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Abstract

Insulin-like growth factor II (IGF-II) is a unique regulatory peptide containing 67 residues
and three disulfide bonds. It binds with high affinity to three receptors, the insulin receptor
(IR}, the type 1 insulin-like growth factor receptor (IGF-1R) and the type 2 insulin-like
growth factor receptor (IGF-2R). Binding of IGF-II to these receptors signals mitogenic
responses, such as cell proliferation, differentiation and migration. The interactions of IGF-II
with the IR and IGF-1R have recently been identified as potential therapeutic targets for the
treatment of cancer. Thus, an increased understanding of the interactions of IGF-II with the
IGF-1R and the IR-A is required for the improved design and development of potential

anticancer therapeutics.

A crystal structure of IGF-II bound to either the IGF-1R or the IR-A has not been reported.
Thus, the precise location of IGF-II within the receptor binding pocket remains undefined. A
fluorescence resonance energy transfer (FRET) approach was proposed to investigate the
binding location and orientation of IGF-II within the IGF-1R. Two fluorescent IGE-II
analogues, the F19Cou IGF-II and F28Cou IGF-II proteins, were synthesised for use in the

desired FRET studies.

These FRET experiments first required the synthesis of an appropriate coumarin-based probe
for incorporation into IGF-II. The synthesis of a range of fluorescent coumaryl amino acids is
described in Chapter 2, and an analysis of the spectroscopic properties of these coumaryl

amino acids is alsc detailed.

Site-specific incorporation of the coumarin-based probe into IGF-II was then undertaken.
Three complementary methods were used for the preparation of the desired fluorescent IGF-
IT analogues. Chapter 3 describes the use of the nensense suppression methodology for the
expression of the novel F19Cou IGF-II protein. This was followed by an improved chemical
synthesis of the F19Cou IGF-II protein using a linear solid phase peptide synthesis (SPPS)
approach and is detailed in Chapter 4. A robust native chemical ligation approach was

developed in Chapter 5, which allowed for the facile incorporation of the coumarin-based
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probe at various locations within the IGF-II protein. Chapter 5 also details the synthesis of the
native IGF-II, F19Cou IGF-II and F28Cou IGF-II proteins. The biological activity of the
resultant IGF-II analogues was evaluated by competition binding assays. The fluorescent IGF-
IT analogues bind with low nanomolar affinity to the IR and IGF-1R, and as such were deemed

suitable for use in the desired FRET-based experiments.

The FRET-based investigation into the binding interactions of the native IGF-II, F19Cou IGF-
IT and F28Cou IGF-II proteins to the IGF-1R is described in Chapter 6. FRET interactions
were observed for both the F19Cou IGF-II and F28Cou IGF-II proteins. The results show the
fluorophore binds in close proximity to Trp residues within the IGF-1R receptor and suggest
the location of IGF-II binding within the IGF-1IR is consistent with what is proposed in the
literature. These experiments provide a basis for further investigations for determining the

precise binding location and orientation of IGF-II within the IGF-1R.
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1.1 _The insulin growth factor (IGF) system

The insulin growth factor {IGF) system is responsible for the regulation of cellular processes
such as cell growth, proliferation, differentiation and apeptosis.'* It is also associated with the
development and progression of cancer."!' Thus, the IGF system has been identified as a
potential target for the development of novel cancer therapeutics.”'” Figure 1 depicts the
overall IGF system consisting of three structurally related ligands; insulin, the insulin-like
growth factors I and II (IGF-I and IGE-II), the cognate receptors, and six high affinity binding

proteins (IGFBPs).'#

IGFBPs
1’,I \\\ . < Yo
k Y K 4
U u H H I I Extracellular
Matrix
8 179999 P99 0999 PI9799% ? P9 PP 79
(oId clelelelell elele] elels/cll elelelelelele! lelelslele) ele/ lelele) t'.':gmpmm

Insulin Insulin Tvpe 2 IGF-1R/IR Type 1
Receptor Receptor vIpGF Hybrid IGF
Exon 11+ Exon 11- Ricuitar Receptor

(IR-B) (IR-A) (IGF-2R) (IGF-1R)

Metabolism Degradation MR

(control of Differentiation

IGF-11 levels) Migration
Anti-apoptosis

Figure 1: Schematic representation of the IGF system. The IGF system consists of three peptide
ligands (insulin (orange), IGF-1 {green) and IGF-II (biue)); cognate receptors, IR (two isoforms), IGF-
IR, hybrid IR:IGF-R, IGF-2R} and six high affinity binding proteins {IGFBPs (1-6}). The receptors
which insulin {dashed arrows), IGF-11 (bold arrows) and IGF-I {(dotted arrows) bind are represented by
black arrows. IGFBP’s are numbered and the proteins to which each bind to are represented by the full
or semi-circles coloured in green (IGF-1) or blue (IGF-II). Figure adapted from Rajapaksha et al.” with
permission from authors.
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The biological activity of the IGF’s are mediated through interactions with the cell surface
membrane receptors, namely, the type 1 insulin-like growth factor receptor (IGF-1R) and the
insulin receptor (IR). The insulin receptor (IR) exists in two isoforms that arise from
alternative splicing of exon 11 {IR-A (exon 11 -) and IR-B (exon 11 +)), where the IR-A lacks
the 12 residues normally encoded for by exon 11.*' The ligands bind to each of these
receptors with varying affinities and selectivity, as summarised in Table 1.**** The IR-B, binds
insulin with high affinity, the IR-A binds both insulin and IGE-II with strong affinity, while
the IGF-1R binds both IGF-I and IGF-II strongly (refer to Table 1).*** The availability of IGF-
I and IGF-II to bind these receptors is further controlled through interactions with six high-
affinity binding proteins (IGFBP (1-6)) and the type 2 insulin-like growth factor receptor
(IGF-2R). The IGF-2R is a mannose 6-phosphate receptor™ and is responsible for
regulating the level of IGF-II in the cell.”*” Finally, the high structural homology between the
IGF-1R and IR can result in the hybrid forms of the IGF-1R and IR, to which the IGF’s can

also bind (refer to Figure 1).**

Table 1: Summary of the selectivity and binding affinities of the insulin receptor isoforms (IR-
A/IR-B) and the IGF-1R.

1Csy (nM)
IR-BH IR-Al IGE-1R!™
Insulin 1.4 0.1 2803 > 100
IGF-1I 366 £ 15 120.4 £ 34.1 1.4£03
IGF-11 68 11 182+ 2.4 34202

la] ata obiained from Denley ef al.*
Ib] Data obtained from Delaine ef al.*

Deregulation of the IGF system is thought to be involved in the development and progression
of cancer.*!' Deregulation is caused by the elevated production of IGF-I and IGF-II ligands,
overexpression of the IGF-1R and IR-A, and possible mutation and/or down-regulation of the
IGF-2R.*! This results in increased binding of the IGFs to the IR-A and IGF-1R, and
decreased clearance of IGF-II by the IGF-2R, culminating in increased cancer cell growth and

migration. #1423 Eyrthermore, the IGF system is known to promote the survival,
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proliferation ~and migration of cancer «cells, even in the presence of

chemotherapeutics,>*# 14153122

Several strategies have been explored to inhibit IGF action as a possible treatment of cancer,
and include the use of small molecule inhibitors and anti-IGF-1R monoclonal antibodies to

WA number of such therapeutics are currently in clinical trials

prevent ligand binding,
(reviewed in ref. 12-14,17). More recently, the IGF-ILIGF-1R interaction has been identified
as potential therapeutic target for the treatment of cancer. This is based on the fact that
inhibition of IGF-II binding is known to decrease tumour growth and migration.™"'* IGF-II
expression is up-regulated in many cancers, and an overexpression of the IR-A has been
observed in a number of different cancers including breast**” and colon******, An increased

understanding of the interactions of IGF-II with the IGF-1R and the IR-A is required for the

improved design and development of potential cancer therapeutics.

1.1.1 Insulin-like growth factor II (IGF-II)

1.1.1.1 Structure of IGF-1I

IGF-II is a single chain protein containing 67 residues and three disulfide bonds, and it has
high structural and sequence similarity to both insulin and IGE-I (Figure 2).*"* It has four
structural domains, B, C, A, and D (labelled in order from the N to the C terminus, Figure
2)."" The A and B domains, corresponding to the A and B chains of insulin, are connected by
domain C comprising residues 33-40 in IGF-II (the corresponding C domains of IGF-I and
proinsulin contain 12 and 35 residues respectively). The D domain is comprised of the C

terminal residues 62-67 in IGF-II and the analogous residues (62-70) in IGF-L.24#



Chapter 1 |5

10 20 30 40 50 60 67
IGF-l  AYRPSEBLCGGELVDTLOEVCGBRGFEESRPASR--VERRS - RGIVEECCERECBLALLETYCH-- TPAKSE
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Figure 2: Sequence and demain alignment of insulin, IGF-I and IGF-IL* The residues that are
conserved between IGF-11, IGF-1 and insulin are shaded in light gray and conserved residues between
IGF-11 and IGF-1 are shaded in dark grey. The domains are indicated with double headed arrows below
the sequences. Residues numbers are provided above or below each sequence. Figure adapted from
Alvino et al** with permission from authors.

The primary amino acid sequence of IGF-II was first elucidated by Rinderknecht and Humbel
in 1978." The NMR structure of IGF-II was reported in 1994 by Terasawa et al.*’ with a higher
resolution NMR structure published by Torres et al.** a year later. Several crystal structures of
IGF-II in complex with binding partners, such as the IGF-2R* have also been described;

however, crystal structures for IGE-II bound to either IGF-1R or IR-A remain elusive.

Depictions of the three-dimensional structures of insulin, IGF-I and IGF-II are shown in
Figure 3“4 Each ligand contains three a-helices, two in the A domain (residues 42-49
(pink) and 53-59 (red)), and one in the B domain (residues 12-21 (blue)).' The helices within
the A domain are arranged in an antiparallel fashion, and perpendicular to the B domain a-
helix. Together these helices form the basis for the hydrophobic core of the peptide.®® In
contrast, the C and D domains of IGF-II and IGEF-I are relatively unstructured, compared to

the A and B domains.*+

' Residue numbers are for IGF-11
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Insulin IGF-1 IGF-11

Figure 3: Comparison of the three-dimensional structures of insulin, IGF-1 and IGE-II. The
structure of insulin® (PDB: 1ZNI), IGE-I¥ {PDB: 1BQT) and IGF-II* {PDB: 1IGL) are aligned along
the B domain helix shown in blue. Where the N- and C-termini are denoted as N and C respectively;
the first and second A domain helices are shown in pink and red respectively and the three disulfide
bonds are shown in yellow. Figure adapted from Denley et al.' with permission from authors.

1.1.1.2 Binding partners of IGF-1I

As mentioned previously, IGF-II is a unique regulatory peptide that binds with high affinity to
the IGF-1R, IGF-2R and IR-A.*** Unlike IGF-II, insulin and IGF-I only bind with high
affinity to the IGF-1R and IR respectively, and are unable to bind {or bind extremely poorly)
to other receptors in the IGF system.”* Activation of the IGF-1R and the IR-A by IGF-II
results in mitogenic activities, such as cell proliferation, differentiation and migration {refer to

AL R

Figure 1).

1.1.2 IGF-1R and IR-A

1.1.2.1 Structures of the IGF-1R and IR-A

The IGF-1R and IR-A are transmembrane receptor tyrosine kinases that exhibit a high degree
structural similarity.”** The receptors consist of two disulfide linked monomers that associate
in a B-a-a-p arrangement as depicted in Figure 4. Each monomer contains an a-subunit

linked to a B-subunit by a disulfide bond.** The a-subunit is approximately 130-135 kDa and
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constitutes the extracellular component of the receptors. By comparison, the p-subunit is

approximately 90-95 kDa and spans the intra- and extracellular regions.”* #

a a
CR CR

5-5

hidibd
tnn

Figure 4: Schematic representation of the domain organisation of the IGF-1R and IR. The IGF-1R
and IR share the same homodimer domain structure, and the domains are defined as follows: L1 and
L2, large domains 1 and 2 (leucine-rich repeat domains); CR, Cys-rich domain; Fnl, Fn2, Fn3,
fibronectin type III domains (Fnlll (1-3)); ID, insert domain; Ex11, residues encoded by exon 11 for
the IR; TM, transmembrane; JM, juxtamembrane; TK, tyrosine kinase; CT, C-terminal domains and
disulfide bonds are shown.

Each monomer of the IGF-1R and IR is comprised of 11 domains as illustrated in Figure 4.
The extracellular domain {or ectodomain) consists of two large domains {approx. 150-160
residues) that are rich in leucine repeats (L1 and 12). These are separated by a cysteine rich
domain (CR, approx. 150 resides) and followed by three fibronectin type 11T domains (FnlII-
1-3, approx. 100 resides each). The FnlII-2 domain is split over the C-terminal region of the
a-subunit (FnlIll-2a; aCT) and the N-terminal region of the B-subunit (FnIII-2p) and also

comprises a large insert domain (ID, approx. 120 residues). The ID also contains the residues
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that encode Exon11 (Ex11), which is present in the IR-B but not the IR-A. Furthermore, the
intracellular domain of IGF-1R and IR contain a catalytic tyrosine kinase domain {TK)
flanked by two regulatory regions, the juxtamembrane (JM) and the C-terminal or C-tail (CT;
108 residues). Of these domains the L1, CR, L2 and aCT have been shown to contain the main

ligand binding determinants for insulin, IGF-I and IGF-II.

A conformational change is induced on the binding of insulin, IGF-I or IGF-II to the
extracellular domain of the IGF-1R or IR-A. This results in autophosphorylation of tyrosine
residues within the so-called activation loop of the tyrosine kinase domain. This then activates
the tyrosine kinase activity of the receptor, which in turn triggers mitogenic responses such as

cell proliferation, differentiation and migration.*~*

The crystal structures of the L1-CR-L2 domains for the IR-A and the IGF-1R were reported in
1998 and 2006 respectively.®® These structures show that L1-CR-L2 domains for the IR-A
and the IGF-1R exist as extended bilobal structures, where the L1-CR-L2 domains are
arranged around a central cavity large enough to accommodate the binding ligand. However,
L1-CR-L2 constructs are unable to bind the ligand due to the lack of key binding
determinants normally present in the intact receptor, namely the C-terminal region of the K-

subunit (aCT segment; residues 692-700; refer to Figure 4).%*

A full ectodomain structure for the IR-A was subsequently reported.**% Unlike the L1-CR-L2
construct discussed above, this construct binds native insulin with a Ky of 1 nM.* The
structure as depicted in Figure 5 displays the two monomers in a folded over conformation
with an inverted “V” arrangement.** Each arm of the receptor is comprised of the L1, CR and
L2 domains from one monomer and the FnlII (1-3) domains, from the other monomer (refer

to Figure 5).%+%
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Figure 5: IR-A ectodomain structure.® The dimeric folded over conformation of the IR-A
ectodemain {PDB: 3LOH}, where each arm is formed from the crossover of the two monomers.
Monomer 1 is shown in ribbon structure and monomer 2 is shown as a space filling model. A monomer
of the ectodomain of the IR-A showing the domain organisation (right). Where domains are defined as
follows: L1 and L2, large domains 1 and 2 (leucine-rich repeat domains); CR, Cys-rich domain; FnlII
(1-3}, fibronectin type III domains (1-3) and 1D, insert domain.

Until recently, only crystal structures of the holo-ectodomain structure had been reported,
where the receptors are not in complex with a ligand.®**%+% However, Menting et al*
recently reported a crystal structure of a homodimeric construct of the IR-A in complex with
insulin. This construct (L1-CR-L2-(FnlIl-1)-aCT{704-719)), consists of the L1-CR-L2
domains connected to the FnllI-1 domain and linked to the aCT segment, and contains all the
predicted binding determinants for insulin. This L1-CR-L2-(FnIII-1)-aCT(704-719) construct
is reported to bind insulin with a Ky of 17 nM.** These results confirmed the importance of the

FnlIl-1 domain and aCT(704-719) segment for ligand binding.
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1.1.3 Binding of IGF-II to the IGF-1R and IR-A

1.1.3.1 Identifying the binding pocket of the IGF-1R and IR- A

To date crystal structures of IGF-II bound to either the IGF-1R or the IR-A have not been
reported, and as such little is known about the details of IGF-II binding to these receptors.
Thus, an increased understanding of the interactions of IGF-II with its two high affinity
receptors is needed. Elucidation of these binding interactions will allow for the better design

of anticancer therapeutics.

Two faces define the binding pockets of the IR-A and IGF-1R. The L1, CR and L2 domains of
one monomer form one face and the FnlIIl (1-3) domains together with the aCT segment of
the other monomer form the opposing face.***” Two binding sites have been elucidated within
the binding pocket and these are depicted in Figure 6. The primary IGF-II binding site,
designated site 1, comprises the L1 domain and aCT segment (site 1; Figure 6). IGF-II binding
site 2 is less well defined and it is proposed to be formed by the loops at the junction of the

FnllI-1 and FnlII-2 domains (site 2; Figure 6).%%7
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Figure 6: IR-A binding pocket (left) and location of the IR-A receptor binding sites (right)."® The
IR-A binding pocket {PDB: 3LOH) is formed from the L1, CR and L2 domains of one monomer and
the aCT segment and FnlIll (1-2} domains of the other monomer. The IR-A binding pocket (right),
shows the putative location of the two receptor binding sites. Where site 1 is shown by a solid red line
and site 2 is shown with a red dashed line. L1 and L2 refer to the large leucine rich domains 1 and 2; CR
is the Cys-rich region; Fnlll (1-3} are the type three fibronectin domains 1-3 and ID is the insert
domain and contains the C-terminal segment {(aCT).

Domains within the IR-A and IGF-1R, which contribute to the high affinity binding of IGF-II,

have been identified using a combination of chimeric, hybrid and soluble IGF-1R/IR receptor

49,563 2l

variants chemical crosslinking"“"‘ and alanine scanning mutagenesis.”! These studies
demonstrate that IGF-II does not interact with the CR domain of the [GF-1R, and that a lack

of this interaction is a binding determinant unique to IGF-I1.”

The interactions associated with the binding of insulin and IGF-I to the IR-A and IGF-1R are
better understoed than those of IGF-II to either the IR-A or IGF-1R.%*77 Since IGF-II
exhibits high structural and sequence homology to IGF-I and insulin, it is expected to exhibit

a similar mode of binding, and possess similar binding sites on the IGF-1R and IR-A.
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1.1.3.2 IGEF-1R:IGFEF-II Interaction

The functional IGF-II binding epitope en the IGF-1R was defined by Serensen and co-
workers using alanine scanning mutagenesis and is depicted in Figure 7.”" These studies
showed that the binding epitope of IGF-II lies primarily on the L1 and aCT for the IGF-1R
(refer to Figure 7).”" Residues in the L1 and aCT segments are thought to indirectly contribute
to the high affinity binding of IGF-II by stabilising the interactions between the L1 and aCT

5L gment. S.0608

Figure 7: The functional IGF-1I site 1 binding epitope on the L1 domain of the IGE-1R as
determined by alanine scanning mutagenesis by Sorensen ef al.” Residues identified as important
for IGF-1I binding to the IGF-1R are shown on the surface structure (leff) and an expansion of these
key residues in the L1 domain are shown as ribbon structure (right). The binding epitope is mapped on
to the L1-CR-L2 crystal structure of the IGF-1R reported by Garret et al™ {(PDB: 1IGR). Where
residues in yellow demonstrated a 2-5 fold decrease in affinity; residues in orange demonstrated a 5-10
fold decrease in affinity and Leu® is shown in red and demonstrated a greater than 10-fold decrease in
affinity.
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Alanine scanning mutagenesis revealed the binding epitope of IGF-II on the IGF-1R is
predominantly localised to the second and third p sheets of the L1 domain (refer to Figure
7).”! Mutation of Asp®, Asn", Tyr®, His", Leu", Phe* and Phe™ to alanine, gave analogues of
the IGF-1R which had between a 2-5-fold reduction in affinity for IGF-II (yellow; Figure 7).
However, recent crystallographic data suggests these residues indirectly contribute to 1GF-II
binding by stabilising the interactions between the L1 domain and aCT segment. 6668
Furthermore, mutation of Leu*, Leu™ and Arg™ to alanine gave analogues with an observed 5-
fold or greater decrease in affinity for IGF-II (orange and red; Figure 7).”! From these studies

it can be concluded that Leu*, Leu™ and Arg™ are critical for the binding of IGF-II to IGE-1R.

Residues in the aCT segment of the IGF-1R have also been identified important for IGF-II
binding.*#6%71 Specifically, mutation of Phe™ to alanine produced an analogue that failed to
bind IGF-II, indicating at least a 100-fold decrease in affinity.”! This suggests Phe™ is
important for IGF-II binding.***** Alanine mutagenesis studies have also identified Phe®”,
Glu*?, Asn®, Phe*”, Leu™, His*’, Asn**® and Ile™ as key residues for IGF-II binding.™
Recent reports suggest that Phe®, Asn®, Phe®”, Leu*® and Ile™ stabilise the L1/aCT
interaction, rather than directly engaging with IGF-I1.7*%*%! Tn contrast, the strong sequence

and structural homology between the aCT segments of IR-A and IGF-1R indicates that the

Glu*”, His*7and Asn®® residues are also likely to be involved in IGF-II binding.*#*

1.1.3.3 IR-A:IGE-1I interaction

The IGF-II binding epitope on the IR-A has not been mapped. However, IGF-II binding is
proposed to involve interactions at the two sites as depicted in Figure 6.% Site 1 is proposed to
be formed by the L1 domain and the aCT segment, while site 2 is predicted to involve the
loops at the junction of the FnllIl-1 and Fnlll-2 domains.!»#34-%8757% The high level of
sequence and structural homology between both insulin and IGF-II suggests these ligands will
bind similarly.”® Specifically, the residues in the L1 domain of the IR-A, which are suggested
important for ligand binding include Asp'?, Arg", GIn*, Leu*, Leu"’, Phe*, Phe*, Phe®, Phe®,

Asn™, Tyr”, Glu' and Lys!*!. Of these residues, Gln™, Leu*, Leu, Phe*, Phe®, Phe® and
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Glu'* are thought to stabilise the interactions between the L1 domain and aCT segment (blue;

Figure 8),"%%% whereas, Asp',, Arg", Phe"”, Asn”, Tyr” and Lys'"! are thought to directly

596608

contact the ligand (red; Figure 8).

Figure 8: Schematic representation of site 1 binding interactions of IGF-II with the [R-A. Residues
proposed important for IGF-11 site 1 binding to the IR-A are shown on a surface structure (left) and an
expansion of these key residues in the L1 domain are shown as ribbon structure {right). Binding
interactions are based on those proposed by Lawrence and co-workers™*® for insulin binding to the
IR-A. IGF-1I (PDB: 1IGL}* is shown in the binding pocket of a homodimeric [R-A construct
(IR593aCT), which consists of the L1-CR-L2-FnllII-1 domains linked to the aCT (709-719) fragment
(PDB:3W14)." In this model IGF-II is superimposed and replacing insulin. The L1-CR-L2-FnlII-1
domains are shown in grey; the aCT (709-719) fragment is shown in tan; residues shown in red are
suggested important for ligand binding; residues shown in blue are suggested important for the
L1/aCT interaction; residues shown in ball and stick mode! are from the L1 domain and residues
shown in stick model are from the aCT (704-719) segment.

Residues in the aCT segment of the IR-A, Thr’™, Phe™, Glu™, Tyr™®, Leu™, His™", Asn™!,
Val™™* and Phe™ were identified by alanine mutagenesis as critical for ligand binding.***% Of

these residues, His™, Asn’! and Phe™ are suggested to directly engage the binding ligand
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(red; Figure 8).7%*® In contrast, Thr’™!, Phe™, Glu™, Tyr™®, Leu™ and Val’ are predicted to

be involved in the stabilisation of L1/aCT interaction (blue; Figure 8).3%6%

1.1.4 Mapping of receptor binding sites on the IGF-II protein

Identification of the key residues involved in the high affinity binding of IGF-II to the IGF-1R
and IR-A would lead to a better understanding of the binding interactions and thus, an

opportunity for the improved design of targeted therapeutics.

The C and D domains (residues 33-40 and 62-67) (refer to Figure 2) of IGF-II have been
identified using chimeric IGF-I/IGF-II ligands, as important determinants of the selectivity of
binding of IGF-II to both the IGF-1R and IR-A.” Interestingly, these domains do not
contribute to the main IGF-II binding sites. IGF-IT’s binding sites are the two key locations
where IGF-II interacts with the IGF-1R and IR-A and are designated as site 1 and site 2 and

are shown in Figure 94473728

Figure 9: IGE-1I binding sites. IGF-1I {PDB: 1IGL)*" is shown in ribbon structure and the key residues
are shown as ball and stick model. Where residues defined as site 1 are shown in green; residues defined
as site 2 are shown in orange; Gln' is specific for IGF-1R binding (site 1) and is shown in &lue; Glu' is
a site 2 residue which is critical for signalling and activation of the IGF-1R and is shown in black.
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The key residues that form the IGF-II binding sites have been identified by site directed
mutagenesis and through the use of minimised receptor constructs.** Site 1 residues are shown
in green in Figure 9 and include Val', Asp", Phe*®, Tyr”, Phe*® and Val*\. These residues form
a hydrophobic cluster defined by the a-helix of the B-chain,***# Site 1 IGE-II analogues
(Val"*Thr, Phe®Leu and Val**Met) have been shown to exhibit a minimum of a 2.5-fold
decrease in binding affinity for both the IGF-1R and the IR-A.* In particular, the binding
affinity of a Val*Met IGF-II analogue was less than 1% of the native IGF-II protein.*
Similarly, a Tyr”Leu IGF-II mutant displayed greater than a 20-fold decrease in binding
affinity for the IR-A and more than a 5-fold decrease in affinity for the IGF-1R compared to

the native IGF-II protein.®-#

Mutation of Asp" to alanine, produced an IGF-II analogue
(Asp“Ala IGF-II) which had a 10- and 16-fold decrease in binding affinity for the IGF-1R and
IR-A respectively.* GIn'* is shown in Figure 9 in blue, and was identified as important for the
selective binding of IGF-II to the IGF-1R*# Specifically, mutation of GIn' to alanine
produced an IGF-II analogue (Gln'®Ala IGF-II} which had a 2-fold decrease in binding

affinity to the IGF-1R, but its binding to the IR-A was unaffected.

Site 2 residues were identified through the use of minimised receptor constructs and alanine
mutagenesis.** Site 2 residues are highlighted in orange in Figure 9, and include Glu", Phe",
Leu™ and Glu¥.* These residues are thought to interact with the FnlIl domains of the IGF-1R
and IR-A (refer to Section 1.1.3). In particular, Glu' is crucial for receptor binding and
activation.® Specifically, mutation of Glu" to alanine gave an IGF-II analogue (Glu'’Ala IGF-
IT) that failed to activate the IR-A and IGF-1R.*® In summary, the site 1 {Val", Asp", Phe®,
Tyr”, Phe® and Val*') and site 2 {Glu'?, Phe?’, Leu™ and Glu") residues described above form

the two primary binding surfaces where IGF-II engages the IGF-1R and IR-A.

The interactions of IGF-II with its two high affinity receptors, the IGF-1R and IR-A have been
identified as potential therapeutic targets for the treatment of cancer (refer to Section 1.1.1).
The key residues involved in the IGF-II binding sites have been elucidated (refer to Section
1.1.4). However the exact binding locations of IGF-II to the IGF-1R and IR-A still remain
elusive (refer to Section 1.1.3). Identification of these interactions is important for the

development of anti-cancer therapeutics. Thus, a FRET-based investigation of the binding
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interactions between IGF-II and its two high affinity receptors was proposed. This study
required the synthesis of the native IGF-II protein and a range of IGF-II analogues with

fluorescent probes incorporated at specific sites.

1.2 Protein synthesis

As discussed above, access to IGF-II analogues with fluorescent probes incorperated, would
allow a fluorescence resonance energy transfer (FRET) based investigation into the binding of
IGF-II to the IGF-1R and IR-A. Several methods exist for the synthesis of such analogues.
These techniques are summarised in Figure 10, and are suitable for the current study as they
allow for the facile incorporation of fluorescent probes into proteins.*** Both recombinant
protein expression (refer to Chapter 3} and chemical synthesis have been used in this thesis to
synthesise the native IGF-II protein and non-native IGF-II analogues with fluorescent probes
incorporated. Two methods of chemical synthesis were employed and involve the use of SPPS

(refer Chapters 4 and 5) and native chemical ligation (refer to Chapter 5).

Protein synthesis
| —— I |
Mative protein isolation aan g Chemical synthesis
expression

Solid phase Solution
(SPPS) phase

Figure 10: Methods of protein synthesis.®®® Three main methods of protein synthesis are
sumimarised; protein isolation, recombinant protein expression and chemical synthesis. Synthetic
approaches based on chemical synthesis are the most versatile and include semi-synthetic, solid-phase
and solution phase methods.
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1.3 Fluorescence resonance energy transfer (FRET)

Protein-protein interactions and the analysis of conformational changes, such as those
associated with the binding of IGF-II to the IR-A and IGF-IR, can be investigated using
fluorescence resonance energy transfer (FRET).!% " FRET is a non-radiative energy transfer
from a donor fluorophore to an acceptor fluorophore. The energy transfer process is
dependent on the distance between the donor and acceptor fluorophores (10-100 A), the
spectral overlap between the donor emission and acceptor absorption spectra (Figure 11), and

the relative orientation of the fluorophores.!*1%7-112

oy
>

Intensity

_ | Spectral
. overlap

>
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Figure 11: Spectral overlap between a denor emission and acceptor absorption spectra.'™'"" Where
the donor spectra are shown in blue, the acceptor spectra are shown in orange, absorption spectra is
designated by a soiid line and emisson spectra is designated by a dotfed line and the spectral overlap is

shown in grey.

FRET can occur in both intra- and intermolecular systems as illustrated in Figure 12. In all
cases the occurrence of the FRET interaction is distance dependent and only occurs when the
donor and acceptor fluorophores are in close proximity (10-100 A). A more detailed

description of the process is discussed in Chapter 6.
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Figure 12: Examples of intramolecular and intermolecular FRET. Intramolecular FRET (above) and
intermolecular FRET (below) interactions are shown. Where D is a donor fluorophore; A is an

acceptor fluorophore and zig-zag arrows in purple, blue and orange indicate the excitation light, donor

emission and acceptor emission respectively. Figure adapted from Miyawaki.'®

As discussed in Section 1.1.3 and illustrated in Figure 13, IGF-II interacts with two sites on the
IGF-1R and IR-A. To investigate the binding of IGF-II to these receptors using FRET, the
selection of an appropriate FRET donor and acceptor pair, which could be positioned adjacent

to or within these key binding sites was required (refer to Section 1.1.4).
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Figure 13: Location of Trp residues adjacent to the IGF-1R and IR-A binding sites. Trp residues
adjacent to the IGF-1R (PDB:1IGR)* binding site 1 (brown, left), and the IR-A {(PDB:3LOH)* binding
pocket (grey, right) are shown. Where site 1 is designated by a solid black line and site 2 is designated
with a black dashed line and the location of nearby tryptophan residues are numbered and shown in
red as ball and stick model. L1 refers to the large leucine rich domain 1; CR is the Cys-rich region and
FnllI 1 and 2 are the type three fibronectin domains 1 and 2.

Of all the proteinogenic amino acids, Trp has the most suitable spectroscopic properties for
use in FRET. This is discussed in detail in Chapter 2, but briefly Trp has stronger fluorescence
with higher quantum yields than the other proteinogenic amino acids. Fortunately, both the
IGF-1R and IR-A contain an abundance of naturally occurring tryptophan residues which can
behave as FRET donors. Furthermore, several of these Trp residues are predicted to be
positioned either within the receptor binding sites, or closely adjacent. These residues are
illustrated in Figure 13, and include Trp”, Trp'¥, Trp'"* and Trp** (site 1) for the IGF-1R, and
Trp'™, Trp™ and Trp™ (site 1) and Trp*®, Trp™!, Trp™®, Trp™?, Trp®"® and Trp** (site 2) for

the TR-A.

While the abundance of Trp residues within both the IGE-1R and IR-A increases the
possibility of a FRET interaction, it also complicates the identification of the precise FRET
partner. Thus, the work in this thesis endeavours to establish the feasibility of a FRET -based
approach in providing information about the binding location of IGF-II within the IGE-1R
and IR-A. These preliminary studies will first involve the detection of a FRET interaction
between the donor and Trp residues within these receptors, and will provide the basis for

more comprehensive FRET studies.
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1.4 Scope of this thesis

The key residues that form the IGF-II binding sites have been elucidated. However, the
absence of a crystal structure of IGF-II bound to either the IGF-1R or the IR-A means the
precise location of IGF-II within the receptor binding pocket remains undefined. The work in
this thesis describes the synthesis of the F19Cou IGF-II and F28Cou IGF-II analogues which
have fluorescent coumarin-based probes incorporated. These analogues were used in a FRET
study, in order to gain an increased understanding of the binding interactiens of IGF-II with

its two high affinity receptors, the IGEF-1R and IR-A.

Chapter 2 describes the synthesis of a range of fluorescent coumarin-based probes, bearing
traditional proteinogenic handles, and includes the analysis of the spectrochemical properties
of these probes. The site-specific incorporation of a fluorescent coumarin-based probe into
the IGF-II protein is then described. Three complementary methods were used for the
preparation of IGF-II and its fluorescent analogues. First, the expression of the F19Cou IGF-I1
analogue using recombinant protein expression is discussed in Chapter 3. An improved
chemical synthesis of the fluorescent F19Cou IGF-II protein using a linear solid phase peptide
synthesis (SPPS) approach is detailed in Chapter 4. Chapter 5 describes the development of a
robust native chemical ligation approach for incorporation of the coumarin-based probe at a
various locations within the IGF-II protein, and the application of this approach in the
synthesis of the native IGF-II protein and two fluorescent analogues, F19Cou IGF-II and
F28Cou IGF-II proteins is also detailed in Chapter 5. Finally, Chapter 6 describes the
preliminary FRET-based investigation into the binding interactions of the F19Cou IGF-II and

F28Cou IGF-II proteins with a soluble form of the IGF-1R.
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2.1 Introduction

As outlined in Chapter 1, the proposed FRET-based investigation into the binding
interactions of IGF-II with the IGF-1R and IR-A required the synthesis of IGF-II analogues

with an appropriate acceptor fluorophore incorporated.

2.1.1 Fluorophores

The choice of fluorophore was dictated in part by its spectrochemical properties, which for the
current study a strong quantum yield (¢} and large Stokes shift were preferred. Other key
properties include the absorption (Ay) and emission (Aswm) maxima, molar extinction
coefficients (&) and fluorescence lifetimes (1). The molar extinction coefficient is a measure of
absorptivity of a molecule at a given wavelength, while the fluorescence lifetime refers to the
time that a molecule spends in the excited state before returning te its ground state. Quantum
yield (¢) is a measure of the fluorescence efficiency of a molecule and is defined as the ratio of
photons fluoresced to photons absorbed. Stokes shift is a measure of the overlap between the
excitation and emission spectra and is defined as the difference (in nm) between the
absorption and emission maxima (Figure 14).""!* These spectral properties in addition to the

chemical structure and size of the fluorophore, determine its application.'"
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Figure 14: Stokes shift. Absorbance spectrum is indicated with a solid purple line and the peak
maximum is identified by Ai.. Fluorescence spectrum is designated by a dotted blue line and the peak
maximum is identified by Ap.. Stokes shift is designated by a grey double headed arrow and is defined
as the difference (in nm) between the Ar, and A Figure adpated from Lavis et al.'”

Fluorophores have found wide use in the investigation of biological systems as enzyme
substrates, cellular stains, environmental indicators and molecular probes.!'* A fluorophore
can be classified as intrinsic, extrinsic covalently bound, or extrinsic associating based on the

nature of its interaction with a target protein.!'*!®

Endogenous fluerophores Phe, Tyr and Trp are examples of intrinsic probes. These probes
can be used without manipulation of the protein, and as such do not disrupt the native protein
structure or any of its interactions. However Phe and Tyr are not strongly fluorescent.
Consequently, the fluorescence of these endogenous fluorophores is quenched or masked by
the natural fluorescence of the protein or biclogical system."'™!'” In contrast, Trp exhibits
stronger fluorescence and higher quantum yields. However the use of Trp as an endogenous
fluorophore is limited by its low natural abundance in proteins.!” The undesirable
spectrochemical properties and low abundance of intrinsic probes has led to the development

and use of extrinsic probes.!'®

Extrinsic covalently bound probes are covalently linked to a protein at a defined location, and

consequently are often used to investigate site-specific interactions."'® Conversely, extrinsic
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associating probes are not covalently linked to the protein and associated through non-
covalent interactions such as hydrophobic/hydrophobic or hydrophilic/hydrophilic
interactions. Consequently the information gained from FRET studies using extrinsic
associating probes is representative of the surrounding microenvironment rather than site-
specific information.!’*!'* In this work an extrinsic covalently bound probe was utilised, as

site-specific information about the binding of IGF-II was desired.

Small molecular probes (< 1 kDa) are less likely to perturb the structure and function of
proteins, thus are preferred for investigating protein-protein interactions. Such probes have a
diverse and tuneable range of spectroscopic properties and are also easily incorporated or

attached to proteins.!!*11#11

2.1.2 Small organic fluorophores

Small molecular probes are generally organic fluorophores derived from a narrow range of
“core” organic dye structures. Synthetic manipulation of these core structures allows the
spectroscopic properties of the probe to be tuned to provide an array of probes for use in a

variety of applications.!11114122

Coumarins, quinolines, xanthenes, pyrenes, boron-dipyrromethenes (BODIPY} and cyanines
are some of the most common classes of fluorescent organic dyes used in chemistry and
biology (Figure 15). These dyes possess a wide range of spectrochemical properties spanning

UV, visible and IR wavelengths.
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Coumarin Napthalene R

ROR HoN
RIR

R R
R R R X
b DO
R o Ne) R
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BODIPY Pyrene
0S R R SOy
N+/ NN N
L X .
Cyanine Fluorescein

Figure 15: Core structures of common fluorescent dyes. Common sites for substitution are
annotated by an R and the common site of conjugation is annotated by X (where known). Figure
adapted from Sapsford et af'"

2.1.3 Coumarins

Coumarins are ideal for use as small molecular probes.!’®!2*1% In general, coumarins exhibit
high quantum yields, low photobleaching and large Stokes shifts, and have spectral properties
which are sensitive to changes in pH and polarity.!"*!2#124126127 Eyrthermore coumarins are
relatively easily synthesised by the Pechmann'*®*!*, Perkin'* and Knoevenagel'"!' reactions.
These methods allow incorporation of a variety of functional groups such as acids, amines,
maleimides, alkynes or azides, which allow the coumarin moiety to be easily conjugated to a
protein."*"111122 When incorporated into peptides and proteins, coumarins have been used to
monitor site-specific conformational changes, protein-protein interactions and probe the
molecular microenvironment.!*'¥” For these reasons a coumarin-based fluorophore was
chosen for incorporation into IGF-II, allowing the binding of IGF-II to the IR-A and IGF-1R

to be investigated using FRET.
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A fluorophore can simply be conjugated to, or incorporated into a protein by attaching it to
either the N or C terminus of a protein. However, this can have significant drawbacks, as the
termini of a protein are often involved in recognition or interactiens with binding partners.
Furthermore, the termini of a protein can be far removed from the area of interest,
particularly the binding site. With this in mind, a coumarin-based fluorophore was
incorporated into IGF-II as the side chain of a residue adjacent to the IGF-II binding sites
(refer to Section 1.1.4, Chapter 1). Thus, allowing more site-specific information about the

binding of IGF-II to its high affinity receptors (IGF-1R and IR-A) to be attained.

Incorporation of a coumarin fluorophore into IGF-II required the synthesis of a coumarin
moiety with a suitable handle. Coumarin-based amino acids have been reported by Brun et
al' and Wang et al'* These amino acids are easily synthesised in three steps from
commercially available starting materials and display desirable spectrochemical properties,
including strong quantum yields {¢) and large Stokes shifts. Crucially, the basic amino acid
structure allows the coumarin to be easily incorporated into a protein using recombinant
protein expression or SPPS. With this in mind, a series of coumaryl amino acids were

synthesised for incorporation into IGF-II and are shown in Figure 16.

- . A
CF3CO,", *H3N.___COOH
32 3 \_/ FmocHN\_/COOH BocHN\_/COOH
(CHa)n (CH), (CHa),
o~ O OH 0”0 OH 07 8 OR
21:n=1 24:n=1 27:n=2;R=H
22:n=2 25:n=2 2.8:n=2:R=Boc
23:n=3 26:n=3 S
Recombinant Protein Expression Solid Phase Peptide Synthesis (SPPS)

Figure 16: Fluorescent coumaryl amino acids synthesised for use in recombinant protein
expression and selid phase peptide synthesis (SPPS). Where Boc = tert-butoxycarbonyl; Fmoc = 9-
Fluorenylmethyloxycarbonyl and CF:CO, = trifluorcacetate salt
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2.2 Results and discussion

2.2.1 Synthesis of fluorescent coumaryl amino acids (2.1-2.3)

Fluorescent coumaryl amino acids 2.1 and 2.2 were synthesised as shown in Scheme 1, from
aspartic acid (n=1) (2.9} and glutamic acid (n=2) (2.10) using methods described by Brun et
al.'*® and Wang et al'** Furthermore adaptation of these procedures allowed the synthesis of

the previously unreported coumaryl amino acid 2.3 from homoglutamic acid (n=3) (2.11).

CF3COy;, *HsN.__COOH

: CszN\/CO2Bn

(CHZ)n é
— (CHa),
X
(0] OH
O o OH

21:n=1 29:n=1
22:n=2 210:n=2
23:n=3 211:n=3

Scheme 1: Strategy for the synthesis of fluorescent coumaryl amine acids 2.1, 2.2 and 2.3,
Coumaryl amino acids (2.1-2.3) were derived from aspartic (n=1) (2.9}, glutamic (n=2) (2.10) and
homoglutamic (n=3) (2.11} acids. Where Cbz = benzyloxycarbonyl, Bn = benzyl and CF.CO, =
trifluoroacetate salt.

The key di-protected homoglutamic acid derivative, Cbz-HGIu-OBn (2.11) was readily
prepared from the commercially available di-protected glutamic acid (Cbz-Glu-OBn) (2.10),
via an Arndt-Eistert Homologation sequence."*!* As outlined in Scheme 2, 2.10 was reacted
with isobutylchloroformate to give the corresponding mixed anhydride that was immediately
reacted with an ethereal solution of diazomethane to give diazoketone 2.12.""" Subsequent
Wolff rearrangement'**'*' on reaction with silver trifluoroacetate, in the presence of silica gel
at 50 °C, under reduced pressure for 15 min, gave the desired homologated product (2.11).
This material was obtained in a 60% yield over two steps, after purification by silica-based

column chromatography.
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HN B HN B
CbzHN.__CO,Bn CbzHN._CO2Bn CbzHN._CO,Bn

: a) isobutyl-chloroformate, = =

E THF, NMM, -20°C, 30 min _ c) silver trifluoroacetate,
j/\ b) CH,N, in Et,0, rt, 3 h o N EtOAG, silica gel, OH
O~ "OH H 50 °C, 15 min 5

2.10 212 2.11
60 %
over 2 steps

Scheme 2: Synthesis of the di-protected homoglutamic acid derivative (2.11) via an Arndt-Eistert
homologation reaction. Where NMM = N-methylmorpholine, Cbz = benzyloxycarbonyl and Bn =
benzyl.

The desired f3-ketoesters (2.13-2.15) were synthesised as depicted in Scheme 3, from the di-
protected L-amino acids (2.9-2.11) via an acylation reaction."* The carboxylic acids were
separately reacted with 1,1-carbonyldiimidazole followed by treatment with an ethyl
magnesium malonate salt to give the side chain j-ketoester derivatives (2.13-2.15) in high

yields (84-95%) after purification by silica-based column chromatography.

CbzHN__ _CO,Bn a) 1,1'-carbonyldiimidazole, CbzHN. _CO.Bn

Y THF, Ny, rt, 2 h; R N

(CHy) " EtO (CHy)

%l\n b) ethyl magnesium malonate, W 2

0] OH THF, No, rt, 18 h, O (0]

29:n=1 2.13:n=1;(93%)
210:n=2 2.14: n =2; (95%)
211:n=3 2.15:n = 3; (84%)

Scheme 3: Synthesis of 8-ketoesters 2,13, 2.14 and 2.15. Where Cbz = benzyloxycarbonyl and Bn =
benzyl.

Coumaryl amino acids 2.16, 2.17 and 2.18 were synthesised as shown in Scheme 4, following
the methods outlined by Brun et al.'** and Wang et al.'™ The f-ketoesters 2.13, 2.14 and 2.15
were individually reacted with resorcinol in the presence of methanesulfonic acid for 30, 120
and 90 min respectively. The reactions were quenched by precipitation with cold ether, the
precipitate was isolated by vacuum filtration and the crude residue was dissolved in water and

lyophilised. These conditions gave concomitant formation of the fluorescent 7-
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hydroxycoumarin moiety and deprotection of the Cbz and Bn protecting groups, to afford the
previously reported coumaryl amine acids 2.16 and 2.17, and an unreported coumaryl amino

acid 2.18 in isolated yields of 9%, 13% and 22% after purification as described below.

a) resorcinol, CH3SO3H, CH3SOg, NH3*\_/COOH

rt, 30-120 min A
b) acetone (anhyd.) (CH2), 216:n=1;9%
> 217:n=2;13%
‘ X 2.18:n = 3; 22%
o~ O OH
CbzHN_ _CO,Bn
Y 243:n=1
EtO (CHy) 214:n=2
YY" 245n=3
O O CF3COy, "H3N.__COOH
‘ (CHa), 2.1:n=1;19%
2.2:n=2;28%
a) resorcinol, CH3SO3H, N 2.3:n=3;25%
rt, 30-120 min
b) RP-HPLC o~ o OH

Scheme 4: Synthesis of the fluorescent coumaryl amino acids {2.1-2.3 and 2.16-2.18}. Purification
by semi-preparative RP-HPLC, was performed on a Phenomenex Luna C18 (10 pm, 50 x 10 mn1, 100
A) column with a linear gradient (1% D/min) (where the buffers were A (MilliQ water + 0.1% TFA)
and D (acetonitrile + 0.08% TFA}). Where Cbz = benzyloxycarbonyl, Bn = benzyl, TFA =
trifluoroacetic acid, CH,50+ = methansulfonate salt and CF:CO- = triflucroacetate salt

The coumaryl amino acids 2.16-2.18 were initially purified by precipitation with anhydrous
acetone." This afforded coumaryl amino acids 2.16, 2.17 and 2.18 as methanesulfonate salts in
high purity. An alternative semi-preparative RP-HPLC based purification of crude 2.16, 2.17
and 2.18 gave coumaryl amino acids 2.1, 2.2 and 2.3 as TFA salts in improved yields of 19, 28
and 25% (refer to Scheme 4). Semi-preparative RP-HPLC was the preferred method of
purification for coumaryl amino acids 2.1-2.3, due to the ease of isolation and improved

yields relative to the precipitation method.

" Semi-preparative RP-HPLC facilities were not available at the time.
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2.2.2 Synthesis of Na-protected coumaryl amino acids (2.4-2.8) for use in

solid phase peptide synthesis (SPPS)

The Na-protected coumaryl amino acids 2.4-2.8 for use in SPPS were synthesised as shown in
Scheme 5. Specifically, the Fmoc-protected coumaryl amino acid 2.4 was afforded from the
treatment of a solution of 2.1 in aqueous acetone, with triethylamine and 9-
fluorenylmethyloxycarbonyl succinimide (Fmoc-OSu). This gave the desired Na-Fmoc
protected coumaryl amino acid 2.4 in a moderate yield (51%). Similarly, coumaryl amino
acids 2.2 and 2.3 were subjected to Na-Fmoc protection, which afforded 2.5 and an
unreported Fmoc-protected coumaryl amino acid 2.6 in improved yields of 90% and 76%

respectively.

FmocHN\/COOH

a) Fmoc-OSu, acetone:H,0 (9:1), (CHy), 24:n=1;51%

> 2.5:n=2;90%
| EtsN, rt m 2.6:n = 3; 76%
CF3COy, *HsN.__COOH 0”0 OH

QOm

( H2) 21:n=1

" 22:n=2
r\/@\ 23:n=3
O (0] OH

BocHN._ COOH

| _ (CHa 27:n=2;R=H

a) dioxane: 5% NaHCO; (1:1) A 2.8:n=2R=Boc
Boc,0, ice, 1 h

b) 18 h, rt 0”0 OR

Scheme 5: Synthesis of Na-protected coumaryl amino acids (2.4-2.8) for use in SPPS. Where Boc =
tert-butoxycarbonyl, Fmoc = 9-Fluorenylmethyloxycarbonyl and CF.CO, = trifluoroacetate salt.

Treatment of 2.2 with aqueous sodium bicarbonate and di-tert-butyl dicarbonate (Boc,O)
gave a mixture of the mono-Boc protected (2.7) and the di-Boc protected (2.8) coumaryl
amino acids in a ratio of 10:1 as determined by '"H NMR. This material was acceptable for use

in SPPS as the phenolic Boc group is concomitantly removed during the Na-Boc deprotection
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using TFA (refer to Chapter 5). Coumaryl amino acids 2.1 and 2.3 were not used in Boc-

SPPS, thus N-Boc protection was not undertaken.

2.2.3 Spectroscopic characterisation of coumaryl amino acids 2.1-2.3 and

2.16-2.18

As discussed in Section 2.1.3, coumaryl amino acids 2.1-2.3 were synthesised in anticipation
of obtaining a fluorophore with a strong quantum vyield (¢} and large Stokes shift, as these
properties are important for the proposed FRET study. Thus, the spectroscopic properties of
coumaryl amino acids 2.1-2.3 and 2.16-2.18 were analysed and compared with literature

values.

The absorption (A} and emission (Axw) maxima, molar extinction coefficients (g), Stokes shift
and quantum yields {¢) of synthetic coumaryl amine acids 2.1-2.3 were determined and the
results are summarised in Table 2. A comparison of the absorbance and fluorescence spectra
of these coumaryl amino acids (2.1-2.3) at a fixed concentration of 50 uM is also shown in

Figure 17.

Table 2: Physical and spectrochemical properties of coumaryl amine acids 2.1, 2.2 and 2.3. All data
was obtained at a concentration of 50 pM.

[l At Abst e A F.IM 5:}‘::;‘:3 b 1P
(nm)  (a)  (Lmol'cm™) (nm) )
(nm)

Tyrd - - 275 - 304 - 29 0.14
Trp'¥ - - 295 - - 353 - 58 0.13
2.1 ! 17.25 328 0.053 10700 480 173 152 0.10
2.2 2 24.18 323 0.059 11700 485 279 162 0.12
2.3 3 13.80 323 0.072 14500 491 404 168 0.15

lal{c. 1.0, 1M HCIL[D] determined in 1M HCL [¢] Quinine sulfale used as a standard;

|dl I3ata taken from Lakowicr et ad."™ and determined ata pH ol 7.2
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Figure 17: Comparison of the absorbance and fluorescence spectra of coumaryl amine acids 2.1,
2.2 and 2.3. Where the absorbance spectra are represented by solid {ines; the fluorescence spectra are
represented by dashed lines and spectra were collected at a concentration of 50 pM in 1 M HCL

Each of the coumaryl amino acids 2.1, 2.2 and 2.3 displayed large molar extinction
coefficients and strong fluorescence emission maxima (Ax.) and fluorescence intensities (F.I).
The quantum yields for compounds 2.1, 2.2 and 2.3 were determined to be 0.10, 0.12 and 0.15
respectively, which are comparable to the values reported for Tyr, Trp and other
unsubstituted coumarin derivatives (refer to Table 2).!!****¥ Finally, compounds 2.1, 2.2 and

2.3 reported large Stoke shifts of 152, 162 and 168 nm respectively.

As expected the spectroscopic properties of coumaryl amino acids 2.1 and 2.2 are in
agreement with those reported by Wang et al' and Brun et al'® Likewise the
spectrochemical properties of the unreported coumaryl amino acid 2.3 are consistent with 2.1
and 2.2. Coumaryl amino acids 2.1, 2.2 and 2.3 displayed enhanced properties compared to
endogenous fluorophores Tyr and Trp. The large molar extinction coefficients, fluorescence
emission maxima (As.) and Stokes shifts make these coumaryl amino acids {2.1-2.3) suitable

probes for use in FRET studies.

As discussed in Section 2.1.3, the spectroscopic properties of coumarin-based fluorophores

such as those synthesised here (2.1-2.3), are highly sensitive to changes in pH and polarity of
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the surrounding microenvironment, 812612714136145.046 T measure the sensitivity of coumaryl
amino acids 2.1-2.3 to pH and polarity, the absorbance spectra of 2.16, 2.17 and 2.3 were
collected in a range of solvents and the results are summarised in Table 3. Under acidic
conditions {pH of 2) the excitation maxima (A;) of 2.16, 2.17 and 2.3 are redshifted to a
higher wavelength while in basic conditions (pH of 12) the excitation maxima (Ax) are blue
shifted to a lower wavelength. These changes in the absorbance spectra of 2.17 are displayed
in Figure 18. The solvatochromic data for coumaryl amino acids 2.16, 2.17 and 2.3 is
previously unreported, however it is consistent with other reported coumarin-based

fluorophores.'*’

Table 3: Solvatochromic properties of coumaryl amino acids (2.16, 2.17, 2.3). The excitation
maxima (A;) of each compound in various solvents are listed.

Compound n 1M NaOH MeOH EtOH 1M HCI
2.16 1 301 327 327 329
217 2 300 325 326 324
2.3 3 304 nd 3250 324

la] etermined from as the methanesulfonate salt {CHSOh ); [ n.d] Not determined.

1.0 1
MeOH
= EtOH
E)
E 1M HCI
@ == 1M NaOH
©  0.51
©
2
o
%]
o]
<
0.0 . . —
300 350 400

Wavelength (nm)

Figure 18: Solvatochromic properties of the glutamic acid derived coumaryl amino acid (2.17).
Absorbance spectra were determiined at a concentration of 50 pM.
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The unreported homoglutamic acid (n=3) derived coumaryl amino acid (2.3) displays the
strongest absorbance and fluorescence intensity, largest Stokes shift and highest quantum
yield (refer to Table 2 and Figure 17). Despite these favourable spectroscopic properties, the
synthesis of 2.3 was the longest and lowest yielding (13% over 4 steps). The shortest chain
(n=1) coumaryl amino acid (2.1) was the least favoured for subsequent FRET study because it
displays the least ideal spectroscopic properties (refer to Table 2 and Figure 17). Lastly, the
glutamic acid (n=2) derived coumaryl amino acid (2.2) displays comparable fluorescent
properties to 2.3 and was synthesised in a reasonable vield (27 % over 2 steps) (refer to Table 2
and Figure 17). Thus, 2.2 was used in the current study due to the ease with which it could be

synthesised, and its suitable spectroscopic properties.
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2.3 Conclusion

A range of fluorescent coumaryl amino acids 2.1, 2.2 and 2.3 have been synthesised in
moderate yields (19-28%). These amino acids displayed large molar extinction coefficients (&),
fluorescence emission maxima (Ap.) and Stokes shifts, thus making 2.1, 2.2 and 2.3 suitable
probes for use in FRET experiments. The coumaryl amino acids 2.1, 2.2 and 2.3 were
transformed in good to excellent yields (51-90%) into the Na-Fmoc (2.4, 2.5 and 2.6) and Na-
Boc (2.7 and 2.8) derivatives for use in solid phase peptide synthesis (SPPS). Of these, p-
ketoester derivative 2.14, coumaryl amino acid 2.3 and the Na-Fmoc protected derivative 2.8

were previously unreported.

The glutamic acid derived fluorescent coumnaryl amino acid (2.2) was synthesised in a good
overall yield (27% over 2 steps) and displayed a high molar extinction coefficient (g), large
Stokes shift and strong fluorescence emission intensity. Thus, 2.2 was preferred for the
proposed FRET-based investigation into the binding of IGF-II to the IR-A and IGF-1R.
Transformation of coumaryl amino acid 2.2 into the Na-Fmoc (2.5) Na-Boc (2.7-2.8)
protected derivatives, provided analogues which were suitable for use in SPPS (refer to
Chapters 4 and 5). Studies on the incorporation of these glutamic acid derived fluorescent
coumaryl amino acids into the IGF-II protein and analysis of the resulting fluorescent

proteins is the focus of the reminder of this thesis.
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3.1 Introduction

The incorporation of unnatural amino acids into peptides and proteins has led to an increased

HEL A variety of methods have

understanding of how proteins interact at a molecular level.
been developed for the site-specific incorporation of unnatural amino acids into proteins
(refer to Chapter 1}.%131%2 Ag discussed in Chapter 2, an unnatural coumaryl amino acid 2.2
has been synthesised for use in recombinant protein expression. Herein the incorporation of

this coumaryl amino acid (2.2} into the IGF-II protein using recombinant methods is

discussed.

3.1.1 Recombinant protein expression

Protein which is expressed in a host organism from recombinant DNA is regarded as a
recombinant protein. There are many established expression systems, each of which has its
own distinct advantages and disadvantages. Expression systems are characterised based on the
host used for expression and the method of delivery of the recombinant DNA into the host.
Some common hosts include bacteria, yeast or eukaryotic cells and recombinant DNA can be
delivered into these hosts in the form of viruses, plasmids or bacteriophage. For the
expression of the fluorescent IGF-II analogues described in this chapter, Escherichia coli (E.

coli) was used as the host and plasmids were used as vectors for DNA delivery.

3.1.2 Incorporation of unnatural amino acids into proteins

The incorporation of unnatural amino acids inte proteins provides a range of invaluable tools
to probe protein structure and function, both in vitro and in vive.'* A number of biosynthetic
strategies have been developed for both the in vitro and in vive incorporation of unnatural
amino acids into proteins. Both these methodologies use nonsense suppression to precisely
control the site of incorporation of the unnatural amino acid, but differ by the way in which

the unnatural amino acid is attached to the transfer RNA (tRNA}, 17213415
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3.1.2.1 In vitro incorporation of unnatural amino acids

In the in vitro method, acylation of the tRNA with the unnatural amino acid is performed
external to the translation system. The amber suppressor tRNA, is chemically aminoacylated
with the desired unnatural amino acid, and then added to a cell-free transcription/translation
system.” This method has been successful at synthesising a number of proteins of varying
sizes and structures, with the site-specific incorporation of greater than 80 novel amino acids
into different proteins.”**1¥ However the in vitro methodology has many disadvantages. The
method is low yielding due to the low efficiency of incorporation of the unnatural amino acid
and generation of the chemically aminoacylated tRNA is a complex process, which makes
large scale expression using this methodology challenging.'* Thus, an in vive approach is

often preferred for synthesising large quantities of non-native proteins.

3.1.2.2 In vivo incorporation of unnatural amino acids

An in vivo approach for the incorporation of unnatural amino acids has many advantages
over the in vitro method. These include higher yields, improved fidelity and the ability to
study protein structure and function both in vivo and in vitro."> Furthermore acylation of the
tRNA, by the unnatural amino acid, is performed ir situ during the expression, by an
aminoacyl-tRNA synthetase (aaRS). Thus, an in vivo approach was used in the current study,

to incorporate the unnatural coumaryl amino acid 2.2 into the IGF-II protein.

3.1.3 Nonsense suppression methodology

To investigate the binding of IGF-II to its two high affinity receptors using FRET, the site-
specific incorporation of the unnatural coumaryl amino acid 2.2 into IGF-IT was required. As
discussed above, site-specific incorporation coumaryl amino acid 2.2 could be achieve
through the use of nonsense suppression, and an in vivo approach was preferred as the tRNA

is aminoacylated in sifu during expression.i2134133
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152

The nonsense suppression methodology was pioneered by Schultz' and Chamberlain'* in
1989, and allows for site-specific incorporation of unnatural amino acids into proteins in
living cells. The methodology requires the integration of several key components so that the
unnpatural amino acid is compatible with existing translational machinery.” Specitically,
incorporation requires a mutated version of the gene of interest, an orthogonal aminoacyl-
tRNA synthetase/tRNA pair (0-aaRS/0-tRNA) that is selective for the unnatural amino acid

and does not recognise endogenous amino acids, and an unnatural amino acid (Uaa) which is

easily transported into the cell, non-toxic and stable to metabolic degradation (Figure 19).!*

Uaa

TAG
Transcription T |ati
Plasmid SIte directed Plasmid P ; C=ﬂ—q_f) ranslation m m

mutagene5|s
mutant protein

AUC

W@

mRNA

Figure 19: Schematic representation of the incorporation of unnatural amine acid by the nonsense
suppression methodology. General approach to the site-specific incorporation of unnatural amino
acids {Uaa) into proteins. Figure adapted from Wang and Schultz'”

Mutation of the gene of interest can be easily accomplished by site directed mutagenesis, as
long as the sequence for the gene is known. Once the site of incorporation of the unnatural
amino acid is selected the codon corresponding to that site is mutated to a non-coding or
“nonsense” codon.! This codon must be unique and not encoded for by any of the 20
endogenous amino acids. Typically the non-coding codon is a stop codon or a frame-shift
codon (4 or 5-base codon).!"®1*11%2 In the case of a stop codon, the degenerate UAG codon is

163

generally used as it the least common.'™ In the current study the UAG stop codon was used.

Successtul incorporation of the unnatural amino acid is strongly dependent on the orthogonal
aaRS/tRNA pair (0-aaRS/0-tRNA). The methodology requires the 0-aaRS only aminoacylates
the 0-tRNA with the desired unnatural amino acid and not any cellular tRNA. Likewise it is

desirable that the 0-tRNA is not aminoacylated by endogenous aaRS. Optimally the unnatural
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amine acid should not be a substrate for endogenous aaRS, and the 0-aaRS/0-tRNA pair must

also function efficiently in translation &34 152- 15415816t

The suppressor tRNA technology (0-aaRS/0-tRNA) is limited by its low efficiency to
incorporate unnatural amino acids into proteins, on average the efficiency of incorporation is
20-30%.'%41% The low efficiency is attributed to problems associated with aminocacylation of
the 0-tRNA by the 0-aaR$, the misaminoacylation of the 0-tRNA by the endogenous aaRS and
competition between the release factor 1 {RF-1) and the 0-tRNA for the unique codon.”!#1¢+
" Binding of the RF-1 to the unique codon before the o-tRNA results in termination of

protein synthesis and the undesired truncated protein results (Figure 20).

endogenous
synthetase orthogonal
synthetase
endogenous orthogonal
IRNA tRNA

.4 AMP + PP, 4

Q = natural amino acid
@ = unnatural amino acid

Figure 20: Site-specific, in vive incorporation of unnatural amino acids in proteins. The
competition for the unique codon on the mRNA between o-tRNA and the RF1 is shown. When the
aminoacylated 0-tRNA binds the mRNA first, full length protein with the unnatural amino acid
incorporated is produced (red). However, if the RF1L binds to the mRNA first, protein synthesis is
terminated and truncation of the protein results {green). Figure adapted from Wang and Schultz'®
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The nensense suppression methodology allows for the in vive site-specific incorporation of
unnatural amino acids into proteins. This methodology has been employed for the
incorporation of the unnatural coumaryl amino acid 2.2 into the IGF-II protein and is

discussed herein.

3.2 Results and discussion

3.2.1 Choosing a site for incorporation of coumaryl amino acid 2.2

With a methodology selected to site-specifically incorporate the unnatural coumaryl amino
acid 2.2) into the IGF-II protein, the focus shifted to selecting an appropriate site for
incorporation. Selecting a site nearby or within the IGF-II binding site was desirable, as it
would allow more accurate information about the binding location of IGE-II within the IGF-
IR and IR-A binding pockets, to be determined. Furthermore substitution of a structurally
similar residue was also critical to prevent perturbation of the three-dimensional structure

and biological activity of the resultant non-native IGF-II analogue.

A fluorescent coumarin-based probe was selected because of its ideal spectroscopic properties
(refer to Chapter 2). The coumarin moiety is sterically and chemically similar to Phe and Tyr.
Thus, it was thought substitution of Phe or Tyr, with the coumarin-based probe, would result
in minimal disruption to the three-dimensional structure and biological activity of the IGE-II
analogues. Two sites were selected for substitution of the coumarin-based probe, Phe'? (site 2}
and Phe®® (site 1). Phe' was chosen to examine IGF-II binding site 2 and Phe® was selected
for investigating IGF-II binding site 1 (refer to Section 1.1.4, Chapter 1). The sites of
incorporation of 2.2 and the target non-native IGF-II analogues, F19Cou IGF-II (3.1) and

F28Cou IGF-II (3.2) are summarised in Scheme 6.
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3.1: X" = Cou (2.2); X2 = Phe
3.2: X" = Phe; X? = Cou (2.2)

Scheme 6: Target fluorescent IGE-II proteins (3.1 and 3.2). The sequence of IGF-II is shown with
the residue numbers annotated above the sequence, disulfide bonds are shown as dashed [ines and the
coumarin-based fluorophore (Cou; 2.2 is illustrated within the blue circle.

3.2.2 IGF-II expression vector

The expression and purificatien protocols for the synthesis of recombinant IGF-II analogues
have been optimised by Forbes and collaborators.**417117* For high level expression of the
IGF-II analogues used in this work the pET32a (Novagen) expression vector was used.'™* The
IGF-II constructs used in this thesis {F19X IGF-II, F28X IGE-II and L53X IGF-II} were
generated “in house” by the Forbes/Wallace laboratory (by Ms Carlie Delaine), using the
QuikChange™ site directed mutagenesis kit (Stratagene} as previously described.**171.17

Finally, protein expression was carried out in E. ¢oli BL21 (DE3) (F- ompT hsdSB (rB— mB-)

gal dem (DE3)).

In the pET vector, the IGF-II genes are under the control of the T7/lac promoter and T7
terminator, and the plasmid includes an ampicillin resistance marker (ampR)."’* Expression of
the IGF-II gene was induced by the addition of isopropyl-B-D-thiogalactoside (IPTG) (Figure

21).
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IPTG Induction
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Figure 21: Regulation of the IGF-II gene by the T7lac promoter in E. coli BL21 (DE3). Figure
adapted from Novagen pET System manual.””

Using the expression system described above, the IGF-II protein is produced as a fusion
protein, where the N-terminus is fused to the first 11 amino acids of the porcine growth
hormone ([Met'|pGH-(1-11)-PAPM). The N-terminal fusion partner enhances the efficiency
of expression, improves solubility during purification and increases recovery of correctly
refolded 1GF-IL'"7* Following IPTG induction the expressed fusion protein is found in
insoluble inclusion bodies.’”" During purification the fusion partner is removed by enzymatic
cleavage using a highly selective mutant a-lytic protease called Prag A9, which cleaves C-

terminal of the PAPM motif.

3.2.3 pEB-CouRS expression vector

The in vivo incorporation of coumaryl amino acid 2.2 at defined sites in the IGF-II protein
required an 0-aaRS/0-tRNA pair which is specific for 2.2. The pEB-CouRS expression vector
containing the genes for the 0-aaRS (MjCouRS) and o-tRNA (MjtRNA®") was a kind gift
from Professor P. G. Schultz at the Scripps Research Institute, San Diego. The expression

vector was evolved from the archeabacterium, Methanocaldococcus jannaschii (M. jannaschii)
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by Schultz and co-workers, and uniquely incorporates 2.2 in response to a TAG
codon 8741338076 The MjCouRS and MjtRNA“" genes were encoded on a pEB-CouRS
plasmid, under the control of the Ipp promoter and rrn terminator and the plasmid includes a
tetracycline (tetR) resistance marker. Similar to the pET vector described above (refer to
Section 3.2.2), the MjCouRS and MjtRNA“* genes were induced into expression by the

addition of IPTG.

3.2.4 Optimisation of the IGF-II expression system using the pEB-CouRS

expression vector

With the required plasmids in hand, an investigation into the optimal conditions for the
expression of the F19X IGF-II and F28X IGE-II constructs was undertaken. In general, the
pET vector for either the F19X IGF-II or F28X IGF-II construct was transformed into
competent E. coli BL21 (DE3) cells containing the pEB-CouRS vector (refer to Section 3.2.3).
The transformant was plated on Luria Bertani (LB} agar plates supplemented with ampicillin
(100 ug/ml} and tetracycline (50 pg/ml), and incubated at 37 °C overnight. Overnight cultures
of a single colony were grown in LB supplemented with ampicillin and tetracycline. An
aliquot of the culture was then subcultured into pre-warmed growth medium, supplemented
with the appropriate antibiotics and the unnatural coumaryl amino acid 2.2 (where required).
The expression culture was monitored, using the optical density at 600 nm (ODgonm) as a
measure of culture growth." The E. coli BL21 (DE3) cultures were induced into protein
expression when the ODeoun of the culture was approximately 0.6 {in log phase), by the
addition of IPTG. The expression cultures were incubated overnight and the results of the
expression were analysed by denaturing sodium dodecyl sulfate polyacrylamide gel

electrophoresis {(SDS-PAGE).

MLarger ODgwnm indicates higher density cell cultures.
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Initially the expression conditions developed by Forbes and co-workers for the native IGE-II
and other mutant IGF-II constructs were investigated (Table 4).****!7117* Expressions were
carried out in LB broth supplemented with 2.2 (2 mM), ampicillin (100 pg/ml) and
tetracycline (50 pg/ml), incubated at 37 °C and the E. coli BL21 (DE3) cultures were induced
into protein expression using IPTG (0.1 mM). These conditions were found to be less than
optimal as the bacterial growth was extremely slow and in some cases expressions were
abandoned due to the minimal culture growth (ODgoum < 1). In the same experiment the
conditions outlined by Wang et al.'* for the incorporation of the same coumaryl amino acid
(2.2) were also investigated. Expressions carried out by Wang and co-workers were performed
in 2xYT (2x yeast extract and tryptone) medium, supplemented with 2.2 (1 mM), ampicillin
(100 pg/ml) and tetracycline (50 ug/ml), incubated at 37 °C and cultures were induced into
protein expression using IPTG (0.1 mM)."™ The results of the expressions are summarised in
Table 4 and show the expressions performed in 2xYT medium had increased cell culture

growth for all constructs compared to the expressions carried out in LB medium.

Table 4: Conditions investigated for the expression of the F19X IGF-II and F28X IGF-II
constructs. Expressions were carried out in either LB or 2xYT medium and induced into protein
expression using IPTG (0.1 mM). Where F19X refers to incorporation at position 19; F28X refers to
incorporation at position 28; MjTyrRS/MjtRNA™" refers to the incorporation of tyrosine;
MjCouRS/MjtRNA™ refers to the incorporation of 2.2 {refer Section 3.2.3); 0 mM refers to the
absence of 2.2 from the medium and OD«aom refers to growth in log phase ™

1GE-11 . Growth Final ODsnonm
o-2aRS/tRNA pair ) [2.2] mM
construct Medium after 24 h
MjCouRS/MjtRNAY™ 2 <1
F19X ) . T
MjTyrRS/MjtRNA 'Y B 0 <1
F28X MjCouRS/MjtRNA™ 2 <1
MjTyrRS/MjtRNA"" 0 <1
MjCouRS/MjtRNA™ 1 1-2
F19X ) . T
MjTyrRS/MjtRNA"" YT 0 = 2-4
. X
F28X MjCouRS/MjtRNAY™ 1 1-2
MjTyrRS/MjtRNA"" 0 = 2-4

MLarger ODawnm indicates higher density cell cultures.
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Post-induction samples (+) of the F19X IGE-II and F28X IGF-II constructs displayed bands at
7.5 kDa in the SDS-PAGE analysis shown in Figure 22. These results indicate the presence of
full length protein (1-67). However, the expression controls (no 2.2 in the medium) also
exhibited the same distinctive bands at 7.5 kDa in the SDS-PAGE analysis (refer to Figure 22).
These results suggested the o-tRNA (MjtRNA“") was not functioning efficiently and was
likely being misaminoacylated with endogenous amino acids present in the media, such as
tyrosine and not the desired unnatural amino acid (2.2).2 It was proposed that
misaminoacylation was a consequence of using rich media and could be overcome by

92

changing the medium.
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Figure 22: SDS-PAGE analysis of the expression of the F19X and F28X IGF-II constructs in 2xYT
medium, BL21 {DE3) cultures were sampled prior and post-induction, analysed by denaturing SDS-
PAGE and stained with Coomassie brilliant blue. Where F19X refers to incorporation at position 19;
F28X refers to incorporation at position 28; MjYRS refers to the incorporation of tyrosine; MjCouRS
refers to the incorporation of 2.2 (refer to Section 3.2.3); (-) = pre-induction sample; (+) = post-

induction sample; control refers to the absence of 2.2 from the medium and 1-67 indicates a band
corresponding to full length protein.
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Several growth media were investigated for the incorporation of 2.2 into the IGF-II protein
and are summarised in Table 5. For these experiments the L53X IGF-II construct was used.
This construct contains the nonsense (TAG) codon at position 53 and was used as it has
previously shown high levels of incorporation for other non-natural amine acids into the IGF-

IT protein.'”

Table 5: Investigating the ideal growth medium for the incorporation of coumaryl amino acid 2.2
into the L53X IGF-II construct. Where L53X refers to the incorporation at position 53;
MjTyrRS/MjtRNA"™" refers to the incorporation of tyrosine; MjCouRS/MjtRNA“" refers to the
incorporation of 2.2 {refer to Section 3.2.3); NIM = non-inducing medium; AIM = auto-inducing
medium®; MIN = minimal medium; 2xYT = 2 x yeast and tryptone; 100, 50, 25 and 10% refers to the
volume of AIM medium in water; T = band observed indicating truncated protein (I-53}; F = band
observed indicating possible full length protein {1-67) and control refers to the absence of 2.2 from the
medium.

IGF-1I construct and ¢-aaRS/o-tRNA pair

Medium 153X/ T

MjTyrRS/MjtRNA"" MjCouRS/MjtRNA ™
NIM (control} T T
MIN TE F
2xYT TE TF
*AIM 100% T T
*AIM 50% (v/v) T T
*AIM 25% (v/v) T T
*AIM 10% (v/v) T T

*12oes not require 1IYTG induction.

Four key media were investigated, and included auto-inducing medium (AIM), minimal
medium (MIN), 2xYT medium and nen-inducing medium (NIM, used as a control) (Table
5). MIN, AIM and NIM were investigated as they have been shown to be suitable for the
incorporation of unnatural amino acids.'**!" Small scale expressions were carried out for two
colonies of each construct in medium, supplemented with 2.2 (1 mM), ampicillin {100 pg/ml)
and tetracycline (50 ug/ml), and incubated at 37 °C. Where required, E. coli BL21 {DE3)
cultures were induced into protein expression with IPTG (0.1 mM), when the ODeyonn was

approximately 0.60 (in log phase).
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Cultures grown in AIM did not require IPTG induction as the medium is formulated to
induce protein expression automatically when the culture approaches cell growth saturation.
The medium contains a supply of glucose, which is preferentially metabolised by the E. coli
BL21 (DE3) during the growth phase (early log phase) and thus prevents the uptake of lactose.
Once the glucose is depleted, usually mid to late log phase, the lactose in the medium is
metabolised, which induces protein expression through the regular pathways (refer to Figure

21, Section 3.2.2).}7*

The results of the variable media expressions are summarised in Table 5 and Figure 23. The
constructs grown in AIM produced bands at 6 kDa in the SDS-PAGE analysis (refer to Table
5). This result indicated the expression of truncated protein (1-53). In contrast, the constructs
grown in MIN and 2xYT media displayed bands at 7.5 kDa in the SDS-PAGE analysis {refer
to Figure 23). These results indicated MIN and 2xYT media supported the expression of the
full length protein (1-67). However, previous expression data suggested 2xYT medium was
not a suitable growth medium due to misaminoacylation of the o-tRNA (MjtRNA“") by
endogenous amino acids. Consequently MIN was further investigated as a potential growth

medium for the expression of the F19Cou IGE-II (3.1) and F28Cou IGE-II (3.2) proteins.
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Figure 23: SDS-PAGE analysis of the expressions of the L53X IGF-II construct in 2xYT and MIN
media. BL21 (DE3) cultures were sampled prior and post-induction, analysed by denaturing SDS-
PAGE and stained with Coomassie brilliant blue. Where L53X refers to the incorporation at position
53; MjYRS refers to the incorporation of tyrosine; MjCouRS refers to the incorporation of 2,2 {1 mM)
{refer to Section 3.2.3); (-Cou) refers to the absence of 2.2 from the medium; {+Cou) refers to the
presence of 2,2 in the medium; {-) = pre-induction sample and (+) = post-induction sample; 1-53
indicates a band corresponding to truncated protein; 1-67 indicates a band corresponding to full
length protein and IGF-II (1-67) is a reference.

In addition to the misaminoacylation of the 0-tRNA (MjtRNA®“"), it was also hypothesised
the rate of protein expression could be contributing to the inefficient of incorporation of 2.2.
Thus, in an attempt to slow the rate of protein expression and improve the yield of full length
protein (1-67), the expression temperature and IPTG concentration were investigated.
Expressions were carried out using the L53X IGF-II construct, in MIN supplemented with 2.2
(1 mM), ampicillin (100 pg/ml), tetracycline (50 ug/ml) and induced into protein expression

using IPTG.
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It was predicted lowering the temperature would decrease the rate of cell growth and allow
sufficient time for the expression of the ¢-aaRS and o-tRNA, and as such increase the
expression of the full length protein (1-67). Two temperatures, 25 °C and 37 °C were
investigated and the results are summarised in Table 6 and Figure 24. The expressions carried
out at 25 °C produced higher density cell culture growth than expressions carried out at 37 °C
(refer to Table 6). Furthermore, the SDS-PAGE analysis of the cultures grown at 25 °C,
displays strong bands at 7.5 kDa, which indicates the expression of full length protein (1-67)
(refer to Figure 24). In contrast, the cultures grown at 37 °C exhibited strong bands at 6 kDa,
which indicates the expression of truncated protein (1-53) (refer to Figure 24). These results
demonstrate the expression of the full length L53X IGF-II construct was optimal when the E.

coli BL21 (DE3) cultures were grown in MIN and incubated at 25 °C.

Table 6: Effect of temperature and IPTG concentration on the expression of the L53X IGF-II
construct. Where the ODgyon, refers to growth in log phase’ and 0 mM refers to the absence of 2.2
from the medium.

Final Final
[2.2] Temperature
[IPTG] mM (°C) OD&{I(Inm
mM after 24 h
0 55 3.2
01 1 31
' 0 2.1
37
1 1.6
0 55 3.0
0.05 1 34
) 0 1.7
37
1 2.1
0 55 35
1 3.9
0.01
0 2.5
37
1 2.5

¥ Larger ODawnm indicates higher density cell cultures.




54 | Chapter 3
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Figure 24: SDS-PAGE analysis of post-induction samples from the variable temperature and
variable TPTG concentration expressions of the L53X IGE-II construct. BL21 (DE3) cultures were
samipled post-induction, analysed by denaturing SDS-PAGE and stained with Coomassie brilliant blue.
Where L53X refers to the incorporation at position 53; {-C) refers to the absence of 2.2 from the
mediuny; {(+C) refers to the presence of 2.2 {1 mM) in the medium; 1-53 indicates a band
corresponding to truncated protein; 1-67 indicates a band corresponding to full length protein and
IGF-11 {1-67) is a reference.

The effect of IPTG concentration on protein expression was next investigated, with the results
summarised in Table 6 and Figure 24. It was proposed lowering the concentration of IPTG
used to induce the culture into protein expression would decrease the rate of protein
expression, and thus produce more full length protein (1-67). A range of IPTG concentrations
were examined (0.01-0.1 mM) (refer to Table 6). When a final concentration of 0.01 mM
IPTG was used, faint bands at 7.5 kDa were observed in the SDS-PAGE analysis (refer to
Figure 24). This result indicates expression of the IGF-II gene was extremely low and was
likely to be comprised at such low concentrations of IPTG. In contrast, when a final

concentration of 0.1 mM IPTG was used, only bands at 6 kDa, correspending to truncated
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protein (1-53) were observed in the SDS-PAGE analysis (refer to Figure 24). Finally,
expressions carried out at 0.05 mM IPTG exhibited bands at 7.5 kDa in the SDS-PAGE
analysis shown in Figure 24, indicating the expression of full length protein (1-67). Thus, full
length protein expression was strongest when a final concentration of 0.05 mM of IPTG was

used.

After optimising the conditions for the incorporation of 2.2 into the L53X IGF-II construct,
the suitability of these conditions for the expression of the desired F19Cou IGF-II (3.1) and
F28Cou IGF-II (3.2) proteins was investigated. Small scale expressions of the F19X IGF-II and
F28X IGFE-II constructs were carried out in MIN supplemented with 2.2 (1 mM), ampicillin
(100 pg/ml), tetracycline (50 pg/ml), incubated at 25 °C and induced into protein expression

using IPTG (0.05 mM).

Problems relating to low culture growth (ODgym < 1) were again encountered during the
expression of the F28X IGE-II construct. Thus, expression of the F28Cou IGF-II protein (3.2)
was abandoned. However expression of the F19X IGF-II construct gave encouraging results.
SDS-PAGE analysis of the expression is shown in Figure 25 and displays a strong band at 7.5
kDa (for the culture grown at 25 °C), indicating the expression of full length protein (1-67). In
light of the successful small scale expression of the F19X IGF-II construct a larger scale

expression was attempted.
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Figure 25: SDS-PAGE analysis of the variable temperature expressions of the F19X IGEF-II
construct. BL21 (DE3) cultures were sampled prior and post-induction analysed by denaturing SDS-
PAGE gel and stained with Coomassie brilliant blue. Where F19X refers to the incorporation at
position 19; MjCouRS refers to the incorporation 2.2 {refer to Section 3.2.3); (-} = pre-induction
sample; (+) = post-induction sample; control refers to absence of 2.2 from the medium; 1-67 indicates
a band corresponding to full length protein and IGF-II (1-67) is a reference.

A medium scale expression (250 ml) of the F19X IGF-II construct was carried out in MIN
supplemented with 2.2 (1 mM), ampicillin (100 ug/ml) and tetracycline (50 pg/ml), incubated
at 25 °C and induced into protein expression using IPTG (0.05 mM). However these
expressions condition led to the death of the E. coli BL21 (DE3) cultures overnight. It was
concluded the death of the E. coli BL21 (DE3) cultures was due to the cultures becoming
stressed from the lack of nutrients in the MIN. To overcome this problem the E. coli BL21

(DE3) were matured to grow in MIN.
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Maturations of the E. coli BL21 (DE3) were carried out to evolve the bacteria to grow in MIN
(refer to Section 7.3.2, Chapter 7 for more detail). Once the E. coli BL21 (DE3) were matured
another medium scale expression of the F19X IGE-II construct was attempted. The expression
was carried out using the same conditions as described above. However maturation proved
unsuccessful, and death of the E. coli BL21 (DE3) was again observed. Thus, despite extensive
investigation only conditions suitable for the small scale expressions of F19Cou IGF-II (3.1}

and F28Cou IGF-II (3.2) proteins were discovered.

A colleague at the time was also experiencing similar difficulties with the inefficient
incorporation of 2.2 and low level expression of full length protein using the pEB-CouRS
vector. Thus, improvement of the pEB-CouRS expression vector was carried out in an attempt

to overcome these problems.'”

3.2.5 Improving protein expression: Generation of the pRFSDuet™ vector

It was hypothesised the difficulties with the inefficient incorporation of 2.2 were related to the
pEB-CouRS vector and the low-level expression of the 0-aaRS and 0-tRNA (MjCouRS and
MjtRNA“")" Low expression of the 0-aaRS and o0-tRNA would lead to limiting
concentrations of 0-tRNA available to bind the unique UAG codon. As a consequence the
RF1 would bind the mRNA and terminate protein synthesis, causing truncation of the protein
(refer to Figure 20, Section 3.1.3)."” Thus, it was proposed increasing the expression of the o-

tRNA, would minimise protein truncation.

Improvement of the pEB-CouRS expression vector was carried out by Jitrapakdee.'” The
cDNA coding for the MjCouRS and MjtRNA“* genes was removed from the pEB-CouRS
expression vector and ligated into a pRFSDuet™ vector using restriction enzyme cloning. The
MjCouRS and MjtRNA“" genes were placed under the control of a T7lac promoter and T7
terminator, and the plasmid included a kanamycin resistance gene (kanR). The pRFSDuet™

vector was selected as it is compatible for co-expression with the pET vector {used for
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expression of the IGF-II gene), and the encoded T7lac promoter drives high level

expression.'®

The pEB-CouRS and pRFSDuet™ vectors differ by the type of promoter which drives the
expression of the MjCouRS and MjtRNA“" genes and the replication origin (ori}. In the pEB-
CouRS vector, expression of the 0-aaRS and 0-tRNA is driven by the Ipp promoter, whereas
the pRFSDuet™ vector uses a T7lac promoter. The T7lac promoter drives faster and stronger
expression than the Ipp promoter. The vector alse contains a high copy number RSF replicon,
which has the potential to generate greater than 100 copies of the 0-aaRS and o-tRNA per cell.
Thus, it was anticipated the pRFSDuet™ vector would generate more copies of the ¢-aaRS and

0-tRNA compared to pEB-CouRS vector.

Several approaches have been reported for improving the efficiency of incorporation of
unpatural amino acids into proteins. Many of these approaches focus on biasing the
competition from RF1-mediated protein synthesis termination towards o-tRNA binding for

full length protein synthesis, 167169181183

Specifically, these methods focus on the suppression or
elimination of the RF1 from the culture. However these methods are either expensive, only
suitable for small-scale expression or produce low expression yields. In contrast, the
pRESDuet™ approach described above, focuses on outcompeting the RF1, opposed to
elimination or suppression. This method is cheap, scalable and uses commercially available

plasmids and cell lines and thus is a good alternative to using RF1 elimination. Application of

the pRFSDuet™ vector for improving the efficiency of incorporation of 2.2 is now described.
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3.2.6 Expression of fluorescent IGF-II analogues using the pRFSDuet™

vector.

With the pRFSDuet™ expression vector in hand, the focus shifted to investigating the ideal
expression conditions for the incorporation of 2.2 into the IGF-II protein. The pET
expression vector (refer to Section 3.2.2) containing the desired mutated IGF-II gene was
transformed into competent E. coli BL21 (DE3) cells containing the pRFSDuet™ vector (refer
to Section 3.2.5). The transformant was plated on LB agar plates, supplemented with 2.2 (1
mM), ampicillin (100 pg/ml) and kanamycin (30 ug/ml), and incubated at 37 °C overnight.
The following day single colonies were selected and amplified for 8 h before subculturing for

overnight expression in AIM.

SDS-PAGE analysis of the expression of the F19X IGE-II and F28X IGF-II constructs in AIM
is shown in Figure 26 and displays weak bands at 7.5 kDa, which suggests the presence of full
length protein (1-67). However further analysis of the F19X IGF-II and F28X IGE-II
expression samples was required to conclusively determine the presence on any of full length
protein (1-67). Visualisation of the expression samples under UV light {254nm)* was used to
confirm if the incorporation of 2.2 was successful and thus if full length protein (1-67) was
being expressed. The SDS-PAGE after irradiation at 254 nm is displayed in Figure 27, and
shows fluorescent bands at 7.5 kDa. These bands confirm the successful incorporation of 2.2

and as such expression of the full length F19Cou IGF-II (3.1} and F28Cou proteins (3.2).

“'The coumarin-based fluorophore (2.2} fluoresces when excited at 254 nm {refer to Chapter 2), thus any protein

with 2.2 incorporated will display fluorescence.
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Figure 26: SDS-PAGE analysis of the expression of the F19X IGF-1I and F28X 1GE-1I constructs in
AIM using the pRFSDuet™ expression vector. BL21 (IDE3) cultures were sampled post-induction and
analysed by denaturing SDS-PAGE and stained with Coomassie brilliant blue. Where F19X refers to
the incorporation at position 19; F28X refers to incorporation at position 28; MjCouRS refers to the
incorporation 2.2 {refer to Section 3.2.3); A and B refer to independent colonies selected from the
samie agar plate; (-C) refers to the absence of 2.2 from the medium; (+C) refers to the presence of 2.2
{1 mM) in the medium; control refers to an expression carried out in non-inducing medium (NIM)

and in the absence of 2.2; 1-67 indicates a band corresponding to full length protein and IGF-II {(1-67)
is reference.
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Figure 27: SDS-PAGE analysis of the expression of the F19X IGF-1I and F28X IGF-II constructs in
AIM using the pRFSDuet™ vector after irradiation at 254 nm. BL21 (DE3) cultures were sampled
post-induction and analysed using denaturing SDS-PAGE and visualised under UV light {254 nm).
Fluorescent bands at 7.5 kDa correspond to the expression of full length protein and are highlighted
with a dashed red box. Where F19X refers to the incorporation at position 19; F28X refers to
incorporation at position 28; MjCouRS refers to the incorporation 2.2 (refer to Section 3.2.3); A and B
refer to independent colonies selected from the same agar plate; (-C) refers to the absence of 2.2 from
the medium; (+C) refers to the presence of 2.2 {1 mM) in the medium; 1-67 indicates a band
corresponding to full length protein and IGF-II (1-67) is reference.

The presence of fluorescent bands at 7.5 kDa in the SDS-PAGE analysis shown in Figure 27,
confirms the successful incorporation of 2.2 and thus, the expression of full length protein (1-
67). In contrast, the same expression conditions with the pEB-CouRS vector produced
truncated protein (refer to Table 5, Section 3.2.4). These results suggest the pRESDuet™ vector
improved the efficiency of incorporation of 2.2 into the F19X and F28X IGF-II constructs.
Despite the expression of full length protein, the level of expression was too low for scale up

and consequently further optimisation of the expression conditions in AIM was undertaken.
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The concentration of 2.2 and the expression temperature were investigated in an attempt to
improve the expression of the F19Cou IGE-II (3.1) and F28Cou IGF-II (3.2) proteins. Small
scale expressions were conducted in AIM supplemented with ampicillin (100 pg/ml) and
kanamycin (30 pg/ml} and controls for each construct were carried out in NIM. The results of
the expressions are summarised in Table 7 and the related SDS-PAGE analysis is displayed in

Figure 28.

Table 7: Optimisation of the expression of the F19X IGF-II and F28X IGF-II constructs in AIM.
ODgoonn measurements after 24 h are reported for several colonies and constructs at varying
temperatures and concentrations of 2.2. Where the ODgoonn refers to growth in log phase'; A and B
refer to independent colonies selected from the same agar plate for each individual construct; F19X
refers to the incorporation at position 19; F28X refers to the incorporation at position 28; L53X refers
to the incorporation at position 53 and 0 mM refers to the absence of 2.2 from the medium.

F19X IGE-11 Fz8X IGFE-11 L53X IGE-1I'
37°C 30°C 37 °C 37 °C
[2.2] mM A B B A B A
0 2.40 2.46 377 2.36 207 279
1 2.36 2.14 3.9 2.25 261 3.01
2 2.14 2.28 4.07 272 2.26 2.49
5 2.66 2.14 3.93 287 204 2.30

Y Larger the ODgm, the higher cell culture density.

i 153X IGF-II construct was a control as it has previously shown high levels of incorporation for other non-

natural amino acids {refer to Section 3.2.4).
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Figure 28: SDS-PAGE analysis of the expression of the F19X IGE-II construct in AIM
supplemented with varying concentrations of 2.2 (mM) and incubated at 37 °C. BL21 {DE3)
cultures were sampled post-induction, analysed by denaturing SDS-PAGE and visualised under UV
light (254 nm) (right) before staining with Coomassie brilliant blue (leff). Where F19X refers to the
incorporation at position 19; MjCouRS indicates incorporation of 2.2 {refer to Section 3.2.3); 0, 1, 2,
and 5 refer to the concentration {in mM} of 2.2 in the medium; 0 refers to the absence of 2.2 from the
medium; control refers to a culture grown in NIM and in the absence of 2.2 and 1-67 indicates a band
corresponding to full length protein.

Expressions of the F19X IGF-II and F28X IGF-II constructs in AIM displayed strong cell
culture growth {ODoum > 2), and produced bands at 7.5 kDa, indicating the expression of full
length protein (refer to Table 7). In contrast, the analogous expressions carried out using the
pEB-CouRS vector, produced low cell culture growth (ODsoun < 1) and truncated protein
(refer to Section 3.2.4). Full length protein expression was strongest when the expression was
carried out in AIM supplemented with 2.2 (5 mM) and incubated at 37 °C (refer to Table 7
and Figure 28). These expression conditions gave rise to intense bands at 7.5 kDa which

produced strong fluorescence when irradiated at 254 nm (refer to Figure 28). These results
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confirmed the successful incorporation of 2.2 and thus expression of the full length F19Cou

IGF-11 (3.1) and F28Cou IGF-II (3.2) proteins.

These results demonstrate the pRFSDuet™ vector was successful at overcoming the limitations
with protein truncation encountered with the pEB-CouRS vector. Therefore it can be
concluded that increasing the expression of the MjCouRS and MjtRNA“™ genes, allowed the
0-tRNA (MjtRNA“") to outcompete the RF1 for the mRNA and permitted the synthesis of
full length protein. This also demonstrates the suitability of the pRFSDuet™ vector as a generic
expression vector for the expression of novel aaRS and tRNA pairs for the efficient

incorporation of unnatural amino acids into proteins.

Due to the significant quantities of 2.2 required for large scale expression, only expression of
the F19Cou IGF-II protein (3.1) was undertaken, as it exhibited stronger full length protein

expression compared to the F28Cou IGF-II protein (3.2) (refer to Figure 28).

First a medium scale expression was conducted to determine the suitability of these
conditions on a larger scale. The F19X IGF-II construct was expressed in AIM, supplemented
with 2.2 (5 mM), ampicillin (100 ug/ml) and kanamycin {30 pg/ml), and incubated at 37 °C.
SDS-PAGE analysis of the resultant cultures again revealed strong bands at 7.5 kDa, which
indicated successful expression of full length protein (data not shown). Consequently a large

scale expression of the F19Cou IGF-II protein (3.1) was undertaken.

3.2.7 Expression of the F19Cou IGF-II protein (3.1)

The F19X IGF-II construct was expressed in AIM, supplemented with 2.2 (4 mM)*, ampicillin
(100 ug/ml) and kanamycin (30 pg/ml), and incubated at 37 °C for 18 h. The F19Cou IGF-II

protein was expressed as a fusion protein with the first 11 amino acids of porcine growth

" A final concentration of 4 mM was used due to limited quantities of 2.2. Based on previous expression data
{refer to Section 3.2.6}, a decrease in concentration from 5 mM to 4 mM was not expected to comprise the

expression.
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hormone ([Met 1]-pGH-(1-11)-PAPM) (refer to Section 3.2.2). Inclusion bodies (IBs) were
isolated as described by King et al.'™" and purified according to the methods described by

Francis et al.'’* and Delaine et al.*?

A summary of the purification and isolation of the recombinant F19Cou IGE-II protein (3.1)
from IBs is summarised in Table 8. Firstly IBs as shown in Figure 29A, were purified using gel
filtration and fractions containing the F19Cou IGF-II fusion protein were identified by
analytical RP-HPLC and pooled prior to refolding (Figure 29B). The F19Cou IGF-II fusion
protein was folded following the methods outlined by Delaine et al** with the crude folded
fusion protein shown in Figure 29C. The [Metl-pGH(1-11)-PAPM] fusion partner was
removed from the folded F19Cou IGF-II protein by enzymatic cleavage using Prag A9."”” The
crude Prag A9 cleavage mixture is shown in Figure 29D and was purified using semi-
preparative RP-HPLC.'™ The purified recombinant F19Cou protein (3.1} is shown in Figure
30A and contains a minor unknown impurity as evdenced by a small shoulder peak. Protein
3.1 was confirmed from the good agreement of the m/z ions ([M+6H]*, 1262.12 m/z)
displayed in the HRMS shown in Figure 30B with the calculated m/z ions {[M+6H]*, 1262.24

m/z).

Table 8: Summary of the purification of the recombinant F19Cou IGE-II (3.1). Quantification of
recombinant F19Cou IGF-II {3.1) was carried out at each step out by comparing analytical C4 RP-
HPLC profiles with profiles of standard Long”R'IGF-I preparations.’

Figure 29 Stage of F19Cou IGE-11I (3.1)
Reference purification (ug)
A IB's 875
B Gel filtration 326
C Refold 215
Prag A9 cleavage
90 min 118
135 min 153
D 165 min (stop) 230

Final Purification
Figure 30 RP-HPLC 44
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Figure 29: Isolation and purification of the recombinant F19Cou IGE-II protein (3.1). Analytical
RP-HPLC traces at each stage of purification are shown. a} Representative sample of inclusion bodies;
b) Isolation of F19Cou IGF-II fusion protein after gel filtration; ¢} Refolding of the F19Cou IGF-II
fusion protein after 90 min; d) Enzymatic cleavage of the [Met1-pGH(1-11)-PAPM| fusion partner
from the folded F19Cou IGF-II protein after 165 min.
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Figure 30: Characterisation of the recombinant F19Cou IGF-II protein (3.1). a) Analytical RP-
HPLC trace of 3.1; b) HRMS of 3.1. Calcd. for CusHinNoiOinSs: 7567.4292 (average isotopes);
observed: 1892 .88 ([M+4H|™*), 1514.34 ([M+5H]"%) and 1262.12 ([M+6H|*").
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3.2.8 Biological activity of the recombinant F19Cou IGF-II protein (3.1)

Competition binding assays were conducted to determine the affinity of the recombinant
F19Cou IGF-II protein (3.1} for the IGF-1R and IR-A. Receptor binding experiments were
carried out on immunocaptured IR-A and IGF-1R as described by Denley et al®, where
increasing concentrations of the F19Cou IGF-II protein (3.1) were added to a constant

concentration of europium labelled IGF-1I {EulGF-II).

The competition binding curves are illustrated in Figure 31 and the ICs; values are
summarised in Table 9. The 1Cs; values for the binding of F19Cou IGFE-II protein (3.1) to the
IGF-1R and IR-A were determined to be 47.6 = 0.3 nM and 96.9 + 0.3 nM, respectively.
Significantly, compared to the recombinant native IGF-II protein, the recombinant F19Cou
IGF-II protein (3.1) exhibited only a 8-fold decrease in affinity for the IGF-1R (5.9 nM versus

47.6 nM) and a 10-fold decrease in affinity for the IR-A (8.9 nM versus 96.9 nM).
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Figure 31: Competitive binding curves for the recombinant F19Cou IGF-11 protein (3.1) binding
to immunocaptured IGF-IR and IR-A. Immunocaptured IGE-1R or IR-A were incubated with
Europium labelled IGF-II (EuIlGEF-II) in the presence of, or absence of, increasing concentrations of
recombinant native IGF-1I protein (o) (black) or 3.1 {e) (orange). Results are expressed as a percentage
of binding in the absence of competing ligand (B,). Graphs show data pooled from three separate
experiments and each data point is measured in triplicate per experiment. Data is shown as the mean
S.E. Error bars are shown when greater than the size of the symbols
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Table 9: ICs, values derived from competitive binding assays of the recombinant native IGF-II
protein and recombinant F19Cou IGF-II protein (3.1} to immunocaptured IGF-1R and IR-A.
Where the affinity relative to IGF-11 is the ICsq relative to that of [GF-II binding to the IGF-1R or IR-A
(ICs0 IGF-11/ 1Cs IGF-1I analogue) and is expressed as percentage of IGF-1I binding. IGF-1I £ S.E is
derived from at least 3 separate experiments performed in triplicate.

1Csy values from immunocaptured IGE-1R and IR-A (nM)

recombinant native F19Cou IGE-II Affinity relative to
1GE-I1 (3.1) recombinant native IGE-1I (%)
IGEF-1R 5904 476 +0.3 12.5
IR-A 8904 96.9+0.3 9.2

The decreases in receptor binding reported here for the F19Cou IGF-II protein (3.1) are
consistent with the affinities reported for other recombinant F19X IGF-II analogues.**** IGF-
IT analogues where Phe' was mutated to Ala, Ser, Tyr or Leu, exhibited between a 1.4-2.8-fold
lower affinity for the IGF-1R and 2.2-3.2-fold for the IR-A compared to the recombinant
native IGF-II protein. Furthermore these decreases in affinity for the F19Cou IGF-II protein
(3.1) binding to the IGF-1R and IR-A were expected, as Phe' is involved in receptor binding
(refer to Section 1.1.4, Chapter 1).* Specifically, these decreases in affinity are proposed to
result from the inability of the receptor binding pockets {IGF-1R and IR-A) to accommodate a

larger and bulkier group at position 19.

3.3 Conclusion

The pEB-CouRS expression vector was initially investigated for use in the expression of two
novel fluorescent IGE-II proteins, the F19Cou IGF-II (3.1) and F28Cou IGF-II (3.2). Several
conditions were optimised for the expressions carried out using the pEB-CouRS vector, and
included the medium, expression temperature, IPTG concentration and concentration of 2.2.
Full length protein expression was strongest when expressions were carried out in MIN
supplemented with 2.2 (1 mM), ampicillin (100 pg/ml} and tetracycline (50 ug/ml), incubated
at 25 °C and induced into protein expression using IPTG (0.05 mM). Despite these
encouraging results, problems with cell culture death, misincorporation of endogenous amino

acids and protein truncation were continually encountered.
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These problems resulted from the low level expression of the 0-tRNA and 0-aaRS (MjtRNA"
and MjCouRS) by the pEB-CouRS vector. Low expression reduces the concentration of the o-
tRNA and ¢-aaRS$ in the cell, and thus increases the probability of the RF1 binding to the
UAG codon before the o-tRNA. RFI binding in turn causes protein truncation. It was
concluded improving the expression of the 0-tRNA and o0-aaRS, would increase the
concentration of 0-tRNA and 0-aaRS, reduce the competition between o-tRNA and the RF1

and thus prevent protein truncation by the RF1.

Expression of the 0-tRNA and 0-aaRS was improved by changing the expression vector from
the pEB-CouRS to a superior pRFSDuet” vector, which contains a high-copy number RSF
replicon and a strong T7lac promoter. Conditions for the expression of the F19Cou IGF-II
(3.1) and F28Cou IGF-II (3.2) proteins were optimised. Full length protein expression was
strongest when expressions were carried out using AIM, supplemented with 2.2 (5 mM),
ampicillin (100 pg/ml) and kanamycin (30 pg/ml), and incubated at 37 °C. Analogous
expressions using the pEB-CouRS vector produced truncated protein. Thus, the successful
expression of the F19Cou IGF-II (3.1) and F28Cou IGF-II (3.2) proteins was attributed to the
use of pRFSDuet™ vector. Specifically, it was thought the increased expression of the o-tRNA
and 0-aaRs§, allowed the 0-tRNA (MjtRNA“*") to outcompete the RF1 for the mRNA and thus

enabling full length protein to be expressed.

After successful small scale expressions using the pRFSDuet™ vector, a large scale expression
was carried out. The large quantities of 2.2 required for expression limited the large scale
expression to one fluorescent IGF-II protein. The F19Cou IGF-II (3.1) protein was chosen as

it exhibited stronger full length protein expression.

Expression of the F19Cou IGF-II protein (3.1) was carried out in AIM, supplemented with 2.2
(4 mM), ampicillin (100 pg/ml) and kanamycin (30 pg/ml), and incubated at 37 °C. The
F19Cou IGEF-II protein (3.1} was isolated from IB’s and refolded into its biologically active
form. The ICs values for F19Cou IGE-II protein (3.1) binding to the IGF-1R and IR-A were
determined to be 96.9 + 0.3 nM and 47.6 + 0.3 nM, respectively. These decreases in affinity for

the IGF-1R and IR-A compared to the recombinant native IGE-II protein were consistent
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with what has been reported for other F19X IGF-II analogues. Finally, the successful
expression of the F19Cou IGF-II protein (3.1) using the pRFSDuet™ vector, also demonstrated
the applicability of this vector as a generic method for cutcompeting the RF1 and improving

full length protein expression of non-native proteins.

In summary, the use of the pRFSDuet” vector for the expression of the MjCouRS and
MjtRNA®" genes, overcame the problems with misincorporation of endogenous amino acids
and protein truncation. Furthermore, the pRFSDuet™ vector allowed for the successful
expression of a novel fluorescent IGF-1I protein, F19Cou IGF-II (3.1), which binds both the
IGF-1R and IR-A with nanomolar affinity. However investigation of the high affinity binding
of IGF-II to the IGF-1R and IR-A using FRET, required increased quantities of the F19Cou
IGF-II protein (3.1}. Thus, an alternative SPPS-based approach to the synthesis of the F19Cou
IGF-II protein (3.1) and the unattained F28Cou IGF-II protein (3.2) was investigated and is

now described.










Chapter 4

Linear synthesis of a novel
fluorescent IGF-II analogue
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4.1 Introduction

As discussed in Chapter 3, recombinant protein expression yielded insufficient quantities of
the F19Cou IGE-II protein (3.1) for the proposed FRET study. Furthermore expression of the
F28Cou IGF-II protein (3.2) was impractical due to the large quantities (1-5 g) of coumaryl
amino acid 2.2 required. Thus, the next logical approach was to investigate an alternative solid
phase peptide synthesis (SPPS) methodology to overcome these limitations. SPPS has many
advantages including increased efficiency, speed and yield, a simplified isolation process and
allows facile introduction of the coumarin-based fluorophore at any stage during the
synthesis. Furthermore it requires lower quantities (100-200 mg) of amino acid 2.2 than

recombinant protein expression.

4.1.1 Background to solid phase peptide synthesis (SPPS)

4.1.1.1 Methodology

Solid phase peptide synthesis (SPPS), involves the sequential addition of amino acids to a selid
support, through a series of iterative coupling and deprotection steps (Scheme 7)."%'% The
assembly is from the C to the N-terminus and the methodology uses an orthogonal protecting
group strategy. The N-terminal amino functionality is protected with a ‘temporary’ protecting
group {orange; Scheme 7), while the reactive amino acids side chain moieties are protected
with more ‘permanent’ protecting groups {green; Scheme 7).'%"1# The N-terminal protecting
group is removed in a deprotection step after each coupling step to allow for the next cycle.
Once completed, the peptide is concomitantly deprotected and removed from the solid

support on treatment with strong acid.



Chapter 4

|75

n
repetitive
cycles

ZT

0
o

=]

®
©

©

=]

Py

T
N
-
3
O N
ZzT

e

&
Q
|

@ @

X

:

Attachment

x—(Cimkel—)

Deprotection

R4
LGB0
HoN
(0] R,
N
@5 @
Coupling M

X—| Linke

2@

Deprotection

©

X—| Linke

Iz

2
o

Cleavage

&

side chain
deprotection

-

O = solid support

X =NHorO
R

"temporary" No.

protecting group
@ = activating group

= amino acid side chain

= "permanent" side chain
protecting group

X

=)

X
ZT

£
o

S

X
/
I

HoN

I=
2L
(e}

©)

Scheme 7: Solid phase peptide synthesis methodology. Scheme adapted from Amblard et 4i" and

Cudic et al ¥




76 | Chapter 4

Table 10 summarises the many advantages SPPS has over traditional solution phase
chemistry. The use of a solid support in SPPS overcomes the solubility limitations associated
with solution phase chemistry, while also minimising the number of by-products and
simplifying product isolation. Solid phase synthesis can also be automated to greatly reduce
the synthesis time, which is beneficial for the synthesis of long sequences (> 30 residues) like
IGF-II (67 residues). Thus, a SPPS methodology was selected for the chemical synthesis of the

native IGF-II protein (4.1) and the non-native IGF-II analogue, F19Cou IGF-II (4.2).

Table 10: Comparison of solution and solid phase methods for the chemical synthesis of peptides.
The main differences between solution phase and solid phase methods are summarised. Table adapted
from Kent.'®

Method

Soluticn Phase Solid Phase
Strategy Segment/convergent Stepwise
Solubility problems Frequent/serious Occasional/minor
Side chain protection Maximal Maximal
Chemistry Highly specialised Simple/general
Automation No Yes
Purity Excellent Acceptable

4.1.1.2 Protecting group strategies: Boc/Bzl and Fmoc/tBu

Two main protecting group strategies have been developed for SPPS, Boc/Bzl and
Fmoc/tBu."#*11'%* Both these strategies have been employed in the werk described in this
thesis. Specifically, the Fmoc/tBu approach was used in the work described in this chapter and
the Boc/Bzl strategy was employed in the synthesis of the IGF-II analogues described in
Chapter 5. A comparison of these strategies is presented in Table 11, and summarises the
advantages and disadvantages of each method. In general, the Boc/Bzl approach is successful
in the synthesis of long and difficult sequences. However this method requires HF to cleave
the peptide from the resin. This is a major limitation of the Boc/Bzl approach, as HF requires
specialised HF-resistant apparatus, which is expensive and uncommon to most

187.194-198

laboratories. In contrast, the Fmoc/fBu strategy is often preferred for routine synthesis
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as it does not require the use of specialised equipment. The base/acid orthogonality of the

Fmoc/tBu approach also provides the opportunity for on-resin side chain

functionalisation. 8719419

Table 11: Comparison of the Boc and Fmoc protecting schemes. The main differences between Boc-
SPPS and Fmoc-SPPS are summarised. Table adapted from Kent.'3715%194-1%

Protecting group strategy

Boc/Bzl Fmoc/tBu
Na Deprotection TFA Piperidine
Peptide Cleavage HF TFA
Specialised Equipment HF-resistant polymer Kel-F Standard glassware
Recommended for Long or Difficult sequences prone Acid sensitive peptides
to aggregation Labelied or side chain modified
Base sensitive peptides peptides

The Boc/Bzl strategy employs graduated acid lability for both the N-terminal and side chain
protecting groups.’®**! The N-terminal Boc deprotection is achieved by treatment with TFA,
whereas contaminant cleavage from the resin and deprotection of the benzyl-based side
chains is achieved with HF. In contrast, the Fmoc/tBu strategy uses orthogonal protecting
groups. It uses the base-labile N-terminal protecting group, Fmoc and acid-labile side chain
protecting groups, such as tBu and Boc."®™*** A comparison of the acid-labile side chain

protecting groups used in both strategies is shown in Table 12187188197
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Table 12: Common side chain protecting groups used in SPPS. The acid-labile side chain protecting
groups used in Boc-SPPS and Fmoc-SPPS are summarised. Table adapted from Cudic et al.'¥, Kent'™
and Isidro-Llobet et af.””

Amino acid side chain protecting group

Boc-SPPS Fmoc-SPPS

Arg Tos Pbf

Asn Xan Trt

Asp OBzl, O-2-Ada, OcHx OiBu,

Cys MeBzl Acm, fBu, Trt

His Tos, Dnp Trt

Gln Xan Trt

Glu OBzl O1Bu

Lys 2-Cl-Z Boc

Met Met{O) Met{O)
Ser/Thr Bzl iBu

Tyr 2-Br-Z iBu

Trp CHO Boc

A chemical synthesis of native human IGF-II protein has been reported by Li and co-
workers."”" The synthesis used an automated Boc/Bzl methodology in combination with
acid stabile protecting groups for Cys and Lys. The protection of the Cys and Lys residues
produced a crude peptide with limited solubility and necessitated a complicated, multi-step,
post-cleavage deprotection. Furthermore, isolation of the desired synthetic IGF-II protein
from the crude peptide mixture appeared inefficient as a lengthy, multi-step purification
procedure was reported. In addition to the tedious purification, the synthetic IGF-1I protein
was produced in low yield (2%), however it was of high purity and indistinguishable from the
human IGF-II protein.!”* The related chemical synthesis of four mutant IGF-II analogues
(Leu” IGF-II; Ser”” IGF-II; Gln® Ala’, Tyr'®,Leu' IGF-II and Gln® Ala’, Tyr'* Leu', Leu® IGF-II)
has been reported by Oh et al.” In this synthesis an automated Boc/Bzl approach was again
employed and all residues were protected with standard protecting groups (refer to Table 12).
The resulting non-native IGF-II proteins were isolated by a similar multi-step purification
procedure to that described above by Li and co-workers'®!”, and were reported without
yields and limited characterisation data. In both instances the methods described for the
synthesis and isolation of the IGF-II analogues were lengthy, inefficient and low yielding.

Thus, the development of a shorter, more efficient and robust method for the synthesis of the
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native IGF-II protein and fluorescent IGF-II analogues, based on a linear Fmoc-SPPS

approach was proposed.

This chapter describes the linear synthesis of the native IGF-II protein (4.1) and a fluorescent
IGF-II analogue, F19Cou IGF-II (4.2). The target proteins are shown in Figure 32, and were
synthesised using a linear Fmoc-SPPS protocol. The F19Cou IGF-II analogue (4.2) contains
the coumaryl amino acid 2.2 at position 19 (refer to Figure 32}, to facilitate the FRET-based

investigation of the binding of IGF-II to IGF-1R and IR-A, as discussed in Chapters 1 and 3.

: H
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O OH

o
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4.2:X=Cou (2.2)

Figure 32: Target IGF-II proteins (4.1 and 4.2}, Sequence of IGF-1I is shown with the residue
numbers annotated in bold above the sequence; Cys residues are shown in red; disulfide bonds are
shown as dashed lines and the location of the coumarin-based fluorophore (Cou; 2.2) is denoted by an
X, highlighted in orange and illustrated within the orange circle (right).

4.2 Results and discussion

The synthesis of the native IGF-1I (4.1) and the F19Cou IGF-II (4.2) proteins were attempted
using a linear Fmoc-SPPS protocol. The native IGE-II sequence is depicted in Figure 32, with
the Cys residues highlighted in red. Also displayed, is the position of coumaryl amino acid 2.2

in the F19Cou IGF-II protein (4.2) (orange; Figure 32).
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4.2.1 Six trityl protecting group strategy (6 Trt)

Synthesis of native IGF-II protein (4.1) (refer to Figure 32) was initially attempted using a
global trityl (Trt) protection approach as depicted in Scheme 8. In this approach all six
cysteines of the native IGE-II peptide (Cys’, Cys”, Cys*, Cys¥, Cys* and Cys*) (refer to
Figure 32) were Trt protected. The Trt group is displayed in Scheme 8 and is a very acid-labile
protecting group. Thus, it was expected to be deprotected during cleavage of the peptide from

the resin, to give a peptide with six free sulthydryl’s (refer to Scheme 8).

Fmoc-PAL-PEG—Q)

4.3
Automated
Fmoc-SPPS
) R 9 Q ‘ TEAITIPS/ SHSHSHSH
HoN— PASRVSRRSRGIVEECCFRSCDLALLETYCATPAKSE —O H2N—f IGF-1I (31-67) —CONH,
4.4 DODT/H,0O 45
Automated
Fmoc-SPPS
SH SH SHSHSHSH
,.Q Q Q Q Q Q . TFA/TIPS/DODT/H,0O o i (IR E
HoN—| IGF-II (1-67) —O HoN-| IGF-1I (1-67) —CONH,
4.6 4.7
OMe O
" ¢ om0
MeO o) o O

Scheme 8: Synthesis of the native IGF-1I (1-67) peptide (4.7), using the six trityl (Trt) protecting
group strategy. Where PEG = Polyethylene glycol; TIPS = triisopropylsilane and DODT = 3,6-dioxa-
1,8-octanedithiol.

The IGF-1I {1-67; 6 Trt} resin-bound peptide (4.6) was assembled as depicted in Scheme 8§,
from commercially available Fmoc-Pal-PEG-PS resin {4.3) using automated peptide synthesis.
First, resin 4.3 was elongated using automated peptide synthesis to give the IGE-II (31-67; 4

Trt) resin-bound peptide (4.4). A sample of resin 4.4 was cleaved with a cocktail of
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TFA/TIPS/DODT/water and the resultant crude peptide mixture was analysed by ESI-MS.
The ESI-MS is depicted in Figure 33A, and displays m/z ions ((M+5H]*>; 822.00 m/z), that
are consistent with the expected m/z ions ([M+5H]**; 821.94 m/z) for the IGF-II (31-67)
peptide {4.5). This result indicates that the IGF-II (31-67) peptide (4.5) was present in the
crude mixture. Encouraged by this result, the IGF II (31-67; 4 Trt) resin-bound peptide (4.4)
was elongated to the full-length IGF-II (1-67; 6 trt) resin-bound peptide (4.6) using
automated peptide synthesis. Resin 4.6 was cleaved using a TFA/TIPS/DODT/water mixture
and the crude peptide was analysed by RP-HPLC and ESI-MS. The RP-HPLC analysis is
shown in Figure 33C, and suggests a complex mixture of products, as indicated by the
presence multiple overlapping peaks and the absence of a discernible major product. The ESI-
MS is shown in Figure 33B, and displays m/z ions ([M+5H]**; 1496.72 m/z) that are in good
agreement with the calculated m/z ions ([M+5H]**; 1495.89 m/z) for the IGF-II (1-67)
peptide (4.7). These results suggest the desired [GF-II (1-67) peptide (4.7) was present as a

minor component of a complex mixture.
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Figure 33: Analysis of the native IGF-1I peptide (4.7} synthesised using the six trt protecting group
strategy. a) ESI-MS of crude peptide 4.5. Caled. for CinHiuN5O5:8s: 4104.6867 (average isotopes);
observed: m/z 1369.34 {([M+3H]™"), 1027.25 {[M+4H]"*), §22.00 {[M+5H]"*) and 685.17 {[M+6H]").
b) ESI-MS of the crude peptide 4.7. Caled. for CiunH:mNeiOwwSs: 7468.3875 (average isotopes);
observed: 1869.89 ([M+4H]™"), 1496.72 ([M+5H]|"), 1246.60 ([M+6H|"%) and 1068.52 ([M+7H]""). ¢)
RP-HPLC of crude peptide 4.7.

Based on the presence of the expected m/z ions within the ESI-MS shown in Figure 33B,

purification of 4.7 from the mixture was attempted using semi-preparative RP-HPLC.
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Multiple fractions were collected and analysed by ESI-MS (data not shown), however the
calculated m/z ions for desired IGE-II {1-67) peptide (4.7) were absent in all fractions. The
complexity of the RP-HPLC trace suggests that a mixture of both truncated and higher mass
peptide by-products had formed. The truncated by-products likely resulted from incomplete
Fmoc deprotection and/or incomplete couplings in the assembly of the N-terminus of the
peptide. The higher mass products are thought to be the result of the free cysteine thiols
forming complex oligomers and disulfide adducts during the TFA cleavage, ether
precipitation or lyophilisation. The large number of by-products in the crude peptide mixture
led us to investigate an alternative protecting group strategy in which the cysteine thiols were
protected with a moiety which would be stable to acidic cleavage conditions (> 90% TFA). The
acetamidomethyl (Acm) cysteine protecting group was selected as it is more stable than Trt to

m

acid cleavage,”" and can be selectively deprotected using iodine, thallium triflueracetate or

silver trifluoromethanesulfonate salts,”>*%

It was anticipated protection of the cysteine
sulfhydryl’s during the cleavage of the peptide from the resin, would potentially minimise

disulfide adducts and assist in the isolation of the native IGF-II peptide (4.7).

4.2.2 Double Acm protecting group strategy (2 Acm, 4 Trt)

The large number of by-products observed in the crude mixture from the synthesis of the
native IGF-II peptide (4.7) (refer Section 4.2.1) was potentially caused by the formation of
disulfide adducts during cleavage of the peptide from the resin. Consequently, it was
envisaged maintaining protection of one disulfide pair during the cleavage would minimise

by-product formation.

The IGF-II sequence contains six cysteines and three disulfide bonds, Cys?/Cys*’, Cys*/Cys™
and Cys*/Cys" (refer to Figure 32). The Cys’/Cys" disulfide pair was selected for protection
with Acm, as it is believed to be the final disulfide bond formed during the folding of IGF-II.**
It was envisaged iodine oxidation of a partially folded IGF-II (1-67; 2 Acm; S-S) intermediate
(4.11a), could be performed as the final step to concomitantly remove the Acm groups and

form the last disulfide bond {Cys’/Cys*'), to afford the desired 1GF-II protein (4.1) (Scheme
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9). Synthesis of the IGE-II (1-67; 2 Acm) peptide {4.11) with selective Acm protection of the

Cys?/Cys* disulfide pair is now described, as depicted in Scheme 9.

Fmoc-PAL-PEG—Q) %

4.3
O:Trt O:Acmz OYNH

‘ Automated

Fmoc-SPPS
@ Q9 Q X TFAITIPS/ SHQ SHSH
H,N-{ PASRVSRRSRGIVEECCFRSCDLALLETYCATPAKSE @ —— H,N-{ IGF-Il (31-67)"~CONH,
DODT/H,0
4.8 4.9
Manual
Fmoc-SPPS
? 9 QQQQ TFA/TIPS/DODT/H,0 @ _sH st s
H,N-C  IGF-Il (1-67) —Q H,N-[ IGF-II (1-67) ~CONH,
4.10 4.11
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\]
I, Oxidation
| 1l S @ $ s9Ps S
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Scheme 9: Synthesis of the IGE-1I (1-67; 2 Acm} peptide {4.11), using the 2 Acm, 4 Trt protecting
group strategy. Where PEG = Polyethylene glycol; TIPS = triisopropyisilane and DODT = 3,6-dioxa-
1,8-octanedithiol.

The IGF-1I (1-67; 2 Acm) peptide (4.11) was assembled from commercially available Fmoc-
PAL-PEG-PS resin (4.3) using a combination of both automated and manual peptide
synthesis as depicted in Scheme 9. First, the IGF-II (31-67; Acm, 3 Trt) resin (4.8) was
synthesised from resin 4.3 by automated peptide synthesis. Resin 4.8 was then elongated to
the full length IGF-II (1-67; 2 Acm, 4 Trt) resin-bound peptide (4.10) using a manual peptide
synthesis protocol. The combination of automated and manual synthesis allowed the assembly

of the N-terminal region of the peptide to be carefully monitored using a 2,4,6-
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trinitrobenzene sulfonic acid (TNBSA) resin test.*” This demonstrated that each coupling

reaction and Fmoc deprotection had proceeded to completion.”

The full length IGE-II (1-67; 2 Acm} peptide (4.11) was released from resin 4.10 on treatment
with TFA/TIPS/DODT/water and the resultant mixture was analysed by RP-HPLC and ESI-
MS. Figure 34A reveals a complex mixture of products as evidenced by multiple overlapping
and unresolved peaks. A small sample of the mixture was separated by semi-preparative RP
HPLC and the resultant fractions were analysed by ESI-MS. ESI-MS analysis of a fraction
collected between 12.5-13.5 min is shown in Figure 34B and displays m/z ions ([M+6H]*
1270.00 m/z) which are consistent with the predicted m/z ions ([M+6H]*%; 1270.43 m/z) for
the IGF-II (1-67; 2 Acm) peptide (4.11). This result suggests peptide 4.11 was present as a
minor component of the mixture, eluting between 12-14 min in the RP-HPLC trace shown in
Figure 34A. Encouraged by this, the remaining peptide mixture was subjected to semi-
preparative RP-HPLC. Unfortunately, this gave rise to various unidentified by-products and
only small quantities (< 1 mg) of peptide 4.11 were isolated.¥ The large number of by-
products observed in the crude mixture displayed in Figure 34, are again thought to result
from the formation of disulfide adducts during cleavage of the peptide from the resin.
Consequently, an alternative synthesis in which all six cysteines {Cys’/Cys¥, Cys*"/Cys* and
Cys*/Cys™) (refer to Figure 32) were protected with Acm was undertaken. It was anticipated
that protection of the cysteine sulthydryl’s during cleavage would further simplify the crude
reaction mixture by preventing the formation of cligiomeric disulfide adducts, thus allowing

isolation of the IGF-II peptide.

* The TNSBA test is used for the quantification of {ree primary amines. ln the presence of a free primary amine

the resin bead appears red/orange in colour.

% The small quantities {< 1 mg) of peptide 4.11 were consumed in subsequent trial Acm deprotection and

oxidative felding steps, but no desired native IGF-II protein (4.1) was recovered from these steps.
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Figure 34: Analysis of the crude IGF-11 (1-67; 2 Acm) peptide (4.11) synthesised using the 2 Acm, 4
Trt protecting group strategy. a) RP-HPLC trace of crude peptide 4.11 and b) ESI-MS of a fraction
collected between 12.5-13.5 min for peptide 4.11. Caled. for CisHiisNewOim:Ss: 7617.5912 (average
isotopes); observed: m/z 1904.72 ([M+4H]™), 1523.44 ([M+5H]"), 1270.00 {([M+6H]|"%) and 1088.67

{({M+7H]"").

4.2.3 Six Acm protecting group strategy (6 Acm)

Given the difficulties encountered in the purification of the full length IGF-II (1-67; 2 Acm}

peptide (4.11), a synthesis of the IGF-II (1-67; 6 Acm) peptide (4.15) was undertaken and is

outlined in Scheme 10. In this synthesis all six cysteines (Cys’/Cys*, Cys*/Cys™ and

Cys*/Cys™) (refer to Figure 32) were protected with Acm.
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Scheme 10: Synthesis of the IGF-11 (1-67; 6 Acm) peptide (4.15), using the 6 Acm protecting group
strategy. Where PEG = Polyethylene glycol; TIPS = triisopropylsilane and DODT = 3,6-dioxa-1,8-

octanedithiol.
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Synthesis of the IGF-II (1-67; 6 Acm) peptide (4.15) was conducted as previously described
for the IGF-II peptides 4.7 and 4.11 (refer Sections 4.2.1and 4.2.2). First the IGF-II {(31-67; 4
Acm) resin-bound peptide (4.12) was assembled from resin 4.3 using automated peptide
synthesis (refer to Scheme 10). A sample of resin 4.12 was treated with
TFA/TIPS/DODT/water and the resulting mixture was analysed by RP-HPLC and ESI-MS.
The RP-HPLC trace displayed in Figure 35A shows a major preduct at 7.5 min plus a few
minor by-products. Analysis of the major component by ESI-MS is shown in Figure 35B, and
displays m/z ions {[M+4H]*; 1098.39 m/z) which are consistent with the expected m/z ions

([M+4H]*; 1098.26 m/z) for the IGF-II (31-67; 4 Acm) peptide (4.13).
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Figure 35: Analysis of the crude IGE-11 (31-67; 4 Acm) peptide (4.13}. a) RP-HPLC trace of crude
peptide 4.13 and b) ESI-MS analysis of the crude peptide 4.13. Calcd. for Cis:HapsN3sO05Ss: 4388.9990
(average isotopes); observed: m/z 1463.87 ([M+3H]| ™), 1098.39 ([M+4H]|*) and 878.51 ([M+5H] ).

Encouraged by this result, resin 4.12 was elongated to the full length IGF-II (1-67; 6 Acm)
resin-bound peptide (4.14) using manual peptide synthesis. Manual synthesis again allowed
each coupling and deprotection step to be monitored using the TNBSA resin test””. Resin
4.14 was cleaved using a TFA/TIPS/DODT/water mixture and the resultant peptide mixture
4.15 was analysed by RP-HPLC and ESI-MS, as shown in Figure 36. The analytical RP-HPLC
is shown in Figure 36A and shows a complex mixture as demonstrated by multiple

overlapping and unresolved peaks. Surprisingly, ESI-MS analysis (refer to Figure 36B) of a




Chapter 4 | 87

fraction collected between 13-14 min during a small scale semi-preparative RP-HPLC,
displayed m/z ions ([M+7H]*"; 1129.73 m/z) which are consistent with the predicted m/z ions
([M+7H]""; 1129.70 m/z) for the IGF-II (1-67; 6 Acm) peptide (4.15). Encouraged by these
results, the crude peptide mixture 4.15 was purified by semi-preparative RP-HPLC. However
iselation of peptide 4.15 from the complex mixture again proved challenging, and again only

small quantities (< 1 mg) of the full length IGE-II (1-67; 6 Acm) peptide (4.15) were isolated.™
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Figure 36: Analysis of the crude IGF-11 (1-67; 6 Acm} peptide (4.15). a) RP-HPLC trace of crude
peptide 4,15 and b) ESI-MS of a fraction collected between 13-14 min for peptide 4.15. Caled. for
CassHa3sN1wOi0sSs: - 7900.9035 (average isotopes); observed: my/z 1976.19 ([M+4H]|™"), 1581.11
{{M+5H]"%), 1371.87 {([M+6H]"*) and 1129.73 {([M+7H]"").

4.2.4 Analysing the assembly of the N-terminal region of the IGF-II
peptide

ESI-MS analysis of the crude peptide mixtures confirmed the full length IGF-II peptides 4.7,
4.11 and 4.15 could be synthesised using a linear Fmoc-SPPS approach (refer to Sections
4.2.1, 4.2.2 and 4.2.3). However, isolation of the purified peptides from their mixtures was

hindered by the overwhelming presence of truncated and higher mass peptide by-products.

# The small quantities (< 1 mg) of peptide 4.15 were consumed in subsequent trial Acm deprotection and

oxidative folding steps, but no desired native IGF-II protein (4.1) was recovered from these steps.
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Since RP-HPLC and ESI-MS analysis of the IGF-II (31-67) intermediates (4.5, 4.9 and 4.13)
displayed no significant impurities, it was postulated the majority of the truncations and by-
products were forming during the assembly of N-terminal region (from residue 31).
Consequently, a more systematic analysis of the assembly process was performed in an

attempt to identify the problematic regions and residues in the synthesis of the IGF-II peptide.

Samples of resin {5-10 mg) were collected at regular intervals, every 5-10 residues during the
manual synthesis of the IGF-II (1-67; 6 Acm) peptide (4.15) from resin 4.3 (Scheme 11).
These resin samples were cleaved on treatment with TEA/TIPS/DODT/water, and the
resultant peptide mixtures were analysed by RP-HPLC and ESI-MS. The analysis was
performed to identify at which stage in the synthesis the truncations and by-products became

the dominant species.

Fmoc-PAL-PEG
uoee 0

Manual
Fmoc-SPPS
@ QP 999Q@ TFA/TIPS/DODT/H,0 PP IP9Q
H,N—C  IGF-Il (1-67) —Q > H,N—[  IGF-Il (1-67) —CONH,
4.14 4.15

Scheme 11: Manual synthesis of the IGF-II (1-67) (6 Acm} peptide (4.15). Where PEG =
Polyethylene glycol; TIPS = triisopropylsilane and DODT = 3,6-dioxa-1,8-octanedithiol.

The stages in the synthesis where resin samples were collected are depicted in Figure 37. RP-
HPLC and ESI-MS analysis of the resin samples from the C-terminal region (residues 30-67)
displayed the desired IGE-II peptide intermediates as the major components of the mixture
(data not shown). These results suggest the assembly of the IGF-II {1-67; 6 Acm) peptide
(4.15) was unproblematic up to this point, which was consistent with the synthesis of the

other IGF-1I (31-67) peptides (4.5, 4.9 and 4.13) (refer to Sections 4.2.1,4.2.2 and 4.2.3).
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Figure 37: Resin samples collected during the manual synthesis of the IGF-11 (1-67; 6 Acm} peptide
(4.15). Sequence of IGF-1I is shown with the residue numbers annotated above the sequence and
residues where small scale cleavages occurred are highlighted in pink.

Analysis of the cleavage mixtures from the IGF-II (25-67; 4 Acm), IGF-II (15-67; 5 Acm) and
full length IGF-II (1-67; 6 Acm) resin samples are displayed in Figure 38, Figure 39 and Figure
40 respectively. RP-HPLC analysis of the crude IGF-II (25-67; 4 Acm) peptide is displayed in
Figure 38A, and shows a distinct peak at 12.2 min. ESI-MS analysis of this peak is shown in
Figure 38B and displays m/z ions {[M+5H]*% 1130.16 m/z) which are in good agreement with
the expected m/z ions ([M+5H]*%; 1130.88 m/z) for the desired IGF-II (25-67; 4 Acm) peptide.
This result suggests the IGF-II (25-67; 4 Acm) peptide was present as a major component of

the crude peptide mixture.
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Figure 38: Analysis of the crude IGF-II (25-67; 4 Acm) peptide. a} RP-HPLC trace of the crude IGE-
IT {25-67; 4 Acm) peptide and b) ESI-MS of the crude IGE-1I (25-67; 4 Acm} peptide. Caled. for
CoissHwiN#OnSs: 5649.3834  (average isotopes); observed: my/z 128747 ([M+4H|™"), 1130.16
{{(M+5H]*} and 859.13 {[M+6H]"%).
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A similar result was also observed in the RP-HPLC and ESI-MS analysis of the crude IGE-II
(15-67; 5 Acm) peptide as shown in Figure 39. The RP-HPLC is illustrated in Figure 39A
shows a distinct peak at 12.4 min. ESI-MS analysis of this peak is shown in Figure 39B and
displays m/z ions ([M+5H]*%; 1271.64 m/z) which are consistent with the calculated m/z ions
((M+5H]*%; 1271.63 m/z) for the IGF-II (15-67; 5 Acm) peptide. This result suggests the

desired IGF-II (15-67; 5 Acm) peptide was a major component of the crude mixture.
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Figure 39: Analysis of the crude IGE-II (15-67; 5 Acm) peptide. a} RP-HPLC trace of the crude IGE-
IT (15-67; 5 Acm) peptide and b) ESI-MS of the crude IGE-1I (15-67; 5 Acm} peptide. Caled. for
CinHioNnOnSs: 6353.1681 (average isotopes); observed: my/z 1589.33 ([M+4H]™), 1271.64
([M+5H]**) and 1060.02 ([M+6H]*%).

RP-HPLC and ESI-MS analysis of the resin samples collected up to residue 15 (IGF-II (15-67;
5 Acm)) had been encouraging, as the desired IGF-II peptides were detected as the major
components of the crude mixtures. However, analysis of the samples collected during the N-
terminal elongation (residues 1-15) revealed the desired IGF-II peptides were only present as
a minor component. RP-HPLC analysis the crude IGE-II {1-67; 6 Acm) peptide (4.15) is
shown in Figure 404, and shows a complex mixture. ESI-MS analysis of the crude peptide
4.15 is depicted in Figure 40B, and displays m/z ions {(M+7H]*"; 1129.61 m/z) which are
consistent with the expected m/z ions ([M+7H]*"; 1129.70 m/z) for the IGF-1I (1-67; 6 Acm)
peptide (4.15). These results suggest the desired full length crude IGE-II (1-67; 6 Acm)

peptide (4.15) was a minor component of the crude peptide mixture.
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Figure 40: Analysis of the crude IGF-11 (1-67; 6 Acm) peptide (4.15). a) RP-HPLC trace of crude
peptide 4.15 and b} ESI-MS of crude peptide 4.15. Caled. for CusHsaN10O10656: 7900.9035 (average
isotopes); observed: m/z 1371.90 ([M+6H]|™), 1129.61 ([M+7H]|"") and 988.52 ([M+8H]"*).

RP-HPLC and ESI-MS analysis of the resin samples collected during the assembly of the N-
terminal region of the peptide, particularly the last 15 residues (from IGF-II (15-67)) showed a
significant increase in the number of impurities and by-products. This increase was postulated
to be caused by the peptide adopting secondary structure on-resin. The formation of
secondary structure leads to aggregation of the growing peptides chains, which in turn causes

incomplete Fmoc deprotection and couplings steps, resulting in truncated by-products.

4.2.5 Improving the assembly of the N-terminal region of the IGF-II
peptide

As discussed above, the difficult assembly of the N-terminal region of the IGF-II peptide was
determined to result from the formation on-resin secondary structure and aggregation.
Several strategies have been developed to prevent or disrupt the formation of such
aggregation. Improving the solvation of the growing peptide chain or the introduction of Na-
alkylated amino acids or pseudoproline units are the most common strategies used to
overcome aggregation.'*>1#2#82% Solvents such as NMP, DMSO, hexafluroisopropanol (HFIP)
or the additien of chaotropic salts, have been shown to increase the solvation of the growing

peptide chain and prevent aggregation. In contrast, Na-alkylated amino acids such as N-a-
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(2,4-dimethoxybenzyl)-glycine ((Dmb)Gly) er pseudoprolines, which are derived from Cys,
Ser and Thr, disrupt on-resin secondary structure by introducing structural changes into the
peptide backbone. Conveniently, these bulky substituents and protecting groups are removed
during cleavage of the peptide from the resin using TFA, to give the native amino acid as
depicted in Figure 41. All three methods were employed in an attempt to overcome the
formation of on-resin secondary structure and improve the assembly of the N-terminal region

of the native IGF-II peptide {(4.7).
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H,CO OCHj
: Y7 O TFA h 9
N _C — N_ _C
P S g \WNVWWO A NS \NWNWO
B X “\\\R X_«R
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Thr: X=0; R=CHj

Figure 41: Strategies used to disrupt on-resin aggregation. Units shown disrupt aggregation by
inducing a structural change in the peptide backbone. a) Na-alkylated amino acids and b)
pseudoprolines, Xaa[Y*"*MPro)-OH; where Xaa refers to Cys, Ser or Thr.

The IGF-II resin-bound peptides (4.14, 4.16-4.18) were assembled from commercially
available Fmoc-Pal-PEG-PS resin (4.3) as depicted in Scheme 12. Each of the resin-bound
IGF-II peptides (4.14, 4.16-4.18) were synthesised with all six cysteines Acm protected. It was
envisaged that protection of the Cys residues would prevent the formation of disulfide

adducts, and other undesired by-products which could result from having free sulthydryl’s.
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Scheme 12: Synthetic attempts to improve the N-terminal assembly of the IGF-11 peptide (4.15),
using manual Fmoc-SPPS. Where PEG = Polyethylene glycol; TIPS = triisopropylsilane and DODT =
3,6-dioxa-1,8-octanedithiol.

The resin-bound IGF-II peptide (1-67; 6 Acm) (4.14) was assembled from resin 4.3 using
manual peptide synthesis (refer to Scheme 12). During the synthesis N-methylpyrrolidone
(NMP) was used in place of DMF to increase the solvation of the growing resin-bound
peptide. NMP is a better solvating agent than DMF and as such has been shown to improve
coupling and deprotection reactions of difficult and aggregation prone sequences.”” Resin
4.14 was cleaved using a TFA/TIPS/DODT/water mixture, and the resultant peptide mixture
(4.15) was analysed by RP-HPLC and ESI-MS. The RP-HPLC analysis is shown in Figure 42,
and displays a complex mixture from which the desired IGF-II (1-67; 6 Acm) peptide {4.15)
was not detected. This was demonstrated by lack of any distinct peaks in the RP-HPLC trace
shown in Figure 42 and the absence of the predicted m/z ions (1581 ([M+5H]*), 1317
([M+6H]*) and 1129 ([M+7H]*")) in the ESI-MS (data not shown). These results suggest the
use of NMP in the assembly of resin-bound peptide 4.14, did not improve the N-terminal

assembly of the IGF-1I {1-67; 6 Acm) peptide (4.15).
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Figure 42: RP-HPLC analysis of the crude peptide mixture from the cleavage of resin 4.14.

As discussed above, the incorporation of pseudoproline units (Fmoc-Xaa-Yaa[¥Y"**MPro]-
OH) can significantly improve the efficiency and yield of synthesis for ‘difficult’ and
aggregation prone sequences.”®*!* To investigate the effect of pseudoprolines on the assembly
of the N-terminal region of IGF-II, Thr’, Thr'* and Thr** were replaced with threonine derived
pseudoproline dipeptides, Fmoc-Asp(OtBu)-Thr[¥*¥9Pro]-OH and Fmoc-Glu{OtBu)-

Thr[¥*e¥9Pro]-OH.

The resin-bound IGF-II (1-67; 6 Acm; WT7, ¥T16, ¥T58) peptide (4.16) was elongated from
resin 4.3 by manual peptide synthesis as depicted in Scheme 12. Resin 4.16 was cleaved on
treatment with TFA/TIPS/DODT/water and the resultant peptide mixture 4.15, was analysed
by RP-HPLC and ESI-MS (refer to Figure 43). The ESI-MS analysis is shown in Figure 43B,
and displays m/z ions ([M+7H]*"; 1129.73 m/z) which are consistent with the calculated m/z
jons ([M+7H]*"; 1129.70 m/z) for the IGF-1I (1-67; 6 Acm) peptide (4.15). However, the RP-
HPLC analysis shown in Figure 434, displays a complex mixture of products as indicated by a
series of overlapping and unresolved peaks. These results suggest that the incorporation of
pseudoproline dipeptides did not significantly improve the assembly of the N-terminal region

of the IGF-1I (1-67; 6 Acm) peptide (4.15).
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Figure 43: Analysis of the crude peptide mixture from the cleavage of IGF-11 (1-67; 6Acm; W17,
¥T16, WT58) resin (4.16). a) RP-HPLC trace of crude peptide 4.15 and b) ESI-MS of crude peptide
4.15. Caled. for CaoHassNinOiosSs: 7900.9035 (average isotopes); observed: m/z 1317.91 {([M+6H]|™),
1129.73 ([M+7H]|*"), 988.66 ([M+8H|"*) and 878.58 ([M+9H]**).

The incorporation of the N-a-Fmoc-N-a-(2,4-dimethoxybenzyl)-glycine (Fmoc-(Dmb)Gly-
OH) derivatives into the IGF-II (1-67; 6 Acm) peptide (4.15) was next investigated as a
method for disrupting on-resin aggregation. The resin-bound IGF-II (1-67; 6Acm; DmbGI1,
DmbG22, DmbG25, DmbG41) peptide (4.17) was assembled from resin 4.3, using a
combination of automated and manual synthesis, as outlined in Scheme 12. Dmb glycine
derivatives were incorporated into the IGF-II peptide (4.17) in place of Gly'!, Gly*, Gly* and
Gly*. Resin 4.17 was cleaved using a TFA cleavage cocktail and the resultant peptide mixture

was analysed by RP-HPLC and ESI-MS and the results are displayed in Figure 44.

mAJ @ 220 nm
1
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Figure 44: RP-HPLC analysis of the crude peptide from the cleavage of IGE-11 (1-67; 6A.cm;
DmbG11, DmbG22, DmbG25, DmbG41) resin 4.17.
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RP-HPLC analysis of crude peptide 4.15 is displayed in Figure 44 and shows a complex
mixture of products as indicated by the presence of several overlapping and unresolved peaks.
In addition, the desired m/z ions {878 {[M+9H]*"), 988 ([M+8H]*®), 1129 ([M+7H]*"), 1317
([M+6H]*)) for peptide 4.15, were not detected in the ESI-MS (data not shown). Subsequent
LCMS analysis“! of the crude mixture is shown in Figure 45 and gave contrasting results.
Firstly a distinct and resolved peak at approximately 15 min is present in the LCMS displayed
in Figure 45A, which was not apparent in the initial RP-HPLC trace as shown in Figure 44.
Analysis of the MS data collected between 14.9-15.1 min is shown in Figure 45B and displays
m/z jons ([M+7H]*’; 1129.4 m/z) which are in good agreement with the expected m/z ions
((M+7H]*’; 1129.70 m/z) for the IGF-II (1-67; 6 Acm) peptide (4.15). These results suggest
the IGF-II (1-67; 6 Acm) peptide {4.15) was the major component of the crude mixture
shown in Figure 45A. Despite this encouraging result, no follow up experiments were
conducted as the LCMS data was obtained much later than the initial RP-HPLC and ESI-MS
analysis (refer to Figure 44). Consequently the work discussed for the remainder of this
chapter was conducted after acquiring the results from the initial RP-HPLC and ESI-MS
analysis (refer to Figure 44), and before obtaining the encouraging LCMS data (refer to Figure
45). Nonetheless, the LCMS results cannot be disregarded, and they suggest that the inclusion
of Dmb glycine derivatives during the assembly resin-bound peptide 4.17 may have been
successful at improving the assembly of the N-terminal region of the IGF-II (1-67; 6 Acm)

peptide (4.15).

i LCMS analysis was unavailable until after the completion of the work in Chapter 4.
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Figure 45: LCMS Analysis of the crude peptide mixture from the cleavage of IGF-II (1-67; 6Acm;
DmbG11, DmbG22, DmbG25, DmbG41) resin 4.17. a} RP-HPLC trace of crude peptide 4.15 and b)
ESI-MS of collected between 14.9-15.1 min for crude peptide 4.15. Caled. for CawH:eNi00O 10656
7900.9035 (average isotopes); observed: m/z 1317.6 ([M+6H]|™), 1129.4 ({M+7H]""), 9884 ([M+8H]"%)
and 878.9 {[M+9H]"").

In a final attempt to improve assembly of the N-terminal region of the IGF-II (1-67; 6 Acm)
peptide (4.15), pseudoproline dipeptides and Dmb glycine derivatives were used in
combination (refer to Scheme 12). The IGF-II {1-67; 6Acm; ¥T7, ¥T16, ¥T58, DmbGl1,
DmbG22, DmbG25, DmbG41) resin-bound peptide (4.18) was synthesised from resin 4.3
using manual peptide synthesis, where Thr’, Thr'* and Thr*® were replaced with threonine
derived pseudoproline dipeptides (Fmoc-Asp{OtBu)-Thr[¥*MPro]-OH and Fmoc-
Glu{OtBu)-Thr[¥"**oPro]-OH) and Gly'!, Gly*, Gly* and Gly*! were substituted with Dmb
glycine derivatives. Resin 4.18 was cleaved on treatment with TFA/TIPS/DODT/water and the
resultant peptide mixture was analysed by RP-HPLC and ESI-MS. RP-HPLC analysis is
displayed in Figure 46 and reveals three distinctive overlapping peaks. Despite the promising
RP-HPLC analysis, ESI-MS analysis (data not shown} revealed a complex mixture of peptide
products, from which the desired m/z ions (878 ([M+9H]**), 988 ([M+8H]*), 1129

([M+7H]*"), 1317 {[M+6H]**)) were not observed.
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Figure 46: RP-HPLC analysis of the crude mixture peptide from the cleavage of the IGF-II (1-67;
6Acm; WT7, ¥T16, Y158, DmbG11, DmbG22, DmbG25, DmbG41) resin (4.18).

LCMS analysis* of the mixture is displayed in Figure 47. Specifically, the LCMS trace is
shown in Figure 47A and shows three distinct peaks, which is comparable to the initial RP-
HPLC analysis (refer to Figure 46). MS data collected between 14.9-15.1 min is shown in
Figure 47B and shows m/z ions ([M+6H]*; 1317.6 m/z) which are consistent with the
calculated m/z ions ([M+6H]*; 1317.82 m/z) for the desired peptide 4.15. These results
indicate the IGF-II (1-67; 6 Acm) peptide {4.15) was present as a major component of the
crude mixture, and thus suggests the inclusion of pseudoproline dipeptides and Dmb glycine
derivatives may have been effective at improving the N-terminal assembly of the IGF-II (1-67;
6 Acm) peptide (4.15). However, as the LCMS data was acquired after the initial RP-HPLC

and ESI-MS analysis (refer to Figure 46) no follow up experiments were conducted.

" LCMS analysis was unavailable until after the completion of the work in Chapter 4.
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Figure 47: LCMS analysis of the crude peptide mixture from the cleavage of the IGF-11 (1-67;
6Acm; ¥T7, ¥T16, Y158, DmbG11, DmbG22, DmbG25, DmbG41) resin 4.18. a) RP-HPLC trace
of crude peptide 4,15 and b) ESI-MS of collected between 14.9-15.1 min for crude peptide 4.15. Caled.
for CiwHseNinOumsSs: 7900.9035 (average isotopes); observed: m/z 1317.6 ([M+6H]™), 11294
{{M+7H]""), 988.4 {[M+8H|"") and 878.6 ([M+9H]|""}.

In summary, small scale resin cleavages conducted during the manual assembly of the native
IGF-II peptide (4.7), identified the N-terminal region of the peptide as the main source of
difficulty in the synthesis. This difficult assembly of the N-terminal region is thought to have
been caused by the formation of on-resin secondary structure and aggregation. Solvation,
incorporation of pseudoproline dipeptides, and Dmb glycine derivatives were investigated as
strategies to improve the assembly of the N-terminal region, and thus accomplish the
synthesis of the IGF-II (1-67; 6 Acm) peptide (4.15). LCMS data from the strategies
employing Dmb glycine derivatives (4.17 and 4.18) suggest the on-resin aggregation was
disrupted and assembly of the N-terminal region of the IGE-II {1-67; 6 Acm) peptide was
significantly improved. Further studies into the incorporation of Dmb glycine derivatives into
the IGF-II peptide are required to confirm the suitability of these units as a robust strategy for
improving the synthesis of the native IGF-II peptide. Interestingly, the difficulties in N-
terminal assembly were only encountered in the synthesis of the native IGF-II peptide. In the
parallel synthesis of the fluorescent IGF-II analogue, F19Cou IGF-II (4.2), which differs from
the native IGFE-II peptide by the substitution of coumaryl amino acid 2.2 at position 19 (refer
to Figure 32), on-resin aggregation was not observed. The successtul synthesis of the novel

F19Cou IGF-II analogue (4.2} is now described.




100 | Chapter 4

4.2.6 Synthesis of the F19Cou IGF-II protein (4.2)

The synthesis of the fluorescent IGF-II analogue, F19Cou IGF-II (4.2}, with the substitution
of coumaryl amino acid 2.2 at residue 19, is outlined in Scheme 13. This approach employed
the selective Acm protection of the Cys’/Cys* disulfide pair, as described in Section 4.2.2. The
F19Cou IGE-II (1-67; 2 Acm) peptide (4.22) was assembled from resin 4.3 using a
combination of automated and manual peptide synthesis (refer to Scheme 13). First, IGF-II
(31-67; Acm, 3 Trt) resin (4.8) was assembled from resin 4.3 by automated peptide synthesis.
Resin 4.8 was then elongated by manual peptide synthesis to residue 20, to afford the IGF-II
(20-67; Acm, 3 Trt) resin-bound peptide (4.19). The Na-Fmoc protected coumaryl amino acid
2.5 (synthesis described in Section 2.2.2, Chapter 2) was incorporated at residue 19 in place of
Phe. Elongation using manual peptide synthesis gave the full length F19Cou IGF-II (1-67; 2

Acm, 4 Trt) resin-bound peptide (4.21) (refer to Scheme 13).

Fmoc-PAL-PEG—Q) O =T
4.3 Q =Acm
Automated
Fmoc-SPPS

PPPQ TEATIPS/ QOO Q

H,N-T IGF-II (31-67) —@ ———— HN—{IGF-Il (31-67) —CONH,
2 (31-67) DODT/H20 (31-67)
4.8 4.9

Manual
Fmoc-SPPS

@ P99Q@ TFAITIPS/ @ P99Q@

HN-{  IGF-Il (2067) —(Q ————> HN-{ IGF-II(20-67) —CONH,

DODT/H20

419 4.20
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2.16
a) TFA/TIPS/DODT/H,O
Q@ QP Q999 b) semi-prep RP-HPLC 9 SH SHQ SHSH
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Scheme 13: Synthesis of the novel fluorescent F19Cou IGE-11 (1-67; 2Acm) peptide (4.22),
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The F19Cou IGE-II (1-67; 2 Acm) peptide (4.22) was released from resin 4.21 on treatment
with TFA/TIPS/DODT/water and the resultant mixture analysed by RP-HPLC and ESI-MS.
RP-HPLC analysis of the crude peptide 4.22 is shown in Figure 48A, and shows a series of
overlapping peaks with a major peak at 14.6 min. ESI-MS analysis (data not shown) of the
peak at 14.6 min revealed m/z ions {(M+6H]*% 1286.00 m/z) that are consistent with the
calculated m/z ions ([M+6H]*; 1286.80 m/z) for the F19Cou IGF-II (1-67; 2 Acm) peptide
(4.22). These results suggest the desired 4.22 peptide was a major component of the mixture.
Peptide 4.22 was subsequently isolated by semi-preparative RP-HPLC to afford the purified

F19Cou IGF-1II (1-67; 2 Acm) peptide in a reasonable yield (14%).
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Figure 48: RP-HPLC analysis of the crude fluorescent F19Cou IGFE-11 (1-67; 2 Acm) peptide (4.22).

3 a5 shown in Scheme 14.

The Acm groups of 4.22 were deprotected using iodine oxidation
Specifically, peptide 4.22 was dissolved in 80% aqueous acetic acid and the seolution was
treated with 20 mM iodine in 80% aqueous acetic acid. The reaction was quenched by the slow
addition of Dowex 1X8 200, and the crude F19Cou IGE-II peptide (4.23) was isolated by
semi-preparative RP-HPLC. This gave the desired F19Cou IGF-II {1-67) peptide (4.23) in

excellent yield (90%).
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Scheme 14: Synthesis of the novel fluorescent F19Cou IGE-11 protein {4.2).

The F19Cou IGF-II (1-67) protein (4.2) was isolated following oxidative folding of the
F19Cou IGF-II (1-67) peptide (4.23) as depicted in Scheme 14. First, the F19Cou IGF-II (1-
67) peptide (4.23) was reduced with 20 mM dithiothreitol (DTT). Following this, peptide 4.23
was refolded according to the procedure described by Delaine et al”* In this, the reduced
solution of 4.23 was diluted in a refolding buffer to give a solution with a pH of 9.1.
Specifically, the refold was performed at a final concentration of 2.5 M urea, 0.7 M Tris, 12.5
mM glycine, 2 mM EDTA, 0.5 mM DTT and with a maximum protein concentration of 0.1
mg/ml. To this, 2-hydroxyethyl disulfide (2-HED) was added at a final concentration of 1.25
mM, and the refold was stirred slowly at rt for 180 min. The resultant F19Cou IGF-II protein

(4.2) was isolated by semi-preparative RP-HPLC in an acceptable yield (5%).

The F19Cou IGE-II protein (4.2) was synthesised in high purity as demonstrated by the
presence of a single peak in the RP-HPLC trace illustrated in Figure 49A, and confirmed by
the strong agreement of the m/z jons ([M+7H]*", 1081.94 m/z) observed in the HRMS shown
in Figure 49B with the expected m/z ions ([M+7H]*’; 1081.92 m/z). Gel electrophoresis was
carried out to demonstrate the fluorescent properties of the synthetic F19Cou IGF-II protein
(4.2) in comparison to the recombinant native IGF-II protein. The resultant SDS-PAGE gel
shown in Figure 49C, was irradiated at 254 nm (left) and shows a fluorescent band at 7.5 kDa,

which corresponds to the synthetic F19Cou IGF-II protein (4.2).
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Figure 49: Characterisation of the F19Cou IGF-II protein (4.2}, a) RP-HPLC trace of 4.2; b) HRMS
of 4.2. Caled. for CuosHanNeiO10:Ss: 7566.4445 (average isotopes); observed: m/z 1514.35 ([M+5H] ™),
1261.93 ((M+6H|*%), 1081.94 ([M+7H|"?), 946.83 ([M+8H]"*) and 841.62 {[M+9H]|"*); ¢) SDS-PAGE
gel stained with coomassie blue (leff); unstained gel irradiated at 254nm (right); lanes (from left to
right) correspond to marker, synthetic F19Cou IGF-II protein (4.2) and recombinant native IGF-II
protein. The bands at 7.5 kDa correspond to the full length IGF-II proteins and are highlighted by a
dashed box and the fluorescence of the synthetic F19Cou IGF-II protein {4.2) is highlighted with an
arrow.
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4.2.7 Biological activity of the synthetic F19Cou IGF-II protein (4.2)

Competition binding assays were conducted to determine the affinity of the synthetic F19Cou
IGF-II protein (4.2) for IGF-1R and IR-A. Receptor binding experiments were carried out on
immunocaptured IGF-1R and IR-A as described by Denley et al* Briefly, increasing
concentrations of 4.2 were added to a constant concentration of europium labelled 1GF-II
(EuIGE-II). The competition binding curves are illustrated in Figure 50 and the ICs; values are
summarised in Table 13. The ICs; values for the binding of the F19Cou IGF-II protein (4.2) to
the IGF-1R and IR-A were 45.5 + 0.3 nM and 72.5 + 0.3 nM, respectively. Importantly,
compared to the recombinant native IGF-II protein, protein 4.2 had only an 18-fold decrease
in affinity for the IGF-1R (2.5 nM versus 45.5 nM), and a 9.8-fold decrease in affinity for the
IR-A (7.4 nM versus 72.5 nM). These binding affinities were also consistent with the binding
affinities determined for the recombinant F19Cou IGF-II protein (3.1) binding to the IGF-1R
(45.5 nM versus 47.6 nM) and IR-A (72.5 nM versus 96.9 nM) (refer to Section 3.2.8). Finally,
the minor discrepancies between the binding affinities of 3.1 and 4.2 were attributed to the

difference in the C-terminus of the proteins and the increased purity of 4.2 compared to 3.1.
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Figure 50: Competitive binding of F19Cou IGE-II (4.2) to immunocaptured IGE-IR and IR-A.
Immunocaptured IGF-1R or IR-A were incubated with Europium labelled IGF-11 (EulGF-II) in the
presence of, or absence of, increasing concentrations of recombinant native [GF-II (black) or 4.2
{orange).
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Table 13: 1Cs; values derived from competitive binding assays of recombinant native IGF-1I and
synthetic F19Cou IGF-11 (4.2) to immunocaptured IGF-1R and IR-A. Where the affinity relative to
the recombinant native IGF-1I is the IC;, relative to that of IGF-1I binding to the IGF-1R or [R-A (ICs
native IGF-II/ICs IGF-II analogue)} and is expressed as percentage of IGF-II binding. IGF-II + SE is
derived from at least 3 separate experiments performed in triplicate.

1Cs; values from immunocaptured IGE-1R and IR-A (nM)

recombinant native F19Cou IGE-II Affinity relative to
1GE-11 (4.2) recombinant native IGF-1I (%)
IGEF-1R 2503 455+03 5.6
IR-A 7402 725+03 10.2

It was anticipated the F19Cou IGF-II protein (4.2) would exhibit a lower binding affinity than
the recombinant native IGF-II protein, as Phe!® has been shown to be involved in receptor
binding (refer to Section 1.1.4, Chapter 1}.**** It is thought that the increase in side chain bulk,
caused by the inclusion of the coumarin moiety, perturbs the site 2 interaction of IGF-II with
both the IGF-1R and IR-A. However, it has also been demonstrated that changing Phe" to a
smaller and less hydrophobic residue, such as Leu or Ala in other IGF-II analogues also
perturbs receptor binding.**** Thus, these results are consistent with what has been reported
in the literature and reinforce the importance of Phe" for IGF-II binding to the IGF-1R and

IR-A.

4.3 Conclusion

The native IGF-II peptide 4.7 and Acm protected peptides 4.11 and 4.15 were synthesised
using a linear Fmoc-SPPS protocol. However isolation of these IGF-II peptides (4.7, 4.11 and
4.15) was unsuccessful due to a large number of truncated and higher mass peptide by-
products. A systematic investigation of the peptide synthesis found these by-products arose
during the assembly of the N-terminal region of the IGF-II peptide. In particular, the

assembly of the last 15 residues (1-15) was found to be very difficult.

Difficulties in the assembly of the N-terminal region of the native IGF-II peptides were
attributed to the formation of on-resin secondary structure and aggregation. Increasing resin

solvation and the incorporation of pseudoprolines and Dmb glycine derivatives were
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investigated as strategies to overcome this on-resin aggregation. Data suggests that assembly
of the IGF-II {(1-67; 6 Acm) peptide (4.15) was significantly improved by the incorporation of
Dmb glycine. However, further studies are required to determine the effectiveness of these

Dmb glycine derivatives in improving the synthesis of the native IGF-II peptide.

A fluorescent IGF-II analogue, F19Cou IGF-II (4.2), was successfully synthesised using a
linear Fmoc-SPPS protocol. The substitution of Phe'” with coumaryl glycine was also found to
improve the N-terminal assembly of the F19Cou IGF-II (1-67; 2 Acm) peptide (4.22), which
in turn allowed the full length F19Cou IGF-II protein (4.2) to be isolated by semi-preparative
RP-HPLC. Thus, it is postulated that substitution of coumaryl amino acid 2.2 at residue 19
disrupts the formation of structures that were normally inhibitory to the assembly process in

native IGF-II peptides (4.7, 4.11 and 4.15).

The F19Cou IGF-II protein {4.2) bound its two high-affinity receptors the IGF-1R and IR-A
with ICs; values of 45.5 + 0.3 nM and 72.5 + 0.3 nM respectively. The drop in affinity for the
IGF-1R and IR-A compared to the recombinant native IGF-II protein was consistent with
what has been observed in the literature for other F19X IGF-II analogues. These results

further reinforce the importance of Phe! for the binding of IGF-II to the IGF-1R and IR-A.

Initially, the aim of these studies was to develop a robust synthetic strategy that would allow
the assembly of several IGF-II analogues, as part of an IGF-II receptor binding study. Due to
the difficulties described, a convergent approach was proposed for the synthesis of the native

IGF-II protein and other fluorescent IGF-II analogues. This is discussed further in Chapter 5.









Chapter 5

Synthesis of IGF-II analogues by
native chemical ligation
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5.1 Introduction

As discussed in Chapter 4, a linear Fmoc-SPPS strategy yielded the fluorescent F19Cou IGFE-II
protein (4.2). However difficulties with on-resin aggregation prevented isolation of the native
IGF-II protein (4.1). It was envisaged synthesising smaller peptide fragments and assembling
them in a convergent approach would overcome these problems with on-resin secondary
structure and aggregation (refer to Section 4.2.4, Chapter 4). Native chemical ligation has been
shown to be successful for synthesising the related IGF-I ligand.”* Thus, it was proposed, a
native chemical ligation methodology would be suitable for the synthesis of the native IGF-II

(4.1), F19Cou IGF-II (4.2) and F28Cou IGF-II (5.1) proteins.

5.1.1 Native chemical ligation

86

Native chemical ligation was first conceptualised by Dawson and co-workers,* and since has

become the most widely used method for the total and semi-synthesis of proteins®131215.216
This methodology has been employed in the current study to synthesise the IGF-II analogues
4.1, 4.2 and 5.1. The native chemical ligation reaction is displayed in Scheme 15 and involves
the coupling of unprotected peptide fragments in aqueous solution. The reaction is chemo-
and regioselective and occurs between a peptide fragment bearing a C-terminal thioester (5.2)

and a peptide fragment containing an N-terminal cysteine (5.3), and yields a product (5.5)

with a native amide bond at the ligation site.
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C /_\ NH, H
\lunprotected peptide‘
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5.2
“ transesterification

O

{ unprotected peptide Q
HZNJ}( \[unprotected peptlde‘ 5.4

N—>S acyl shift

SH
& H
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{ unprotected peptide ’)J\ H ~ unprotected peptlde]
O

Scheme 15: Mechanism of the native chemical ligation reaction.® The ligation reaction involves the
coupling of unprotected peptide segments in solution.

Native chemical ligation has been shown to overcome the solubility and size limitations of
traditional solution phase chemistry, linear SPPS and molecular biology.'**"" As such it was
thought that native chemical ligation could be used to synthesise the IGF-II analogues 4.1, 4.2
and 5.1 in high yield and purity. The ligation reaction involves two steps (refer to Scheme 15).
The first is a reversible, chemoselective transthioesterification to form a thioester-linked
intermediate (5.4). This is followed by an irreversible, rapid intramolecular N-to-S acyl shift
to form a peptide (5.5) with a native amide bond at the ligation site.* The kinetics of the
ligation reaction are affected by a number of factors, including pH, the nature of the C-
terminal amine acid bearing the thioester, the nature of the thioester leaving group and the

presence or otherwise of thiol additives and catalysts.®***

Of each of the variables mentioned above, pH is the most critical. Ligation reactions are
carried out in buffered aqueous solutions at neutral pH (pH of 7), as at higher pH the
thioester moiety is hydrolysed. Similarly, strongly acidic conditions reduce the nucleophilic

character of the cysteine thiol, which in turn decreases the rate of ligation reaction.®
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When selecting ligation sites the influence of the C-terminal amino acid (Xaa) bearing the
thioester was carefully considered. A comparison of different C-terminal thioesters is
illustrated in Figure 51. Ligations where the C-terminal amino acid (Xaa) is Gly, His or Cys
have been shown to proceed rapidly and to completion in less than 4 h. In contrast, ligations
of C-terminal Pro and PB-branched amino acids, such as Ile, Leu, Thr or Val proceed much

more slowly and are often not complete after two days (refer to Figure 51).?

(o}
. . NCL . JIg .
unprotected peptide Xaa—SR + H,N—Cys—gunprotected peptide —— | unprotected peptide Xaa N*Cys unprotected peptide
5.2 5.3 5.5

Xaa = Gly, Cys, His > Phe, Met, Tyr, Ala, Trp > Asn, Ser, Asp, GIn, Glu, Lys, Arg > Leu, Thr, Val, lle, Pro
<4h <9h <24h <48 h

Figure 51: The influence of the amino acid forming the C-terminal thioester (5.2} on the time
taken for completion of the ligation reaction. The C-terminal residue is denoted by Xaa and the
times given in red correspond to the maximum time taken for the ligation reaction to proceed to
completion. Figure adapted from Hackenberger ef al.*

Generally, alkyl thioesters are less reactive than aryl thioesters. As such peptide thioesters are
synthesised and purified with alkyl groups, which can be converted in situ during the ligation
reaction to a more reactive aryl thioester.”**'®** This in situ conversion of an alkyl thioester

(5.6) to the aryl thioester (5.8) is referred to as a thiol-thioester exchange and is illustrated in

Figure 52.
(@] (@]
R1:-sH .
{ unprotected peptide .)J\ g@ 27 27 _ [ unprotected peptide % S<R!
5.7
5.6 5.8
R = alkyl R = aryl

Figure 52: Thiol-thioester exchange reaction.” Conversion of an alkyl thioester (5.6) to a more
reactive aryl thioester (5.8) occurs by treatment with an aryl thiol additive (5.7). Where R is an alkyl
group and is shown in green and R’ is an aryl group and is shown in orange.
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Thiol-thioester exchange is accomplished by treating the ligation mixture with an excess of an
exogenous aryl thiol (5.6) (refer to Figure 52).** After thiol-thioester exchange, the newly
formed, reactive aryl thioester (5.8), rapidly undergoes transthioesterification to form a
thioester linked intermediate (5.4; Scheme 15), followed by a rapid N-to-S acyl shift to give
the desired ligation product (5.5; Scheme 15). When exogenous thiol additives are used, the
thiol-thioester exchange is proposed to be the rate-limiting step of the ligation reaction.?'®*
Thus, an ideal exogenous thiol additive should undergo complete and rapid thiol-thicester
exchange to form the more reactive thicester and have a leaving group which is easily
displaced in the formation of the thicester-linked intermediate.”® The exogenous thiol used in

this work was mercaptophenylacetic acid (MPAA) and it is widely utilised in ligation

chemistry.

This chapter describes the synthesis of the native IGE-II (4.1), F19Cou IGF-II (4.2) and
F28Cou IGF-II (5.1) proteins. The target proteins are shown in Figure 53 and were
synthesised using native chemical ligation. The F19Cou IGF-II {4.1) and F28Cou IGF-II (5.1}
proteins contain the coumaryl amino acid 2.2 at positions 19 and 28 respectively. As discussed
in Chapter 1, access to these IGF-II analogues would facilitate a FRET-based investigation into

the binding of IGF-II to its twe high-affinity receptors.

..............

4.1: X" = Phe; X2 = Phe
4.2: X" =Cou (2.2); X? = Phe
5.1: X" = Phe; X2 = Cou (2.2)

Figure 53: Target IGF-1I proteins (4.1; 4.2 and 5.1). Sequence of IGF-1I is shown with the residue
numbers annotated above the sequence, Cys residues are highlighted in red; disulfide bonds shown are
shown as dashed lines and the coumarin-based fluorophore (Cou; 2.2) is illustrated within the green
circle.
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5.2 Results and discussion

5.2.1 Ligation strategy

As discussed in Section 5.1.1, native chemical ligation requires a Cys residue at the ligation
site. The native IGF-II protein (4.1} contains six Cys residues (red; Figure 53) and as such is a
good target for synthesis by native chemical ligation. The synthetic strategies adopted for the

synthesis of the native IGF-II protein (4.1) and two non-native IGF-II analogues (4.2 and 5.1)

are outlined in Scheme 16.

N Tk
HN-BORPEEDHDOEELVBDOE @@@@@@(@% “

1 ' 1 : X'=Phe; X? = Phe

: ; 4.2:X"= Cou (2.2); X2 = Phe

| ' S
szoc@@@)@@@@ciﬁ@@@@@@@@%i@@@@@@@@® 15! =Phe; X Cou @2

|

9 21
Hw@@@@@@@@@@@@@@@@@@@@@@@@@(@%

4.7 : X" = Phe; X2 = Phe
4.23 : X'= Cou (2.2); X? = Phe

60 51 47 46 @ - X' = Phe: X2 = Cou (2.
HNOC-EERBEOACDDEDOADDTOREOREEOVNERERAEER >0 X =cuid

A

Route 1 Route 2

o) o) SH
Ceraan) sy coLEn
HoN-{_IGF-Il (1-46) |~ S N + HN FRSCDLALLETYCATPAKSE}CONHz
o

5.11: X' = Phe; X? = Phe 5.10

Route 1

9 Q VOL S 4647 51 60
H
HzN—[AYRPSETLCGGELVDTLQXW})kS N © + <N]ﬁw/[GDRGFYXZSRPASRVSRRSRGIVEECCFRSCDLALLETYCATPAKSE]—CONHz
o) H
o]

5.14: X' = Phe 5.12: X2 = Phe
5.15: X' = Cou (2.2) ﬂ 5.13: X? = Cou (2.2)

SH

o) o)

S

{ - M N OH + 51 g0

N GDRGFYX SRPASRVSRRSRGIVEEC] S N H,N FRSCDLALLETYCATPAKSE]*CONH2
H o

e}
5.16: X2 = Phe 5.10

5.17: X2 = Cou (2.2) Route 2

Scheme 16: Strategy for the synthesis of the native IGE-II protein (4.1) and fluorescent IGF-II
analogues (4.2 and 5.1}, Where ligation sites are shown in red and #iue; location of fluorescent
coumaryl amino acid 2.2 in the non-native analogues are shown in green; Cys residues are annotated
in bold italic numbering above the sequence and disulfide bonds are shown as dashed lines.
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Initially the two fragment approach, outlined in Route 1, Scheme 16, was proposed for the
synthesis of the native IGF-II protein (4.1). In this approach the native IGF-II peptide (4.7)
could be furnished from a single ligation between a 46 residue N-terminal fragment (5.11)
and a 21 residue C-terminal fragment (5.10). This approach is discussed in Section 5.2.2, and
was desirable as it afforded 4.7 from a single step. However synthesis of a 46 residue fragment
is somewhat impractical due to the synthetic inefficiencies and difficulties with peptide
purification which arise from long sequences. As such, an alternative, more modular approach
(Route 2; Scheme 16) was subsequently proposed for the synthesis of the native IGF-II protein

(4.1) and fluorescent IGF-II analogues 4.2 and 5.1.

In the modular approach (Route 2; Scheme 16), the full length IGF-II peptides (4.7, 4.23 and
5.9) were assembled through sequential cysteine and valine ligations from a common C-
terminal fragment (5.10). The benefits of increased synthetic efficiency and improved product
purity which arise from the synthesis of smaller peptide fragments were expected to outweigh

any potential difficulties associated with increasing the complexity of the assembly process.

Ligation sites were selected based on the location of the cysteine residues in the IGF-II
peptide, the predicted reactivity of the C-terminal residue bearing the thioester and the size of
the resultant peptide fragment. Disconnection at Cys*-Cys" was selected for the C-terminal
ligation site because studies of related systems has shown such ligations to be quantitatively
complete in less than 4 h.” Two N-terminal ligation sites, Leu®-Cys® or Val*-Cys?' were
available. It was predicted that both of these sites would result in C-terminal thioesters with
similar slow reactivity.”* The Val*-Cys” junction was preferred for the N-terminal ligation
site as it yielded peptide fragments (5.14, 5.15, 5.16 and 5.17) of similar size (approx. 20
residues), which was anticipated to result in increased synthetic efficiency and improved

fragment purity.

Using this modular approach (Route 2; Scheme 16} it was envisaged the native IGF-II peptide
(4.7) could be synthesised from the ligation of N-terminal thioester 5.14 and C-terminal
fragment 5.12. Fragment 5.12 could be assembled from ligation of thioester 5.16 and C-

terminal fragment 5.10. In a similar fashion, the F19Cou IGF-II peptide (4.23) could be
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synthesised from ligation of the N-terminal thicester 5.15 and C-terminal fragment 5.12.
Fragment 5.12 could be furnished as described above. Finally, ligation of N-terminal thicester
5.14 with C-terminal fragment 5.13 could be used to synthesise the F28Cou IGF-II peptide
(5.9). Fragment 5.13 could be from assembled from the ligation of thioester 5.17 and C-
terminal fragment 5.10. Application of these approaches in the synthesis of the native IGF-II

(4.1), F19Cou IGF-II (4.2) and F28Cou IGFE-II (5.1) proteins is now described.

5.2.2 Two fragment ligation approach

A two fragment approach was initially investigated to determine the suitability of a
convergent strategy for the chemical synthesis of the native IGF-II protein (4.1) and its
fluorescent analogues (4.2 and 5.1). As discussed in Section 5.2.1 the Cys*-Cys* ligation site
was selected. It was envisaged the desired native IGF-II peptide (4.7) could be furnished from
a single ligation between thioester 5.11 and C-terminal fragment 5.10. The synthesis of the
required C-terminal fragment, IGF-II (47-67) (5.10) and the N-terminal IGF-II (Thz-46)

thioester 5.11 is now described.

5.2.2.1 Synthesis of the C-terminal fragment: IGF-1I (47-67) (5.10)

The C-terminal fragment (5.10) was synthesised as depicted in Scheme 17 from commercially
available Tentagel” S RAM resin (5.18) using automated Fmoc-SPPS. The crude peptide was
cleaved from the resin on treatment with TFA/TIPS/DODT/water and the resulting crude

IGF-1I (47-67) peptide (5.10) was analysed by LCMS as shown in Figure 54A.
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OCH3; NH
’ a) Fmoc-SPPS Hs

o  b) TFATIPS/DODT/H,0
H,CO o% : FRSCDLALLETYCATPAKSE J-CONH,
5.18

c) Semi-Prep RP-HPLC H,N
o) 5.10

Scheme 17: Synthesis of the C-terminal fragment, IGF-II (47-67) (5.10). Where TIPS =
triisopropylsilane and DODT = 3,6-dioxa-1,8-octanedithiol.
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Figure 54: Analysis of the C-terminal fragment, IGE-II (47-67) (5.10). a) LCMS of crude 5.10; b)
LCMS of purified 5.10; ¢) ESI-MS of purified 5.10. Calcd. for CooHi5eN16O0Sx: 2320.6720 (average
isotopes); observed: 1160.84 ((M+2H]™), 774.25 ([M+3H]|™") and 581.02 {[M+4H]|"*).

LCMS analysis of crude peptide 5.10 is shown in Figure 54A and displays a major peak at 14.6
min. Analysis of the MS data for this peak revealed m/z ions ([M+3H]*} 774.41 m/z) that
agreed with the calculated m/z ions ([M+3H]*; 774.57 m/z) for the IGF-II (47-67) fragment
(5.10) {data not shown). This result suggested fragment 5.10, was the major component of the
mixture. Based on this, the crude peptide was purified by semi-preparative RP-HPLC to give
the C-terminal fragment (5.10) in a respectable yield (13%). Fragment 5.10 was synthesised in
high purity, as confirmed by the presence of a single peak in the LCMS shown in Figure 54B.
This peak gave rise to m/z ions ([M+3H]*; 774.25 m/z) in the ESI-MS shown in Figure 54C,
which are consistent with the expected m/z ions ([M+3H]*%; 774.57 m/z). With the successful
synthesis of the C-terminal fragment, the synthesis of the 46 residue N-terminal thioester 5.11

was undertaken.
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5.2.2.2 Synthesis of the N-terminal thioester: IGF-II (1-46) (5.11)

The N-terminal IGF-II (1-46) thioester (5.11) was synthesised as illustrated in Scheme 18.

Thioester 5.11 was assembled from resin 5.19* using a manual in situ neutralisation Boc-

group removed on treatment with neat TFA. Trityl protected mercaptopropanoic acid was
then coupled to the resultant free amine to give the resin-bound thicester linker 5.20. Resin
5.20 was deprotected of its Trt group using neat TFA, and Boc-Cys(4-MeBzl)-COOH was
coupled to the resultant free thiol, to afford the resin-bound C-terminal cysteine alkyl
thicester 5.21. Resin 5.21 was elongated using a manual in sifu neutralisation Boc-SPPS
protocol to give the resin-bound N-terrninal thioester 5.22. Resin 5.22 was cleaved on
treatment with HF and p-cresol. The resultant crude N-terminal thioester 5.11 was analysed

by LCMS, and the result is displayed in Figure 55.

a) Boc-L-Ala-PAM-COOH, e Linker
DIC, CH,Cl,, 1 h
HN" Q) s N
Trt” ; (@) (0]
5.19 b) TFA r \/\[o]/ : m
: ¢) Trt-SCH,CH,COOH, 5.20 N/\O
0.48 M HBTU/HOB, H
DMF, 1 h
a) TFA
b) Boc-Cys(4-MeBzl)-COOH
O a) TFA S
b) Manual Boc-SPPS
- (GET 48] s — (i) Boc\Nij—%)
5.22 H o
5.21
a) HF / p-cresol
b) Semi-Prep RP-HPLC

o] o]
H,N—(_IGF-II (1-46) )J\SVJ\NJ}(OH
H o

5.11

Scheme 18: Synthesis of the N-terminal IGF-11 (1-46) thioester (5.11}, using in situ neutralisation
Boc-SPPS.

¥ Aminome resi .19} was prepared ‘in house’ by Harris and co-workers.
¥ Aminomethyl resin (5.19) was p 1 y
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Figure 55: Analysis of the N-terminal IGF-II (1-46) thioester 5,11, a) LCMS analysis of crude 5.11;
b) LCMS analysis of purified 5.11; ¢) ESI-MS of purified 5.11. Caled. for CoHinNewOnSs: 5330.9859
{average isotopes); observed: 1777.72 ([M+3H]™), 1333.47 ([M+4H]|™), 1067.00 {[M+5H]™), 889.36
{(M+6H]™™, 762.41 {([M+7H]""), 667.25 {[M+8H]|*) and 593.21 {([M+9H]"*).

LCMS analysis of crude thioester 5.11 is shown in Figure 55A and displays a peak at 15.2 min.
This peak gave rise to m/z ions (([M+6H]*%; 889.40 m/z) which were consistent with the
expected m/z jons ([M+6H]*"; 889.50 m/z) for N-terminal thioester 5.11 (data not shown).
This result indicated thioester 5.11 was the major component of the mixture. The N-terminal
IGF-II (1-46) thicester (5.11) was isclated by semi-preparative RP-HPLC in a good yield (5%).
The high purity of thicester 5.11 is demonstrated in the LCMS trace shown in Figure 55B. MS
analysis of 5.11 is shown in Figure 55C and displays m/z ions ([M+6H]*; 889.36 m/z) that are
consistent with the calculated m/z ions ([M+6H]*% 889.50 m/z) for the N-terminal IGF-II (1-

46) thioester (5.11).

5.2.2.3 Synthesis of the native IGF-II protein (4.1) using the two fragment

ligation approach

Having accomplished the synthesis of the C-terminal fragment 5.10 and the N-terminal
thioester 5.11, these fragments were assembled, using native chemical ligation into the native

IGF-1I peptide (4.7) as depicted in Scheme 19.
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SH
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o o HoN™ ™ 48-67 NH, o /(SH o
10 X :
)J\S/\)kAla—OH > HN-{ 1-46 A N™ [ 48-67 )J\NHz

6 M GnHCI, 0.2 M Na,HPO,,
5-11 20 mM TCEP, 47
200 mM MPAA, pH 6.8

Hs
\©\/COOH

MPAA

HoN-" 1.46

Scheme 19: Synthesis of the native I[GF-1I peptide (4.7}, using a two fragment ligation approach.

Ligation of the N- and C- terminal fragments, 5.11 and 5.10 is outlined in Scheme 19, and was
carried out using standard native chemical ligation conditions, 6 M GnHCI, 200 mM
NaHPOy, 20 mM TCEP, 200 mM MPAA at a pH of 6.8. MPAA is a water soluble and non-
malodourous thiol catalyst.”® It has been shown to have superior catalytic properties in
ligation reactions compared to the widely used thiophenol and as such has been used in this
study.”® The progress of the ligation was monitored by LCMS as shown in Figure 56 and was
found to be quantitatively complete within 2 h. Figure 56A shows the N- and C- terminal
fragments, 5.11 and 5.10 after 3 min and Figure 56B shows the formation of the desired native
IGF-II peptide (4.7) after 2 h. The formation of peptide 4.7 was confirmed by the agreement
of the m/z ions ([M+7H]*"; 1068.63 m/z) observed in the MS displayed in Figure 56C, with the
expected m/z ions (M+7H]*"; 1068.78 m/z) for the native IGF-II peptide (4.7). Finally, the
trace amount of the C-terminal fragment 5.10 remaining in the LCMS shown in Figure 56B,
was due to fragment 5.10 being used in excess (1:1.36 ratio) to ensure the ligation reached

completion.
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Figure 56: Two fragment ligation of native IGF-II peptide (4.7} at a concentration of 1 mM. a}
LCMS analysis of the crude ligation mixture after 3 min; b) LCMS analysis of the crude ligation
mixture after 120 min; ¢} ESI-MS of peptide 4.7. Caled. for CoiHsasNeiOinSs: 7474.4351 {average
isctopes); observed: 1869.16 {[M+4H]™), 149571 ([M+5H|"%), 1246.49 ([M+6H]™%), 1068.63
{({M+7H]""), 935.16 ([M+8H]|"*), 831.38 {[M+9H]**), 748.32 ([M+10H]|"'") and 680.29 ([M+11H]"").

Encouraged by the successful ligation of fragments 5.11 and 5.10, a brief optimisation of the
ligation conditions was undertaken where fragment concentrations of 1, 2 and 3 mM were
investigated with all other reaction variables kept constant. It was found that the ligation
could be improved by increasing the concentration of the peptide fragments. By increasing the
concentration of the peptide fragments from 1 mM to 3 mM, the reaction time decreased

from2-3htolh.
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The LCMS analysis of the ligation performed at a concentration of 3 mM is displayed in
Figure 57. Unlike the ligation performed at a concentration of 1 mM shown in Figure 56 a
significant amount of product (4.7) was observed in the LCMS after only 2 min (refer to
Figure 57A). More importantly, the ligation was determined to be complete after 1 h by the
disappearence of 5.11 from the LCMS shown in Figure 57B. The MS data obtained for both
the 1 mM and 3 mM ligations were essentially identical and the ebserved m/z ions ([M+7H]*";
935.15 m/z) displayed in Figure 57C are again consistent with the expected m/z ions
([M+7H]*"; 935.31 m/z) of the native IGF-II peptide (4.7). Peptide 4.7 was isolated from the
ligation mixture using solid phase extraction (SPE)} and purified by semi-preparative RP-
HPLC to give the desired linear native IGF-II peptide (4.7) in a moderate yield (4%) and in

high purity, as shown in the RP-HPLC displayed in Figure 57D.
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Figure 57: Two fragment ligation of native IGF-II peptide (4.7} at a concentration of 3 mM. a}
LCMS analysis of the crude ligation mixture after 2 min; b) LCMS analysis of the crude ligation
mixture after 60 min; ¢) ESI-MS of peptide 4.7. Caled. for CuH:sNesOinSs: 7474.4351 (average
isctopes); observed: 1869.22 {([M+4H]™"), 149558 ([M+5H]"), 124648 (|[M+6H]|%), 1068.58
([M+7H]"), 935.15 ([M+8H]™), 831.38 ([M+9H]|"), 748.26 ([M+10H]""%) and 680.26 ([M+11H]"'");
d) RP-HPLC of the purified IGF II (1-67) peptide (4.7).

The resultant linear IGE-II peptide (4.7) was oxidised into its biologically active form, as
outlined in Scheme 20, following the protocol reported by Delaine et al.** The native IGF-II
protein (4.1) was isolated in a reasonable yield {5%) using semi-preparative RP-HPLC. This

gave the desired native IGF-II protein (4.1) in high purity as depicted in the RP-HPLC shown
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in Figure 58A. Successful synthesis of 4.1 was confirmed by the agreement of the m/z ions
((M+6H]*; 1245.79 m/z) displayed in the HRMS shown in Figure 58B, with the expected m/z

jons ([M+6H]*; 1245.73 m/z) for the native IGF-II protein (4.1).

2.5 Murea, 0.7 M Tris,
12.5 mM glycine, 2 mM EDTA,

0.5 mM DTT, 1.25 mM 2-HED,
$H $H ‘?’H“?’H $H $H pH = 9.1 | | »
HoN-[ IGF-Il (1-67) —CONH, Ho,N-[ IGF-II (1-67) —CONH,
47 41

Scheme 20: Synthesis of the synthetic native IGF-II protein (4.1) from the two fragment ligation

approach.
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Figure 58: Characterisation of the synthetic native IGF-II protein {4.1) synthesised using the two
fragment approach. a) RP-HPLC trace of 4.1; b) HRMS of 4.1. Calcd. for CuHs0Ne:O10055: 7468.3875
(average isotopes); observed: 1494.7383 ([M+5H]7), 12457925 ([M+6H]"") and 1067.9309
{([M+7H]"").

The two fragment approach described above afforded the native IGF-II protein (4.1) in
reasonable yields and high purity. However synthesis of the F19Cou IGF-II (4.2) and F28Cou
IGF-II proteins (5.1} using this two fragment approach was not desirable, as it would require
the synthesis of two additional 46-residue fragments. As discussed in Section 5.2.1, the

synthesis of these large fragments is impractical, due to the synthetic inefficiencies and
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difficulties with peptide purification which arise from long sequences. Thus, the modular
approach was preferred for the synthesis of F19Cou IGF-II (4.2) and F28Cou IGF-II (5.1)
proteins due to the increased efficiency associated with synthesising smaller peptide
fragments. The synthesis of the native IGF-II (4.1), F19Cou IGE-II (4.2) and F28Cou IGF-II

(5.1) proteins using the modular approach outlined in Section 5.2.1, is now described.

5.2.3 Three fragment ligation approach

Encouraged by the successful synthesis of the native IGF-II protein (4.1} using the two
fragment approach, our attention was turned to developing a more efficient, modular
approach. As discussed in Section 5.2.1, the Cys*-Cys* and Val™-Cys” ligation sites were
selected, which gave rise to the fragments 5.14, 5.15, 5.16, and 5.17 which were all of a similar
size {(approx. 20 residues). It was envisioned that the desired IGF-II analogues (4.1, 4.2 and
5.1) could be assembled in one-pot, from three fragments using iterative cysteine and valine
ligations. With the common C-terminal fragment (5.10) in hand (synthesised described in

Section 5.2.2.1), the synthesis of thioesters 5.14, 5.15, 5.16, and 5.17 was undertaken.

5.2.3.1 Synthesis of the N-terminal thioesters 5.14 and 5.15

The N-terminal thioesters 5.14 and 5.15 were synthesised as illustrated in Scheme 21.
Thioesters 5.14 and 5.15 were assembled from resin 5.19°" using a manual in sifu
neutralisation Boc-SPPS protocol.**** Elongation of resin 5.19 to the resin-bound thicester
linker 5.20 was accomplished as detailed in Section 5.2.2.2. Coupling of Boc-Val-COOH to
resin 5.20 yielded the resin-bound C-terminal valine alkyl thioester 5.23. Elaboration of resin
5.23 by manual Boc-SPPS gave the N-terminal resin-bound thioesters, IGF-II (1-20) (5.24)

and F19Cou IGF-II (1-20) (5.25).

“ Aminomethyl resin (5.19) was prepared ‘in house’ by Harris and co-workers.
¥ p ¥
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a) Boc-L-Ala-PAM-COOH, L O Linker
DIC, CH,Cl,, 1 h
HN" Q) s N
Trt” -0 o)
5.19 b) TFA ' \/\g : m
) ¢) Trt-SCH,CH,COOH, 5.20 N/\O

0.48 M HBTU/HOB, H
DMF, 1 h

a) TFA
b) Boc-Val-COOH

o
; ))]\ a) TFA
H,N-{ AYRPSETLCGGELVDTLQX'V)” ~S—({ Linker)—Q b) Manual Boc-SPPS ~ BOC~ S—(Linker)—Q
H

5.24: X' = Phe )
5.25: X' = Cou (2.2) 5.23

a) HF / p-cresol
b) Semi-Prep RP-HPLC

o) o)
HoN—{ AYRPSETLCGGELVDTLQXW]JJ\S“)LHJ}( OoH
o)

5.14: X' = Phe
5.15: X' = Cou (2.2)

Scheme 21: Synthesis of the N-terminal thioesters 5.14 and 5.15, using in situ neutralisation Boc-
SPPS.

Thioesters 5.14 and 5.15 were released from their respective resins (5.24 and 5.25) on
treatment with HF and p-cresol. The resultant crude thioesters 5.14 and 5.15 were analysed by

LCMS and the results are displayed in Figure 59A and Figure 60A respectively.
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Figure 59: Analysis of the N-terminal IGE-1I (1-20) peptide thioester 5.14. a) LCMS analysis of
crude 5.14; b} LCMS analysis of purified 5.14; ¢} ESI-MS of purified 5.14. Caled. for CipaHieiN2:OSa:
2357.6648 (average isotopes); observed: 1179.53 ([M+2H]™), 786.70 ([M+3H]™) and 590.26
{([M+4H]™).
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Figure 60: Analysis of the N-terminal F19Cou IGF-II (1-20) peptide thioester 5.15. a) LCMS
analysis of crude 5.15; b) LCMS analysis of purified 5.15; ¢) ESI-MS of purified 5.15. Caled. for
CiorH16:N2:0358:: 2455.7218 (average isotopes); observed: 1228.48 ([M+2H]™), 819.36 ([M+3H]™) and
614.82 ([M+4H]|™).

LCMS analysis of crude thioester 5.14 is shown in Figure 59A, and gave rise to a peak a 16.2
min. MS analysis of this peak revealed m/z ions {[M+2H]*%; 1179.51 m/z) that agreed with the
expected m/z ions ([M+2H]*}; 1179.84 m/z) for desired N-terminal thioester 5.14 (data not
shown). This result confirmed thioester 5.14 was present as a major component of the
mixture. Crude thioester 5.14 was purified by semi-preparative RP-HPLC to afford the N-
terminal IGF-II (1-20} thioester (5.14) in an good yield (17%). Purified thicester 5.14 is
displayed in Figure 59B and gave rise to m/z ions ([M+2H]*} 1179.53 m/z) in the MS
displayed in Figure 59C, which agreed with the expected m/z ions ([M+2H]*}; 1179.84 m/z)

for the IGF-II {1-20) thicester {5.14).

Similarly, LCMS analysis of crude thioester 5.15 is shown in Figure 60A and gave rise to three
distinct peaks. MS analysis of these peaks revealed, the peak at 16.3 min gave rise to m/z ions
((M+2H]*% 1228.69 m/z) that were consistent with the expected m/z ions ([M+2H]*% 1228.87
m/z) for the desired N-terminal thioester 5.15 {data no shown). These results confirmed
thicester 5.15 was a main component of the mixture. The N-terminal F19Cou IGE-II (1-20)
thioester {5.15) was isolated by semi-preparative RP-HPLC in an acceptable yield (2%) and
the purified thioester is shown in Figure 60B. Finally, MS analysis of thioester 5.15 is shown in
Figure 60C and displays m/z ions ([M+2H]**; 1228.48 m/z) which are consistent with the
expected m/z ions ([M+2H]*%; 1228.87 m/z) for the F19Cou IGE-II (1-20) thioester (5.15).

These results confirm the successful synthesis of the N-terminal thioesters 5.14 and 5.15.
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As discussed in Section 4.2.4 (refer to Chapter 4}, difficulties with the N-terminal assembly of
the native IGF-II peptides (4.7, 4.11 and 4.15) had been encountered.” It is important to
report that problems with on-resin aggregation were not encountered during the synthesis of
the N-terminal thioesters 5.11 (refer to Section 5.2.2.2), 5.14 and 5.15. The successful
synthesis of these fragments was attributed to using a manual i» situ neutralisation Boc-SPPS
protocol.”® Specifically, it was thought the use of trifluoroacetic acid (TFA) in the
deprotection of the Na-Boc amino functionality was key, as this has previously been reported

to disrupt on-resin aggregation.”**
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5.2.3.2 Synthesis of peptide thioesters 5.16 and 5.17

Peptide thioesters 5.16 and 5.17 were synthesised as detailed in Scheme 22, from

aminomethyl resin®! (5.19) using an in situ neutralisation Boc-SPPS protocol.

HN"Q

5.19

a) Boc-L-Ala-PAM-COOH,
DIC, CH,Cl,, 1 h

b) TFA

¢) Trt-SCH,CH,COOH,
0.48 M HBTU/HOB,
DMF, 1 h

Linker

Iz

a) TFA
b) Boc-Cys(4-MeBzl)-COOH
S

Boc\Nij—Lmker -0

H oo
5.21
a) TFA
b) Manual Boc-SPPS
0
S )J\
<N]\(l GDRGFYX2SRPASRVSRRSRGIVEEC )~ ~S—{ Linker)—Q
H o 5.26: X2 = Phe

5.27: X2 = Cou (2.2)

a) HF / p-cresol
b) Semi-Prep RP-HPLC

s o} o)
<N]w/1 GDRGFYX2SRPASRVSRRSRGIVEEC ))J\s/\)k”/'ﬁ(o'4
o}

H o 5.16: X2 = Phe
5.17: X? = Cou (2.2)

Scheme 22; Synthesis of peptide thioesters 5.16 and 5.17 using in situ neutralisation Boc-SPPS.

it Aminomethyl resin (5.19) was prepared ‘in house’ by Harris and co-workers.
¥ p ¥
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First, the resin-bound thioester linker 5.20 was assembled from resin 5.19 in a same manner
as described in Section 5.2.2.2. Resin 5.20 was elongated using a manual in situ neutralisation
Boc-SPPS protocol to give the resin-bound thioesters 5.26 and 5.27 (refer to Scheme 22).
Resins 5.26 and 5.27 were cleaved on treatment with HF and p-cresol. The resultant crude
peptide thioesters 5.16 and 5.17 were analysed by LCMS, and the results are displayed in

Figure 61 A and Figure 62A respectively.
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Figure 61: Analysis of the IGF-1I {Thz-46) thioester (5.16}. a) LCMS analysis of crude 5.16; b) LCMS
analysis of purified 5.16; ¢) ESI-MS of purified 5.16. Calcd. for CissHuwNisOuSa: 3162.5546 {average
isotopes); observed: 1054.93 ([M+3H]|™), 791.52 ([M+4H]™), 633.40 ([M+5H]""), 528.00 ([M+6H]"%)
and 452.75 ([M+7H]"7).
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Figure 62: Analysis of the F28Cou IGF-I1 (Thz-46) thioester (5.17), a) LCMS analysis of crude 5.17;
b) LCMS analysis of purified 5.17; ¢} ESI-MS of purified 5.17. Caled. Ci3Ha11N4:O04:S: for: 3260.6117
{average isotopes); observed: 1630.93 ([M+2H]™), 1087.58 ([M+3H]™), 815.99 {[M+4H]™*), 653.00
((M+5H]"%), 544.33 ([M+6H|"") and 466.73 ([M+7H]|").
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Analysis of crude thioester 5.16 furnished a peak at 11.6 min in the LCMS shown in Figure
61A. This peak gave rise to m/z ions ([M+5H]*%; 633.40 m/z) which were consistent with the
calculated m/z ions for the IGF-II (Thz-46) thioester 5.16 ([M+5H]*%; 633.51 m/z) {data not
shown). Likewise, a peak at 11.7 min in the LCMS shown in Figure 62A for crude thiocester
5.17, gave rise to m/z ions (M+5H]*%; 653.00 m/z) which agreed with the expected m/z ions
(M+5H]*; 653.12 m/z) for the F28Cou IGF-II (Thz-46) thiocester 5.17 (data not shown).
These results suggested that the desired thioesters 5.16 and 5.17 were present as the major

component of their respective mixtures.

Encouraged by this, crude thioesters 5.16 and 5.17 were purified by semi-preparative RP-
HPLC, to afford the desired thioesters, 5.16 and 5.17 in 11% and 3% vyields respectively.
Thioesters 5.16 and 5.17 were synthesised in high purity as indicated by the LCMS traces
shown in Figure 61B and Figure 62B respectively. MS analysis of thioester 5.16 is shown in
Figure 61C and displays m/z ions ([M+5H]*%; 633.40 m/z) which agree with the calculated m/z
ions ([M+5H]*; 633.51 m/z) for the IGF-II {Thz-46) thioester {5.16). Likewise MS analysis of
thioester 5.17 is shown in Figure 62C and displays m/z ions ([M+5H]*%; 653.00 m/z) which are
consistent with the expected m/z ions ([M+5H]*%; 653.12 m/z) for the F28Cou IGF-1I {Thz-46)
thioester (5.17). These results confirm the successful synthesis of peptide thioesters 5.16 and
5.17. In these fragments Cys*! was replaced by a protected the N-terminal cysteine derivative,
thiazolidone {Thz), to prevent head to tail cyclisation of the thioester fragments (5.16 and

5.17) during the ligation reaction.

With the desired thicesters in hand, these fragments were assembled into the native IGF-II
(4.1), the F19Cou IGF-II {4.2) and the F28Cou IGF-II (5.1) proteins using native chemical

ligation.
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5.2.3.3 Synthesis of the native IGF-II protein (4.1) using the three fragment

ligation approach

The assembly of the native IGF-II protein (4.1) from peptide fragments 5.14, 5.16 and 5.10 is

summarised in Scheme 23.

SH i SH
DY It J chemical S Ut
N » : igati : )
¢ (2046 s Ala—OH *  HN" 4867~ "NH, —lgaton _ g5 45 N™ 4867 NH,
S/_
518 510 0.2 M MeONHpeHCI[__ >12:R=Thz
: SLNH2e 5.28: R = Cys
‘ | R folding $H SH SHSHSH $H native chemical ligation
H,N-{  IGF-Il (1-67) —CONH, =——— H,N-{  IGF-Il (1-67) —CONH,
47 Q ?
4.1 : :
HoN-{ 1-20 )J\S/\)J\Ala—OH

5.14

Scheme 23: Three fragment, one-pot synthesis of the native IGE-II protein (4.1). Native chemical
ligation conditions: 6 M GnHCI, 200 mM Na.HPOs, 20 mM TCEP, 200 mM MPAA, pH of 6.9.
Folding conditions: 2.5 M urea, 0.7 M Tris, 12.5 mM glycine, 2 mM EDTA, 0.5 mM DTT, 1.25 mM 2-
HED at a pH of 9.1 and protein concentration of <0.1 mg/mL.

The assembly of the native IGE-II peptide (4.7) began with ligation of the C-terminal
fragment 5.10 and the IGE-II (Thz-46)-thioester (5.16) at peptide concentration of 3 mM,
using standard native chemical ligation conditions (6M GnHCI, 200 mM Na,HPO,, 20 mM
TCEP, 200 mM MPAA, pH = 6.9). After only 3 min the IGF-II (Thz-67) fragment (5.12)
could be detected in the LCMS shown in Figure 63A. The ligation was determined to be
complete after 60 min, as evidenced by the absence of thioester 5.16 in the LCMS shown in
Figure 63B. C-terminal fragment 5.10 was used in excess (1:1.12 ratio) to ensure complete
conversion of thioester 5.16 to fragment 5.12, thus trace amounts of fragment 5.10 were

remaining at the completion of the ligation (refer to Figure 63B).
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Figure 63: Analysis of the cysteine-based ligation between the IGF-11 (Thz-47) thioester (5.16) and
C-terminal fragment (5.10). a) LCMS analysis of the crude ligation mixture after 2 min; b) LCMS
analysis of the crude ligation mixture after 60 min.

The N-terminal thiazolidone of fragment 5.12 was converted to an N-terminal cysteine (5.28)
using methoxyamine hydrochloride (0.2 M). After 8 h fragment 5.12 was quantitatively
converted to fragment 5.28, which was confirmed by the absence on 5.12 in the LCMS shown
in Figure 64A. ESI-MS analysis of deprotected fragment 5.28 is shown in Figure 64B and
displays m/z ions ([M+6H]**; 833.20 m/z), that correlate to a loss of 12 Da, which is consistent

with thiazolidone deprotection.
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Figure 64: Analysis of the thiazolidone deprotection of fragment 5.12, a) LCMS of the crude
thiazolidone deprotection after 8 h; b) ESI-MS of fragment 5.28. Calcd. for CizsHussN#0OgsS;s: 5293.9931
{average isotopes); observed: 1324.17 ([M+4H]|™), 1059.56 ([M+5H]|"), 883.20 {[M+6H]"%), 757.17
([M+7H]""), 662.64 ([M+8H|"*) and 589.13 ([M+9H|"*).

A second, valine-based ligation between the resultant IGF-II (21-67) fragment (5.28) and the
IGF-II (1-20) thioester (5.14) was carried out as outlined in Figure 65. The ligation was
determined to be complete after 36 h, by the absence of fragment 5.28 in the LCMS depicted
in Figure 65A. The major peak at 14.2 min in the LCMS (refer to Figure 65A), gave rise to m/z
jons ([M+7H]*’; 1068.58 m/z) in the MS shown in Figure 65B. which agree with the expected
m/z ions ([M+7H]*"; 1068.78 m/z) for peptide 4.7. These results confirm the desired native

IGF-II peptide {4.7) was the major product of the one-pot, three fragment ligation.
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Figure 65: Analysis of the valine-based ligation between the IGF-1I {21-67} fragment (5.28) and N-
terminal IGF-II (1-20) thioester {5.14). a) LCMS analysis of the crude ligation mixture after 36 h; b)
ESI-MS of peptide 4.7. Calcd. for CuHinsNesOinSs: 7474.4351 (average isotopes); observed: 1495.55
{(M+5H]), 1246.56 {[M+6H]™), 1068.58 ([M+7H]| 7}, 935.17 ([M+8H]| %), 831.40 ([M~+9H]™), 748.24
{{(M+10H]™ and 680.25 ([M+11H]|'}

A number of intermediates were observed in LCMS analysis of the valine-based ligation of
fragments 5.14 and 5.28 (refer to Figure 65). These included the MPAA exchanged thioester
5.29, and mixed ligation product 5.30, which is formed from the ligation of thioester 5.14 and
residual fragment 5.10. Despite this mixed ligation by-product 5.30 and the slow reactivity of

the valine thiocester, the ligation proceeded efficiently and to completion within 36 h.

The native IGF-II peptide (4.7) was isolated from the crude ligation mixture by SPE and the
resultant peptide mixture was purified by semi-preparative RP-HPLC to afford peptide 4.7 in
a reasonable yield (4%). Peptide 4.7 was subjected to oxidative folding following the protocol
outlined by Delaine and co-workers to afford the native IGF-II protein {4.1).* The synthetic

IGF-II protein (4.1) was isolated in moderate yield (6%) and high purity as indicated by the
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RP-HPLC shown in Figure 66A. Successful synthesis of the native IGF-II protein (4.1) was
confirmed by the agreement of the m/z jons ([M+5H]*; 1494.71 m/z) displayed in HRMS
shown in Figure 66B, with the expected ions m/z ions ([M+5H]*%; 1494.68 m/z) for the native

IGF-II protein (4.1).
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Figure 66: Characterisation of the synthetic native IGF-1I protein (4.1} synthesised using the three
fragment approach. a) RP-HPLC trace of protein 4.1; b) HRMS of protein 4.1. Caled. for
CatH:oNoiOoSs: 7468.3875  (average isotopes); observed: 14947144 {[M+5H]|), 1245.7516
{{M+6H]%) and 1067.9352 ([M+7H]"").

Successtul synthesis of the native IGF-II protein {4.1) demonstrated the suitability of a three
fragment, one-pot native chemical ligation approach for the synthesis of IGF-II analogues.
The methodology was employed for the synthesis of the F19Cou IGF-II protein (4.2) as it was
anticipated a native chemical ligation approach would be more efficient and higher yielding
than the previous methods detailed in Chapters 3 and 4. Similarly, this approach was expected
to afford the F28Cou IGF-II protein (5.1} which was unattainable using the recombinant

protein expression (refer to Chapter 3) and linear Fmoc-SPPS (refer to Chapter 4) approaches.
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5.2.3.4 Synthesis of the F19Cou IGF-II protein (4.2)

The F19Cou IGF-II protein {4.2) was synthesised in the same manner descried for the native
IGF-II protein {4.1). Specifically peptide 4.23 was assembled as outlined in Scheme 24, from

three fragments (5.15, 5.16 and 5.10) using iterative cysteine and valine ligations.

SH native SH
H O )OJ\ /\)OJ\ L )(J)\ chemical )OJ\ L )O]\
N : > ligati ; -
¢ \)J\[ 22.46 s Ma-OH * HN" 4g.67"" NH, —22 o R—{ 2246 N™ ™~ 48-67 NH,

S/~

5.16 5.10 512:R =Thz

0.2M MeONH,sHCI 5.28' R = Cys
. SH SH SHSHSHSH
| | folding P 9 SASHASHS native chemical ligation

H,N—{ F19Cou IGF-Il (1-67) )—CONH, <———— H,N—[ F19Cou IGF-Il (1-67) ) —CONH,

o o
4.2 4.23 .
HN-{ 1-20 )]\S/\)J\Ala—OH

5.15

Scheme 24: Synthesis of the F19Cou protein (4.2}, using the three fragment approach. Native
chemical ligation conditions: 6 M GnHCI, 200 mM Na;HPO,, 20 mM TCEP, 200 mM MPAA, pH of
6.9. Folding conditions: 2.5 M urea, 0.7 M Tris, 12.5 mM glycine, 2 mM EDTA, 0.5 mM DTT, 1.25
mM 2-HED at a pH of 9.1 and protein concentration of <0.1 mg/mL.

First the IGF-II (Thz-46) thioester (5.16) and C-terminal fragment 5.10 were ligated using
standard native chemical ligation conditions (6 M GnHCI, 200 mM Na,HPO,, 20 mM TCEP,
200 mM MPAA, pH = 6.9) as depicted in Figure 67. LCMS analysis of the cysteine-based
ligation is shown in Figure 67, and shows the presence of the desired IGF-1I (Thz-67)
fragment (5.12) after only 4 min. The ligation was complete after 120 min, as determined by

the absence of thioester 5.16 from the LCMS.
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Figure 67: LCMS analysis of the cysteine-based ligation between the IGF-II (Thz-47) thioester
(5.16) and C-terminal fragment (5.10) after 4 min.

The thiazolidone of the resultant ligation product 5.12 was converted to a free N-terminal
cysteine (5.28) using methoxyamine hydrochleride (0.2 M) as illustrated in Figure 68.
Fragment 5.28 was observed in the LCMS shown in Figure 68A after 3 min. The deprotection
was determined quantitatively complete after 16 h, by the absence of fragment 5.12 from the
LCMS shown in Figure 68B. ESI-MS analysis of resultant product 5.28, is shown in Figure
68C and displays m/z ions ([M+6H]*"; 883.20 m/z) are in agreement with the calculated m/z

jions {[M+6H]*%; 883.33 m/z) for the IGF-II (21-67) fragment (5.28).
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Figure 68: Analysis of the thiazolidone deprotection from fragment 5.12. a) LCMS analysis of the
crude thiazolidone deprotection after 3 min; b) LCMS analysis of crude thiazolidone deprotection after
16 h; ¢) ESI-MS of fragment 5.28. Calcd. for CisHusN#OgeSs: 5293.9931 (average isotopes); observed:
1324.40 {[M+4H]""), 1059.60 ([M+5H]"%), 883.20 ([M+6H]%), 757.20 ([M+7H]"") and 662.80
{({M+8H]%).

A final ligation between the N-terminal F19Cou IGE-II (1-20) thicester {5.15) and the IGF-II
(21-67) fragment (5.28) was used to furnish the desired F19Cou IGF-II peptide (4.23) and is
depicted in Figure 69. Initial analysis of the valine-based ligation is displayed in Figure 69A
and shows unreacted thioester 5.15 and fragment 5.28. The ligation was determined to be
complete after 27 h, by the absence of fragment 5.28 in the LCMS shown in Figure 69B. The
F19Cou IGF-II peptide (4.23) was confirmed as the major product of the valine-based
ligation, by the agreement of the m/z ions ([M+7H]*"; 1082.56 m/z) displayed in Figure 69C

with the expected m/z jons ([M+7H]*"; 1082.78 m/z) for peptide 4.23. In addition to peptide
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4.23, a minor amount of the unreacted N-terminal thioester 5.15, MPAA exchanged thioester

5.31 and mixed ligation by-product 5.32, were also observed in the LCMS shown in Figure

69B.
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Figure 69: Analysis of the valine-based ligation between the IGF-11 {21-67) fragment (5.27) and N-
terminal F19Cou IGF-II (1-20) thioester (5.15), a) LCMS analysis of the crude ligation mixture after

1 min; b) LCMS analysis of the crude ligation mixture after 26.5 h;
peptide (4.23). Caled. for CusHauNoOi0:Ss:
{[M+4H]|™", 1514.94 {[M+5H]),
84224 ([M+9H]"®) and 757.98 ([M+10H ]|,

7572.4921 (average isotopes); observed:
1262.81 ([M+6H]™), 1082.56 ([M+7H|7), 947.40 ([M+8H]|™),

¢) ESI-MS of the F19Ccou IGF-II
1894.01
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The F19Cou IGF-II peptide (4.23) was isolated from the crude ligation mixture by SPE and
the resultant peptide mixture was purified by semi-preparative RP-HPLC to give peptide 4.23
in a good yield (9%). Peptide 4.23 was folded following the methods described by Delaine et
al.** to give the desired F19Cou IGE-II protein (4.2) in a respectable yield (11%). The F19Cou
IGF-II protein (4.2) was isolated in high purity as shown in the RP-HPLC displayed in Figure
70A. Successful synthesis of protein 4.2 was confirmed by the agreement of the m/z ions
([M+7H]*’; 1081.82 m/z) displayed in the HRMS shown in Figure 70B with the calculated m/z

jons {([M+7H]*7; 1081.92 m/z) for the F19Cou IGF-II protein (4.2).
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Figure 70: Characterisation of the synthetic F19Cou IGE-II protein (4.2}, a) RP-HPLC trace of 4.2;
b) HRMS of 4.2. Caled. for CusHiwNeiO1:Ss: 7566.4445 (average isotopes); observed: 1514.1628
((M+5H]%), 1261.9639 ([M+6H]™"), 1081.8225 ([M+7H]"") and 946.7245 {{M+8H]"".
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5.2.3.5 Synthesis of the F28Cou IGF-II protein (5.1)

Assembly of the F28Cou IGF-II protein (5.1) using native chemical ligation was accomplished
in a similar way to that described for both the native IGF-II protein (4.1) and the F19Cou

IGF-II protein (4.2) and is summarised in Scheme 25.

o SH o native
H O 0 L chemical
N . ligation
( JK 22-46 S/\)J\Ala—OH *HLN “48-67 )J\NH __gdten [ 22-46 48 67 NHz
s—
5.17 5.10 513:R=Thz
0.2 M MeONHeHCI 5.33: R = Cys
| | folding $H §H $H§H ?H §H native chemical ligation

H,N—( F28Cou IGF-I1 (1-67))—CONH, <———— H,N—{{_F28Cou IGF-II (1-67)l)—CONH,

o 0
5.1 5.9
HN-{ 1-20 .)J\S/\)J\Ala—OH

5.14

Scheme 25: Synthesis of the F28Cou protein (5.1) using the three fragment approach. Native
chemical ligation conditions: 6 M GnHCI, 200 mM Na,HPO,, 20 mM TCEP, 200 mM MPAA, pH of
6.9. Folding conditions: ; 2.5 M urea, 0.7 M Tris, 12.5 mM glycine, 2 mM EDTA, 0.5 mM DTT, 1.25
mM 2-HED at a pH of 9.1 and protein concentration of <0.1 mg/mL.

First, fragment 5.13 was assembled from a cysteine-based ligation of C-terminal fragment
5.10 with the F28Cou IGF-II (Thz-46) thicester (5.17), under standard native chemical
ligation conditions {(6M GnHCI, 200 mM Na,HPQ,, 20 mM TCEP, 200 mM MPAA, pH of
6.9), as illustrated in Figure 71. The ligation was determined to be complete after 120 min by

the absence of thioester 5.17 in the LCMS.
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Figure 71: LCMS analysis of the cysteine-based ligation between the F28Cou IGE-1I (Thz-47}

thioester (5.17) and C-terminal thioester (5.10) after 1 min.

The N-terminal thiazolidone of the resultant fragment (5.13) was deprotected using

methoxyamine hydrochloride (0.2 M) to furnish the F28Cou IGF-II (21-67) fragment (5.33).

The deprotection was determined to be complete after 12 h by the absence of 5.13 in the

LCMS shown in Figure 72. ESI-MS analysis of fragment 5.33 is shown in Figure 72 and

displays m/z ions {[M+5H]*"; 899.46 m/z) which are consistent with the calculated m/z ions

([M+5H]*; 899.68 m/z) for the F28Cou IGF-II (21-67) fragment {5.33).
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Figure 72: Analysis of the thiazolidone deprotection of the F28Cou IGF-1I (Thz-67) fragment
(5.13}. a) LCMS analysis of the crude thiazolidone deprotection after 12 h; b) ESI-MS of fragment
5.33. Caled. for CoxHusN#OnSs: 5392.0502 {average isotopes); observed: 1348.66 ([M+4H]™), 1079.20
([M+5H]"%), 899.46 ([M+6H]|"%), 771.19 {({M+7H]|"), 674.92 ([M+8H]"*) and 599.97 ([M+9H]"*).

A second, valine-based ligation between the resultant F28Cou IGFE-II (21-67) fragment (5.33)
and the IGF-II (1-20) thioester (5.14) was carried out as depicted in Figure 73. Initial LCMS
analysis of the valine-based ligation is displayed in Figure 73A and shows unreacted thioester
5.14 and fragment 5.33 as expected. The full length F28Cou IGF-II peptide (5.9) was detected
after 22 h by LCMS as shown in Figure 73B, however thioester 5.14 and MPAA exchanged
thioester 5.29 also still remained. The ligation was determined complete after 36 h, by the
disappearance of thioesters 5.14 and 5.29 from the LCMS shown in Figure 73C. Peptide 5.9
was confirmed as the major product of the valine-based ligation by the agreement of m/z ions
([M+7H]""; 1082.58 m/z) displayed in Figure 73D with the expected m/z ions ([M+7H]*"’;
1082.78 m/z) for the F28Cou IGF-II peptide (5.9). In addition to peptide 5.9 a minor amount
of the mixed ligation product 5.30 and unreacted fragment 5.33 were also observed in the

LCMS shown in Figure 73C.
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Figure 73: Analysis of the valine-based ligation between the F28Cou IGF-11 (21-67) fragment (5.33)
and N-terminal IGF-II (1-20) thioester (5.14). a) LCMS analysis of the crude ligation mixture after 1
min; b) LCMS analysis of the crude ligation mixture after 22.5 h; ¢) LCMS analysis of the crude
ligation mixture after 47 h; d) ESI-MS of the F28Cou IGF-II peptide (5.9). Calcd. for Cz:HxsNeiO10:5s:

7572.4921

(average isotopes); observed:

1893.69 ([M+4H]""),

1515.18 ([M+5H]%),

1262.82

(IM+6H]"%), 1082.58 ([M+7H]""), 947.38 ([M+8H]"*), 842.22 ([M+9H]"*), 758.08 ([M+10H]""*) and

689.27 ((M+11HJ™'Y.
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As discussed in Section 5.1.1, B-branched amino acids, such as Val have poor reactivity in the
ligation reaction.”” Typically, ligations performed at a C-terminal valine thioester, are slow
and often do not go to completion even after 48 h.”? Synthesis of the native IGF-II (4.1),
F19Cou IGF-II (4.2) and F28Cou IGF-II (5.1) proteins using the three fragment ligation
approach required the use of C-terminal valine thioesters (5.14 and 5.15). Importantly, these

valine-based ligations proceeded quantitatively to completion is less than 47 h.

The F28Cou IGF-II peptide (5.9) was isolated from the crude ligation mixture by SPE and the
resultant peptide mixture was purified by semi-preparative RP-HPLC to give peptide 5.9 in a
reasonable yield (3%). Peptide 5.9 was folded according to the protocol described by Delaine
et al.* to give the desired F28Cou IGF-II protein (5.1). The F28Cou IGF-II protein (5.1) was
isolated in a moderate yield (4%) and high purity as shown in the RP-HPLC displayed in
Figure 74A. Successful synthesis of protein 5.1 was confirmed by the agreement of the m/z
jons ((M+6H]*; 1261.88 m/z) displayed in HRMS shown in Figure 74B, with the expected

ions m/z ([M+6H]*%; 1261.96 m/z) for the F28Cou IGF-II protein (5.1).

100— [M+6H]+6
A B 1261.8750
£ M+7H]*7 [M+5H]*5
£ 3 1081.7289 1514.2609
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: 5
® 2
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Figure 74: Characterisation of the synthetic F28Cou IGF-II protein (5.1}, a) Analytical RP-HPLC
trace of 5.1; b} HRMS of 5.1. Caled. for CusHimNosO10:Ss: 7566.4445 (average isotopes); observed:
1514.2609 ([M+5H]"%), 1261.8750 ([M+6H]"%), 1081.7289 ([M+7H]*") and 946.7548 ([M+8H]*).
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5.2.4 Biological activity of the synthetic IGF-II proteins 4.1, 4.2 and 5.1

The affinities of the synthetic IGE-II analogues (4.1, 4.2 and 5.1) for the IGF-1R were
evaluated by competition binding assays. Receptor binding assays were carried out on
immunocaptured IGF-1R, as described by Denley et al.** Briefly, increasing concentrations of
the desired protein (4.1, 4.2 and 5.1) were added to a constant concentration of Europium
labelled IGE-II (EulGF-II}. Binding curves for the synthetic IGF-II proteins (4.1, 4.2 and 5.1)
binding to the IGF-1R are illustrated in Figure 75 and ICs values are summarised in Table 14.
The ICs; values for the binding of the synthetic native IGF-II (4.1 (2 fragment and 3
fragment)), the F19Cou IGF-II (4.2) and the F28Cou IGF-II (5.1) proteins to the IGF-1R were
determined to be 2.1 £ 1.6 nM, 2.0 + 1.2 nM, 7.0 £ 1.3 nM and 6.5 + 1.5 nM, respectively

(refer to Table 14 and Figure 75).

Table 14: 1Cs; values derived from competitive binding assays of the synthetic native IGF-II (4.1},
F19Cou IGF-1I (4.2) and F28Cou IGE-1I (5.1} proteins to immunocaptured IGF-1R. Where the
affinity relative to IGF-I1 is the IC;, relative to that of IGF-II binding to the IGF-1R (ICs, IGF-1I/ 1G5
IGF-II analogue) and is expressed as percentage of IGF-1I binding. IGF-II  S.E is derived from at least
3 separate experiments performed in triplicate.

Affinity relative to

Protein 1Cs (nM) recombinant native IGE-1I (%)
recombinant native IGF-II 21+1.2 100
4.1 (2 Fragment)" 2.1x16 100
4.1 (3 Fragment) 20+1.2 105
4.2 70113 30
5.1 6515 32

Mpesults derived from a single experiment performed in triplicate,
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Figure 75: Competitive binding of the synthetic native IGF-1I (4.1}, F19Cou IGF-II (4.2) and
F28Cou IGF-1I (5.1) proteins to immunocaptured IGF-IR. Immunocaptured IGF-1R was incubated
with Europium labelled IGF-1I (EulGF-II) in the presence or absence of increasing concentrations of
recombinant native IGF-II (black), 4.1 (2 fragment: grey; 3 fragment: brown), 4.2 (orange) or 5.1
{green). Results are expressed as a percentage of binding in the absence of competing ligand (B.).
Graphs show data pooled from three separate experiments and each data point is measured in
triplicate per experiment.™" Data is shown as the mean + S.E. Error bars are shown when greater than
the size of the symbols.

Competitive binding assays showed the two synthetic native IGF-II analogues {4.1) had
essentially the same ICs, values as the recombinant native IGE-II protein (2.0 nM versus 2.1
nM versus 2.1 nM) (refer to Table 14). In contrast, the F19Cou IGF-II protein (4.2) had only a

3.3-fold decrease in affinity for the IGF-1R (7.0 nM versus 2.1 nM), and the F28Cou protein

“i Data from the binding of the native IGF-1I protein (2 fragment) (4.1) was derived from a single experiment.
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(5.1) had a 3.1-fold decrease in affinity for the IGF-1R compared to the recombinant native

IGF-II protein (6.5 nM versus 2.1 nM).

The ICs, values reported here differ from those determined for the F19Cou IGF-II protein (3.1
and 4.2) synthesised by the recombinant protein expression (47.6 nM; refer to Section 3.2.8,
Chapter 3) and linear Fmoc-SPPS {45.5 nM; refer to Section 4.2.7, Chapter 4) protocols. It is
thought this increased binding affinity (7.0 nM) reflects the higher purity of the F19Cou IGF-
IT protein (4.2) obtained using the native chemical ligation. As well, batch-to-batch variations
of the P6 IGF-1R and RIR-A cells, and 24-31 and 83-7 anti-antibodies (refer to Section
7.3.4.3, Chapter 7) could also be a minor contributing factor to the discrepancies between
binding affinities (7.0 nM versus 47.6 nM versus 45.5 nM). The ICs; values determined for the
F19Cou IGF-II protein (4.2) synthesised via native chemical ligation are consistent with
binding affinities reported for other F19X IGF-II analogues’* These results further
demonstrate the advantages of a native chemical ligation approach in the synthesis of the

native IGF-II protein (4.1} and fluorescent IGF-II analogues (4.2 and 5.1).

The decreases in affinity of the F19Cou IGF-II protein (4.2) and F28Cou IGF-II protein (5.1}
compared to native IGF-II protein are consistent with expectations, as both Phe!” and Phe®
are known to be involved in receptor binding (refer to Section 1.1.4, Chapter 1). Specitically,
IGF-II analogues in which Phe'? was mutated to Ala, Ser, Tyr or Leu, exhibited between 1.4-
2.8 fold lower affinities for the IGF-1R compared to the native IGF-II protein.*** This
decrease in affinity of the F19Cou IGFE-II protein (4.2) is consistent with these F19X IGF-II
analogues, and is attributed to the increase in side-chain bulk and polarity of the coumarin
moiety. Likewise, an IGF-II analogue where Phe** was mutated to Leu, this analogue exhibited
greater than a 6-fold decrease in affinity for the IGF-1R compared to native IGF-II protein.**
The affinities of the synthetic IGF-II proteins {4.1, 4.2 and 5.1) are consistent with what has
been reported for other recombinant IGF-II analogues, and reinforce the importance of Phe'”

and Phe” for high affinity binding of IGE-II to the IGF-1R.
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5.3 Conclusions

The synthesis of two native IGF-II proteins (4.1) and the fluorescent IGF-II analogues,
F19Cou IGF-II (4.2) and F28Cou IGF-II (5.1) has been accomplished using native chemical
ligation. Protein 4.1 was synthesised using both a two and three fragment approach. The
F19Cou IGF-II (4.2) and F28Cou IGF-II (5.1) proteins were synthesised using a three
fragment approach. These proteins (4.1, 4.2 and 5.1) were isolated in reasonable yields (4-

I

11%), which are comparable to those reported for the synthesis of the related IGF-I ligand.

The three fragment approach utilised a Val*-Cys ligation site, which required the use of a C-
terminal valine thioester. Typically valine-based ligations are slow and often do not ge to

completion. Yet these valine-based ligations were quantitatively complete in less than 47 h.

The synthetic IGF-II proteins (4.1) produced by the two and three fragment approaches
exhibited ICs, values of 2.1 + 1.6 nM, 2.0 + 1.2 nM respectively, which were the same as the
ICs values determined for the recombinant native IGE-II protein (2.1 + 1.2 nM). The F19Cou
IGF-II protein (4.2) and F28Cou IGF-II protein (5.1) bound the IGF-1R with ICs values of
7.0 £ 1.3 nM and 6.5 £ 1.5 nM respectively, and had only a 3-fold decrease in affinity
compared to the native IGF-II proteins. The decreases in affinities of the fluorescent IGF-1I
analogues, F19Cou IGF-II (4.2) and F28Cou IGF-II (5.1) were consistent with what had been
reported for other F19X and F28X IGF-II analogues. These results reinforce the importance of

Phe' and Phe” for the binding of IGF-II to the IGF-1R.

A convergent approach has yielded the native IGF-II protein (4.1) which was previously
unattainable using a linear Fmoc-SPPS methodology (refer Chapter 4). The approach also
provided an improved, higher yielding synthesis of the F19Cou IGF-II protein (4.1), while
also providing a route to the novel F28Cou IGF-II analogue (5.1). The resultant synthetic
proteins were of high purity and bound the IGF-1R with nanomelar affinity. Synthesis of
these fluorescent F19Cou IGF-II (4.1) and F28Cou IGEFE-II (5.1) proteins allowed the proposed

FRET-based investigation into the binding interactions of the IGF-IL. Thus, the analysis of the
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IGF-II analogues synthesised in this chapter (4.1, 4.2 and 5.1), with a soluble form of IGF-1R

using FRET is now described in Chapter 6.







Chapter 6

Investigating  the binding of
fluorescent IGF-II analogues to the
IGF-1R using  fluorescence
resonance energy transfer
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6.1 Introduction

As discussed in Chapter 1, Section 1.3 fluorescence resonance energy transfer (FRET) is a
common technique used to investigate structural and conformational changes in proteins
(intramolecular FRET) and protein-protein interactions {(intermolecular FRET).#*1#1% FRET
is a fluorescence-based technique, and as such it is highly sensitive and only requires small
quantities of the donor and acceptor fluorophore. The FRET-based investigation into the
binding of the IGF-II proteins, 4.1, 4.2 and 5.1 (synthesised in Chapter 5) to the IGF-1R is

now described.

6.1.1 Principles of fluorescence resonance energy transfer (FRET)

FRET was first described by Férster in 1948.7° The process of FRET is depicted in Figure 76
and the first step involves the irradiation of a donor at its excitation maximum (Ax) (purple
arrow; Figure 76). This causes excitation of the donor into a higher energy state. If an acceptor
is within close proximity (10-100 A) a non-radiative energy transfer from the donor to the
acceptor will occur.™-112 This in turn causes excitation of the acceptor molecule into a
higher energy state, and subsequent relaxation results in an emission of light at the
fluorescence emission maximum (Ax.) of the acceptor (light blue arrow; Figure 76). 1311111 Tn
the absence of the acceptor, or when the acceptor is not in close proximity (> 100 A), only the

fluorescence emission maximum (Ay.) of the donor is observed (dark blue arrow; Figure 76).
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Figure 76: The process of FRET. The non-radiative energy transfer between the donor (Trp) and
acceptor (Cou; 2.2) occurs at distances between 10-100 A %112 Where; Ay, refers to the excitation
maximurm; Ay, refers to the emission maximuny; Ay, of the donor is depicted as a purple zig-zag arrow;
A, of the donor is depicted as a dark blue zig-zag arrow and Ar, of the acceptor is depicted as a light
Blue zig-zag arrow.

The efficiency of the energy transfer and the distances over which a FRET interaction can
occur, are determined by the spectral properties of the donor-acceptor pair (refer to Section
1.3, Chapter 1)./"W7 122272238 The efficiency of the energy transfer (E) can be expressed as a

generalised ‘quantum yield’ for the FRET interaction (Eq. (1)), where:

Energy transferred from donor to acceptor

E= (D

Energy absorbed by the donor

however E is more commonly defined as represented in Eq. (2):

1
E=— (2)

1 +(Tfﬂﬁ}6

In Eq (2), r refers to the distance between the donor and acceptor and Ry is the Forster
distance, which is the distance at which the FRET interaction is 50% efficient and varies for a

given FRET pair, 510718110228 Eqr systems in which Trp is the donor, Ry values between 12-40
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A have been reported.!'*11123258.2 [ particular, Trp/Cou-based FRET pairs report R, values of
between 20-30 A, however the distance is dependent on the nature of the coumarin
fluorophore.!"*111:22#2% Thyg, for coumarin-based fluorophore 2.2, the FRET efficiency was

expected to be strongest between 10-30 A, as depicted in Figure 77.

Strong FRET
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Figure 77: FRET efficiency as a function of distance. Where Ry is the Forster distance, which is the
distance at which the FRET interaction is 50% efficient. Figure adapted from Sahoo.'”

As discussed above, the FRET efficiency is dependent on the distance between the donor and
acceptor. Therefore FRET can be exploited as a ‘spectroscopic ruler’ for accurately
determining the distance between a donor and acceptor, M 1W7#811822823 Thyg by using FRET
in the current study, it was anticipated the distances between Trp and Cou (2.2) could be
determined. This would in turn reveal information about the binding distance and orientation
of IGF-II to the IGF-1R. Several methods exist for detecting and analysing FRET interactions

of this nature, and are discussed below.
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6.1.2 Methods of FRET detection.

FRET interactions cause several changes to the fluorescent properties of the donor and

132

acceptor.”* The distance between the donor and acceptor can be determined by measuring
these changes. Some of changes include the decrease in the doner emission intensity and
fluorescence lifetime (1), increases in the acceptor emission intensity and changes to the

emission anisotropy of the donor and acceptor,!*7242-2%

The two main methods used to quantify FRET interactions are time-resolved fluorescence and
steady-state fluorescence /11482224 The  method used is determined by the
spectroscopic properties of the FRET pair, the fluorescent properties being measured, and the
equipment available."""1"**224 The main drawback of time-resolved fluorescence is that it
requires high-speed detection systems and a pulsed laser or frequency-modulated light
source.'"™* Consequently, steady-state fluorescence methods are often preferred due to the

ease with which the measurements can be taken.

6.1.2.1 Steady-state fluorescence methods

Steady-state fluorescence techniques monitor the changes in fluorescence emission intensity
of the donor and acceptor. There are two common ways in which these changes are measured,
acceptor photobleaching and sensitised emission, 1112422923224 A cceptor photobleaching
involves measuring the changes in the fluorescence emission intensity of the donor before,
and after acceptor photobleaching. Photobleaching involves the photochemical destruction of
the acceptor. This is achieved by exposing the acceptor to light until it no longer displays any
fluorescence. The main disadvantage of this method is the acceptor is destroyed, which
prevents any further analysis of the FRET interaction. In contrast, sensitised emission
measures the changes in the acceptor fluorescence emission intensity in the presence of, and
absence of, the donor. Specifically, an increase in the acceptor fluorescence emission correlates
to a FRET interaction (refer to Figure 76, Section 6.1.1). Both these techniques are easily

performed on a fluorescence spectrophotometer and do not require any specialised
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equipment.’”!"" Due to the equipment limitations associated with time-resolved methods, and
the photochemical destruction of the acceptor using photobleaching, a steady-state-
fluorescence, sensitised emission approach was preferred. The FRET interactions between the
IGF-II proteins (4.1, 4.2 and 5.1) and the IGE-1R were monitored using a sensitised emission

approach and the results from these experiments are discussed herein.

6.2 Results and discussion

As previously discussed, Trp and coumarin-based fluorophore 2.2 were selected as the donor
and acceptor for the proposed FRET study. Trp was selected due to its high natural abundance
in the IGF-1R, thus no manipulation of the [GF-1R was required (refer to Section 1.3, Chapter
1). The coumarin-based fluorophore 2.2, was a selected as a suitable acceptor for use with
tryptophan as it exhibits the desired spectral overlap. Furthermore 2.2 was also preferred over
other fluorophores as it is small, and thus it was anticipated its incorporation into IGF-II
would not significantly disrupt its binding to the IGF-1R (refer to Section 3.2.1; Chapter 3).
Coumaryl amino acid 2.2 also displays a large molar extinction coefficient, fluorescence
emission maximum (Auy) and Stokes shift, which are spectroscopic properties that are well-

suited for use in FRET (refer to Section 2.2.3; Chapter 2).

6.2.1 Biological activity of the synthetic IGF-II analogues (4.1, 4.2 and 5.1)

The ICs values of the IGF-II analogues, 4.1, 4.2 and 5.1 binding to the immunocaptured IGF-
IR were previously determined, as discussed in Section 5.2.4 (refer to Chapter 5). The F19Cou
IGF-IT (4.2) and F28Cou IGF-II (5.1) proteins displayed ICs, values of 7.0 nM and 6.5 nM
respectively. The incorporation of the coumarin-based fluorophore 2.2 into the IGF-II
proteins 4.2 and 5.1 had only a minor impact on the binding affinity. Both analogues reported
only a 3-fold decrease in binding affinity compared to recombinant native IGF-II protein (ICs,
= 2.1 nM). Although these affinities were reduced compared to the recombinant native IGF-II

protein (ICsy = 2.1 nM) and the synthetic native IGF-II proteins (4.1) (ICsy = 2.10 nM (2
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Fragment); 2.0 nM (3 Fragment}), these analogues still retained a significant degree of affinity.
Thus, the F19Cou IGF-II (4.2) and F28Cou IGFE-II (5.1) proteins are suitable for investigating

the binding of IGF-II to the IGF-1R using FRET.

The binding affinities summarised above were determined on immunocaptured IGF-1R. The
immunocaptured receptor is a whole receptor construct, which means it contains both the
ecto- and intracellular domains of the IGF-1R (refer to Section 1.1.2, Chapter 1). However for
the proposed FRET study, using immunocaptured IGE-IR was not feasible, as the antibodies
and blocking agents used to isolate the receptor could potentially interfere with the FRET
experiment.”* Furthermore use of a whole IGF-1R construct was also impractical due to the
difficulties associated with the isolation and purification of transmembrane receptors. Thus an

alternative source of the IGF-1R was used.

6.2.2 Soluble form of the IGF-1R (sIGF-1R) (6.1)

A high-affinity, soluble form of the IGF-1R has been reported by Surinya et al.* This soluble
receptor, the sIGF-1R (6.1}, is an ectodomain structure of the IGF-1R. Thus, it differs from
the full length wild-type IGF-1R by the absence of the intracellular domains (TM, JM, TK and
CT), as depicted in Figure 78. Importantly, the absence of these intracellular domains does not
significantly affect the binding properties of the receptor. The sIGF-1R {6.1) contains the
known site 1 and site 2 binding determinants required for high-affinity ligand binding and
exhibits the same binding characteristics as the full length receptor, including negative
cooperativity. The sIGF-1R (6.1) has only a 1.8-fold decrease in affinity for the recombinant
native IGF-II protein (IC; = 0.88 nM) compared to the full length wild-type receptor (ICs =
0.49 nM).* Thus, the sIGF-1R (6.1) was used in the FRET experiments described. Although
an investigation into the binding of these fluorescent IGF-II analogues (4.2 and 5.1) to the IR-
A was intended, limitations associated with access to a similar soluble form of the IR-A

receptor prevented the proposed FRET-based investigation.
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IGF-1R

Figure 78: Comparison of the full length IGF-1R and a soluble form of the IGE-1R (sIGE-1R) (6.1},
L1 and L2, large domains 1 and 2 (leucine-rich repeat domains); CR, Cys-rich domain; FnlIII-1, Falll-
2, Fnlll-3, fibronectin type III domains (1-3); ID, insert domairn; TM, transmembrane; JM,
juxtammembrane; TK, tyrosine kinase; CT, C-terminal domains and disulfide bonds are shown.
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6.2.3 Fluorescence experiments

As described in Section 6.1.2.1, a sensitised emission approach was used to determine the
location of the extracellular binding of IGF-II to the sIGF-1R (6.1). FRET experiments were
performed on a Cary Eclipse Fluorescence Spectrophotometer at room temperature (25 °C}, at
a pH of 7, where the desired IGF-II analogue (4.1, 4.2 and 5.1} was titrated against an aliquot
of the sIGF-1R. The emission profiles of the IGF-II analogues (4.1, 4.2 and 5.1) were

monitored in the presence of, and absence of, the Trp donor (sIGF-1R) (6.1).

First the fluorescence emission maximum {Ay,) of the sIGE-1R {6.1) was determined. The
sIGF-1R (6.1) was excited at various wavelengths (250 — 300 nm) and the resulting
fluorescence emission profiles are shown in Figure 79A. From this, the excitation maximum
(Aix) of the sSIGF-1R (6.1) was determined to be 280 nm, which gave a fluorescence emission
maximum (Aun) at 337 nm (refer to Figure 79A). These excitation (Ax) and emission maxima
(Arw) are consistent with the excitation (Ag, = 280 nm) and emission {(Ax, = 348 nm) maxima
reported for Trp in aqueous solution at neutral pH (pH of 7).1'""** In contrast, Tyr under the
same conditions displays an excitation maximum (Ax) of 280 nm and emission maximum
(Aim) of 303 nm."'""* The small blue-shift in the emission maximum (As.) of the sIGE-1R
(6.1) compared to the reported value is thought to be the result of the sensitivity of Trp to its
surrounding environment. For Trp residues located within proteins, as is the case for the
sIGF-1R (6.1), the fluorescence emission maximum {Ayn) for these Trp residues has been
reported to shift from 320 nm to 355 nm depending on the surrounding

microenvironment, !
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Figure 79: Fluorescence emission profiles for the sIGE-IR (6.1); synthetic native IGE-II protein
(4.1); F19Cou IGF-II protein (4.2) and F28Cou IGF-11 protein (5.1) after excitation at 280 nm. a)
Emission profiles for the sIGF-1R {6.1) after excitation at varying wavelengths (250 - 300 nm). Where
fluorescence emission spectra for irradiation at different wavelengths (250 - 300 nm) are shown as
coloured dotted lines and the emission maxima after irradiation at 280 nm is shown as a black solid line;
b) Emission profiles for the synthetic native IGF-II protein (4.1} at varying concentrations of 4.1 (0-
0.20 pM) in buffer are shown as bfue lines; ¢) Emission profiles for the F19Cou IGF-11 protein (4.2) at
varying concentrations of 4.2 (0-0.2 uM) in buffer are shown as orange fines; ¢) Emission profiles for
the F28Cou IGF-II protein (5.1} at varying concentrations of 5.1 (0-0.19 pM) in buffer are shown as
green lines. Where the buffer is shown as a grey dotfed line in all spectra. All spectra were collected after
excitation at 280 nm. Spectra are derived from a single experiment, where each spectrum is averaged
from three consecutive scans and are corrected for background fluorescence.
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As discussed in Chapter 2, Section 2.2.3 coumaryl amino acid 2.2 has a strong fluerescence
emission maximum {Ax,) at 485 nm. As such the F19Cou IGF-II (4.2) and F28Cou IGF-II
(5.1) proteins were expected to display similar fluorescence emission maxima (Au.). In
contrast, the synthetic native IGF-II protein (4.1), which does not contain the coumarin-based

fluorophore 2.2, was not expected to display a fluorescence emission maximum (Auw).

The background fluorescence emission profiles for the three IGF-II analogues (4.1, 4.2 and
5.1) in the absence of sIGF-1R (6.1) were determined. IGF-II analogues 4.1, 4.2 and 5.1, were
titrated (0.03 uM aliquots) into buffer (pH of 7} until they reached a final concentration of
0.20 uM (4.1 and 4.2) or 0.19 uM (5.1). After the addition of each aliquot the samples were
mixed, irradiated at 280 nm and the fluorescence emission spectra were recorded. The
fluorescence emission profiles for IGF-II analogues 4.1, 4.2 and 5.1 at varying concentrations

are shown in Figure 79B, Figure 79C and Figure 79D respectively.

As expected the synthetic native IGF-II protein (4.1) did not display a fluorescence emission
maximum (Azn) (refer to Figure 79B). All that was observed for protein 4.1 was background
protein fluorescence (290 — 330 nm; Figure 79B).!""*!!*12* In contrast, both the F19Cou IGF-II
(4.2) and F28Cou IGF-II {5.1) proteins displayed a fluorescence emission maximum (An.) at
455 nm. This A is consistent with the fluorescence emission expected for coumarin-based

fluorophore 2.2 (refer to Section 2.3.2, Chapter 2),122!144.13%

FRET experiments were conducted by sequentially adding an IGF-II analogue (4.1, 4.2 and
5.1) to an aliquot of the sIGF-1R (6.1) until the protein (4.1, 4.2 and 5.1} and receptor (6.1)
were present in an equimolar ratio. After the addition of each aliquot the sample was mixed
and left to stand at rt for 1 h. After this time the sample was irradiated at 280 nm and the
fluorescence emission spectrum was recorded. The changes in the fluorescence emission
spectra with increasing amounts of the IGF-II analogues (4.1, 4.2 and 5.1) are illustrated in

Figure 80.
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Figure 80: Changes in fluorescence emission spectra during the titration of IGE-11 analogues (4.1,
4.2 and 5.1} against the sIGF-1R (6.1). a) The change in fluorescence emission spectra for the
titration of the synthetic native IGF-1I protein (4.1} against the sIGF-1R {6.1}; b) The change in
fluorescence intensity at 455 nm with increasing molar ratic of 4.1; ¢) The change in fluorescence
emission spectra for the titration of the F19Cou IGF-II protein (4.2} against the sIGF-1R (6.1); d} The
change in fluorescence intensity at 455 nm with increasing molar ratio of 4.2; €) The change in
fluorescence emission spectra for the titration of the F28Cou IGF-II protein (5.1} against the sIGF-1R
{6.1); f} The change in fluorescence intensity at 455 nm with increasing molar ratio of 5.1. Where the
sIGF-IR (6.1) in the absence of protein (acceptor) is shown as a grey solid line and buffer is shown as a
grey dotted line. All spectra were collected after excitation at 280 nm. Spectra are derived from a single
experiment, where each spectrum is averaged from three consecutive scans and are corrected for
background fluorescence.
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Figure 80A depicts the changes in the fluorescence emission when increasing amounts of the
synthetic native IGF-II protein (4.1) was titrated against the sIGF-1R {6.1). As discussed
above, the native IGF-1I protein (4.1) does not contain coumaryl amino acid 2.2 and as such
did not display any fluerescence emission at 455 nm (refer to Figure 79). This is further
demonstrated in Figure 80B, where no change in fluorescence emission intensity at 455nm
was observed with increasing molar ratio of the native IGF-II protein (4.1). As expected, these
results indicate no FRET interaction occurred between synthetic native IGE-II protein (4.1)

and the sIGF-1R {6.1).

The changes in the fluorescence emission spectra when the sIGF-1R (6.1) was titrated with
increasing amounts of the F19Cou IGF-II protein (4.2) is depicted in Figure 80C. Protein 4.2
contains coumaryl amino acid 2.2 at position 19, which is adjacent to IGF-II binding site 2
(refer to Section 1.1.4, Chapter 1). A positive FRET interaction was expected if 2.2 came
within close proximity (10-100 A) to a Trp residue nearby to the IGF-1R binding site 2. Figure
80C shows the increase in the fluorescence emission at 455 nm after excitation at 280 nm.
This change in fluorescence emission intensity at 455 nm with increasing molar ratio of the
F19Cou IGF-II (4.2) is also depicted in Figure 80D. The increase in fluorescence intensity
observed in both Figure 80C and Figure 80D is attributed to a positive FRET interaction
between the site 2 tryptophan residues in sIGF-1R and the coumarin-based fluorophore (2.2)

in the F19Cou IGF-II protein (4.2).

Figure 81 depicts a model for the binding of F19Cou IGF-II protein {4.2) to the IGF-1R and

127

displays the Trp residues (Trp'¥, Trp"® and Trp™') which could be acting as potential
donors.***% Unfortunately, this model lacks the FnlIIl (2-3) domains, which are proposed to
contain some of the site 2 binding determinants for the IGF-1R (refer to Section 1.1.3,
Chapter 1). The F19Cou IGF-II protein (4.1) is a site 2 analogue, thus it is likely the Trp

residues which are contributing most strongly to the FRET interactions observed in Figure

80C, will not be visible in the current model.
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Figure 81: Model for the binding of the F19Cou IGF-1I protein (4.2) to the IGF-1R. Model is based
on the crystal structure reported by Menting et al.® for insulin binding to the IR-A {IR593.aCT
construct) (PDB: 3W14}. In this model the crystal structure for the L1-CR-L2 domains reported by
Garrett et al.™ is used for the [GF-1R (PDB: 1IGR) and the NMR solution structure reported by Torres
et al® is used for IGF-1I (PDB: 1IGL). The IGF-1R is superimposed and replacing the IR-A (L1-CR-
L2), IGF-1I is superimposed and replacing insulin and the (FnIll-1)-a-CT (704-719) segment is
unchanged. Where the IGF-1R is shown in medium blue; IGF-11 is shown in grey; the (Fnlll-1}-a-CT
(704-719) segment is shown in light blue; coumarin-based fluorophore (2.2) is shown in orange (19)
and green {28); Trp residues < 50 A from residue 19 are shown in red; the distances (in A) between Trp
and 2.2 are shown for residues < 50 A from residue 19 {IGE-11) and are designated by black lines.

Figure 80E depicts the changes in the fluorescence emission spectra when increasing molar
equivalents of the F28Cou IGF-II protein (5.1) was titrated against the sIGF-1R (6.1). The
F28Cou IGF-II protein (5.1) contains coumarin-based fluorophore 2.2 at position 28, which is
adjacent to the IGF-II binding site 1 (refer to Section 1.1.4, Chapter 1). A positive FRET
interaction was expected if 2.2 came within close proximity (10-100 A) to a Trp residue
adjacent to the IGF-1R binding site 1. After excitation at 280 nm, an increase in the
fluorescent emission at 455 nm was observed and is shown in Figure 80E. The change in
fluorescence emission intensity at 455 nm, with increasing molar ratio of F28Cou IGF-II (5.1),
is also depicted in Figure 80F. This increase in fluorescence intensity at 455 nm, apparent in

beth Figure 80E and Figure 80F is attributed to a pesitive FRET interaction between the site 1
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Trp residues in sIGF-1R (6.1} and coumarin-based fluorophore 2.2 in the F28Cou IGE-II

protein (5.1).

A model for the binding of F28Cou IGF-II protein (5.1) to the IGF-1R (6.1} is displayed in
Figure 82 and shows potential Trp donors.**** As discussed in Section 1.1.3.2 (refer to
Chapter 1) the site 1 analogue, the F28Cou IGF-II protein (5.1} is proposed to interact with
the L1 and the aCT segment of the IGE-1R. Both these binding determinants are represented
in the model shown in Figure 82. Based on the predicted Ry values for the Trp/Cou pair (10-30
A) (refer to Section 6.1.1), Trp residues {Trp’®, Trp'”, Trp'’® and Trp**') displayed in Figure 82
are proposed to be the residues involved in the FRET interaction with the F28Cou IGF-II

protein (5.1).
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Figure 82: Model for the binding of the F28Cou IGE-II protein (5.1) to the IGF-1R. Model based on
the crystal structure reported by Menting et al.* for insulin binding to the IR-A (IR593.aCT construct)
{PDB: 3W14). In this model the crystal structure for the L1-CR-L2 domains reported by Garrett et al.®
is used for the IGF-1R (PDB: 11GR) and the NMR solution structure reported by Torres et al.* is used
for IGF-11 (PDB: 1IGL). The IGF-1R is superimposed and replacing the IR-A (L1-CR-L2}, IGF-II is
superimposed and replacing insulin and the (FnlIl-1}-a-CT (704-719) segment is unchanged. Where
the IGF-1R is shown in medium blue; IGF-11 is shown in grey; the (Fnlll-1}-a-CT (704-719) segment is
shown in light biue; coumarin-based fluorophore (2.2} is shown in orange (19) and green {28); Trp
residues < 50 A from residue 28 are shown in red; the distances (in A) between Trp and 2.2 are shown
for residues < 50 A from residue 28 (IGF-11) and are designated by dashed black lines.

Steady-state fluorescence measurements of the F19Cou IGF-II (4.2) and F28Cou IGF-II (5.1)
proteins displayed increases in fluorescence emission at 455 nm (refer to Figure 80). These
increases in fluorescence are consistent with the presence of a FRET interaction between
coumarin-based fluorophore 2.2 and the sIGF-1R {6.1). These results demonstrate that the
fluorophore was positioned in close proximity to the IGF-II binding sites, thus establishing
the F19Cou IGF-II {4.2) and F28Cou IGF-II (5.1) proteins are suitable analogues for use in

FRET-based investigations.
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6.2.4 Future work

Determining the distance between the coumarin-based fluorophore 2.2 and its FRET partner
would provide information about the binding location of IGF-II within the IGF-1R. As
expected the high abundance of Trp residues in the IGF-1R receptor, prevented the
identification of the exact FRET partner using the current experiments. Thus, further studies
are required to identify which Trp residues in the receptor are contributing to the observed
FRET interactions. Such experiments may require the synthesis or expression of mutant IGF-

IR constructs, which is a significant undertaking.

(One common approach is to use alanine mutagenesis. This would involve the mutation of all
but a single Trp residue located within the IGF-1R putative binding sites, to alanine (L1, CR,
L2, Fnlll-2, FnllI-3 and aCT}) (refer to Section 1.1.3.2, Chapter 1). This approach is beneficial
as it gives site-specific control over the location of the donor Trp residue, which in turn would
allow the desired distance measurement to be determined. However the mutation of such a
large number of residues could result in perturbations to the three-dimensional structure and
the binding properties of the receptor. Thus a better approach may involve the site-specific
mutation of a single Trp residue, to a donor with contrasting spectroscopic properties. This
approach would allow site-specific control over the donor location, which in turn would
permit the distance between the donor and acceptor to be determined. Since this approach
involves the mutation of only a single residue, it is less likely to cause large perturbations to
the three-dimensional structure and binding of the receptor. Appropriate donors could
include unnatural Trp analogues, such as 7-azatryptophan, 5-hydroxytrptophan or other

164,237-

halogenated or methylated tryptophan analogues. 1 These unnatural Trp analogues are
sterically and chemically similar to Trp, and as such would minimise any perturbations to the
three-dimensional structure of the receptor, while also providing a donor fluorophore with
distinctive spectrochemical properties. Given the current advances of in vivo, site-specific
incorporation of unnatural amino acids (refer to Chapter 3) this approach is likely to be

rational and efficient. The Trp residues identified in Figure 81 and Figure 82 could be used a

starting point for identifying receptor targets for site-specific mutations.
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Many of the current methodologies for intermolecular protein distance determination are
fluorescence based. Such methods are highly sensitive, thus requiring only small quantities of
probe. However, complimentary techniques, such as X-ray crystallography and pulse electron
paramagnetic resonance (EPR} spectroscopy could be explored in parallel te FRET for

determining the binding location of IGF-II within the IGF-1R.

Obtaining an X-ray crystal structure of IGF-II bound to a receptor would provide an accurate
depiction of the binding interactions. However acquiring a crystal structure is not

straightforward and poses several challenges.”*~

* Large quantities of homogenously purified
ligand and receptor are required. Predicting the crystallisation conditions, including the
buffer, pH, and temperature, is immensely challenging and requires a lengthy screening
process. Finally, even if crystallisation is achieved there is no guarantee a of high quality
crystal structure. Given these difficulties, alternative structure determination techniques are

preferred. Biophysical techniques such as FRET and EPR are suitable alternatives for studying

these interactions.

Pulse EPR techniques, such as pulse electron-electron double resonance (known as DEER or
PELDOR) and double quantum coherence (DQC) can provide accurate measurements of

intermolecular distances of up to 80 A2

¥ These techniques would require the site-specific
installation of spin labels into both IGF-II and the receptor. Site directed spin labelling of IGF-
IT could be easily achieved using the native chemical ligation approaches developed in this
thesis. An appropriate spin label is 2,2,6,6-tetramethylpiperidine- loxyl-4-amino-4-carboxylic
acid (TOAC), as it is compatible with Fmoc-SPPS.** In contrast, spin labelling of the
receptors could be achieved using the site directed mutagenesis approach discussed in
Chapter 3, or through conjugation of the spin label post expression. While synthesis of the

required labelled IGF-II and receptor is predicted to be somewhat challenging, EPR should

still be a viable alternative to FRET and X-ray crystallography.
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6.3 Conclusion

The functional IGF-II binding epitope en the IGF-1R, and the residues which define the IGF-
IT binding sites 1 and 2 have been identitied. However the absence of a crystal structure of
IGF-11 bound to the IGF-1R or IR-A means the location and orientation of IGF-II within the
receptor binding pocket remains elusive. In order to gain an increased understanding of IGF-
II binding, experiments were conducted te establish FRET as a suitable method for

determining the IGF-II binding location within the IGF-1R.

This work first required the synthesis of an appropriate fluorescent amino acid for
incorporation into IGF-II. The coumarin-based probe 2.2 was selected as it could be
synthesised in good yields and displayed a high molar extinction coefficient (g), large Stokes
shift and strong fluorescence emission intensity. Several methodologies were then explored
for the incorporation of coumaryl amino acid 2.2 into the IGF-II protein to provide
fluorescent IGF-II analogues. Recombinant protein expression and the linear SPPS
methodologies provided access to small quantities of the F19Cou IGE-II protein {4.2).
However, a convergent synthetic strategy using native chemical ligation was developed to
provide the F19Cou IGF-II protein (4.2) in improved purity and with enhanced biological
activity, compared to the F19Cou IGF-II protein (4.2) produced by the expression and linear
SPPS approaches. The native chemical ligation strategy alse provided access to the native IGF-
IT (4.1) and F28Cou IGF-II (5.1) proteins. In competition binding assays, these analogues
displayed nanomolar binding affinities to both the IGF-1R and IR-A. These binding affinities
were consistent with the affinities reported for other F19X and F28X IGF-II analogues and

reinforce the importance of residues 19 and 28 for IGF-II binding.

Preliminary steady-state fluorescence measurements were conducted between the F19Cou
IGF-1I {4.2) and the F28Cou IGF-II {5.1) proteins to the sIGF-1R (6.1), in order to establish
FRET as a viable method for determining the binding location and orientation of IGF-II
within the IGF-1R. Both the F19Cou IGF-II (4.2) and the F28Cou IGF-II {5.1) proteins
displayed an increase in fluorescence emission spectra at 455 nm in the presence of receptor

6.1. This increase was attributed to the presence of a FRET interaction. These FRET
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interactions confirm that the fluorophore is binding in close proximity to Trp residues within
the receptor, and demonstrates that the fluorophore was incorporated at suitable sites in [GF-

I for FRET experiments.

As expected the high abundance of Trp residues in the sIGF-1R prevented the elucidation of
the specific FRET donors. Without the identification of the FRET partner, the distance
between IGF-II and the receptor could not be determined. However based on a model of the
F19Cou IGF-II (4.2) and F28Cou IGF-II (5.1) proteins binding to the IGF-1R and the
predicted R, for the Trp/Cou pair, several Trp residues could be identified as potential donors.
These results provide the important basis for further investigations for determining the
precise binding location of IGF-II within the IGF-1R. Such investigations are discussed in
detail in Section 6.2.4 and may require the use of the mutant IGF-1R constructs, in which the

precise location of the donor is known.

In conclusion, two novel IGE-II analogues, the F19Cou IGF-II (4.2) and F28Cou IGF-II (5.1)
proteins have been successfully synthesised. The site-specific incorporation of coumarin-
based fluorophore 2.2 into these IGF-II proteins permitted the use these analogues in the
desired FRET-based investigation into the binding of the [GF-II to the IGF-1R. In these FRET
studies both the F19Cou IGF-1I {4.2) and the F28Cou IGF-II {5.1) proteins displayed FRET
interactions with the sIGF-1R (6.1). However as anticipated the position of the FRET partners
could not be identified, which prevented the elucidation of the binding location of IGF-II
within the IGF-1R. Despite this, these results demonstrate the suitability of a FRET-based

approach and provide sound basis for further investigations into the binding interactions of

IGF-II with the IGF-1R and IR-A.









Chapter 7

Experimental section



176 | Chapter 7

7.1 General experimental information

Nuclear magnetic resonance (NMR)

'H and "“C NMR spectra were determined on a Varian Gemini 2000 spectrophotometer
(operating at 300 or 75 MHz) or Varian Inova 600 Spectrophotometer {operating at 600 or
150 MHz, with a delay {D1) of 1 s). All spectra were obtained at 23 °C and chemical shifts ()
are reported in parts per million (ppm) and are referenced relative to a residual solvent peak
(CDClx: 8H (ppm) = 7.26 ppm, 8C (ppm) = 77.0 ppm; D-O: 8H (ppm) = 4.79 ppm, 8C: sr = -
32.10 Hz; DMSO.4: 0H (ppm) = 2.50 ppm, 8C (ppm) = 39.5 ppm). Spin multiplicities are
represented by the following signals: s {singlet), br s (broad singlet), d {doublet), dd {doublet
of doublets), ddd {doublet of doublet of doublets), dt {(doublet of triplets), t (triplet), td (triplet

of doublets), g (quartet), qd (quartet of doublets), and m (multiplet).

Melting point

Melting points were determined on a Reichert Thermovar Kofler apparatus and were not

corrected.

Specific rotation

Specific rotation values were determined on an Atago Automatic Polarimeter (AP-100

model}, using 100 mm observation tube with 1 mL capacity.

Electrospray ionisation mass spectrometry (ESI-MS) analysis

Peptide masses were confirmed by MS analysis on a Thermo Finnegan LCQ mass
spectrometer, using ESI in the positive mode or a Micromass Q-TOF 2 spectrometer using
Nano-ESI in the positive mode. Accurate high resolution mass spectrometry (HRMS) data
was collected on an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific) equipped

with a Nano-ESI source in the positive mode.

Liquid chromatography mass spectrometry (LCMS)

LCMS analysis was carried out on an Agilent 1120 LC compact equipped with a variable

wavelength detector and coupled to a Hewlett Packard 1100 MSD mass spectrometer, using
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ESI in the positive mode. Gradient analysis was conducted on an Agilent Zorbax C3 (3.5 um,
3 mm x 150 mm) column using a linear gradient of 5-65% D over 20 min with a flow rate of
0.3 mL/min, where the solvent system used was: A (MilliQ water + 0.1% formic acid) and D
(acetonitrile + 0.1% formic acid). Elution of product was monitored at 220 nm and additional

wavelengths (215 nm and 280 nm) were used as required.

Lyophilisation
The samples were lyophilised on a Christ Alpha 2-4 LSC freeze-dryer or a Christ Alpha 2-4

LSC freeze-dryer.

UV-Visible spectrophotometry

UV-Visible spectra were collected on a Cary 5000 UV-Vis-NIR Spectrophotometer using UV
grade disposable plastic semi-micro cuvettes (range 190 nm - 900 nm) (Brand GMBH,
Wertheim, Germany). Solvents used were of spectroscopic grade or higher. If spectroscopic
grade was not available then solutions and solvents were filtered through a 0.22 um filter

before use.

Fluorescence

Fluorescence spectra were collected on a Cary Eclipse Fluorescence Spectrophotometer, using
Spectrosil quartz micro cuvettes (Starna) (700 pL) with a 10 mm pathlength. The slit width
was adjusted to of 5 nm. Solvents used were of spectroscopic grade or higher. If spectroscopic
grade was not available then solutions and solvents were filtered through a 0.22 um filter

before use. Quinine sulfate was used as a standard for determining quantum yields.
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7.2 Experimental described in Chapter 2

7.2.1 Experimental materials

Solvents and reagents were of reagent grade or higher and used as supplied unless otherwise
stated. Solvents used for HPLC were of HPLC grade and used without further purification.
THF was freshly distilled from sodium and benzophenone under an inert atmosphere of
nitrogen. Anhydrous acetone was dried over CaSO, (25 g/L) for 48 h prior to use* 5-
(benzyloxy)-4-({{benzyloxy)carbonyl)amino)-5-oxobutanoic  acid  (Cbz-Asp-OBn), 5-
(benzyloxy)-4-({{benzyloxy)carbonyl)amino)-5-oxopentanoic acid (Cbz-Glu-OBn) were
purchased from Chemlmpex (Illinois, U.S.A). Methanesulfonic acid, ethyl potassium
malonate, 1,1-Carbonyldiimidazole (CDI), N-methylmorpholine (NMM)}, isobutyl
chloroformate and silver benzoate were purchased from Sigma Aldrich (Castle Hill, NSW,
Australia). Resorcinol was purchased from MP Biomedicals (Santa Ana, California, USA).
Calcium sulfate, Diethyl ether, ethyl acetate, petroleum spirit (40-60 fraction) and magnesium
chloride hexahydrate were purchased from ChemSupply (Gillman, SA, Australia).
Isopropanol (AR grade) and acetonitrile (HPLC grade)} were purchased from Scharlau Chemie
(Sentmenat, Barcelona, Spain). 9-Fluorenylmethyl N-succinimidyl carbonate (Fmoc-O8Su) was
purchased from GL Biochem (Shanghai, China). Di-tert-butyl dicarbonate was purchased
from Acros organics {Geel, Belgium). N-methyl-N-nitroso-p-toluenesulfonamide (Diazald)
was purchased from WAKQ chemicals (Richmond, VA, U.S.A). Diazomethane was prepared
as described by Vogel'" from N-methyl-N-nitroso-p-toluenesulfonamide (Diazald) as an

ethereal solution immediately prior to use.

Oven dried glassware was used for reactions performed under an inert atmosphere (dry
nitrogen). Analytical thin layer chromatography (TLC) analysis was conducted on Merck-
aluminium plates coated with silica gel 60 Fas, with visualisation under ultraviolet light (254
nm), followed by staining with vanillin (6 g of vanillin in 95 mL of ethanol, then 2.5 mL cenc.
H>S0O,), potassium permanganate (10 g of K,CO;, 1.5 g of KMnO,, in 150 mL of water, then
1.5 mL of 10% aqueous NaOH) or ninhydrin (5 g of ninhydrin in 100 mL of ethanol). Flash

column chromatography was carried out using Scharlau or Grace silica gel 60 (mesh size, 230-




Chapter 7 | 179

400 mesh). Where petroleum ether is stated, the fraction that is collected at 40-60 °C was used.

Concentrated in vacuo refers to removal of solvent by rotary evaporation.

Analytical RP-HPLC was carried out on a HP 1100 series equipped with a diode array detector
and an Agilent Eclipse C18 (5 um, 4.6 x 150 mm) column. The product was eluted using a
linear gradient of 0-70% D over 30 min and a flow rate of 1 mL/min, where the solvent system
used was: A (MilliQQ water + 0.1% TFA) and D (acetonitrile + 0.08% TFA). Elution was
monitered at 220 nm, 280 nm and 320 nm, with the use of additional wavelengths in the range

190-400 nm as required.

Semi-preparative RP-HPLC was carried out on a HP 1100 series HPLC equipped with a diode
array detector and a Luna C18 (C2) column (10 pum, 50 mm x 10 mm). The product was
eluted using an appropriate linear gradient (1% D/min) with a flow rate of 5 mL/min, where
the solvent system used was: A (MilliQ water + 0.01% TFA) and D (acetonitrile + 0.08% TFA).
Gradient systems were adjusted according to the elution profiles and peak profiles obtained
from the analytical RP-HPLC chromatograms. Fractions were analysed by ESI-MS and

analytical RP-HPLC. Pure fractions were pooled, and lyophilised.

7.2.2 Methods

General Procedure I: Formation of ﬁ—keto esters via acylation reaction

R OEt
R-COOH — Y
0O O

Under a nitrogen environment, the acid (I equiv.} was dissolved in anhydrous THF (4
mL/mmol) and CDI (1.1 equiv.} was slowly added, the solution was then stirred at rt for 2 h.
Ethyl magnesium malonate (0.55 equiv.) was added and reaction was stirred at rt for a further
16 h. The reaction mixture was extracted with diethyl ether {3 x 50 mL) and washed with
saturated aqueous NaHCO; (3 x 50 mL), water (2 x 50 mL) and brine (3 x 50 mL), dried over
Na,SOs and concentrated in vacuo. The resulting oil was purified by silica column

chromatography (1:1 PE:EtOAc).
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General Procedure IT; Pechmann condensation

The B-ketoester (1 equiv.) was slowly added to a stirring solution of resorcinol (5-10 equiv.) in
methanesulfonic acid (25 equiv.) the solution was stirred vigorously at rt for 30-120 min. The
reaction mixture was diluted with cold ether {20 volumes) and a precipitate was evolved. The
mixture was then cooled in a dry icefacetone bath for 30 min and the precipitate was filtered,
dissolved in water, and the resulting solution was filtered and lyophilised. The resulting oil

was then purified as specified for each compound.

General Procedure III: Na-Fmoc protection of coumaryl amino acids

()

The amine {1 equiv.) was dissolved in 50% aqueous acetone (20 mL/mmol} and Fmoc-OSu
(1.1 equiv.) was added, followed by triethylamine (2.0 equiv.}, and the reaction mixture was
stirred at rt for 16 h. The reaction mixture was diluted with water (5 volumes) and the mixture
was extracted with diethyl ether {3 x 50 mL). The aqueous layer was separated and acidified to
a pH of 3 using aqueous HCI (1 M).and the solution was extracted with ethyl acetate (3 x 50
mL). The organic phase was then separated and washed with aqueous HCI (1 M; 3 x 50 mL),
brine (3 x 50 mL), dried over Na,SO, and and concentrated in vacuo. The resulting residue

was purified by recrystallisation (EtOAc: pet. spirit).

General Procedure I'V: Precipitation of coumaryl amino acids

To the crude amino acid, anhydrous acetone (50 mL/100 mg} was added and the resulting
mixture was sonicated for 30 min or until a precipitate evolved. The precipitate was filtered
and washed with anhydrous acetone (50 mL/100 mg). The resulting solid was dissolved in

water, filtered and lyophilised.
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7.2.3 Experimental procedures

EtO OEt
Mg
o o
o o)

An aqueous solution of magnesium chloride hexahydrate (MgCl,e6H.() (3.05 g, 10 ml, 1.5

Ethyl magnesium malonate

M) was added to an aqueous solution of ethyl potassium malonate (5.10 g, 10 ml, 3 M). The
resulting solution was stirred at rt for 30 min. The reaction mixture was diluted with
isopropanol (10 volumes; 200 ml) and the mixture was stirred at rt for a further 30 min. The
mixture was then filtered and the filtrate concentrated in vacuo to give ethyl magnesium
malonate (4.21 g, 98%) as a white crystalline selid. The product dried under vacuum and used
without further puritication. '"H NMR (300 MHz, D-O, 8) ppm: 4.15 (app qd, ] = 7.2, 0.9 Hz,
CH-CHy, 4H), 3.26 (app d, ] = 0.9 Hz, CH,CH,OCOCH.COO, 4H), 1.22 (app td, J = 7.2, 1.0

HZ, CH}CH}, 6H)

L-(7-hydroxycoumarin-4-yl) methylglycine trifluoroacetate salt (2.1)

NH;*, CF;CO,
W SCOLH

=

o0~ O OH

The p-ketoester 2.13 (1.57 g, 3.7 mmol} was reacted with resorcinol (2.03 g, 18.5 mmol) and
methanesulfonic acid (6 mL, 92.4 mmol) according to General Procedure II. The resulting
residue was purified by semi-preparative RP-HPLC to give amino acid 2.1 (0.246 g, 19%) as
an off-white solid. mp 168-174 °C. [a]*p = 17.25° (c. 1.0, 1 M HCI) (lit. ** [a]*, = 8.4° (c.
0.485, 1 M HCI}. 'H NMR (300 MHz, DMSO.4 &) ppm: 10.67 (s, OH, 1H), 8.37 (br s, NH:*,
3H), 7.63 (d, ] = 9.0 Hz, ArH, 1H), 6.84 (dd, ] = 8.7, 2.3 Hz, ArH, 1H), 6.76 (d, ] = 2.3 Hz, ArH,
1H), 6.22 (s, CH,CCHCO, 1H), 4.43 - 4.02 {m, -NHCHCH.,, 1H), 3.27 - 3.04 (app m, CH>,

2H).
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Spectral data matches literature:'**

L-(7-hydroxycoumarin-4-yl) ethylglycine trifluoroacetate salt (2.2)

CF3COy, NHz*__CO,H

=

o0~ O OH

The B-ketoester 2.14 (2.4 g, 5.5 mmol) was reacted with resorcinol (3.0 g, 27.2 mmol} and
methanesulfonic acid (9.0 mL, 0.136 mol) according to General Procedure II. The resulting
residue was purified by semi-preparative RP-HPLC to give amino acid 2.2 (517 mg, 28%) as
an off-white solid. mp > 220 °C. [a]*'p = 24.18° (¢. 1.0, 1 M HCI). '"H NMR (600 MHz, DMSO.
w6 8) ppm: 9.23 (br s, OH, 1H), 7.66 (d, J = 8.7 Hz, ArH, 1H), 6.85 (dd, J = 8.6, 1.7 Hz, ArH,
1H), 6.72 (d, ] = 1.8 Hz, ArH, 1H), 6.07 (s, CH,CCHCO, 1H), 3.56 — 3.12 {(m, NHCHCH,CH>,
1H), 3.01 — 2.67 (m, CHs, 2H), 2.15 — 1.85 (m, CH>, 2H). “C NMR (75 MHz, DMSO 4, )
ppm: 169.70, 161.60, 160.35, 156.24, 155.19, 126.13, 113.01, 110.79, 109.19, 102.49, 102.46,

29.90, 27.40, MS (ESI+) m/z calculated for C:H:NOs: 263.08; observed: 264.13 (M + H).

Spectral data matches literature:'"

L-(7-hydroxycoumarin-4-yl) propylglycine trifluoroacetate salt (2.3)

NH;*, CF5COy,”
W SCO,H

7

o0~ O OH

The B-ketoester 2.16 (0.120 g, 0.26 mmol} was reacted with resorcinol (0.145 g, 1.32 mmol)
and methanesulfonic acid (0.43 mL, 6.6 mmol} according to General Procedure II. The
resulting residue was purified by semi-preparative RP-HPLC to give amino acid 2.3 (26.2 mg,
25%) as an off-white solid. mp > 220 °C. [a]*p = 13.80° (c. 1.0, 1 M HCI). '"H NMR (600 MHz,
DMSO.,, 8) ppm: 10.59 (brs, OH, 1H), 7.67 (d, ] = 8.8 Hz, ArH, 1H), 6.80 (dd, J = 8.7, 2.4 He,

ArH, 1H), 6.71 (d, J = 2.4 Hz, ArH, 1H), 6.09 (s, CH,CCHCO, 1H), 3.23 — 3.13 (m,
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NHCHCH,CH,CH,, 1H), 2.74 (qd, ] = 14.7, 6.6 Hz, CH., 2H), 1.88 — 1.59 {(m, CH-CH., 4H).
BC NMR (150 MHz, DMSO_s, 8) ppm: 161.07, 160.40, 156.88, 155.08, 126.52, 126.50, 112.87,
111.17, 109.24, 102.33, 53.82, 30.63, 30.56, 24.23. MS (ESI+) m/z calculated for C,H:NOx:

277.27; observed: 277.89.

{25)-2-(9H-fluoren-9-ylmethoxycarbonylamino)-4-(7-hydroxy-2-oxo-chromen-4-
yl)propanoic acid (2.4)
NHFmoc

W SCO,H

=

0o~ O OH

Coumaryl amino acid 2.1 (0.298 g, 0.86 mmol) was reacted with Fmoc-OSu (0.305 g, 0.9
mmel) and triethylamine (0.36 mL, 2.6 mmol) according to General Procedure III. The
resulting solid was recrystallised from EtQAc/pet. spirit to give the Na-Fmoc protected amino
acid 2.4 (0.208 g, 51%) as an off-white solid. mp 138 - 144 °C. '"H NMR (300 MHz, DMSO.,
&) ppm: 7.98 — 7.79 (m, FmocArH, 2H), 7.69 (d, ] = 85 Hz, ArH, 1H), 7.66 — 7.54 (m,
FmocArH, 2H), 7.50 — 7.07 (m, FmocArH, 4H), 6.83 (dd, J = 8.8, 2.3 Hz, ArH, 1H), 6.73 (d, ]
= 2.3 Hz, ArH, 1H), 6.14 (s, CH,CCHCO, 1H), ), 4.79 — 4.64 (m, NHCHCH,, 1H), 4.32 — 4.08

(m, FmocCHCH-0CO, 3H), 3.07 — 2.84 (m, CH>, 2H).

Spectral data matches literature:'**

{25)-2-(9H-fluoren-9-ylmethoxycarbonylamino)-4-(7-hydroxy-2-oxo-chromen-4-
ylDbutanoic acid (2.5)
FmocHN___CO,H

=

o~ O OH

Coumaryl amino acid 2.1 (0.354 g, 0.94 mmol) was reacted with Fmoc-OSu (0.476 g, 1.4

mmol) and triethylamine (0.53 mL, 4.0 mmol) according to General Procedure III, to give Na-
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Fmoc protected amino acid 2.4 as an off-white solid (0.409 g, 90%). mp 94 - 100 °C. '"H NMR
(300 MHz, DMSO s, 8) ppm: 10.56 (s, OH, 1H), 7.90 (d, J = 7.5 Hz, FmocArH, 2H), 7.84 (d,
= 8.3 Hz, FmocArH, 1H), 7.74 (dd, J = 7.1, 0.8 Hz, FmocArH, 1H), 7.67 (d, ] = 8.8 Hz, ArH,
1H), 7.42 (t, ] = 7.5 Hz, FmocArH, 2H), 7.38 — 7.28 (m, FmocArH, 2H), 6.79 (dd, J = 8.7, 2.3
Hz, ArH, 1H), 6.72 (d, ] = 2.3 Hz, ArH, 1H), 6.08 (s, CH,CCHCO, 1H), 4.50 — 4.14 (m,
FmocCHCH,OCO, 3H), 4.07 (td, ] = 9.2, 4.7 Hz, NHCHCH,CH,, 1H), 3.06 — 2.68 (m, CH.,
2H), 2.25 - 1.72 (m, CH;, 2H). “C NMR (75 MHz, DMSO.4, §) ppm: 173.57, 161.24, 160.38,
156.21, 155.18, 143.88, 143.82, 140.77, 140.76, 127.68, 127.11, 126.35, 125.29, 125.27, 120.18,

113.00, 111.02, 109.68, 102.49, 79.21, 65.64, 53.56, 46.72, 30.01, 27.85.

Spectral data matches literature:'"

{25)-2-(9H-fluoren-9-ylmethoxycarbonylamino)-4-(7-hydroxy-2-oxo-chromen-4-

yl)pentanoic acid (2.6)

NHFmoc
W SCO,H
=
o (@] OH

Coumaryl amino acid 2.1 (0.0687 g, 0.18 mmol) was reacted with Fmoc-OSu (0.651 g, 0.19
mmoel) and triethylamine (0.08 mL, 0.055 mmol) according to General Procedure III, to give
the Na-Fmoc protected amino acid 2.4 as an off-white solid (0.069 g, 76%).mp 107-114 °C.'H
NMR (300 MHz, DMSO_4, ) ppm: 10.55 (br s, OH, 1H), 7.88 (d, ] = 7.3 Hz, FmocArH, 2H),
7.70 (d, ] = 7.5 Hz, FmocArH, 2H), 7.65 (d, ] = 7.5 Hz, ArH, 1H), 740 {t, ] = 7.4 Hz,
FmeocArH, 2H), 7.34 — 7.19 (m, FmocArH, 2H), 6.78 (dd, J = 8.7, 2.3 Hz, ArH, 1H), 6.72 (d, J
= 2.2 Hz, ArH, 1H), 6.09 (s, CH,CCHCO, 1H), 4.44 — 4.10 (m, FmocCHCH-OCO, 3H), 4.10 -
3.81 (m, NHCHCH,CH., 1H), 2.91 — 2.61 {m, CHs, 2H), 1.89 — 1.37 (m, CH.CH,, 4H). C
NMR (75 MHz, DMSO., 8) ppm: 173.62, 161.07, 160.38, 156.77, 156.03, 155.13, 143.82,
140.67, 135.34, 128.76, 127.58, 127.00, 126.36, 125.18, 124.74, 121.17, 120.06, 112.89, 111.12,

109.35, 102.37, 65.50, 53.61, 46.63, 41.04, 30.46, 27.72.
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(S)-2-((tert-butoxycarbonyl}amino)-4-(7-hydroxy-2-oxo-2H-chromen-4-yl)butanoic
acid (2.7) and (S)-2-(({tert-butoxycarbonyl)amino)-4-(7-({tert-butoxycarbonyl)oxy)-2-

oxo-2H-chromen-4-yl)butanoic acid (2.8)

BocHN.__CO,H
S 27:R=H
2.8: R=Boc
=
0”0 OR

Coumaryl amino acid 2.2 (87 mg, 0.23 mmol}) was dissolved in 5% aqueous NaHCO:/Dioxane
(1:1 v/v) (20 mL). The solution was cooled in an ice bath and Boc anhydride (0.542 g, 2.4
mmol) was added. The reaction was stirred on ice for 1 h before stirring for a further 16 h at
rt. The reaction mixture was acidified to a pH of 3 using 10% {w/v) aqueous citric acid (8 mL)
and extracted with EtOAc (3 x 20 mL). The organic phase was separated and washed with
water (3 x 50 mL), brine (3 x 50 mL), dried over Na:SO; and concentrated in vacuo. The
resultant oil was dissolved in a 30% aqueous acetonitrile and lyophilised to give a mixture of
the Na-Boc protected coumaryl amino acid (2.7) (76 mg, 90%) and the di-Boc protected
coumaryl amino acid (2.8) (8 mg, 8%) as an off-white solid in a ratio of 10:1. Compound 2.7:
'H NMR (600 MHz, DMSO.s, 8) ppm: 10.58 (br s, OH, 1H), 7.67 (d, ] = 8.6 Hz, ArH, 1H),
6.84 — 6.75 (m, ArH, 1H), 6.75 — 6.68 (m, ArH, 1H), 6.07 (s, ArH, 1H), 4.06 — 3.92 (m,
NHCHCH,CH., 1H), 2.83 — 2.70 {(m, CHs, 1H), 2.07 — 1.78 {(m, CH, 2H), 1.47 (s, (CH3)x, 9H).
Compound 2.8: '"H NMR (600 MHz, DMSO.y, §) ppm: 10.58 (br s, OH, 1H), 791 (d, ] = 8.9
Hz, ArH, 1H), 7.42 - 7.33 (m, ArH, 1H), 7.00 - 6.84 (m, ArH, 1H), 6.33 (s, ArH, 1H), 3.92 -
3.80 (m, NHCHCH,CH,, 1H), ), 2.93 — 2.81 (m, CHs, 2H), 2.07 — 1.78 (m, CH, 2H), 1.51 (s,
(CH.)1, 9H), 1.40 (s, (CHs): 9H). Mixture (2.7 and 2.8): *C NMR (75 MHz, DMSO._4, 8) ppm:
173.80, 161.19, 160.39, 158.49, 156.27, 155.70, 155.20, 126.41, 112.99, 111.07, 109.75, 106.23,

102,48, 78.23, 53.15, 29.91, 28.26, 27.96, 27.90, 27.26, 26.92.

Spectral data matches literature: 1%
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(8)-6-(benzyloxy)-5-(({benzyloxy)carbonyl}amino)-6-oxohexanoic acid (2.11)

CbzHN.__CO,Bn

Lo

O

Protected acid (2.2) (1.01 g, 2.72 mmol) was dissolved in anhydrous THF (5 mL) and the
solution was cooled to -20 °C. To this solution N-Methylmorpholine (0.32 mL, 2.8 mmol) and
isobutyl chloroformate (0.37 mL, 2.8 mmol) were added and the reaction mixture was stirred
on ice for a further 15 min. A solution of freshly prepared CH.N:+in diethyl ether was added
until a yellow colour persisted, and stirring continued for a further 3 h at rt. The excess
diazomethane was quenched with acetic acid, and the reaction mixture was diluted with
EtOAc (100 mL). The organic phase was separated and washed with saturated aqueous NH,Cl
(3 x 50 mL)}, saturated aqueous NaHCO (3 x 50 mL) and brine (3 x 50 mL), dried over MgSO4
and concentrated in wvacuo. The resulting residue was purified by silica column

chromatography to give diazoketone 2.12 as a yellow oil.

Diazoketone 2.12 was dissolved in EtQ'Ac {5 mL/100 mg) and silver trifluoroacetate (27.6 mg,
0.125 mmol) and silica gel {1 g/100 mg) were added. The reaction mixture was agitated at 50
°C for 15 min with the exclusion of light.** The mixture was filtered, washed with EtOAc, and
the filtrate concentrated in vacuo. The resulting residue was recrystallised from EtOAc/pet.
spirit to give the amino acid 2.11 (0.628 g, 60%) as a white solid. mp 78-84 °C. '"H NMR (300
MHz, CDCL;, 8) ppm: 7.48 — 7.26 (m, ArH, 10H), 5.43 (d, J = 8.5 Hz, NHCHCH,CH,CH,,
IH), 5.17 (s, COOCH:Ph, 2H), 5.10 (s, PhCH,OCONH,, 2H), 455 - 4.33 (m,

NHCHCH-CH,CH,, 1H), 2.54 - 2.18 {m, CH, 2H), 2.02 - 1.49 {(m, CH.CH,, 4H). *C NMR

WARNING: Highly explosive - avoid contact with ground or unsmooth glass, and keep cold. Prepared
according to Vogel, A. 1. Vogels Textbook of Practical Organic Chemistry; 3rd ed.; Longman Scientific &

Technical, 1956.

* Agitation was achieved by rotation on a rotary evaporator and light was excluded by

wrapping the flask in foil.
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(75 MHz, CDCl,, §) ppm: 178.44, 172.06, 155.93, 136.05, 135.07, 128.57, 128.47, 128.24,

128.15, 128.05, 77.42, 76.99, 76.57, 67.26, 67.03, 53.59, 33.13, 31.73, 20.22,

1-benzyl 6-ethyl 2-(({(benzyloxy)carbonyl)amino)-4-oxohexanedioate (2.13)

CbzHN___CO,Bn

Protected acid 2.9 (5 g, 0.014 mol) was reacted with CDI (2.5 g, 0.015 mol} and ethyl
magnesium malonate (2.2 g, 0.008 mol) according to General Procedure I, to give p-ketoester
2.13 (5.54 g, 93%) as a white waxy solid. mp 74-77 °C. 'H NMR (300 MHz, CDCl,, §) ppm:
7.39-7.28 (m, ArH, 10H), 5.74 (d, ] = 8.3 Hz, NHCHCH,CH., 1H), 5.16 (s, COOCH.Ph, 2H),
5.10 (s, PhCHL,OCONH, 2H), 4.75 — 4.50 (m, NHCHCIH,, 1H), 4.16 (q, J = 7.1 Hz, OCH.CH,,
2H), 3.40 (s, COCH-CO, 2H), 3.23 (ddd, ] = 53.7, 18.5, 4.4 Hz, NHCH-CO,1H), 1.24 (t, ] = 7.1
Hz, OCH,CH;, 3H). *C NMR (75 MHz, CDCL, § ) ppm: 200.69, 170.47, 166.37, 155.96,
15593, 136.02, 135.09, 128.52, 128.45, 128.36, 128.16, 128.12, 127.98, 67.50, 67.02, 61.52,

49.85, 49.03, 44,52, 13.97.

Spectral data matches literature:'**

1-benzyl 6-ethyl 2-(({(benzyloxy)carbonyl)amino)-4-oxoheptanedioate (2.14)

CbzHN___CO2Bn

DY
O OEt

Protected acid 2.10 (10.98 g, 0.03 mol) was reacted with CDI (5.27 g, 0.033 mol) and ethyl
magnesium malonate (4.7 g, 0.016 mmol) according to General Procedure I, to give B-
ketoester 2.14 (12.42 g, 95%) as a white waxy solid. mp 52-59 °C. '"H NMR (300 MHz, CDCl;,
8) ppm: 7.42-7.28 (m, ArH, 10H), 5.38 (d, J = 7.7 Hz, NHCHCH,CH,, 1H), 5.16 (s, -
COOCH.Ph, 2H), 510 (s, PhCH-OCONH, 2H), 440 (dd, ] = 13.6, 9.2 Hz,
NHCHCH,CH,,1H), 4.17 (q, ] = 7.1 Hz, OCH,CH,, 2H), 2.71 - 2.39 (m, NHCHCH,CH.CO,

2H), 2.38 — 1.80 (m, NHCHCH:CH,CO, 2H), 1.57 (s, COCH-CO, 2H), 1.25 (t, J = 7.1 Hz, -
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OCH,CH;, 3H). "C NMR (75 MHz, CDCl,, §) ppm: 201.65, 171.81, 167.04, 156.07, 136.21,
135.20, 128,72, 128.62, 128.61, 128.45, 128.29, 128.18, 67.44, 67.15, 61.50, 53.27, 49.24, 38.65,

26.29, 14.15.

Spectral data matches literature:'™

1-benzyl 6-ethyl 2-(({benzyloxy)carbonyl)amino)-4-oxooctanedioate (2.15)

CbzHN___CO,Bn

Protected acid 2.11 (0.984 g, 2.6 mmol) was reacted with CDI (0.455 g, 2.8 mmol} and ethyl
magnesium malonate {0.40 g, 1.4 mmol) according to General Procedure I, to give f-
ketoester 2.15 (0.97 g, 84%) as a white waxy solid. mp 63-68 °C. '"H NMR (300 MHz, CDCl; &)
ppm: 7.42-7.27 (m, ArH, 10H), 540 (d, J = 8.2 Hz, NHCHCH,CH,CH,, 2H), 5.17 (s,
COOCH.Ph, 2H), 5.10 (s, PhCH-OCONH,, 2H), 441 (dd, | = 133, 59 Hz,
NHCHCH,CH,CH,, 1H), 4.18 (q, ] = 7.1 Hz, OCH,CH,, 2H), 3.38 (s, CHLCCHCO, 2H), 2.75
— 2.37 (m, CHa, 2H), 1.95 — 1.51 (m, CH-CH>. 4H), 1.26 (t, J = 7.1 Hz, OCH,CH:, 1H). 1’C
NMR (75 MHz, CDCl;, 8) ppm: 201.82, 171.86, 166.95, 155.75, 136.01, 135.02, 128.48, 128.37,

128.35, 128.20, 128.03, 127.93, 67.11, 66.87, 61.26, 53.45, 49.02, 41.81, 31.50, 18.74, 13.93.

L-(7-hydroxycoumarin-4-yl) methylglycine methanesulfonate salt (2.16)

NH3*, CH3S05"
*>CoyH

=

0o~ O OH

The B-ketoester 2.13 (0.57 g, 1.35 mmol) was reacted with resorcinol {1.48 g, 13.4 mmol) and
methanesulfonic acid (2.2 mL, 33.8 mmol) according to General Procedure II. The resulting
residue was purified according to General Procedure IV, to give amino acid 2.1 as an orange
solid (43.2 mg, 9%). mp > 220 °C. 'H NMR (300 MHz, DMSO.s, 8) ppm: 10.69 {(br s, OH,

1H), 8.37 (br s, NHy*, 3H), 7.62 (d, J = 8.7 Hz, ArH, 1H), 6.85 (dd, ] = 8.8, 2.3 Hz, ArH, 1H),
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6.76 (d, J = 2.2 Hz, ArH, 1H), 6.22 (s, CHLCCHCO,1H), 4.37 — 4.01 (m, NHCHCH,, 1H), 3.41
~3.29 (app m, CH>, 1H), 3.15 (dd, = 15.1, 8.6 Hz, CH,, 1H), 2.35 (s, CH:SOy, 3H). *C NMR
(75 MHz, MHz, DMSO., 8) ppm: 169.94, 161.53, 160.16, 155.38, 149.93, 126.20, 113.24,

112.85, 110.86, 102.73, 51.18, 31.98.

Spectral data matches literature:'**

L-(7-hydroxycoumarin-4-yl) ethylglycine methanesulfonate salt (2.17)

CH3SOy, NHz%__CO,H

=

o~ O OH

The p-ketoester 2.14 (0.243 g, 0.55 mmol) was reacted with resorcinol (0.606 g, 5.5 mmol) and
methanesulfonic acid (0.9 mL, 13.7 mmol) according to General Procedure II. The resulting
residue was purified according to General Procedure IV, to give amino acid 2.2 as an orange
solid (27.2 mg, 13%). mp 110 - 116 °C. 'H NMR (300 MHz, DMSO.s, 8) ppm: 10.61 (s, OH,
1H), 8.32 (br s, NH, 1H), 7.63 (d, ] = 8.8 Hz, ArH, 1H), 6.83 (dd, J = 8.7, 2.3 Hz, ArH, 1H),
6.74 (d, ] = 2.3 Hz, ArH, 1H), 6.13 (s, CHLCCHCO, 1H), 4.15 - 3.97 (m, NHCHCH,CH., 1H),
3.03 - 2.60 (m, CH,, 2H), 2.31 (s, CH.SOy, 3H), 2.23 - 1.89 {m, CH, 2H). *C NMR (75 MHz,
DMSO.4, 8) ppm: 170.72, 161.31, 160.33, 155.19, 155.10, 126.18, 113.09, 110.89, 109.74,

102.58, 51.64, 28.67, 26.74.

Spectral data matches literature:'™
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L-(7-hydroxycoumarin-4-yl) propylglycine methanesulfonate salt (2.18)

NH3*, CH3SO5"
" CO,H

=

o0~ O OH

The B-ketoester 2.15 (0.387 g, 0.85 mmol) was reacted with resorcinol (0.468 g, 4.3 mmol) and
methanesulfonic acid (2.04 mL, 21 mmol) as per General Procedure II. The resulting residue
was purified according to General Procedure IV, to give amino acid 2.3 (68.7 mg, 22%) as an
orange solid. '"H NMR (300 MHz, DMSO.«, 8) ppm: 10.59 (br s, OH, 1H), 7.68 (d, ] = 8.6 Hz,
ArH, 1H), 6.80 (dd, J = 8.7, 2.4 Hz, ArH, 1H), 6.71 (d, ] = 2.3 Hz, ArH, 1H), 6.09 (s,
CH,CCHCO, 1H), 5.76 (s, OH, 1H), 3.23 — 3.13 (m, -NHCHCH,CH,CH,, 1H), 2.79 — 2.61 (m,
CH;, 2H), 1.92 — 1.53 (m, CHCH,, 4H}. MS (ESI+) m/z calculated for C,;H s NOs: 277.27;

observed: 277.8.
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7.3 Experimental described in Chapter 3

7.3.1 Experimental materials

All reagents were of analytical grade or higher. Ampicillin, acetic acid, 2-hydroxyethyl
disulfide (2-HED), dithiothreitol {DTT), B-mercaptoethanol, urea, tricine, bromphenol blue,
Coomassie Brilliant Blue R250, kanamycin, sodium dodecyl sulfate (SDS), tetracycline,
trifluoroacetic acid (TFA) (HPLC grade), N,N.N,N'N’ -tetramethylethylene-diamine (TEMED)
and  Tristhydroxymethyl)aminomethane  hydrochloride  (Tris-HCl)  and  N-2-
hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES) were purchased from Sigma-
Aldrich (Castle Hill, NSW, Australia). a-lytic protease Prag A9 was a kind gift from GroPep
Pty Ltd. (Thebarton, South Australia, Australia). Long'YArg'IGF-1 was purchased from
Novozymes GroPep Pty Ltd. (Adelaide, Seuth Australia). HPLC grade acetonitrile and
methanol were purchased from Scharlau Chemie (Sentmenat, Barcelona, Spain). Bis-
acrylamide and acrylamide was purchased from BioRad Pty Ltd. (North Ryde, Australia).
Yeast extract and tryptone were OXOID brand and purchased from Thermo Fisher Scientific
(VIC, Australia.}. Mark-12° markers for Coomassie gels were purchased from NOVEX,
(Carlsbad, CA, U.S.A). Durapore® 0.22 pm filter was purchased from Millipore Corp.

(Belford, MA, U.S.A).

Analytical RP-HPLC was performed on an Agilent 1100 series HPLC equipped with a variable
wavelength detector and a Grace Vydac C4 column (5 um, 2.1 x 100 mm). The product was
eluted using a linear gradient of 25-55% acetonitrile over 30 min with a flow rate of 0.5
mL/min, where the solvent system used was: A (MilliQQ water + 0.01% TFA) and B (80%

acetonitrile + 0.08% TFA). Elution of product was monitored at 215 nm.

Semi-preparative RP-HPLC was carried out on a Waters Delta Prep 3000 chromatography
system equipped with a multiple wavelength detector using a Grace Vydac C4 column (5 pm,
4.6 x 150 mm) The product was eluted using 25-55% acetonitrile over 80 min with a flow rate
of 5 mL/min, where the solvent system used was: A {MilliQ water + 0.01% TFA) and B (80%
acetonitrile + 0.08% TFA). Fractions were analysed by analytical RP-HPLC. Pure fractions

were pooled, and lyophilised.
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7.3.1.1 Bacterial strains and genotypes

E. coli BL21 (DE3) F— ompT hsdSB(rB—, mB-) gal dcm (DE3)

7.3.1.2 Expression vectors and antibiotic resistance

pET32a-F19X-IGF-II ampicillin (100 pg/ml)
pET32a-F28X-IGF-II ampicillin (100 pg/ml)
pET32a-L53X-IGF-II ampicillin (100 pg/ml)
pEB-CouRS tetracycline (50 ug/ml)
pRFSDuet™-CouRS kanamycin (30 ug/ml)

7.3.1.3 Standard solutions, buffers and growth media

The solutions listed below as standard media were prepared by the Central Services Unit,
School of Molecular and Biomedical Science, The University of Adelaide. All solutions were
prepared using water purified by the Milli-Q Ultra Pure Water System (Millipore Pty Ltd,

North Ryde, Australia) and sterilised by autoclaving or sterilised by filtering through a 0.22

pm.

Standard media

Luria-Bertani {LB) 0.5% yeast extract, 1% (w/v) tryptone, 0.17 M NaCl, pH 7.0
Media

Luria-Bertani {LB) LB media + 1.5% (w/v) agar

Agar

2 xYT Media 1% (w/v) yeast extract, 1.6 % {(w/v} tryptone, 85 mM NaCl, pH 6.8.
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Alternative media and buffers

Minimal media (MIN)

M9 minimal salts
solution (5 X

concentrate)

Auto-inducing media

(ZYM-5052) (AIM) 1"

Non-inducing media

(ZYM-505) (NIM)

1000 X trace metals!™

Transformation buffers

Transformation Buffer 1

Transformation Buffer 2

20% (v/v) 5 X M9 minimal salts solution, 2 mM MgSQ,, 0.1 mM

CaCl,,0.4% (v/v) glycerol and sterilised threugh 0.22 pm filter

6.4% (w/v) Na,HPO7H:0, 1.5% (w/v) KH,PO, 2.5% (wiv)

NaCl, 5% (w/v) NH,Cl and sterilised through 0.22 um filter

0.5% (w/v) yeast extract, 1% (w/v) tryptone, 25 mM Na.HPO,, 25
mM KH,PO,. 50 mM NHClL, 5 mM Na,S50, 2 mM MgS0,, 0.2 X
trace metals, 0.5% (v/v) glycerol, 0.05% (v/v) glucose, 0.2% (w/v)

lactose and sterilised through 0.22 pm filter

0.5% (w/v) yeast extract, 1% (w/v) tryptone, 25 mM Na,HPO,, 25
mM KH,PO,. 50 mM NHClL, 5 mM Na,S50, 2 mM MgS0,, 0.2 X
trace metals, 0.5% (v/v) glycerol, 0.05% (v/v) glucose and

sterilised through 0.22 um filter

50 mM FeCl;, 20 mM CaCl,, 10 mM MnCls, 10 mM ZnSQO,, 2 mM
CoCl,, 2 mM CuCl, 2 mM NiClh, 2 mM NaMoO,, 2 mM

Na»SeOs and 2 mM H;BO; in 60 mM HCI

30 mM K>CO,, 100 mM RbCl, 10 mM CaCl,e2H.(Q, 50 mM
MnCl,e4H,O, 15% (v/v) Glycerol - pH to 5.8 and sterilised

through 0.22 pm filter

10 mM MOPS, 10 mM RbCl, 75 mM CaCl,e2H-»0O, 15% Glycerol

(v/v) - pH to 6.5 and sterilised through 0.22 pm filter.
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Expression and purification buffers

Inclusion body wash
buffer/ resuspension

buffer

Dissclution buffer

Refold dilution buffer

HPLC Buffer A

HPLC buffer B

10 mM KH,PO,, 30 mM NaCl, pH 7.8 and sterilised through 0.45

um filter.

8 M urea, 0.1 M Tris, 40 mM glycine, pH 2 and sterilised through

1.0 um filter.

1 M Tris-HCI, 2 mM EDTA, pH 9.1 and sterilised through 1.0 um

filter.
0.1% TFA in MilliQ water and filtered through a 0.22 pm filter.

80% acetonitrile in MilliQQ water, 0.08% TFA and filtered through a

0.22 um filter.

Protein electrophoresis buffers

Tricine running buffer

2 x Protein loading

buffer
Gel Fixing Solution
Gel Destain Solution

Coomassie Blue Stain

Gel Drying Solution

0.1 M tricine, 0.01 M Tris-HCI (pH 8.3), 0.1% {v/v) SDS

125 mM Tris-HCl, 4% (v/v) SDS, 10% (v/v) glycerol, 0.1%

Bromophenol Blue, pH 6.8
50% (v/v) aqueous ethanol, 10% (v/v} aqueous acetic acid
10% (v/v) aqueous acetic acid

0.5% (w/v) Coomassie brilliant blue R-250, 10% (v/v)} aqueous

acetic acid, 50% (v/v) aqueous ethanol

5% {v/v} aqueous glycerol, 30% (v/v}) aqueous ethanol
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7.3.2 Methods

General Procedure V: Preparation of competent cells

A single colony of E. coli BL21 (DE3) competent cells containing a plasmid encoding the
M;jCouRS and MjtRNA“™ genes (refer to Section 7.3.1.2) was grown overnight at 37 °C in LB
(5 mL). The following day an aliquot of the overnight culture (330 pL) was subcultured into
LB (10 mL) and incubated at 37 °C until the ODgyum reached 0.6. The culture was then further
subcultured (5 mL) into fresh pre-warmed LB (100 mL}). Once this culture reached an ODguum
of 0.6 the cells were pelleted at 4,000 rpm for 5 min at 4 "C, resuspended in transformation
buffer 1 (refer to Section 7.3.1.3) (10 mL/25 mL culture) and incubated on ice for 5 min. The
cells were pelleted at 4,000 rpm for 5 min at 4 "C, before resuspending the cells in
transformation buffer 2 (refer to Section 7.3.1.3) (4 mL). The cells were incubated on ice for

15 min before aliquoting into 100 uL or 200 pL volumes and stored at —-80 °C.

General Procedure VI: Transformation

Competent E. coli BL21 (DE3) cells {100 pL) prepared according to General Procedure V were
placed on ice and an aliquot of pET expression plasmid (refer to Section 7.3.1.2) (0.5-1 pL)
was added. The cells were incubated on ice for 10 min, heated to 42 °C for 2 min followed by
incubation on ice for a further for 5 min. The freshly transformed cells were aseptically spread

onto LB agar plates supplemented with the appropriate antibiotics (refer to Section 7.3.1.2).

General Procedure VII: Expression with IPTG induction

Expression plasmid (pET32a; refer to Section 7.3.1.2) (1 uL) containing the coding sequence
for mutant human IGF-II gene with the desired codon mutated to the unique TAG codon was
transformed into E. coli BL21 (DE3) (100 pL) containing the MjCouRS and MjtRNA“" genes
according to General Procedure V1. The transformant was plated and incubated overnight at
37 °C. The following day a single colony was picked and used to inoculate medium (5 mL},
containing appropriate antibiotics (refer to Section 7.3.1.2), and then incubated overnight at
37 °C. The following day an aliquot (to give starting ODggoum of 0.18) of the overnight culture

was subcultured into pre-warmed medium (5 mL) containing appropriate antibiotics (refer to
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Section 7.3.1.2) and supplemented with coumaryl amino acid 2.2 where required. The cultures
were incubated and shaken at 37 °C until the ODgoum reached 0.6 at which time IPTG was
added to induce protein expression. The induced cultures were incubated at 37 °C and shaken
vigorously for 18 h. The expression was analysed by running pre- and post-induction samples
of the cultures on a 15% tris-tricine SDS polyacrylamide gel according to General Procedure

X.

General Procedure VIII: Expression in auto-induction medium (AIM)

Expression plasmid (pET32a; refer to Section 7.3.1.2) (1 uL) containing the coding sequence
for mutant human IGF-II gene with the desired codon mutated to the unique TAG codon was
transformed into E. coli BL21 (DE3) (100 pL) containing the MjCouRS and MjtRNA®" genes
(refer to Section 7.3.1.2). The transformant was then plated onto an LB agar plate
supplemented with appropriate antibiotics (refer to Section 7.3.1.2) and incubated overnight
at 37 °C. The following day a single colony was picked and used to inoculate medium (5 mL),
containing appropriate antibiotics (refer to Section 7.3.1.2), and then incubated overnight at
37°C. The following day an aliquot (to give starting ODgyumm of 0.18) of the overnight culture
was subcultured into pre-warmed auto-inducing medium (ZYM-5052, AIM, refer to Section
7.3.1.3) {5 mL) containing appropriate antibiotics (refer to Section 7.3.1.2), and supplemented
with coumaryl aminoe acid (2.2) where required. The induced cultures were incubated at 37 °C
and shaken vigorously for 18 h. The expression was analysed by running pre- and post-
induction samples of the cultures on a 15% tris-tricine SDS polyacrylamide gel according to

General Procedure X.

General Procedure IX: Expression using matured E. coli BL21 (DE3) cells

Expression plasmid (pET32a; refer to Section 7.3.1.2) (1 pL) containing the coding sequence
for mutant human IGF-II gene with the desired codon mutated to the unique TAG codon was
transformed into E. coli BL21 (DE3) (100 pL) containing the MjCouRS and MjtRNA®" genes
according to General Procedure VI. The transformant was plated and incubated overnight at
37 °C. The following day a single celony was picked and used to inoculate LB medium (5 mL),

containing ampicillin (100 pg/ml} and tetracycline (50 pg/ml} and then incubated at 37 °C
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overnight. The next day, an aliquot (170 uL) of the culture was subcultured into pre-warmed
MIN (5 mL) (refer to Section 7.3.1.3) containing ampicillin (100 pg/ml) and tetracycline (50
ug/ml} and then incubated at 37 °C for 8 h. An aliquot (170 uL) of this culture was then
subcultured into pre-warmed MIN (5 mL) containing ampicillin (100 pg/ml) and tetracycline
(50 pg/ml) and then incubated at 37 °C for overnight. This culture was then further
subcultured into pre-warmed MIN (5 mL) containing ampicillin (100 pg/ml) and tetracycline
(50 pg/ml) for four more growth cycles (8 h, overnight, 8 h and overnight). After 6 growth
cycles in MIN, an aliquot (to give starting ODegmm of 0.18) of the overnight matured culture
was subcultured into pre-warmed MIN (5 ml) containing ampicillin (100 pg/ml) and
tetracycline (50 pg/ml) and supplemented with coumaryl amino acid (2.2) where required.
The induced cultures were incubated at 37 °C and shaken vigorously for 18 h. The expression
was analysed by running pre- and post-induction samples of the cultures on a 15% tris-tricine

SDS polyacrylamide gel according to General Procedure X,

General Procedure X: SDS polyacrylamide gel electrophoresis

The ODgymm of the pre- and post-induction cultures were measured and a sample of each
ferment (1 mL) was collected. The samples were centrifuged at 13,200 rpm for 1 min and the
supernatants removed. Each pellet was resuspended in lysis bufter (2% {v/v) SDS, 10% (v/v) B-
mercaptoethanol) at a volume of 40 puL per unit ODgoum. This standardised the concentration
of bacteria that were loaded onto the gels and subsequent visualisation of the relative amount
of protein expression in each flask could be made. To the lysed cells (5 uL), 2 X Loading buffer
(5 pL) was added and the mixture was boiled at 100 °C for 5 min, centrifuged at 13,200 rpm
for 1 min and then the entire volume was loaded onto the gel. All samples were analysed on a
Mini-PROTEAN” 3 Electrophoresis Cell (BIORAD, NSW, Australia), using 15% tricine
resolving gels with 12% tricine stacking gels as described by Schagger and von Jasgow . Gels
were run at a voltage of 40 V per gel in tricine running buffer (refer to Sectien 7.3.1.3) until
the dye front had electrophoresed off the end of the gel. All gels were run against MarkI2"
marker and once complete visualised under UV light (254 nm) where stated, before staining

with Coomassie brillant blue. Once staining was complete the gel was placed in a destain
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solution until the background stain had dissipated (all buffers used are detailed in Section

7.3.1.3).

General Procedure XI: Quantification of IGF-II analogues

Quantification of IGF-II analogues was performed by comparing analytical RP-HPLC C4
profiles with profiles of standard Long”Arg'IGF-I preparations, on an Agilent 1100 series RP-

HPLC using the procedure described by Denley et al.”?

7.3.3 Experimental procedures

7.3.3.1 Expression of the F19Cou IGFE-II protein (3.1)

The pET32a-F19X-IGF-II expression plasmid (1 pL) was transformed into E. coli BL21 (DE3)
containing the pRFSDuet™-CouRS expression vector (100 uL) according to General Procedure
V1. The transformant was then plated onto an LB agar plate supplemented with ampicillin
(100 pg/mL) and kanamycin (30 pg/mL) and incubated overnight at 37 °C. The fellowing day
single colonies were picked and used to inoculate non-inducing medium (5 mL) (ZYM-505;
NIM, refer to Section 7.3.1.3) containing ampicillin (100 ng/ mL) and kanamycin (30 ug/mL).
The culture was then incubated for 8 h at 37 °C. Aliquots {310 pL {1 in 10000 dilution)) of the
culture were then subcultured into pre-warmed auto-inducing medium (8 x 310 mL) (ZYM-
5052, AIM, refer to Section 7.3.1.3) containing ampicillin (100 pg/mL) and kanamycin (30
ug/mL) and supplemented with coumaryl amino acid 2.2 (4 mM). The cultures were then
incubated at 37 °C and shaken vigorously for 18 h. At the end of the fermentation the
bacterial cells were pelleted by centrifugation at 5,000 rpm for 15 min at 4 °C. The supernatant
was discarded and the remaining pellet stored at -80 °C until further use. Successful
expression was demonstrated by running pre- and post-induction samples of the cultures on a

15% tris-tricine SDS polyacrylamide gel according to General Procedure X.
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7.3.3.2 Lysis of E. coli by French press

Pelleted bacterial cells were resuspended in inclusion body wash buffer (30 mL/500 mL
culture) {refer to Section 7.3.1.3) and inclusion bodies (IBs) were released using two passes
through a French press at 3,500 Ib/in’. The IBs and cell debris were spun at 4,500 rpm for 10
min at 4° C and the supernatant removed. The pellet was resuspended in inclusion body wash
buffer (15 mL) and incubated at rt for 15 min before centrifugation at 4,500 rpm for 10 min at
4 °C. The supernatant was removed and the pellet once again resuspended in inclusion body
wash buffer (15 mL) and finally spun at 6,000 rpm for 10 min at 4 °C. The supernatant was

removed and the final pellet was stored at -80 °C until further use.

7.3.3.3 Gel filtration

Gel filtration was performed on a Superdex 75 (10 x 300 mm) column {GE Healthcare) using
a GE AKTA" (Amersham Pharmacia) FPLC system equipped with UV detection, with
monitoring at 280 nm. Gel filtration column (Superdex 75) was sanitised with 0.5 column
volumes of 0.5 M NaOH then washed with 0.5 column volumes of MilliQQ water before
equilibrating with 1 column velume of dissolution buffer containing 1.6 mM DTT (refer to

Section 7.3.1.3) at a flow rate of 0.5 mL/min.

Inclusion bodies were dissolved in dissolution buffer containing 1.6 mM DTT for 30 min at rt
at a final concentration of 10 mL/g {wet weight). Dissolved IBs were loaded on to the gel
filtration column and eluted at a flow rate of 0.5 mL/min using dissolution buffer containing
1.6 mM DTT. Fractions were analysed by analytical RP-HPLC on an Agilent 1100 series.
Fractions determined to contain the Long F19Cou IGF-II protein were pooled and subjected

to refolding.

7.3.3.4 Folding of long F19Cou IGF-II protein

Folding of the Long F19Cou IGF-II protein was carried out as reported previously by Delaine
et al. >, The gel filtration pool (refer to Section 7.3.3.3) was rapidly diluted in dissolution and
refold buffers (refer to Section 7.3.1.3) to give a final concentration of 2.5 M urea, 0.7 M Tris,

12.5 mM glycine, 2 mM EDTA, 0.5 mM DTT at a pH of 9.1, with a maximum protein



200 | Chapter 7

concentration of 0.1 mg/mL. 2-hydroxyethyl disulfide (2-HED) was added at a final
concentration of 1.25 mM. The refold mixture was stirred slowly at rt for 120 min and the

reaction was monitored by analytical RP-HPLC on an Agilent 1100 series.

7.3.3.5 Liberation of the F19Cou IGE-II protein (3.1) by a Lytic protease

cleavage

The F19Cou IGF-II protein (3.1) was liberated from its porcine growth hormone fusion
partner ([Metl-pGH(1-11)-PAPM]) by a mutant of the o-lytic protease called Prag A9.!”* This
enzyme cleaves between the methionine of the linker PAPM motif and alanine which is the
first residue of the IGF-II protein. The Prag A9 enzyme was added at a ratio of 1:330 (enzyme:
total protein) to the refolding solution (refer to Section 7.3.3.4) and the cleavage reaction was
incubated at 37 °C for 2 h. The cleavage reaction was monitored by analytical RP-HPLC and

was stopped by acidification to pH 2.5 using conc. HCL

The acidified cleavage reaction was filtered through a 0.22 pm filter and purified by semi-
preparative HPLC. Fractions were analysed by analytical RP-HPLC and fractions containing
pure F19Cou IGF-II protein {3.1) were pooled, lyophilised and quantified according to

General Procedure XI.

7.3.4 Competition binding assays

7.3.4.1 Materials

Long'Arg'IGF-I and human IGF-II were purchased from Novozymes GroPep Pty Ltd.
(Adelaide, South Australia). Greiner Lumitrac 600 96-well plates were purchased from Omega
scientific (Tarzana, USA). The DELFIA europium-labeling kit and DELFIA enhancement
solution were purchased from PerkinElmer Life Sciences. EuIGFE-II was produced as described
by Denley et al** according to the manufacturer’s instructions. Antibodies 83-7 and 24-31
were kind gifts from Prof. K. Siddle (Cambridge, UK). P6 IGF-1R cells (BALB/c3T3 cells

overexpressing the human IGF-1R)* were a kind gift from Prof. R. Baserga (Philadelphia,
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PA). IGF-1R-negative cells overexpressing the IR-A (RIR-A) were generated as described by

Denley et al.”

7.3.4.2 Competition binding assay buffers

Lysis Buffer 20 mM HEPES, 150 mM NaCl, 1.5 mM MgCl, 10% (v/v} glycerol,
1% (v/v) Triton X-100, 1 mM EGTA, and 1 mM

phenylmethylsulfonyl fluoride, pH 7.5

TBST Buffer 20 mM Tris, 150 mM NaCl, and 0.1% (v/v) Tween 20

7.3.4.3 Competition binding assays

Receptor binding was measured essentially as described by Denley et al*. Briefly, RIR-A, or
P& IGF-1R cells were serum-starved for 4 h then lysed in lysis buffer (refer to Section 7.3.1.3)
for 1 hat 4 °C. Lysates were centrifuged for 10 min at 3,500 rpm, then an aliquot (100 pL) was
added per well to a white Greiner Lumitrac 600 96-well plate previously coated with anti-IR
antibody 83-7 *** or anti-IGF-1R antibody 24-31 *** as appropriate. Approximately 50,000
fluorescent counts of Europium labelled IGE-II (EulGF-II) were added to each well along with
increasing concentrations of unlabelled competitor and incubated for 16 h at 4 °C. The next
day wells were washed four times with TBST buffer (refer to Section 7.3.4.2), then twice with
water, and then DELFIA enhancement solution (100 pL/well) was added and incubated at rt
for 10 min. Time-resolved fluorescence was measured using 340 nm excitation and 612 nm
emission filters with a Perkin Elmer VICTOR X5 Multilabel Plate Reader (Waltham, MA,
U.S.A). ICs; values were calculated, using GraphPad Prism 6.01, by curve-fitting with a one-
site competition model. The baseline used to calculate all ICs values was set at the %
bound/total value of the highest competing IGF-II concentration. Assays were performed in

triplicate at least three times, unless otherwise stated.
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7.4 Experimental described in Chapter 4

7.4.1 Experimental materials

Solvents and reagents were of reagent grade or higher and used as supplied unless otherwise
stated. Solvents used for HPLC were of HPLC grade and used without further purification. 9-
Fluorenylmethoxycarbonyl (Na-Fmoc) protected amino acids (Fmoc-Ala-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-Asp(tBu)-OH, Fmoc-Glu(tBu)-OH, Fmoc-Gly-OH, Fmoc-Ile-OH,
Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Thr(tBu)-OH,
Fmoc-Tyr{tBu)-OH, Fmoc-Val-OH), 2-(7-Aza-1H-benzotriazole-1-y1}-1,1,3,3-
tetramethyluronium hexafluorophosphate (HATU), N-Hydroxybenzotriazole (HOBt) were
purchased from GL Biochem (Shanghai, China). Na-Fmoc protected amino acids (Fmoc-
Arg(Pbf)-OH, Fmoc-Cys(trt)-OH, Fmoc-Cys{Acm)-OH Fmoc-Gln{trt)-OH, Fmoc-Ser(tBu)-
OH) were purchased from AusPep (Tullamarine, Victoria, Australia). Na-Fmoc protected
pseudoproline  dipeptides  (Fmoc-Asp(OtBu)-Thr(¥***Pro)-OH,  Fmoc-Glu(OtBu)-
Thr(¥"*Pro)-OH), and Fmoc-(Dmb)Gly-OH were purchased from NovaBioChem
(Darmstadt, Germany). Dimethylformamide (DMF) (AR grade), N-methylpyrrolidine
(NMP), piperidine (Reagent Grade) were purchased from Merck (Darmstadt, Germany).
Diisopropylethylamine (DIPEA) and trifluoroacetic acid (TFA) were purchased from Alfa
Aesar (Heysham Lancashire, UK}. 3,6-dioxa-1,8-octanedithiol (DODT), triisopropylsilane
(TIPS) were purchased from Sigma Aldrich (Castle Hill, NSW, Australia). Fmoc-PAL-PEG-PS
resin  (5-(4-N-Fmoc-aminomethyl-3,5-dimethoxyphenoxy)-pentanoic  acid resin) {0.24
mmol/g) was purchased from Applied Biosystems (Foster City, CA, USA). acetonitrile (HPLC
grade) was purchased from Scharlau (Sentmenat, Barcelona, Spain). Diethyl ether was

purchased from ChemSupply (Gillman, SA, Australia).

Analytical RP-HPLC was conducted on a HP 1100 series HPLC equipped with a diode array
detector and an Agilent Eclipse C18 (5um, 4.6 x 150mm) column, or an Agilent 1200 Series
HPLC equipped with a diode array detector and an Supelco Discovery Biowide Pore C5
column (5um, 4.6 x 250mm). The product was eluted using a linear gradient of 0-70% D over

30 min and a flow rate of 1 mL/min, where the solvent system used was: A (MilliQQ water +
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0.1% TFA) and D (acetonitrile + 0.08% TFA). Elution of the peptide was monitored at 220nm,

with the use of additional wavelengths (215 nm, 280 nm and 320 nm) as required.

Semi-preparative RP-HPLC was carried out on a HP 1100 series HPLC equipped with a diode
array detector using a Supelco Discovery C18 column (5 pm, 250 mm x 10 mm). The product
was eluted using an appropriate linear gradient with a flow rate of 5 mL/min, where the
solvent system used was: A (MilliQ water + 0.01% TFA) and D (acetonitrile + 0.08% TFA).
Gradient systems were adjusted according to the elution profiles and peak protiles obtained
from the analytical RP-HPLC chromatograms. Fractions were analysed by ESI-MS and

analytical RP-HPLC. Pure fractions were pooled, and lyophilised.

IGF-II analogues were quantified by comparing analytical RP-HPLC C4 profiles with profiles
of standard Long”Arg'IGF-I preparations, on an Agilent 1100 series RP-HPLC using the

procedure described by Denley et al.**

7.4.2 Methods

General Procedure XII: Automated peptide synthesis

Where stated, automated peptide synthesis was carried out on a Liberty Microwave Peptide
Synthesiser (CEM Corporation) using the Fmoc/tBu strategy "%, Deprotection: The Na-
Fmoc group was deprotected during each cycle by treatment of the resin with 20% v/v
piperidine in DMF containing HOBt (0.1 M) for 30 s, followed by a second deprotection for 3
min. A maximum microwave power of 60 W and the maximum temperature was set to 50 °C
for both deprotections. Amino acid couplings: The Na-Fmoc protected amino acid in DMF (5
equiv., 0.2 M), HATU in DMF {4.5 equiv., 0.45 M) and DIPEA in NMP (10 equiv., 2 M) were
added to the resin and subjected to 25 W microwave irradiation for 6 min. Each coupling was
performed twice with a maximum temperature set to 50 °C for both couplings. The exception
was Fmoc-Arg(Pbf)-OH, which was coupled for 25 min at rt, followed by coupling for 5 min
at 25 W microwave irradiation and the maximum temperature was set to 50 °C for both

couplings.
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General Procedure XIII: Manual peptide synthesis

Where stated, peptide elongation was performed manually on Fmoc-PAL-PEG-PS resin on a

0.05 mmol scale, using the Fmoc/tBu strategy'#***

. Deprotection: The Na-Fmoc group was
removed by treatment of the resin with a solution of 20% v/v piperidine in DMF containing
HOBt (0.1 M) for 3 min followed by a further treatment for 10 min. Amino acid coupling: The
Na-Fmoc protected amino acids (10 equiv.) was pre-activated with a solution of HATU in
DMEF (10 equiv., 0.45 M) and DIPEA (neat) {20 equiv.) for 2 min at rt. The activated solution
was added to the resin and the mixture was left for 20 min at rt. The solution was drained and
the resin was washed with DMF (3 x 5 mL), DCM (3 x 5 mL) and DMF (3 x 5 mL). Unusual
amino acid couplings: Na-Fmoc protected pseudoproline derivatives (Fmoc-Asp(OtBu)-
Thr(¥¥*Pro)-OH, Fmoc-Glu(OtBu)-Thr(¥*"**Pro)-OH), Fmoc-(Dmb)Gly-OH and Na-
Fmoc protected coumaryl amino acid (2.5) were coupled as detailed below. Na-Fmoc
protected amino acid (1.5 equiv.) was pre-activated with a solution of HATU in DMF (1.4
equiv,) and DIPEA (neat) (5 equiv.) for 2 min at rt. The activated solution was added to the
resin and the mixture was left for 16 h at rt. The solution was drained and the resin was
washed with DMF (3 x 5 mL), DCM (3 x 5 mL) and DMF (3 x 5 mL).Coupling reactions were
monitored via the TNBSA test™ for primary amines and where applicable the

1572

acetaldehyde/chloranil test**"*** for secondary amines was used.

General Procedure XIV: Cleavage of peptide from analytical resin samples

A cleavage solution {500 puL) comprised of TFA: TIPS: DODT: water (92.5: 2.5: 2.5: 2.5
v/viv/v) was added to the resin-bound peptide {(approx. 10 mg) and shaken at rt for 2-3 h. The
resin beads were filtered and the filtrate was concentrated to approximately 100 pl under a
stream of nitrogen. The crude peptide was precipitated by addition of cold diethyl ether {1
mL), and then isolated by centrifugation. The solid material was washed with cold diethyl
ether (3 x 1 mL), dissolved in a 30% aqueous acetonitrile solution containing 0.1% TFA and

lyophilised




Chapter 7 | 205

General Procedure XV: Release of the final peptide from the resin

A cleavage solution comprised of TFA: TIPS: DODT: water (92.5: 2.5: 2.5: 2.5 v/v/v/v) was
added to the resin-bound peptide (10 mL/250 mg) and shaken at rt for 3 h. The resin beads
were filtered and the filtrate was concentrated to approximately 1 mL under a stream of
nitrogen. The crude peptide was precipitated by addition of cold diethyl ether (40 mL), and
isolated by centrifugation. The solid material was washed with cold diethyl ether (3 x 40 mL),

dissolved in a 30% aqueous acetonitrile solution containing 0.1% TFA and lyophilised.

General Procedure XVI: Trinitrobenzenesulfonic acid (TNBSA) test?”

To a resin-bound peptide sample (10-20 beads) 25 pL of a 5% (v/v) solution of DIPEA in
DMF was added followed by the addition of 25 pL of a 1% {w/v) solution of TNSBA in DMF.
Where the test was positive, the Na-Fmoc protected amino acid was coupled again under the

same conditions.

General Procedure XVII: Acetaldehyde/chloranil test 7%

To a resin-bound peptide sample (10-20 beads) 25 pL of a 2% (v/v) solution of acetaldehyde
in DMF was added followed by the addition of 25 pL of a 2% (w/v) solution of chloranil in
DMF. Where the test was positive, the Na-Fmoc protected amino acid was coupled again
under the same conditions. Solutions were stored in the fridge and were kept for a maximum

of 1 week.

7.4.3 Experimental procedures

F19Cou IGF-II protein (4.2)

( F19Cou IGF-Il (1-67) )

Folding of F19Cou IGF-II peptide (4.7) was carried out as reported previously by Delaine et
al*', The purified peptide (5.0 mg, 0.66 umol) was dissolved in butfer (4 mg/mL) consisting of

8 M urea, 0.1 M Tris and 40 mM glycine containing 20 mM dithiothreitol (DTT). The
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solution was gently stirred at rt for 1 h and monitored by analytical RP-HPLC. After 1 h, the
solution was rapidly diluted with refold buffer (refer to Section 7.3.1.3) to give a solution with
a final concentration of 2.5 M urea, 0.7 M Tris, 12.5 mM glycine, 2 mM EDTA, 0.5 mM DTT
at a pH of 9.1 and a maximum protein concentration of 0.1 mg/mL. 2-hydroxyethyl disulfide
(2-HED) was then added at a final concentration of 1.25 mM. The refold mixture was stirred
slowly at rt and the reaction was monitored by analytical RP-HPLC and was determined
complete when no more of the reduced F19Cou IGE-II peptide {4.7) remained. The reaction
mixture was acidified to a pH of 3 using conc. HCI, filtered through a 0.45 uM syringe filter
and purified by semi-preparative RP-HPLC, using a linear gradient of 0-40% acetonitrile over
40 min with a flow rate of 5 mL/min, to give the F19Cou IGF-II protein (4.2) (0.266 mg, 5%)
as a white solid. HRMS (ESI+) m/z calculated for Ci:H:nNeOwnSe: 7566.4445 (average
isotopes); observed: m/z 1514.35 ([M+5H]*), 1261.93 ([M+6H]*"), 1081.94 ([M+7H]*"),

946.83 ([M+8H)**) and 841.62 ([M+9H]*).

IGF-II (1-67) peptide (4.7)

?H ?H ?H ?H ?H ?H

( IGF-II (1-67) )

The IGF-II (31-67; 4 Trt) resin-bound peptide (4.4) was synthesised from Fmoc-PAL-PEG-PS
resin (4.3) on a 0.05 mmol scale according to General Procedure XII The resin-bound peptide
(4.4) was then elongated according to the manual SPPS procedure detailed in General
Procedure XIII, to give resin-bound peptide 4.6. Peptide 4.6 was cleaved from the resin
according to General Procedure XV. The crude peptide was purified by semi-preparative RP-
HPLC using a linear gradient of 0-50% acetonitrile over 50 min, however IGF-II (1-67)

peptide (4.7) was not afforded.

IGF-II (1-67) (2 Acm) peptide (4.11)

)T‘cm?H ?H )T‘cm?H ?H

( IGF-I1 (1-67) )

The IGF-1I (31-67; Acm, 3 Trt) resin-bound peptide (4.8) was synthesised from Fmoc-PAL-

PEG-PS resin (4.3) on a 0.05 mmol scale according to General Procedure XII. The resin-
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bound peptide (4.8) was elongated according to the manual SPPS procedure detailed in
General Procedure XIII, to give resin-bound peptide 4.10. Peptide 4.10 was cleaved from the
resin according to General Procedure XV. The crude peptide was purified by semi-preparative
RP-HPLC using a linear gradient of 0-50% acetonitrile over 50 min to afford trace quantities
of the IGF-II (1-67) (2 Acm) peptide (4.11) (< 1 mg) as a white solid. MS (ESI+) m/z
calculated for CiHseNosOunSe: 7617.5912 (average isotopes); observed: m/z 1904.72

([M+4H]*), 1523.44 ([M+5H]**), 1270.00 {[M+6H]**) and 1088.67 ([M+7H]*").

IGF-II (1-67} (6 Acm) peptide (4.15)

;?\cm/?\cmAcm Arcm,?\cm Acm

( IGF-11 (1-67) )

Method A

The IGF-1I (31-67; 4 Acm) resin-bound peptide (4.3) was synthesised from Fmoc-PAL-PEG-
PS resin (4.3) on a 0.05 mmol scale according to General Procedure XII. The resin-bound
peptide (4.12) was elongated according to the manual SPPS procedure detailed in General
Procedure XIII, to give resin-bound peptide 4.14. Peptide 4.14 was cleaved from the resin
according to General Procedure XV. The crude peptide was purified by semi-preparative RP-
HPLC using a linear gradient of 0-50% acetonitrile over 50 min to afford trace quantities of
the IGF-II (1-67) (6 Acm) peptide (4.15) (< 1 mg) as a white solid. MS (ESI+) m/z calculated
for CiwHssNuOhweSe: 7900.9035 (average isotopes); observed: m/z 1976.19 ([M-+4H]*),

1581.11 ([M+5H]**), 1371.87 {[M+6H]**) and 1129.73 ([M+7H]*")

Method B

The IGF-1I (1-67; 6Acm; ¥T7, ¥T16, WT58) resin-bound peptide (4.16) was synthesised from
Fmoc-PAL-PEG-PS resin (4.3) on a 0.025 mmol scale according te the manual SPPS
procedure detailed in General Procedure XIII. Peptide 4.16 was cleaved from the resin

according to General Procedure XV and the resultant crude peptide was analysed using

analytical RP-HPLC and ESI-MS. The IGF-1I (1-67) (6 Acm) peptide (4.15) was not detected.
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Method C

The IGF-II (1-67; 6Acm; DmbG11, DmbG22, DmbG25, DmbG41) resin-bound peptide
(4.17) was synthesised from Fmoc-PAL-PEG-PS resin (4.3} on a 0.025 mmol scale according
to the manual SPPS procedure detailed in General Procedure XIII. Peptide 4.17 was cleaved
from the resin according to General Procedure XV and the resultant crude peptide was
analysed using analytical RP-HPLC, ESI-MS and LCMS. LCMS (ESI+) m/z calculated for
CiwHasN1uOhueSs: 7900.9035 (average isotopes); observed: m/z 1371.6 ([M+6H]*®), 1129.4

([M+7H]*"), 988.4 ([M+8H]**) and 878.9 ([M+9H]*").

Method D

The IGF-II (1-67; 6Acm; WT7, WT16, ¥T58, DmbG11, DmbG22, Dmb(G25, DmbG41) resin-
bound peptide (4.18) was synthesised from Fmoc-PAL-PEG-PS resin (4.3) on a 0.025 mmol
scale according te the manual SPPS procedure detailed in General Procedure XIII. Peptide
4.18 was cleaved from the resin according to General Procedure XV and the resultant crude
peptide was analysed using analytical RP-HPLC, ESI-MS and LCMS. LCMS (ESI+) m/z
calculated for CiaoHseNiwOheSs: 7900.9035 (average isotopes); observed: m/z 1371.6

([M+6H]*), 1129.4 {[M+7H]*7), 988.4 ([M+8H]**) and 878.6 ([M+9H]**).

F19Cou IGF-II (1-67) (2 Acm) peptide {4.22)

;?\cm?H ?H ?cm?H ?H

( F19Cou IGF-I1 (1-67) )

The IGF-1II (31-67; Acm, 3 Trt) resin-bound peptide (4.8) was synthesised from Fmoc-PAL-
PEG-PS resin (4.3) on a 0.025 mmol scale according to General Procedure XII. The resin-
bound peptide (4.8) was elongated according to the manual SPPS procedure detailed in
General Procedure XIII, to give resin-bound peptide 4.21. Peptide 4.21 was cleaved from the
resin according to General Procedure XV. The crude peptide was purified by semi-preparative
RP-HPLC using a linear gradient of 0-40% acetonitrile over 40 min to afford the F19Cou IGF-

IT(1-67) (2 Acm) peptide (4.22) (5.5 mg, 14%) as a white solid.
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F19Cou IGF-II (1-67) peptide (4.23)

i o

( F19Cou IGF-Il (1-67) )

The puritied F19Cou IGF-II (2 Acm) peptide (4.22) (5.5 mg, 0.73 pymol) was dissolved in 80%
aqueous acetic acid solution (6.8 mL). A 20 mM solution of iodine in 80% aqueous acetic acid
(2.65 mL) was added, followed by a 60 mM aqueous solution of HCI (530 uL) to give a final
peptide concentration of approximately 0.5 mg/mL. Once the reaction was determined to be
complete by analytical RP-HPLC and ESI-MS (typically 30-60 min), the reaction was
quenched by slowly adding Dowex 1X8 200 until the deep red/orange colour of the iodine had
dissipated. The solution was filtered and the resin washed with a small volume of 80%
aqueous acetic acid. The solution was then diluted with water to reduce the acetic acid
concentration te 20% and filtered through a 0.45 uM syringe filter before purification by semi-
preparative HPLC using a linear gradient of 0-40% acetonitrile over 40 min to give the

F19Cou IGF-II peptide (5.0 mg, 90%) as a white solid.

7.4.4 Competition binding assays

Competition binding assays for F19Cou IGF-II protein (4.2) were carried out as previously

detailed in Section 7.3.4.
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7.5 Experimental described in Chapter 5

7.5.1 Experimental materials

Solvents and reagents were of reagent grade or higher and used as supplied unless otherwise
stated. Solvents used for HPLC were of HPLC grade and used without further purification. 9-
Fluorenylmethoxycarbonyl (Fmoc) protected L-amino acids (Fmoc-Ala-OH, Fmoc- Arg(Pbf)-
OH, Fmoc-Asp(QtBu)-OH, Fmoc-Cys(trt)-OH, Fmoc-Glu{OtBu)-OH, Fmoc-Leu-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Ser(tBu)-OH), Fmoc-Thr(tBu)-
OH, Fmoc-Tyr(tBu)-OH) were purchased from CEM Corporation or GL Biochem (Shanghai,
China). 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoropheosphate
(HATU),  2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate
(HBTU), 2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
hexafluorophosphate (HCTU), N-Hydroxybenzotriazole hydrate (HOBteH.(Q) were
purchased from Advanced Chemtech (Louisville, KY). Diisopropylcarbodiimide (DIC) and 3-

(tritylthio)propionic acid were purchased from GL Biechem (Shanghai, China).

Na-Boc-protected L-amino acids (Boc-Ala-OH, Boc-Asp(OcHex)-OH, Boc-Arg(Tos)-OH,
Boc-Gly-OH, Boc-Ile-OH, Boc-Leu-OH, Boc-Phe-OH, Boc-Ser(Bzl)-OH, Boc-Thr(Bzl)-OH,
Boc-Tyr(Br-Bzl)-OH, Boc-Val-OH) and Boc-L-Ala-OCH;-Phi-CH;-COOH (Boc-Ala-PAM-
COOH) linker were purchased from Polypeptide Group (Strasbourg, France) Boc protected L-
amino acids {Boc-Pro-OH and Boc-Gln-OH) were purchased from AusPep (Tullamarine,
Victoria, Australia). Boc protected L-amino acids (Boc-Cys(4-MeBzl)-OH, Boc-Glu{OcHex)-
OH, Boc-Thz-OH) and Fmoc-PAL-tentagel resin (0.21 mmol/g) were purchased from
ChemImpex (Illinois, U.S.A). Aminomethyl polystyrene resin was made ‘in house’ according
to the procedure described by Harris et al.*"*** Trifluoroacetic acid (TFA) was purchased
from Halocarbon (New Jersey). Diisopropylethylamine (DIPEA), N-methylpyrrolidine
(NMP), piperidine, 3,6-dioxa-1,8-octanedithiol (DODT), triisopropylsilane (TIPS}, tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), mercaptopropanocic acid (MPAA),
methoxyamine hydrochloride (MeONH,eHCIl) were purchased from Sigma Aldrich.

Dimethylformamide (DMF) (AR grade), acetonitrile (HPLC grade), guanidine hydrochloride
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(GnHCI) were purchased from Scharlau (Sentmenat, Barcelona, Spain). Diethyl ether and
disodium hydrogen phosphate (Na;HPO,) were purchased from Ajax chemicals. HF gas was
purchased from Matheson Tri-Gas (Basking Ridge, NJ). Buffers were degassed by sparging
with Ar for 30 min prior to use. pH measurements were carried out using an ISFET pocket pH

meter with an accuracy of £ 0.01 pH units.

Analytical RP-HPLC was conducted on an Agilent 1200 Series HPLC equipped with a diode
array detector and an Supelco Discovery Biowide Pore C5 column {5um, 4.6 x 250mm). The
product was eluted using a linear gradient of 0-70% D over 30 min and a flow rate of 1
mL/min, where the solvent system used was: A (MilliQQ water + 0.1% TFA) and D (acetonitrile
+ 0.08% TFA). Elution of the peptide was monitored at 220nm, with the use of additional

wavelengths (215 nm, 280 nm and 320 nm) as required.

Semi-preparative RP-HPLC was carried out on a Dionex Ultimate U3000 system equipped
with a multiple wavelength detector and using a Phenomenex Gemini C18 column (5 pm, 250
mm x 10 mm) or on a HP 1100 series HPLC equipped with a diode array detector using a
Supelco Discovery €18 column (5 pm, 250 mm x 10 mm). The product was eluted using a
linear gradient of 1% D/min, with a flow rate of 5 mL/min, where the solvent system used was:
A (MiliQ water + 0.01% TFA) and D (acetonitrile + 0.08% TFA). Typically, a 0-40%
acetonitrile over 40 min gradient was used; however gradient systems were adjusted according
to the elution profiles and peak profiles obtained from the analytical RP-HPLC
chromatograms. Fractions were analysed by LCMS. Pure fractions were pooled, and

lyophilised.

IGF-II analogues were quantified by comparing analytical RP-HPLC C4 profiles with profiles
of standard Long”Arg'IGF-I preparations, on an Agilent 1100 series RP-HPLC using the

procedure described by Denley et al.*
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7.5.2 Methods

General Procedure XVIII: Automated peptide synthesis

Where stated, automated peptide synthesis was carried out on a Liberty Microwave Peptide

192,256

Synthesiser (CEM Corporation) using the Fmoc/tBu strategy . Deprotection: The Na-
Fmoc group was deprotected during each cycle by treatment of the resin with 20% v/v
piperidine in DMF containing HOBt (0.1 M) for 30 s, followed by a second deprotection for 3
min. A maximum microwave power of 60 W and the maximum temperature was set to 50 °C
for both deprotections. Amino acid couplings: The Na-Fmoc protected amino acid in DMF (5
equiv., 0.2 M), HATU in DMF (4.5 equiv., 0.45 M} and DIPEA in NMP (10 equiv., 2 M) were
added to the resin and subjected to 25 W microwave irradiation for 6 min. Each coupling was
performed twice with a maximum temperature set to 50 °C for both couplings. The exception
was Fmoc- Arg(Pbf)-OH, which was coupled for 25 min at rt, followed by coupling for 5 min

at 25 W microwave irradiation and the maximum temperature was set to 50 °C for both

couplings.

General Procedure XIX: Manual peptide synthesis:-in situ neutralisation Boc SPPS ***

Where stated, peptide synthesis was performed manually using the in situ neutralisation Boc
SPPS methodology.”* Deprotection: The Na-Boc group was removed by treatment with TFA
(neat} (2 x 1 min) followed by flow washing of the resin with DMF for 30 s. Amino acid
coupling: The Na-Boc protected amino acid (4 equiv.) was pre-activated with a solution of
HBTU in DMF (3.8 equiv., 0.38 M) and DIPEA (neat) (20 equiv.) for 2 min at rt. The
activated solution was added to the resin and the mixture was shaken for 10 min at rt. The
solution was drained and the resin was flow washed with DMF for 30 s. Unusual amino acid
couplings: The mixture of Na-Boc protected coumaryl amino acids (2.16 and 2.17) (1.2
equiv.) was pre-activated with a solution of HBTU in DMF (1.1 equiv., 0.4 M) and DIPEA
(neat} (5 equiv.) for 2 min at rt. The activated solution was added to the resin and the mixture
was shaken at rt for 18 h. Coupling reactions were monitored via the Kaiser test* for primary
amines, and where applicable the acetaldehyde/chloranil test**** for secondary amines was

used.




Chapter 7 | 213

General Procedure XX: Kaiser test**

To a resin-bound peptide sample (10-20 beads) 2-3 drops of each solution {A-C) were added
(solution A: 5% (w/v) solution of ninhydrin in ethanol; solution B: phenol (80g) in ethanol (20
mL}); and solution C: 0.001 M aqueous KCN (2 mL) in pyridine (98 ml)). The mixture was
heated at 100 °C for 5 min. Where the test was positive, the Na-protected amino acid was

coupled again under the same conditions.

General Procedure XXI: Acetaldehyde/chloranil test 728

To a resin-bound peptide sample (10-20 beads) 25 pL of a 2% (v/v) solution of acetaldehyde in
DMEF was added followed by the addition of 25 pL of a 2% (w/v) solution of chloranil in DMF.
Where the test was positive, the Na-protected amino acid was coupled again under the same

conditions. Solutions were stored in the fridge and were kept for a maximum of 1 week.

General Procedure XXII: TFA cleavage

A cleavage solution comprised of TFA: TIPS: DODT: water (92.5: 2.5: 2.5: 2.5 v/v/v/v) was
added to the resin-bound peptide (10 mL/250 mg resin) and the mixture was shaken at rt for 3
h. The resin beads were filtered and the filtrate was concentrated to approximately 2 mL
under a stream of nitrogen. The crude peptide was precipitated by addition of cold diethyl
ether (40 mL) and isolated by centrifugation. The solid material was washed with cold diethyl
ether (3 x 40 mL), dissolved in a 30% aqueous acetonitrile solution containing 0.1 % TFA and

lyophilised.

General Procedure XXIII: HF cleavage

Immediately prior to cleavage the resin the Na-Boc group was deprotected by treatment with
TFA (neat) for 1 min followed by another treatment for another 1 min. The resin was flow
washed with DMF (30 s), DCM (30 s}, diethyl ether (30 s) and dried under vacuum for 30 min
before being subjected to HF cleavage. The resin was cleaved using anhydrous HF and p-
cresol (9:1 v/v) with stirring at 0 °C for 1 h. The HF was evaporated and the crude peptide was

precipitated by addition of cold diethyl ether (40 mL) and isolated by centrifugation. The solid
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material was washed with cold diethyl ether (3 x 40 mlL), dissolved in 30% aqueous

acetonitrile solution containing 0.1% TFA and lyophilised.

General Procedure XXIV: Solid phase extraction (SPE)

The crude peptide mixture was isolated from the ligation mixture using a solid phase
extraction (SPE) cartridge (Alltech, C18LP, 600 mg). The cartridge was prepared by washing
with MeOH (5 mL) and equilibrated with 5% aqueous acetonitrile containing 0.1% TFA (10
mL). The ligation mixture was diluted with water and acidified if necessary to pH 3 with TFA
and loaded onto the prepared cartridge at a rate of approximately 2 mL/min. Salts and
non-binding contaminants were eluted with 5% aqueous acetonitrile containing 0.1% TFA (10
mL) and the crude peptide was eluted by washing the cartridge with 50% aqueous acetonitrile
containing 0.1% TFA (10 mL). Fractions containing the desired peptides were subsequently

lyophilised.

General Procedure XXV: Oxidative folding

Oxidative folding of IGF-II peptides were carried out as described by Delaine et al.*. Purified
peptide (4 mg/mL} was dissolved in a buffer consisting of 8 M urea, 0.1 M Tris and 40 mM
glycine containing 20 mM dithiothreitol (DTT). The solution was incubated at rt for 1 h, with
reduction of the peptide being monitored by analytical RP-HPLC. After 1 h The reduced
solution was rapidly diluted with refolding buffer (refer to Section 7.3.1.3) to give a solution
with a final concentration of 2.5 M urea, 0.7 M Tris, 12.5 mM glycine, 2 mM EDTA, 0.5 mM
DTT, 1.25 mM 2-hydroxyethyldisulfide (2-HED) and a final protein concentration of @.1
mg/mL This reaction mixture was slowly stirred at rt and monitored by analytical RP-HPLC.
The reaction was determined complete when no more of the reduced peptide remained,
typically 120 min. The reaction mixture was quenched by acidification to a pH of 3 using
conc. HCL The acidified solution was filtered through a 0.45 uM syringe filter and puritied by

semi-preparative RP-HPLC on an HP 1100 series HPLC.
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7.5.3 Experimental procedures

Native IGF-II protein (4.1)

I_ | EE—
( IGF-Il (1-67) )

Method A: Two fragment

C-terminal fragment 5.10 (3.42 mg, 1.3 pmol, 3.5 mM), N-terminal thioester 5.11 (6.75 mg,
1.5 pmol, 3 mM), TCEP (0.02 M) and MPAA (0.2 M) were dissolved in degassed native
chemical ligation buffer (6 M GnHCl and 0.2 M Na.HPO, 423 uL). The pH of the solution was
adjusted to 6.9 using aqueous NaOH (10 M and 2 M), the reaction mixture was sparged with
Ar (10 s) and shaken at rt for 1 h. The products were isolated using SPE according to General
Procedure XXIV and purified by semi-preparative RP-HPLC, using a linear gradient of 0-40%
acetonitrile over 40 min to give the native IGF-II peptide (4.7) (0.4 mg, 4%) as a white solid.
Peptide 4.7 (0.06 mg, 8 nmol) was subsequently folded according to General Procedure XXV
to give the native IGE-II protein (4.1) (2.7 ug, 5%) as a white solid. HRMS (ESI+) m/z
calculated for CiHspuNoOweSe: 7468.3875 (average isotopes); observed: 1494.74 ([M+5H]*),

1245.79 ([M+6H]**) and 1067.93 {([M+7H]*).

Method B: Three fragment

C-terminal fragment 5.10 (3.8 mg, 1.6 umol, 3.35 mM), thioester 5.16 (4.6 mg, 1.4 pmol, 3
mM), TCEP (0.02 M) and MPAA (0.2 M) were dissolved in degassed native chemical ligation
buffer (6 M GnHCl and 0.2 M Na.HPO, 487 uL), pH of the solution was adjusted to 6.9 using
aqueous NaOH (10 M and 2 M) and shaken at rt for 1 h. MeONH,eHCI (8.1 mg, 97 umol, 0.2
M) was then added, the pH of the solution was adjusted to 3.9 with aqueous HCI {5 M), the
reaction mixture was shaken at rt for 6 h. The pH of the solution was adjusted to 6.8 with
aqueous NaOH (10 M and 2 M) and the N-terminal thioester 5.14 (3.9 mg, 1.6 umol, 3.37
mM) was added. The reaction mixture was shaken at rt for 47 h. The products were isolated
using SPE according to General Procedure XXIV and purified by semi-preparative RP-HPLC

to give the native IGF-II peptide (4.7) (0.44 mg, 4%) as a white solid. Peptide 4.7 (0.44 mg,
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0.058 umol) was subsequently folded according to General Procedure XXV to give the native
IGF-II protein (4.1) (25 pg, 6%) as a white solid. HRMS (ESI+} m/z calculated for
CinHapoNosOwunSe: 7468.3875 (average isotopes); observed: 1494.7144 ([M+5H]*%), 1245.7516

([M+6H]*) and 1067.9352 ([M+7H]*").

F19Cou IGF-II protein (4.2)

( F19Cou IGF-I (1-67) )

C-terminal fragment 5.10 (3.15 mg, 1.36 umol, 3.25 mM), thicester 5.16 (3.96 mg, 1.25 pumol,
3 mM), TCEP (0.02 M) and MPAA (0.2 M) were dissolved in degassed native chemical
ligation buffer (6 M GnHCl and 0.2 M Na.HPO, 418 uL), pH of the solution was adjusted to
6.9 using aqueous NaOH (10 M and 2 M) and shaken at rt for 1 h. MeONH»eHCI (7 mg, 84
umol, 0.2 M} was then added, the pH of the solution was adjusted to 4.0 with aqueous HCI {5
M), the reaction mixture was shaken at rt 16 h. The pH of the solution was adjusted to 7.0
using aqueous NaOH (10 M and 2 M) and the N-terminal thioester 5.15 (3.47 mg, 1.4 pmol,
3.38 mM) was added. The reaction mixture was shaken at rt for 27 h. The products were
iselated using SPE according to General Procedure XXIV and purified by semi-preparative
RP-HPLC to give the F19CoulGF-II peptide (4.23) (0.84 mg, 9%) as a white solid. Peptide
4.23 (0.84 mg, 0.11 pumol) was subsequently folded according to General Procedure XXV to
give the F19Cou IGF-II protein (4.2) (8% pg, 11%) as a white selid. HRMS (ESI+) m/z
calculated for CusHsooNoadOhnSs: 7566.4445 (average isotopes); observed: 1514.1628

([M+5H]*%), 1261.9639 ([M+6H]**), 1081.8225 {[M+7H]*") and 946.7245 ([M+8H]*%}.

Synthetic F28Cou IGF-II protein (5.1)

( F28Cou IGF-Il (1-67) )

C-terminal fragment 5.10 (7.09 mg, 3 umol, 3.12 mM), thioester 5.17 (9.57 mg, 2.9 umol, 3
mM), TCEP {0.02 M) and MPAA (0.2 M) were dissolved in degassed native chemical ligation

buffer (6 M GnHCl and 0.2 M Na.HPO, 976 uL), pH of the solution was adjusted to 6.9 using




Chapter 7 | 217

aqueous NaOH (10 M and 2 M) and shaken at rt for 1 h. MeONH,eHCl (16.4 mg, 0.19 mmol,
0.2 M) was then added, the pH of the solution was adjusted to 4.0 with aqueous HCI (5 M)
and the reaction mixture was shaken at rt 16 h. The pH of the solution was adjusted to 7.0
using aqueous NaOH (10 M and 2 M) and the N-terminal thioester 5.14 (7.54 mg, 3.2 umol,
3.28 mM) was added. The reaction mixture was shaken at rt for 47 h. The products were
isolated using SPE according to General Procedure XXIV and purified by semi-preparative
RP-HPLC te give the F28CoulGF-II peptide (5.9) (0.7 mg, 3%) as a white solid. Peptide 5.9
(0.7 mg, 0.09 umol) was subsequently folded according to General Procedure XXV to give the
F28Cou IGF-II protein (5.1) (29 g, 4%) as a white solid. HRMS (ESI+) m/z calculated for
CisHsmNoiOwunSe: 7566.4445 (average isotopes); observed: 1514.2609 ([M+5H]*), 1261.8750

([M+6H]*), 1081.7289 {[M+7H]*") and 946.7548 ([M+8H]**).

C-terminal IGF-II (47-67) fragment (5.10)

H,N-{_IGF-II (47-67) jFCONH,

IGF-II (47-67) resin-bound peptide was synthesised on a 0.1 mmol scale from Tentgel* S
RAM resin (5.18) according to General Procedure XVIIT and the peptide was cleaved from the
resin according to General Procedure XXII. The resulting crude peptide was dissolved in a 5%
aqueous acetonitrile containing 0.1% TFA and purified by semi-preparative RP-HPLC to
afford fragment 5.10 (30 mg, 13%) as a white solid. LCMS (ESI+) m/z calculated for
CooHi3sN20mS8x: 2320.6720 (average isotopes); observed: 1160.84 ([M+2H]*), 774.25

([M+3H]*") and 581.02 ([M-+4H]*).

N-terminal IGF-II (1-46) thioester (5.11)
(e} O
s G s~ Aoy
(@)

Cysteine alkyl thioester linked resin {5.21) was elongated according to General Procedure XIX
to give the resin-bound IGF-II (1-46) thioester (5.22). Resin 5.22 was cleaved with HF
according to General Procedure XXIII. The resulting crude peptide was dissolved in a 5%

aqueous acetonitrile containing 0.1% TFA and purified by semi-preparative RP-HPLC to
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afford thioester 5.11 (12.5 mg, 7%) as a white solid. LCMS (ESI+) m/z calculated for
CosHassNeOn Sy 53309859 (average isotopes); observed: 1777.72 ([M+3H]*!), 1333.47
([M+4H]*), 1067.00 ([M+5H]*%), 889.36 ((M+6H]*), 762.41 ([M+7H]*"), 667.25 ([M+8H]**)

and 593.21 ([M+9H]*).

IGF-II (1-20} thioester (5.14)
O o
Gz s~y
O

Valine alkyl thioester linked resin (5.23) was elongated according to General Procedure XIX
to give the resin-bound IGF-II (1-20} thioester (5.24). Resin 5.24 was cleaved with HF
according to General Procedure XXIII. The resulting crude peptide was dissolved in a 5%
aqueous acetonitrile containing 0.1% TFA and purified by semi-preparative RP-HPLC to
afford thioester 5.14 (41.3 mg, 17%) as a white solid. LCMS (ESI+) m/z calculated for
CinHiaiN2:OwSs: 2357.6648 (average isotopes); observed: 1179.53 ([M+2H]*), 786.70

([M+3H]**) and 590.26 ([M+4H]*).

F19Cou IGF-II {1-20) thioester (5.15)

o] o]
M N OH
H,N-( F19Cou IGF-II (1-20))” s N
o}

Valine alkyl thioester linked resin (5.23) was elongated according to General Procedure XIX
to give the resin-bound F19Cou IGF-II (1-20) thioester (5.25). Resin 5.25 was cleaved with
HF according to General Procedure XXIII. The resulting crude peptide was dissolved in a 5%
aqueous acetonitrile containing 0.1% TFA and purified by semi-preparative RP-HPLC to
afford thioester 5.15 (3.7 mg, 2%) as a white solid. LCMS (ESI+) m/z calculated for
CiorH163N2:04782: 2455.7218 (average isotopes); observed: 1228.48 ([M+2H]*'), 819.36

([M+3H]**) and 614.82 {([M+4H]*).
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IGF-II (Thz-46) thicester (5.16)

s (0] (0]
= =
H le} o

Cysteine alkyl thioester linked resin {5.21) was elongated according to General Procedure XIX
to give the resin-bound IGF-II (Thz-46) thioester (5.26). Resin 5.26 was cleaved with HE
according to General Procedure XXIII. The resulting crude peptide was dissolved in a 5%
aqueous acetonitrile containing 0.1% TFA and purified by semi-preparative RP-HPLC to
afford thioester 5.16 (12.3 mg, 11%) as a white solid. LCMS (ESI+) m/z calculated for
CrasHomNiOwSy: 3155.5546 (average isotopes); observed: 1054.93 ([M+3H]*), 791.52

([M+4H]*), 633.40 {[M+5H]*%), 528.00 {{M+6H]*%) and 452.75 {([M+7H]*").

F28Cou IGF-II (Thz-46) thioester {5.17)

0 o}
s
<N]VF28Cou IGF-II (22-46)))J\S/\)J\”/H(OH
o)

H 0o

Cysteine alkyl thioester linked resin (5.21) was elongated according to General Procedure XIX
to give the resin-bound F28Cou IGF-II {Thz-46) thioester {5.27). Resin 5.27 was cleaved with
HF according to General Procedure XXIII. The resulting crude peptide was dissolved in a 5%
aqueous acetonitrile containing 0.1% TFA and purified by semi-preparative RP-HPLC to
afford thioester 5.17 (11.8 mg, 3%) as a white solid. LCMS (ESI+) m/z calculated for
CiasHanNiOuS; for: 3260.6117 (average isotopes); observed: 1630.93 ([M+2H]*?), 1087.58
((M+3H]*Y), 81599 ([M+4H]*), 653.00 ([M+5H]"%), 544.33 ([M+6H]*) and 466.73

((M+7H]*7).
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Cysteine alkyl thioester linked resin (5.21)

SN
s S
BOC\H]TSVYON_¢LO&©\/ENAO

H
Aminomethyl resin (5.19) (100 mg, 0.1 mmol)**** was washed with DCM (3 x 5 mL),
swollen in a DCM:DMF mixture (1:1) for 15 min and washed again with DCM (3 x 5 mL). A
solution of Boc-L-Ala-PAM-COOH (67.8 mg, 0.2 mmol) and DIC (33 pL, 0.2 mmol) in DCM
(3 mL) was added to the resin and the mixture was shaken for 1 h at rt. The solution was
drained and the resin was flow washed with DCM (30 s) and DMF (30 s}. The Boc group was
removed by treatment of the resin with TFA (neat) (5 mL} {2 x 1 min). The resin was flow
washed with DMF (30 s). A solution of S-Trityl-p-mercaptopropionic acid (191 mg, 0.55
mmol) in HBTU (0.4 M in DMF, 1.3 mL) was added to the resin followed by DIPEA (198 puL,
1.1 mmol}. The resin was shaken for 20 min and then flow washed with DMF (30 s). The
S-trityl group was removed by treatment of the resin 5.20 with a solution of TFA: TIPS: water
(95:2.5:2.5, v/v/v) (5 mL) (2 x 1 min) and then flow washed with DME (30 s).
Thioesterification was achieved by adding a solution of Boc-Cys(4-MeBzl}-OH (180 mg, 0.55
mmol) in HBTU in DMF (0.4 M in DMF, 1.3 mL}) and DIPEA (198 uL, 1.1 mmol) to the resin.
The mixture was shaken for 1 h and then flow washed with DMF (30 s} to give the cysteine

alkyl thioester linked resin (5.21).

Valine alkyl thioester linked resin (5.23)

H O
BOC\IIW/S\/\H/N\)kom
H :
o o N/\O
H
Aminomethyl resin (5.19) (100 mg, 0.1 mmol)**** was washed with DCM (3 x 5 mL),
swollen in a DCM:DMF mixture (1:1) for 15 min and washed again with DCM (3 x 5 mL). A
solution of Boc-L-Ala-PAM-COOH (71.6 mg, 0.21 mmol) and DIC (33 pL, 0.2 mmol) in

DCM (3 mL) was added to the resin and the mixture was shaken for 1 h at rt. The solution
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was drained and the resin was flow washed with DCM (30 s) and DMF (30 s). The Boc group
was removed by treatment of the resin with TFA (neat) (5 mL) (2 x 1 min). The resin was flow
washed with DMF (30 s). A solution of S-Trityl-pf-mercaptopropionic acid (191 mg, 0.55
mmol) in HBTU (0.4 M in DMF, 1.3 mL) was added to the resin followed by DIPEA (198 puL,
1.1 mmol). The resin was shaken for 20 min and then flow washed with DMF (30 s). The
S-trityl group was removed by treatment of resin 5.20 with a solution of TFA: TIPS: water
(95:2.5:2.5, v/v/v) (5 mL) (2 x 1 min) and then flow washed with DME {30 s).
Thioesterification was achieved by adding a solution of Boc-Val-OH (119 mg, 0.55 mmol) in
HBTU (0.4 M in DMF, 1.3 mL} and DIPEA (198 uL, 1.1 mmol} to the resin. The mixture was
shaken for 1 h and then flow washed with DMF (30 s) to give the valine alkyl thioester linked

resin (5.23).

7.5.3.1 Competition binding assays

Competition binding assays for the native IGF-II (4.1), F19Cou IGF-II (4.2) and F28Cou IGF-

IT (5.1) proteins were carried out as previously detailed in Section 7.3.4.
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7.6 Experimental described in Chapter 6

7.6.1 Experimental materials

FRET experiments were performed on a Cary Eclipse Fluorescence Spectrophotometer
(Agilent Technologies, CA, USA), using Spectrosil quartz micro cuvettes (100 pL) (Starna)
with a 10 mm pathlength at 25 °C, at a pH of 7. The excitation wavelength was set to 280 nm
and emission spectra were collected between 290 to 600 nm with a scan speed of 600 nm/min.
Excitation and emission slit widths were set to 5 nm. Each single spectrum was averaged from
three consecutive scans. All solvents, buffers and reagents used were of spectroscopic grade or
higher. If spectroscopic grade was not available then solutions and solvents were filtered

through a 0.22 pm filter before use.

7.6.2 FRET experiments

The sIGF-1R (6.1) was prepared by Ms Carlie Delaine according to the procedure described
by Surinya et al* and used as a 0.2 pM solution in 0.1 M sodium phosphate buffer (pH 7.2).
The IGF-II proteins (4.1, 4.2 and 5.1) were dissolved in 10 mM HCL FRET experiments were
performed by titrating the IGF-II protein (4.1 and 4.2) (0.2 uM; 1.7 pL) against the sIGF-1R
(6.1) (0.2 uM; 100 pL). Due to the limitations on the quantity of sIGF-1R {6.1) available,
FRET experiments for the F28Cou IGF-II protein (5.2) were performed by titrating 5.2 (0.19
uM; 1.6 uL) against the sSIGF-1R (6.1) {0.19 pM; 91 uL). After each addition the solution was
manually mixed, incubated at rt for 1 h and then spectra were recorded. IGF-II protein {4.1,
4.2 and 5.1) was added until the protein and sIGF-1R were present in an equimolar ratio. A

positive FRET interaction was indicted by an increase in the fluorescence intensity at 455 nm.
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