF-1R and with deleted
mouse IGF-1R according to Hexnerova et al.* Binding
affinities for IR-A were determined with human IR-A in
human IM-9 lymphocytes according to Vikova et al.*’ Binding
affinities for IR-B were determined with mouse fibroblasts
transfected with human IR-B and with deleted mouse IGF-1R
according to Zakova et al.** Representative binding curves of
analogues with the receptors are shown in Figure S1 (IGF-1R),
Figure $2 (IR-A), and Figure $3 (IR-B). The binding curve of
each analogue was determined in duplicate, and the final
dissociation constant (K;) was calculated from at least three (n
> 3) binding curves (K, values), determined independently,
and compared to binding curves for IGF-1 or for IGF-2,
depending on the type of analogue.

The abilities of analogues to induce autophosphorylation of
IGF-1R in membranes of mouse fibroblasts transfected with
human IGF-1R and with deleted mouse IGF-1R were
determined, as described by Machackova et al.*' The abilities
of analogues to induce autophosphorylation of IR-A in mouse
fibroblasts transfected with human IR-A and with deleted
mouse IGF-1R were determined, as described by Krizkova et
al®? Briefly, the cells were stimulated in 24-well plates
(Schoeller) (4 x 10* cells per well) after being starved for 4
h in serum-free medium. The cells were stimulated with 10 nM
ligand (insulin, IGF-1, IGF-2, or analogues) for 10 min.
Stimulation was stopped by snap-freezing. Proteins were
routinely analyzed, using immunoblotting and horseradish
peroxidase-labeled secondary antibodies (Sigma-Aldrich). The
membranes were probed with anti-phospho-IGE-1RfS
(Tyr1135/1136)/IR# (Tyr1150/1151) (Cell Signaling Tech-
nology). The blots were developed using the SuperSignal West
Femto maximum sensitivity substrate (Pierce) and analyzed
using the ChemiDoc MP Imaging System (Bio-Rad). The
autophosphorylation signal density generated by each ligand on
a Western blot was expressed as the contribution of
phosphorylation relative to the IGF-1 (IGF-1R fibroblasts)
respective human insulin (IR-A fibroblasts) signal in the same
experiment. Mean  standard deviation (SD) values were
calculated from four independent experiments (n = 4) and
compared to those of native IGF-1 or native IGF-2, depending
on the type of analogue. A representative example of an
immunoblot used for the evaluation of the abilities of analogues
to induce autophosphorylation of receptors is shown in Figure
S4.

The dose—response curves for human IGF-1 and [His45]-
IGF-1, [Asn4S5]-IGF-1, [Ala45]-IGF-1, [His46]-IGF-1, and
[GIn46]-IGF-1 analogues were also measured to determine
their ECg, values and their abilities to stimulate the
autophosphorylation of IGF-1R; here, the same methodology
as for the measurements at a single dose (above) was followed.
Log(agonist) versus response (variable slope) curve fitting of
data was performed with GraphPad Prism 5. The representative
curves are shown in the Figure $5. The ECy, values (calculated
from at least three independent curves) are shown in the Table
S2.

The significance of the changes in binding affinities and in
the abilities of analogues to stimulate autophosphorylation was
calculated using the two-tailed ¢ test.

B RESULTS

Production of IGF-1 and IGF-2 Analogues. The
production of IGF-1 and IGF-2 was achieved by their
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recombinant expression in Escherichia coli as a fusion with an N-
terminal and cleavable His6-tagged GBI protein (immunoglo-
bulin binding domain B1 of streptococcal protein-G), followed
by the cleavage of the fusion protein with TEV protease.
Recently, we used this strategy for the synthesis of IGF-2
analogues modified in the hormone’s C domain and possessin%
an extra glycine residue at their N-terminus (position —1).*
Here, we modified the TEV cleavage site (see Materials and
Methods) and succeeded in producing native IGF-2 without
the additional Gly—1.

However, this strategy was not successful for IGF-1 because
of the proline residue at position 2 in IGF-1 (Figure 1), which
hampered TEV protease-mediated cleavage. Therefore, all
analogues of the hormone produced in this work have an
extra glycine residue (Gly—1) at the protein N-terminus that
enabled TEV protease cleavage of the precursor. The presence
of Gly—1 did not have any significant effect on the binding
properties of the IGF-1 derivative for either tested receptor
[IGE-IR or IR-A (Table 1 or 2, respectively)], and both native
IGF-1 and Gly—1-IGF-1 can be considered as equipotent.

Design of the First Series of Analogues. The first series
of analogues was designed with the substitution of IGF-1 Asp45
with “insulin-inspired” His, Asn, and Ala, and a similar strategy
was applied for the replacement of IGF-1 Glu46 with His, Gln,
and Ala. The Asn45 and GIn46 mutations were also combined.
All planned IGF-1 analogues (Tables 1 and 2) were successfully
produced in quantities sufficient for their biological and
physicochemical characterization.

In parallel, similar mutations were designed for IGF-2 at
positions Glu44 and Glu45 that correspond to IGF-1 positions
45 and 46 (Figure 1). However, only one IGF-2 analogue,
[GIn45]-IGF-2, was made with a significant yield that allowed
its characterization. All other IGF-2 analogues formed insoluble
precipitates after the TEV cleavage/folding steps.

IGF-1R Binding and Activation Properties of IGF-1
Analogues Modified at Positions 45 and 46, and the
[GIn45]-IGF-2 Analogue. The analogues were tested for their
binding to the IGF-1 receptor (IGF-1R) (Table 1), and their
binding data were compared with the abilities of the analogues
to induce autophosphorylation of the IGF-1R at a concen-
tration of 10 nM (Figure 3A). For human IGF-1 and [His45]-
IGE-1, [Asn45]-IGE-1, [Ala45]-IGE-1, [His46]-IGE-1 and
[GIn46]-IGF-1 analogues, we also determined ECs, values of
their abilities to stimulate autophosphorylation of IGF-1R
(Figure SS).

In general, the mutations did not dramatically alter the
binding characteristics of the analogues in comparison with
those of native IGFs. However, it can be noted that analogues
with mutations at site 45, [His4S5]-1GF-1, [Asn45]-IGF-1, and
[Ala45]-IGF-1, have significantly reduced (29—60%) binding
affinities for IGF-1R, with the lowest values being that of
[Ala45]IGF-1.

The only successfully prepared IGF-2 analogue in this series,
[GIn4S]-IGF-2, had reduced binding potency for IGF-1R
compared to that of native IGF-2 (Table 1) but activated IGF-
IR like native IGF-2 did (Figure 3A).

Relative EC;, values of IGF-1R stimulation by the selected
analogues were in good general agreement with their relative
ability to stimulate this receptor performed at a set ligand
concentration of 10 nM (Table $2). Hence, it appeared that the
autophosphorylation abilities of hormones determined at their
10 nM concentrations were good representations of their
properties, and as this approach substantially improved the time
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Table 1. IGF-1R Binding Affinities of Native Hormones and
Analogues Reported in This Work”

relative binding
affinity for human
IGF-1R (%) relative
to that of human

Ky SD (nM) (n) for
the human IGE-1R in

analogue mouse fibroblasts IGF-1
human IGF-1 024 005" (5) 100 21
012 0.01° (5) 100 8
034 0127 (4) 100 35
0.16 006 (3) 100 37
025 003 (4) 100 12
first series of IGF-1 analogues
Gly—1-IGF-1 025 002" (3) 9 8
[His45]-IGF-1 039 0.11° (4)k*= 319
[Asn45]-IGF-1 020 0.07° (3)* 60 21
[Ala45]-IGF-1 041  027° (4)* 29 19
[His46]-1GE-1 0.18  0.04" (4) 133 29
[GIn46]-IGF-1 0.18  0.01° (3) 133 7
[Ala46]-IGF-1 026 011" (3) 92 39
[Asn45,GIn46]-IGF-1 070  0.287 (4) 49 20
second series of IGF-1 analogues
[His49]-IGE-1 050 0237 (4) 68 31
[His46,His49]-IGF-1 029  0.17° (4) 55 32
[GIn46,His49]-IGE-1 ~ 0.30  0.09° (3) 53 16
[Asn45,Glnd6,His49]- 092  0.047 (3)*** 37 2
IGE-1
human IGE-2 23 12 (3) 109 57
first series of IGF-2 analogues
[GIn45]-IGE-2 29 03°(3)* 55 06
second series of IGF-2 analogues
[His48]-IGF-2 0.88 023° (3) 182 47
[Gln45 His48]-IGE-2  0.89  0.05° (3) 180 1.0

“The values of K; and relative binding affinities [relative receptor
binding affinity defined as (K of human IGF-1)/(Ky of analogue) X
100] of human IGF-1, IGE-2, and analogues were determined for
human IGF-1R in mouse fibroblasts. All IGF-1 analogues have an extra
glycine residue at the N-terminus (Gly—1). » is the number of
replicates. Asterisks indicate that binding of a particular ligand to IGF-
IR differs significantly (*p < 0.05; ***p < 0.001) from the effect of
IGF-1 in the case of IGF-1 analogues or differs significantly from the
effect of IGF-2 in the case of IGF-2 analogues. Binding of native IGF-2
is related to that of human IGF-1. "Relative to the human IGE-1 Ky
value of 0.24  0.05 (n = 5). “Relative to the human IGF-1 K value of
0.12  0.01 (n = 5). “Relative to the human IGF-1 K; value of 0.34

0.12 (n = 4). “Relative to the human IGF-1 K value of 0.16  0.06 (n
= 3)./Relative to the human IGF-1 K value of 0.25  0.03 (n = 4).

and material economy of this extensive methodology, the
receptor activation abilities of the rest of the analogues were
measured at this set ligand concentration only. In general, no
major discrepancies between the IGF-1R binding and activation
properties of the analogues mutated at positions 45 and 46 of
IGF-1 and [GIn45]-IGF-2 were observed (Table 1 and Figure
3A). Some analogues, e.g,, [His46]-IGF-1 and [GIn46]-IGF-1,
activated IGF-1R slightly less strongly than human IGF-1 did,
but their apparent higher binding affinities for this receptor
were not statistically significant. In contrast, [His4S]-IGF-1,
[Asn45]-IGF-1, and [Ala45]-IGF-1 analogues activated IGF-1R
like human IGF-1 did, but their binding affinities were
significantly reduced. Therefore, although some minor
discrepancies could be observed here, any clear and major
antagonism, or receptor overstimulation, was not detected.
IR-A Binding and Activation Properties of IGF-1
Analogues Modified at Sites 45 and 46, and the
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Table 2. IR-A Receptor Binding Affinities of Native
Hormones and Analogues Reported in This Work”
relative binding

affinity for human
IR-A (%) relative to

K; SE (nM) (n) for
human IR-A in IM-9 that of human
analogue Iymphocytes insulin
human insulin 025 005" (5) 100 20
027  0.02° (5) 100 7
0.18 0017 (4) 100 6
032 0.09° (4) 100 28
030 013 (3) 100 43
human [GF-1 237 1LsP (3)%** 11 05
first series of IGF-1 analogues
Gly—1-IGF-1 356 119" (3) 07 02
[His4$]-IGF-1 200 7.8 (4) 13 05
[Asn45]-IGF-1 193 96° (4) 14 07
[Ala45]-IGF-1 176 9.7°(3) 15 08
[His46]-1GF-1 66 127(3) 27 05
[Gln46]-IGF-1 181 367 (3) 1.0 02
[Ala46)-IGF-1 140 197 (3) 13 02
[Asn45,Gln46)-IGE-1  17.5  84° (3) 18 09
second series of IGF-1 analogues
[His49]-IGF-1 67 24 (3)* 48 17
[His46,His49]-IGF-1 34 177 (3)* 94 47
[Gln46,His49]-IGF-1 7.5 41°(3)* 43 23
[Asn45,GIn46,His49]- 5.5 2.5 (4)%%+ 55 28
IGE-1
human IGF-2 29 028 (3)kx 86 06
first series of IGF-2 analogues
[GIn45]-IGF-2 1.6 03° (3)** 20 38
second series of IGF-2 analogues
[His48]-1GE-2 0.54  0.13° (3)ri* 593 143
[GInd$5,His48]-IGF-2  0.65  0.12/ (3)%** 462 85

“The values of Ky and relative binding affinities [relative receptor
binding affinity defined as (K, of human insulin)/(K, of analogue) x
100] of human insulin, IGF-1, IGF-2, and analogues were determined
for human IR-A in human IM-9 lymphocytes. All IGF-1 analogues
have an extra glycine residue at the N-terminus (Gly—1). n is the
number of replicates. Asterisks indicate that binding of a particular
ligand to IR-A differs significantly (*p < 0.05; **p < 0.01; **¥p <
0.001) from the effect of IGF-1 in the case of IGF-1 analogues or
differs significantly from the effect of IGF-2 in the case of IGF-2
analogues. Binding of native IGF-2 is related to that of human insulin.

YRelative to the human insulin K, value of 025  0.05 (n = S).
“Relative to the human insulin K; value of 027  0.02 (n = 3).
“Relative to the human insulin Ky value of 0.18  0.01 (n = 4).
“Relative to the human insulin Ky value of 032 0.09 (n = 4).
fRelative to the human insulin K, value of 0.30  0.13 (n = 5).

[GIn45]-IGF-2 Analogue. The IGF-1 analogues of the first
series have binding affinities for IR-A similar to that of native
IGF-1 (Table 2), and their IR-A activation properties (Figure
3B) are again in general agreement with the properties of native
IGF-1.

The [GIn45]-1GF-2 analogue binds IR-A significantly more
strongly (<20% of the binding affinity of native human insulin)
than the native IGF-2 that has only 8% of the binding affinity of
human insulin. However, the IR-A enhanced affinity of this
analogue was not fully translated into its activation potency that
is similar to the activation potency of native IGF-2.

Design of the Second Series of IGF-1 and IGF-2
Analogues. The ThrA8His substitution in insulin increases
the potency for IR-A;*'~* hence, it was also used by Whittaker
et al.”” to increase the level of IR binding of A4/AS-modified
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Figure 3. Relative abilities to activate (A) IGF-1R and (B) IR-A of
human insulin (HI), human IGF-1, human IGF-2, and IGF-1 and IGF-
2 analogues. All IGF-1 analogues contain a glycine residue at position
—1. Relative abilities to activate receptors were determined with 10 nM
ligands after a 10 min stimulation. Mean ~ SD values were calculated
from four independent experiments (n 4). In panel A, the
experimental values are related to the biological activity of human
IGF-1. In panel B, the experimental values are the biological activity of
human insulin (HI). Asterisks indicate that induction of autophos-
phorylation of a particular receptor induced by a ligand differs
significantly (*p < 0.05; **p < 0.01; ***p < 0.001) from the effect of
IGF-1 in the case of IGF-1 analogues or differs significantly from the
effect of IGF-2 in the case of IGF-2 analogues. In panel A, the
significance of the effect of native IGF-2 (asterisks) is related to human
IGF-1 and in panel B to human insulin. In panel B, the significance of
the effect of native IGF-1 (asterisks) is related to human insulin.

insulins, without eliminating their antagonistic properties.
Therefore, we probed a similar strategy for the IGF-1 and
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IGF-2 analogues, which both have phenylalanine at the insulin
A8 equivalent 49 and 48 sites, respectively (Figure 1).

First, the [His49]-IGF-1 analogue was made to investigate
the effect of this single mutation. Subsequently, it was
combined with His or Gln single mutations at site 46 and
with Asn45/GIn46 double mutations, as well.

In the case of IGF-2, the single mutation [His48]-IGF-2
analogue was made, which was extended for GIn45 mutation, as
well, as it was here the only successful substitution of IGF-2 in
the first series.

IGF-1R Binding and Activation Properties of the
Second Series of IGF-1 and IGF-2 Analogues. All new
IGF-1 mutations have fairly minor, or no significant, effects on
IGF-1R binding affinities and activation capabilities, with only
the [Asn4S,Gln46,His49]-IGF-1 triple mutant having signifi-
cantly less affinity (37%) for the IGF-1R than native IGF-1 has
but with native IGF-1-like autophosphorylation activation
ability (Table 1 and Figure 3A).

A similar trend was observed for both new IGF-2 analogues,
[His48]-IGF-2 and [GIn45,His48]-IGF-2, the IGF-1R binding
and activation abilities of which were similar to those of native
IGF-2.

IR-A Binding and Activation Properties of the Second
Series of IGF-1 and IGF-2 Analogues. The IR-A-related
properties of the analogues contrast with their IGF-1R affinities
and binding effects. It seems that the presence of His49
strongly enhances (4—9-fold) the IR-A binding affinity of new
IGF-1 analogues (Table 2), in comparison to that of native
IGF-1. Moreover, His49-containing IGF-1 analogues do not
show any IR-A antagonism, as their capabilities to activate this
receptor are superior, or similar, to those of native IGF-1
(Figure 3B).

IR-A binding affinities of two new IGF-2 analogues carrying a
His48 mutation are also very (5—7-fold) enhanced, in
comparison with those of native IGF-2. Remarkably, both of
these analogues bind IR-A with subnanomolar affinities, which
make them half-equipotent with human insulin with respect to
this IR isoform (Table 2). Moreover, the IR-A activation
abilities of these two IGF-2 analogues are also very high, with a
potency similar to that of human insulin (Figure 3B).

In general, the levels of activation of IR-A by insulin, IGF-1,
IGF-2, and analogues determined at 10 nM (Figure 3B)
correspond well to their respective binding affinities for this
receptor (Table 2), and they are in a good agreement with the
levels of IR-A autophosphorylation induced by 10 nM insulin,
IGF-1, and IGF-2 in dose—response curves reported recently
by Andersen et al.*’

IR-B Binding Properties of [His49]-IGF-1 and
[GIn45,His48]-IGF-2 Analogues. The outstanding enhance-
ment of IR-A binding affinities exhibited by the His49/His48
IGF-1/2 mutants prompted their characterization toward the
IR-B isoform, as well. For this purpose, we tested two
representative analogues, [His49]-IGF-1 and [GIn45His48]-
IGF-2, for their binding affinity for IR-B (Table 3). Most
interestingly, we found that the IR-B binding affinity of
[GIn45,His48]-IGF-2 is ~8 times higher than that of human
IGF-2 and that the binding of [His49]-IGF-1 to this IR isoform
is ~3 times stronger than that of native IGF-1. These mutations
did not considerably affect the IR isoform specificity of the
analogues because their IR-A binding enhancing effects were
similar (S times for [GIn45 His48]-IGF-2 and ~4 times for
[His49]-IGF-1).

2378

Table 3. IR-B Receptor Binding Affinities of Native
Hormones and [His49]-IGF-1 and [GIn45,His48]-IGE-2
Analogues Reported in This Work”

Ky  SE (nM) (n) for
human IR-B in mouse

relative binding affinity for
human IR-B (%) relative to that

analogue fibroblasts of human insulin
human insulin 0.50 031 (5) 100 62
human IGF-1 224 16 (4)x 022 0.02
[His49]-IGF-1 723 120 (3)¥F* 069 0.1
human IGF-2 355 5.6 (4)Pw 14 02
[Gln45,His48]- 43 17 (4)** 116 46
IGE-2

“The values of K, and relative binding affinities [relative receptor
binding affinity defined as (K, of human insulin)/(K, of analogue) X
100] of human insulin, IGF-1, IGF-2, and analogues were determined
for human IR-B in mouse fibroblasts. n is the number of replicates.
Asterisks indicate that the binding a particular ligand to IR-B differs
significantly (**p < 0.01; **¥p < 0.001) from the effect of IGF-1 in
the case of an IGF-1 analogue or differs significantly from the effect of
IGE-2 in the case of an IGF-2 analogue. The binding of native IGF-1
and IGF-2 is relative to that of human insulin. *From ref 52.

B DISCUSSION

All 11 planned IGF-1 analogues were successfully produced,
but only three IGF-2 analogues ([GIn45]-IGF-2,
[GIn45,His49]-IGF-2, and [His49]-IGF-2) were made, as the
other analogues of this hormone formed insoluble precipitates
during the folding steps of their purification. As Whittaker et
al¥’ successfully prepared HisA4, AlaA4, and HisAS insulins,
the severe aggregation of some IGF-2 analogues indicates
different folding mechanisms of these hormones, underlining
the importance of IGF-2 Glu44/4S for its efficient assembly.
However, a more extensive mutagenesis, especially of the IGE-2
Glu44 site, is needed for an unambiguous confirmation of the
folding-related importance of these side chains.

In general, the majority of mutations performed here have a
rather minor impact on the IGF-1R binding affinities of IGF-1
and IGF-2 analogues (Table 1). However, different trends may
be observed for the His mutation at position 48 of IGF-2 that
enhances its IGF-1R affinity, while the His mutation at IGF-1
equivalent site 49 has an opposite effect. This may indicate that
the natures of interactions of IGF-1 and IGF-2 with IGF-1R are
different, and specific, for IGF-1 and IGF-2 at their sites 49 and
48, respectively; i.e., the equivalent amino acids at these sites do
not interact with the IGF-1R in the same fashion.

Interestingly, the mutations of sites 49 and 48 in IGF-1 and
IGF-2, respectively, yielded analogues of these hormones with
much more significant, and interesting, changes in their IR-A
binding affinities (Table 2) than in their IGF-1R binding/
activation properties. Here, both IGF-1 and IGF-2 analogues
with His at sites 49 and 48, respectively, are much better IR-A
binders than their native forms. The data presented here
indicate that this effect can be attributed mainly to the isolated
impact of His49, or His48, as the simultaneous mutations at
these sites and of residues 45 and 46 in IGF-1 (or residue 45 in
IGF-2) do not generate any additional, significant positive
properties toward IR-A.

It has been shown that the ThrA8His mutation doubles or
triples the insulin IR-A binding affinity,"' ™" and Whittaker et
al.”" used such a mutation to restore IR binding affinity of the
less active A4 and AS insulin mutants. Here, similar mutations
enhanced 4—9-fold the IR-A binding affinities of the IGF-1
analogues and 5—7-fold the binding affinities of the IGF-2
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analogues, compared to the affinities of the native hormones.
The positive effect of His49 and His48 mutations on IR-A
binding is similar for both IGF-1 and IGF-2, and to the best of
our knowledge, these analogues are the strongest IGF-1-like
and IGF-2-like binders of the IR-A receptor isoform thus far
reported. In particular, the high IR-A binding affinity of
[His48]-IGF-2 is remarkable, as only this single mutation was
sufficient to generate an analogue with ~50% insulin-like
affinity for the IR-A. Moreover, we found that the IR-A binding
affinity enhancing effect of His49 and His48 is manifested with
the IR-B, as well, because the [His49]-IGF-1 analogue is an ~3-
fold stronger IR-B binder than native IGF-1 is and, remarkably,
[Gln45,His48]-IGF-2 binds IR-B ~8-fold more strongly than
native IGF-2 does, having almost 12% of the binding affinity of
human insulin. Therefore, it seems that [His49]-IGF-1 and
[Gln4S,His48]-IGF-2 analogues are the strongest reported
IGF-1-like and IGF-2-like IR-B binders. The exceptional
binding “promiscuity” of [His48]-IGF-2 toward IR-A and IR-
B is outstanding and reveals how easily IGF-2 can be converted
into a high-affinity ligand for IR receptors. This “ubiquitous”
hormonal property of IGF-2 may evoke questions about its
evolutionary origins, and it could be hypothesized that IGF-2
resembles the hypothetical evolutionary hormonal ancestor of
the insulin/IGF axis more closely than insulin or IGF-1 does.

It is generally accepted that insulin and IGFs interact with
their receptors through two main binding sites, sites 1 and 2 in
the hormones, and sites 1’ and 2/, respectively, in the
receptors.”® The nature of the interactions of site 1 in insulin
and IGF-1 with site 1" in IR-A and IGF-1R is relatively well
characterized in the crystal structures of their complexes
(Figure 2). However, structural details about hormone site 2—
receptor site 2’ interactions are still missing, and insulin amino
acids, which determine its site 2, ThrA8, IleA10, SerAl2,
LeuAl3, GluAl7, HisB10, GluB13, and LeuAl7, have been
suggested through extensive mutagenesis studies.*

The different effects of His mutations in IGFs on binding
affinities for IR-A, IR-B, and IGF-1R could mean that amino
acids at positions 49 (IGF-1) and 48 (IGF-2) are engaged with
significantly different protein environments in complexes with
IR and IGF-1R. Although it is expected that Phe49 in IGF-1,
Phe48 in IGF-2, and ThrA8 in insulin (all at site 2 of the
hormones) interact with 2 sites of the receptors, the possibility
that the increase in the level of IR-A binding of [His48]-1GF-2
and [His49]-IGF-1 analogues may also result from an
enhancement of some contacts with elements of IR site 1’
cannot be excluded (Figure 2). For example, His49 and His48
of IGFs could form double direct, or water-mediated, hydrogen
bonds with Asp707 in the IR a-CT segment and with Asn694
in IGF-1R, as well (Figure 2A), while insulin native ThrAS8 is
too short for such interactions. It is also possible that the native
Phe49 and Phe48 in IGFs can contribute only some weak van
der Waals intramolecular contacts with the IGF-1 Cys48—Cys6
disulfide bond and Val44 (IGF-2 Cys47—Cys9 and Val43).
Hence, His49 and His48 mutations may provide much stronger
directional contacts with both receptor sites (1’ and 2'), which
seem to be more favorable for IR-A rather than for IGF-1R.

In general, our new IGF-1 and IGF-2 analogues did not show
any considerable reversed trends between their affinities and
receptor activation abilities (Tables 1 and 2, Figure 3A,B, and
Figure S5). Therefore, the previously observed significant
disproportionate binding and activation of insulin analogues
mutated at A4 and A8 (ref 37) are probably specific and limited
for insulin—IR interactions. It is possible that a different
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receptor activation behavior of insulin and IGF-1 (IGF-2)
analogues mutated at positions A4 and A8 and positions 45, 46,
and 49 (positions 45 and 48), respectively, may result from
different interactions with specific amino acids at 2’ sites of the
IR that are currently not yet determined (see the preceding
discussion). Such dissimilar natures of hormone—receptor
interfaces may lead to non-equivalent receptor binding
mechanisms (as previously pertinently mentioned by Sohma
et al. in ref 55) and their subsequent different impacts on signal
transduction through the receptors and, ultimately, the
activation of their tyrosine kinases.

As indicated above, some trends observed in the analogues
described here can be also corroborated by the phylogeny of
insulin-related hormones. For example, the insulin ThrA8-
containing A8—A10 region is considered as a hypervariable part
of this hormone because of its significant sequence differences
in mammals.”® However, the A8 site is the most invariable
amino acid in the A8—AIO triad. For example, the well IR-A
tolerated (87% binding affinity of HI) AlaA8 occurs in cattle,
sheep, and goat insulin®’ Although there is no mammalian
insulin with His at site A8, this amino acid is frequently present
at that position in fish, frog, and bird insulins.”® Also, HisA8
was proposed to be responsible for an ~5-fold higher binding
affinity of chicken insulin for IR in human lymphocytes.*'
Herring at al.* proposed that it is possible that a “lower-
affinity” ThrA8 site in mammals emerged from the evolutionary
optimization of the insulin receptor kinetics, which requires a
decrease in insulin binding affinity in mammals that is dictated
by a different route of insulin delivery. In more ancient
vertebrates like birds, insulin is secreted differently, by the
kidney, which leads to rapid metabolic changes.” However, in
mammals, the pancreas-to-liver portal vein-mediated pathway is
the primary direction of insulin. In humans, the liver is the main
glycemic-response organ with >90% “metabolic” IR-B isoform
and where insulin inhibits gluconeogenesis and glycogenolysis
before reaching the peripheral tissues. It may be postulated
then that to ensure an optimum liver:body distribution of
insulin its IR binding affinity needs to be reduced in mammals,
to achieve a more systemic glycemic response.%

All known naturally occurring variants of IGF-1 and IGF-2
(including avian) maintain Phe at their insulin ThrAS8-
corresponding sites 49 and 48, respectively. Therefore, it may
be assumed that the IR high-affinity inducing HisA8 mutation
in insulin selected upon evolution was required for only rapid
and immediate metabolic effects of insulin and was not needed
for slower and long-lasting growth effects of IGFs. However, a
high sensitivity of both IGFs to acquisition of His48 and His49
mutations may reflect their common evolutionary origins with
insulin.

It will be interesting to further explore the findings of this
report by testing specific amino acid substitutions at the A8 site
of insulin, to maintain its potent IR binding but to decrease its
affinity for IGF-1R. Such analogues could be useful for the safer
treatment of diabetes, as some currently administered insulin
derivatives (e.g, glargine) show higher IGF-1R affinity and
hence, potentially, an increased risk of cancer.*™%*

In summary, as we showed that respective positions in insulin
and IGFs lead to non-equivalent IR-A and IGF-1R binding
mechanisms of these hormones, this work opens new directions
for the rational engineering of the hormonal components of the
insulin/IGF system.

DOI: 10.1021/acs.biochem.7b01260
Biochemistry 2018, 57, 2373-2382

144



Biochemistry

Bl CONCLUSIONS

We systematically investigated the receptor binding and
receptor activation properties of IGF-1 and IGF-2 analogues
modified at positions 45, 46, and 49 (IGF-1) and at positions
44, 45, and 48 (IGF-2). These modifications did not
significantly affect the IGF-1R binding of these hormones.
However, analogues with the Phe49His mutation in IGF-1 and
the Phe48His mutation in IGF-2 have remarkably enhanced
binding affinities for both IR-A and IR-B isoforms of the insulin
receptor. Here, IGF-1 analogues with His at position 49 possess
approximately 5—9% of IR-A, and [His49]-IGF-1 possess
~0.7% of the IR-B binding affinity of human insulin. Moreover,
IGF-2 analogues with His at position 48 are approximately half-
equipotent to human insulin in binding to IR-A, and
[Gln45,His48]-IGF-2 has almost 12% of the insulin binding
affinity for this “metabolic” isoform. The binding affinities of all
analogues are in general proportionate to their abilities to
activate IR and IGF-1R without any important discrepancies.
This study revealed that IR and IGF-1R can contain specific
sites, probably parts of so-called receptors’ sites 2’, which can
interact differently with insulin and with IGFs. These findings
shed light on new, possible directions of rational engineering of
insulin and IGFs toward more selective and receptor-specific
analogues with medical applications.
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Figure S1. Inhibition of binding of human ['**IJmonoiodotyrosyl-IGF-1 to human IGF-1R in
mouse embryonic fibroblasts by Gly-1-IGF-1 (A), [His45]-IGF-1 (B), [Asn45]-IGF-1 (C),
[Ala45]-IGF-1 (D), [His46]-IGF-1 (E), [Gln46]-IGF-1 (F), [Ala46]-IGF-1 (G), [Asn45,Gln46]-
IGF-1 (H) and by human IGF-1 (in all panels). All IGF-1 analogs have Gly at the position -1. The
representative binding curves are shown.
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Figure S1 (continued). Inhibition of binding of human ['*IJmonoiodotyrosyl-IGF-1 to human
IGF-IR in mouse embryonic fibroblasts by [His49]-IGF-1 (I), [His46,His49]-IGF-1 (J),
[GIn46,His49]-IGF-1 (K), [Asn45,GIn46,His49]-IGF-1 (L), human IGF-2 (M), [GIn45]-IGF-2
(N), [His48]-IGF-2 (0), [GIn45,His48]-IGF-2 (P) and by human IGF-1 (in all panels). All IGF-1
analogs have Gly at the position -1. The representative binding curves are shown.
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Figure S2. Inhibition of binding of human ['**TJmonoiodotyrosyl-insulin to human IR-A in human
IM-9 lymphocytes by Gly-1-IGF-1 (A), [His45]-IGF-1 (B), [Asn45]-IGF-1 (C), [Ala45]-IGF-1
(D), [His46]-IGF-1 (E), [GIn46]-IGF-1 (F), [Ala46]-IGF-1 (G), [Asn45,Gln46]-IGF-1 (H) and by
human insulin and human IGF-1 (in all panels). All IGF-1 analogs have Gly at the position -1. The
representative binding curves are shown.
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Figure S2 (continued). Inhibition of binding of human ['**IJmonoiodotyrosyl-insulin to human
IR-A in human IM-9 lymphocytes by [His49]-IGF-1 (I), [His46,His49]-IGF-1 (J), [GIn46,His49]-
IGF-1 (K), [Asn45,GIn46,His49]-1GF-1 (L), human IGF-2 (M), [GIn45]-IGF-2 (N), [His48]-IGF-
2 (0), [GIn45,His48]-IGF-2 (P) and by human insulin (in all panels), human IGF-1 (in panels I-
L) and human IGF-2 (in panels M-P). All IGF-1 analogs have Gly at the position -1. The
representative binding curves are shown.
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Figure S3. Inhibition of binding of human ['**IJmonoiodotyrosyl-insulin to human IR-B in mouse
embryonic fibroblasts by human insulin, human IGF-1 and by [His49]-IGF-1 (in panel A), and by
human insulin, human IGF-2 and by [GIn45,His48]-IGF-2 (in panel B). The representative binding
curves are shown.
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Figure S4. A representative example of immunoblot used for evaluation of abilities of analogs to
induce the autophosphorylation of IGF-1R and IR-A at 10 nM concentration of the ligands.
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Figure S5. Representative dose response curves of the abilities of human IGF-1 and selected 1GF-
1 analogs to stimulate autophosphorylation of IGF-1R. Stimulation by human IGF-1 is shown in
panel A, by [His45]-IGF-1 in panel B, by [ Asn45]-IGF-1 in panel C, by [Ala45]-IGF-1 in panel D,
by [His46]-IGF-1 in panel E and by [GIn45]-IGF-1 in panel F. The ECso values are shown in Table
S2.
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Table S2. Comparison of abilities of selected IGF-1 analogs to activate IGF-1R in a dose response
manner (ECso values) with their ability to activate IGF-1R at 10 nM concentration.

Analog Ability to activate Relative ability* Relative activation of
autophosphorylation of to activate IGF-1R at 10 nM [%)]
IGF-IR autophosphorylation of +S.D. (n)
ECso = S.D. [nM] (n)  IGF-1R [%]
human IGF-1 37+£0.7(3) 100+ 19 100 =13 (4)
[His45]-IGF-1 5.4 +0.5(3) 69 + 6 71 +20 (4)
[Asnd5]-IGF-1 4.7+ 0.8 (3) 79 £13 88 + 18 (4)
[Ala45]-IGF-1 3.1+0.4(3) 119+ 15 80 £ 25 (4)
[His46]-IGF-1 4.4 +0.6 (4) 84£11 71+114)
[GIn46]-IGF-1  4.4+£1.6(3) 84 £ 30 69+13 (4)

? Relative ability to activate autophosphorylation of the receptor is defined as (ECso of human
IGF-1/ECsp of analog) x 100.

References:

1. Heckman, K. L., and Pease, L. R. (2007) Gene splicing and mutagenesis by PCR-driven
overlap extension, Nat. Protoc. 2, 924-932.

2. Laible, M., and Boonrod, K. (2009) Homemade site directed mutagenesis of whole

plasmids, J. Vis. Exp. 27, e1135, d01:10.3791/1135.
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8 Discussion

8.1 Fully synthetic IGF-1 analogues with modifications at the positions 36 and 37.

8.1.1 Development of the new methodology for the total chemical synthesis of IGF-1

analogues and preparation of the analogues.

Total chemical synthesis of proteins, in contrast to the recombinant production of
proteins, allows incorporation of non-coded amino acid and unusual structural motifs. On
the other hand, the chemical synthesis of long (> 40-50 residues) peptides is a challenging
task.

The chemical synthesis or semisynthesis is quite frequently used for the production
of insulin analogues. Insulin consists of two peptide chains (A with 21 and B with 30 amino
acids) and contains three disulphide bridges, two inter-chain between the A and B chains
and one intra-chain in the A chain. A correct arrangement of disulphide bridges is the most
difficult part of the synthesis [263]. A frequently used option is the use of orthogonal
protection of cysteines (e.g. Acm-Acm, Trt-Trt and Npys-Npys) and the step-wise formation
of respective disulphide pairs [264-269]. This is a robust but laborious protocol demanding
purification of intermediates, which can result in relatively low yields.

An alternative simple and straightforward strategy benefits from the natural ability
of insulin chains to adopt a native conformation and native combination of disulphide
bridges. Similar process occurs in vivo in proinsulin. In our first variant of the chemical
synthesis of insulin, the insulin chains A and B were protected with S-sulfonate groups [270-
272]. This protection is stable at both basic and acidic conditions and therefore allows
purification of the chains by HPLC. However, and remarkably, S-sulfonate group can be
cleaved by a nearly stoichiometric amount of reducing agents (e.g. DTT). Next, a correct
arrangement of disulphide bridges is done by slow oxidation of cysteines and a biomimetic
folding. This method was used by Eli Lilly and Company in 80ies and 90ies for a production
of tones of insulin. Another improvement of this oxidation can be achieved by folding of a
prohormone form of insulin (i.e. with the A-chain N terminus and the B-chain C terminus
connected by a peptide sequence or another A and B chain connective tag), followed by
enzymatic removal of the connecting peptide, to give mature insulin [273]. Unfortunately,
some specific mutations can damage the natural ability for correct biomimetic folding when
using this method [271].
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IGF-1, IGF-2 and proinsulin are single chain proteins, which are similar to insulin in
primary and secondary structure, but they are significantly longer (70, 67 and 86 residues,
respectively) than both insulin chains (21 and 30 residues). This number of residues leads to
markedly lower efficiency of the solid-phase synthesis, as it was shown in reports on the
synthesis of IGF-1 analogues [274-276]. Consequently, the total chemical synthesis is
performed more frequently with insulin or other smaller hormones from the insulin protein
family than on IGF-1, IGF-2 or proinsulin.

There are two elegant studies, which utilized a native chemical ligation of shorter
protein fragments to overcome the solid-phase synthesis of the whole chains for preparation
of proinsulin [277] or IGF-1 and its analogues [278].

In this thesis, we aimed to develop a new methodology for the total chemical
synthesis of IGF-1 analogues based on the solid-phase synthesis of two shorter fragments
with B-azido-alanine or propargyl glycine at the C- or N-terminus, respectively, their
subsequent ligation by a Cu'-catalyzed cycloaddition and a biomimetic recombination of
disulphide bridges. As a result, IGF-1 analogues were connected by 1,2,3-triazole in the
main chain, which is considered to have structural and electronic properties similar to those
of the peptide bond [254]. To the best of our knowledge, our clicked IGF-1 analogues
(relative molecular weights about 8,000 Da) are the longest disulphide-rich peptides with a
triazole-link in the main chain prepared in a preparative scale.

The analogues prepared in this study are shown in Table 8.1. The 3D-fold of human
IGF-1 (a crystal structure) is shown in Figure 8.1.

For the synthesis of fragments with B-azido-alanine we needed high amount of j3-
azido-alanine (a few grams). Fmoc B-azido L-alanine is commercially available, however its
cost is high. Thus, we investigated the possibility of the in-house synthesis of Fmoc -azido
L-alanine and we succeeded to prepare grams of this compound in a reasonable time delay
(the synthesis takes a week or two) and at user-friendly costs. Our Fmoc B-azido L-alanine

was subsequently used for the synthesis of -azido-alanine fragments.
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Table 8.1. List of synthetic IGF-1 analogues prepared in this study.

Schematic structures Analogue
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Figure 8.1. The 3D fold of human IGF-1. The interrupted chain (invisible residues 36-38),
marked by a gray arrow, is the part of IGF-1 of our interest and was studied in this work.
Electron density of this part of IGF-1 was missing in 1GZR.PDB crystal structure [13]. Side
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chain of Met59 is shown in green, IGF-1 residues 39-66 are in light blue and residues 3-35
are in pink [279].

Solid-phase synthesis (performed by a Fmoc strategy) of one of the peptide chains
for analogue 2, was complicated by appearance of an uneasily separable unwanted-product,
which was identified as methionine sulfoxide at the position 59. Therefore, we decided to
prepare analogue 3, where we substituted Met for Norleucine (Nle). Despite better purity of
the crude product of the solid-phase synthesis, the synthetic yield was not improved, which
led us back to native Met at position 59 in analogue 4. Synthesis of the respective fragment
for analogue 4 was accompanied by only a minor appearance of the oxidized product and it
is not excluded, that the observed oxidation in the case of analogue 2 was just accidental due
to minor errors during the manipulation with the crude peptide.

However, we observed rather important formation of an apartimide derivative (8.6
%) during the synthesis of another IGF-1 peptide fragment having in the sequence the motif
C8GDRG?2. Appearance of this type of aspartimide is rather rare but not unusual [280]. This
issue was overcome by the use of Fmoc-Asp(OEpe)-OH instead of Fmoc-Asp(OtBu)-OH,
which suppressed the formation of the apartimide.

Preparation of two chain IGF-1 (analogue 1) was done by the synthesis of two
peptides protected as S-sulphonates followed by their biomimetic combination by air
oxidation (after the reduction to SH form). In Jiracek's laboratory this procedure is used
routinely as a straightforward methodology for the synthesis of insulin analogues [271, 272].
The yields of this synthetic step for human insulin are typically about 10 % [271]. However,
in the case of two chain IGF-1 the yield was only about 0.6 %. This indicates the importance
of the single chain structure of IGF-1 for a proper folding of the hormone.

Using the same S-sulphonate protecting strategy for cysteines, we attempted to obtain
one chain IGF-1 analogue 2 by Cu'-catalyzed cycloaddition ligation of two shorter fragments
with C-terminal -azido alanine (chain 1-36) and N-terminal propargyl glycine (fragment
37-70). However, all our attempts for “clicking” these fragments by Cu'-catalyzed click
reaction failed and we have never isolated any products. First of all we used as a catalyst
CuSOq4 reduced by ascorbic acid in numerous solvents, since we had a positive experience
with these conditions [281]. Further, was used as catalyst CuBr with TBTA or THPTA, as
accelerating ligands [258], in various solvents, including 5 M urea or 6 M guanidine
hydrochloride (as a chaotropic agent in water) or 0.5 M tetrabutylamonium bromide (as a

chaotropic agent in organic solvents). However, all these reactions failed. We concluded that
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S-sulphonate groups are incompatible with copper-catalyzed azide-alkyne cycloaddition,
probably because of the ability of S-sulphonate to chelate copper, which could lead to
undesirable Cu-mediated folding of IGF-1 chains and thus to steric blocking of azido and
alkyne groups.

Hence, in further experiments we chosed an alternative acetamidomethyl protection
of cysteines since Acm-protection should not interfere with the clicking step and offers
several different chemical ways for the deprotection [282]. The cycloaddition of the Acm-
protected chains was effective only with a high excess of CuSOa/ascorbate as a catalyst in
water-tBuOH. Addition of click accelerators [258], which should work as Cu' stabilizing
chelating agents, or reactions in organic solvents did not lead to desired products.
Interestingly, reactions were not effective if scaled up above 2-4 mg per chain. It seems that
formation of complexes with Cu' causes steric problems during cycloaddition reactions with
large peptide precursors. The failure of the reaction in organic solvents could be due to a
necessity of an effective protein hydration, which is better in a mixture of water and tBuOH
than in organic solvents only. The reactions performed with precursors without arginines
gave better yields than with precursors containing arginines. This could be due to some steric
shielding of azido and alkyne moieties by bulky arginine side chains.

The moderate yields of the ligation reactions (7-18 %) document the difficulty of the
click reactions in case of large peptides or proteins as precursors compared to click reactions
with small peptides or small molecules, which are usually quick and almost quantitative
[254].

The deprotection of acetamidomethyl groups from cysteines and the folding of
analogues (forming of S-S bridges), were crucial for the success of the synthesis.
Deprotection by an access of iodine in acetic acid, frequently reported in the literature [269],
was not successful. In our case, the majority of Acm groups remained uncleaved even after
longer reaction time (more than 4 hours). Therefore, we used a procedure of Acm group
deprotection with silver trifluoromethanesulphonate in TFA [283] followed by application
of gaseous hydrogen sulfide to remove Ag" from cysteine salts. Finally, the precursors were
allowed to slowly air-oxidize and fold spontaneously. This three-step methodology provided
yields about 6-8 % for analogues 2 and 3, which is comparable to our approximately 10 %
yield of a single step folding of human insulin from its A and B chains [271] and much better
than for two chain IGF-1 analogue 1 (0.6 %). These results document more effective folding

of single chain IGF-1 precursors, than two chain IGF-1 analogues. The folding of analogue
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4 was markedly less effective (1.7 %) than folding of analogues 2 and 3. The reason could
be the presence of arginines at the positions 36 and 39 of the analogue causes extension a C-
domain, we actually insert of an extra triazole-containg connecting moiety, which has a

negative effect on the folding of the IGF-1.

8.1.2 Receptor binding and activation properties of fully synthetic IGF-1 analogues.

Mutation of the pair of arginines Arg36-Arg37 for Ala36-Ala37 severely impaired
binding of the mutant IGF-1 to IGF-1R [19, 20, 23, 39] and to IGFBP-1 [21]. Furthermore,
two studies indicated that the analogue with two glutamates instead of Arg36-Arg37 can
have features like a partial antagonist, i.e. still effective binding to IGF-1R but impaired
receptor signaling [261] and tumorigenesis [284].

Moreover, a missing electron density of residues 36-38 (Arg-Arg-Ala) in the crystal
structure of human IGF-1 [13] led to the theory if the pair of basic arginines 36 and 37 could
be a cleavage site for proteolytic enzymes in vivo, and whether the cleavage of Arg36-Arg37
peptide bond can disrupt binding to IGF-1R or whether the resulting “two chain” IGF-1 is
still able to effectively bind and activate IGF-1R.

The binding affinity of the two chain IGF-1 analogue 1 for IGF-1R was severely
impaired (3.5 %) compared to native IGF-1. This result does not support the theory that the
cleavage of Arg36-Arg37 peptide bond (if it happens in vivo) is another step of IGF-1
prohormone processing. However, most likely, it is a degradation step leading to a much less
active protein.

The binding affinity of analogue 2 for IGF-1R is 21 % of native IGF-1, which is less
pronounced drop than the effect of the Arg36Ala/Arg37Ala mutation (about 5 %) [20].
Interestingly, it seems that the triazole ring, which is three atoms longer that the peptide bond
in native IGF-1 (see Figure 8.2.), and neighboring ethyl carboxyamido (at 36) and ethyl
amino (at 37) moieties, are somehow compensated the absence of arginine residues.

The analogue 3 differs from analogue 2 only in Nle residue at the position 59 instead
of Met, and had affinity reduced to 5 % of the affinity of native IGF-1. This observation
indicates the importance of sulfur atom in Met59 for IGF-1R binding affinity of IGF-1. In
agreement with that is the 17-fold decrease in binding of Phe59 IGF-1 [28].

The highest IGF-1R binding affinity in this series has analogue 4, about 25 % of

native IGF-1. This analogue contains C-loop arginines at positions 36 and 39 instead at
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positions 36 and 37. Their Co atoms are separated by eight extra backbone atoms plus
triazole ring (see Figure 8.2.). The moderate increase of binding affinity of this analogue
(compared to analogue 2) indicates a relative tolerance of the receptor for prolongation of
this part of the C-domain. In addition, it is possible that minimum one of the arginine residues
(36 or 39) occupies similar position on the receptor as in the case of native hormone.

These results could open new possibilities for the use of different side chains and
motifs at positions adjacent to the triazole ring, i.e. 36 and 37 in 2 and 37 and 38 in 4.
However, such advancement depends on the development of available functionalized azides
and alkynes suitable also for the solid-phase peptide synthesis.

All analogues 1-4 have reduced binding affinities for IR-A compared to native IGF-
1. However, the decrease is less pronounced than for IGF-1R (21-43 % of native IGF-1).
This could indicate that the C-domain of IGF-1 is more important for binding to IGF-1R
than for IR-A.

All analogues activated autophosphorylation of IGF-1R and IR-A proportionally to
their binding affinities for these receptors without any signs of potential antagonism.
Therefore, previously observed [261] partial antagonism of Glu36-Glu37 IGF-1 can be

probably dependent on negative charges of glutamic acid side chains.

HoN (0]
/N:N NH,
E\N NM{%
H 36 H 36 37
o

Native IGF-1 Analogs 2 and 3

NH,
Ng@L ¥ NMNBQ
H

HN Analog 4

A

HN” “NH,

Figure 8.2. The comparison of the “connecting” motifs at positions 36-37 or 37-38 of
analogues 2-4 with native IGF-1. Ca atoms are marked by residue numbers [279].
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8.2 Development of a new methodology for the recombinant production of IGF-1,
IGF-2 and their analogues in E. coli.

Our aim was to develop a new efficient, straightforward and cost-effective protocol
for the recombinant production recombinant production of IGF-1, IGF-2 and their analogues
in E. coli [49, 259].

Novo Nordisk A/S routinely uses recombinant production of proinsulin in
Saccharomyces cerevisiae, which is followed by enzymatic processing to form mature
insulin [285]. However, because respective expression vectors are not easily available, we
decided to use E. coli for the production and folding of single chain IGFs employing a
methodology routinely used in IOCB for the production of other proteins [286]. We started
with IGF-2 because it is much less studied hormone than IGF-1 and because we supposed
that the methodology developed for IGF-2 will work also for IGF-1.

IGF-2 was expressed as a fusion with an N-terminal, and cleavable by TEV protease,
His6-tagged GB1 protein (immunoglobulin binding domain B1 of Streptococcal Protein-G)
[286], which increases solubility and allows as fast and easy purification on Ni-column.

The crucial point of the purification protocol was the cleavage of the fusion partner
from IGF-2 precursor and subsequent formation of mature IGF-2 while avoiding misfolded
variant of the hormone. We used TEV protease, which needs reducing conditions to be
properly active. However, reductive conditions strongly damage proper folding of IGF-2.
After optimizations steps, we found convenient conditions for both proper cleavage by TEV
protease and proper IGF-2 formation in a mixture of oxidized and reduced glutathione
(specifically 1.5 mM GSH, 0.15 mM GSSG). Interestingly, moderately reducing
environment triggered a correct forming of disulphide bonds of the peptide.

Since this technique provided relatively high yields (0.5-1.8 mg L of culture) of IGF-
2 we decided to customize this methodology for the production of IGF-1. IGF-2 can be
produced without any additional amino acids at the N-terminus using Glu-Asn-Leu-Tyr-Phe-
GIn|Ala TEV protease cleavage sequence. The cleavage at (]) results in the native IGF-2
hormone with N-terminal alanine. Unfortunately, this strategy is not successful for the IGF-
1 due to the Pro residue at the position 2 in IGF-1 (Figure 5.2.), which does not allow TEV
protease to cut the cleavage sequence. Therefore, for the production of IGF-1 we inserted an
extra Gly residue at the -1 position of the hormone, which enabled the cleavage of the

precursor. Consequently, all our IGF-1 analogues had an additional Gly at -1 position.
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Further biological characterization of Gly-1-1GF-1 showed that this extra N-terminal glycine
has no effect on the binding affinity to IGF-1R and IR receptors.

8.3 Synthesis and characterization of IGF-1 analogues with mutations at the
positions 45, 46 and 49.

Since upregulation of IGF-1 action plays a role in development of cancer, a lot of
efforts have been focused on the development of effective anti-IGF-1R-directed therapies.
The majority of these compounds were tyrosine-kinase (TK) inhibitors and anti-receptor
antibodies [287]. Unfortunately, the results of clinical trials were not satisfactory [247],
because of the toxicity and an increasing overlap and takeover of IGF-1R signalling
pathways by the IR. The new anticancer therapies specially target only IGF-1R receptor, i.e.
IGF-based selective antagonist of the IGF-1R, should represent a promising alternative
strategy to combat IGF-1R-related malignancies. To date, no IGF-like peptide antagonists
of the IGF-1R have been identified. However peptides with antagonistic properties were
discovered by a phage-display technique [288].

Whittaker et al. demonstrated that a combination of GluA4His and ThrA8His
mutations of insulin results in insulin analogues with native IR binding affinity, but with a
poor signalling transduction. They also proposed, based on mutational and IR photo
crosslinking experiments, that surfaces involving insulin GluA4 and IR Asp707 could play
a crucial role in the mechanism of receptor activation [262]. Insulin acidic GIuA4 is
preserved by its equivalent Asp45 in the IGF-1 and insulin-neutral GInAS5 is replaced by
Glu46 in corresponding sites of IGF-1 (see Figure 8.3.). Furthermore, Asp 707 of IR o-CT
is replaced by a neutral Asn694 in the IGF-1R a -CT segment. These correlations and trends
between positions A4/A5 in insulin and IGF-1 equivalent 45/46 sites led us to study impact
of the mutations of these residues on receptor affinities and autophosphorylation in order to
develop IGF-1R-specific antagonists with potential anti-cancer clinical applications. We
systematically modified IGF-1 Asp45 site with Asn or Ala and Glu46 site with GIn or Ala.
Phe49 was modified with His because equivalent mutation in insulin dramatically increased
its binding affinity for IR-A (see Figure 8.3.). Afterwards we characterized IGF-1R and IR-

A binding and autophosphorylation properties of theses analogues.
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Figure 8.3. Comparison of the primary sequences of human IGF-1, IGF-2 and insulin
with highlighted mutated sites. The homologous regions are shown with a gray background
and the mutated residues are highlighted with a yellow background. Reproduced from Ref.
[49].

We did not discover any clear and major antagonism or receptor overstimulation. All
analogues activated IR-A and IGF-1R without major disproportions to their binding
affinities. Therefore, the previously described significant disproportionate binding and
activation of insulin analogues mutated at A4/A8 by Whittaker et al. [262] is probably
specific and limited only for insulin-IR interactions.

Mutations at the position 45 led to reduce binding affinities (29-68 %) to IGF-1R,
while mutations at the position 46 led to the same, or slightly higher, binding affinities (92-
133 %) to IGF-1R. These analogues have binding potencies for IR-A similar to the native
IGF-1.

Much more surprising was the effect of mutation of Phe49 in IGF-1 for His. This
mutation enhanced binding to IR-A about 5-fold, which makes the respective analogues the
strongest IGF-1 binders of the IR-A receptor isoform thus far reported. Similar, about 3-fold
enhanced binding affinity was determined for IR-B as well. Thus, the mutation is specific
for IR receptors only and not for IGF-1R, which may indicate that the respective binding
sites (probably parts of receptors’ binding sites 2) are not equivalent. Similar effects were
observed for equivalent HisA8 in insulin [262, 289-291] and His48 in IGF-2 (this study). In
addition, the same mutation in IGF-2 (Phe48His) slightly enhances binding affinity of the
analogue for IGF-1R, which is not the case for the mutation Phe49His in IGF-1. This may
indicate that the interactions of IGF-1 and IGF-2 with IGF-1R are different. The residues at
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position 49 of IGF-1 and 48 of IGF-2 have an important role in IGF-1R interaction and do
not interact with the receptor in the same fashion.

Some trends observed in the analogues described here can be corroborated by the
phylogeny of insulin-related hormones. Although there is no mammalian insulin with His at
site A8, this amino acid is frequently present there in fish, frog and bird insulins [292]. Also,
HisA8 was proposed as being responsible for about a 5-fold higher binding affinity of
chicken insulin for IR in human lymphocytes [293]. Herring at al. [294] proposed that it is
possible that a “lower affinity” ThrAS8 site in mammals emerged from the evolutionary
optimization of the insulin-receptor kinetics, which requires a reduction of insulin binding
affinity in mammals that is dictated by a different route of insulin delivery. In more ancient
vertebrates like birds, insulin is secreted differently, by kidney, which leads to rapid
metabolic changes [294]. However, in mammals, the pancreas-to-liver portal vein-mediated
pathway is a primary direction of insulin. In humans, the liver is the main glycemic-response
organ with >90 % “metabolic” IR-B isoform, and where insulin inhibits gluconeogenesis
and glycogenolysis, before reaching the peripheral tissues. It may be postulated that to assure
an optimum liver:body distribution of insulin its IR-binding affinity needs to be reduced in

mammals, in order to achieve a more systemic glycemic response [294].
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9 Conclusions

We developed a new methodology for the total chemical synthesis of IGF-1 analogues.
The methodology is based on ligation of two precursor chains prepared by solid-phase
peptide synthesis, by subsequent Cu'-catalyzed cycloaddition and finally by a biomimetic
formation of three disulphide bridges. It is an alternative synthetic strategy to previously
established methods using native ligation and orthogonal protection of cysteine residues.
The “clicked” IGF-1 analogues reported here are unique examples of the use of triazole-
forming click chemistry for the preparative production of large peptides/small proteins
(8,000 Da) with a complicated disulphide pattern. Connection of two IGF-1 fragments by a
triazole-containing moieties was relatively well tolerated in binding to IGF-1R and IR-A,
and can thus represent a suitable synthetic platform for the design of new analogues. In
addition, we found that the disconnection of IGF-1 main chain at 36-37 peptide bond leads
to a deactivation of the hormone, which indicates that the respective cleavage is not a part
of the maturation of the prohormone in vivo.

We developed a straightforward protocol for the production of the recombinant IGF-1
with one extra N-terminal Gly(-1) and prepared eleven IGF-1 analogues with mutations at
positions 45, 46 and 49, which were subsequently tested for receptor binding affinities and
abilities activation to activate their cognate receptors. We did not detect any clear and major
antagonism or receptor overstimulation. However, we found that mutation Phe49His in IGF-
1 dramatically enhances binding affinities for IR-A and IR-B, which makes these mutant the
strongest IR-A/IR-B binders reported so far. Moreover, this mutation does not change
binding affinity of analogues for IGF-1R indicating that respective sites (probably sites 2) in
IRs and IGF-1R receptors are not equivalent.

This work brought new valuable information about structure-activity studies of IGF-1
and IGF-1R and opened new directions for the further rational engineering of the hormones

of the insulin-IGF system.
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