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SUMMARY 1

Summary

Insulin-like growth factor-1 (IGF-I) is a 70-amino acid polypeptide with a molecular weight of
approximately 7.6 kDa acting as an anabolic effector. It is essential for tissue growth and
remodeling. Clinically, it is used for the treatment of growth disorders and has been proposed for
various other applications including musculoskeletal diseases. Unlike insulin, IGF-I is complexed
to at least six high-affinity binding proteins (IGFBPs) exerting homeostatic effects by modulating
IGF-I availability to its receptor (IGF-IR) on most cells in the body as well as changing the
distribution of the growth factor within the organism.'*® Short half-lived IGF-I have been the
driving forces for the design of localized IGF-1 depot systems or protein modification with
enhanced pharmacokinetic properties. In this thesis, we endeavor to present a versatile biologic into
which galenical properties were engineered through chemical synthesis, e.g., by site-specific
coupling of biomaterials or complex composites to IGF-I. For that, we redesigned the therapeutic
via genetic codon expansion resulting in an alkyne introduced IGF-I, thereby becoming a substrate
for biorthogonal click chemistries yielding a site-specific decoration.

In this approach, an orthogonal pyrrolysine tRNA synthetase (PyIRS)/tRNAPyl CUA pair was
employed to direct the co-translational incorporation of an unnatural amino acid—propargyl-L-
lysine (plk)—Dbearing a clickable alkyne functional handle into IGF-1 in response to the amber stop
codon (UAG) introduced into the defined position in the gene of interest. We summarized the
systematic optimization of upstream and downstream process alike with the ultimate goal to
increase the yield of plk modified IGF-I therapeutic, from the construction of gene fusions resulting
in (i) Trx-plk-IGF-I fusion variants, (ii) naturally occurring pro-IGF-I protein (IGF-I + Ea peptide)
(plk-IGF-1 Ea), over the subsequent bacterial cultivation and protein extraction to the final
chromatographic purification. The opportunities and hurdles of all of the above strategies were
discussed. Evidence was provided that the wild-type IGF-I yields were pure by exploiting the
advantages of the pHisTrx expression vector system in concert with a thrombin enzyme with its
highly specific proteolytic digestion site and multiple-chromatography steps. The alkyne
functionality was successfully introduced into IGF-1 by amber codon suppression. The proper
folding of plk-IGF-I Ea was assessed by WST-1 proliferation assay and the detection of
phosphorylated AKT in MG-63 cell lysate. The purity of plk-IGF-1 Ea was monitored with RP-
HPLC and SDS-PAGE analysis. This work also showed site-specific coupling an alkyne in plk-
IGF-I Ea by copper (I)-catalyzed azide-alkyne cycloaddition (CUAAC) with potent activities in
vitro. The site-specific immobilization of plk-IGF-I Ea to the model carrier (i.e., agarose beads)
resulted in enhanced cell proliferation and adhesion surrounding the IGF-I-presenting particles.
Cell proliferation and differentiation were enhanced in the accessibility of IGF-I decorated beads,

reflecting the multivalence on cellular performance.
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Next, we aimed at effectively showing the disease environment by co-delivery of fibroblast growth
factor 2 (FGF2) and IGF-I, deploying localized matrix metalloproteinases (MMPs) upregulation as
a surrogate marker driving the response of the drug delivery system. For this purpose, we
genetically engineered FGF2 variant containing an (S)-2-amino-6-(((2-
azidoethoxy)carbonyl)amino)hexanoic acid incorporated at its N-terminus, followed by an MMPs-
cleavable linker (PCL) and FGF2 sequence, thereby allowing site-directed, specific decoration of
the resultant azide-PCL-FGF2 with the previously mentioned plk-IGF-I Ea to generate defined
protein-protein conjugates with a PCL in between. The click reaction between plk-IGF-I Ea and
azide-PCL-FGF2 was systematically optimized to increase the yield of IGF-FGF conjugates,
including reaction temperature, incubation duration, the addition of anionic detergent, and different
ratios of the participating biopharmaceutics. The challenge here was that CUAAC reaction
components or conditions might oxidize free cysteines of azide-PCL-FGF2 and future work needs
to present the extent of activity retention after conjugation. Furthermore, our study provides
potential options for dual-labeling of IGF-I either by the introduction of unnatural amino acids
within two distinct positions of the protein of interest for parallel “double-click” labeling of the
resultant plk-IGF-1 Ea-plk or by using a combination of enzymatic-catalyzed and CuAAC
bioorthogonal coupling strategies for sequentially dual-labeling of plk-1GF-I Ea.

In conclusion, genetic code expansion in combination with click-chemistry provides the fundament
for novel IGF-1 analogs allowing unprecedented site specificity for decoration. Considerable
progress towards IGF-I based therapies with enhanced pharmacological properties was made by
demonstrating the feasibility of the expression of plk incorporated IGF-1 using E. coli and retained
activity of unconjugated and conjugated IGF-I variant. Dual-labeling of IGF-1 provides further
insights into the functional requirements of IGF-I. Still, further investigation warrants to develop

precise IGF-I therapy through unmatched temporal and spatial regulation of the pleiotropic IGF-I.
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Zusammenfassung

Insulin-like growth factor-1 (IGF-I) ist ein 70 Aminosauren langes Polypeptid mit einem
Molekuargewicht von 7,5 kDa, dass als anaboler Effektor wirkt und dadurch eine essentielle Rolle
in Gewebewachstum und -umbau spielt. Klinisch wird IGF-I fur die Behandlung von
Wachstumsstérungen verwendet und ist fir weitere Anwendungen wie muskuloskelettale
Erkrankungen von Interesse. Im Gegensatz zu Insulin wird IGF-I von mindestens sechs
hochaffinen Bindungsproteinen (IGFBPs) komplexiert, die homdostatisch regulierend wirken,
indem sie die Verfiligbarkeit von IGF-I zu seinem Rezeptor (IGF-IR) auf vielen Zellen modulieren
und ebenso die Verteilung des Wachstumsfaktors im Korper steuern. Aufgrund der Kkurzen
Halbwertszeit von IGF-I wurde die Entwicklung von lokalen IGF-I Depot-Systemen und von auf
Proteinebene modifizierten IGF-I-Varianten mit verbesserten pharmakokinetischen Eigenschaften
vorangetrieben. In der vorliegenden Arbeit sind wir bestrebt ein vielseitiges Biopharmazeutikum zu
prasentieren, das hinsichtlich seiner galenischen Eigenschaften optimiert wurde, z. B. durch
chemische Modifikation, wie ortsspezifische Kopplung von IGF-I an Biomaterialien oder
komplexe Verbundstoffe. Flr diesen Zweck wurde das Therapeutikum neu entworfen und tber die
Erweiterung des genetischen Codes eine Alkin-Funktionalitat eingefligt. Durch dieses Alkin wird

IGF-1 zuganglich fur die Modifizierung mit bio-orthogonaler, ortsspezifischer ,,Click-Chemie*.

In diesem Ansatz wird ein orthogonales Pyrrolysin tRNA-Synthase (PyIRS)/tRNAPyI-CUA — Paar
verwendet, um den co-translationalen Einbau einer unnattrlichen Aminosaure — Propargyl-L-
lysine (PIk) —, die eine Alkin-Funktionalitat fir Click-Reaktionen enthdlt, an Stelle des Amber-
Stop-Codons (UAG) im entsprechenden Gen, im IGF-I-Protein zu gewahrleisten. Die
systematische Optimierung von Up- und Downstream-Prozessen, mit dem Ziel die Ausbeute von
Plk-modifiziertem IGF-I-Biopharmazeutikum zu erhéhen, wurden zusammengefasst: von der
Konstruktion von Genfusionen, die in (i) einer Trx-plk-IGF-I Fusionsvariant und (ii) natirlich
vorkommendem pro-IGF-1 Protein (IGF-1 + Ea peptide) (PIk-IGF-I Ea) resultierten, Uber die
folgende Expression in Bakterien und Proteinextraktion, bis hin zur finalen chromatographischen
Reinigung des Biopharmazeutikums. Die Mdglichkeiten und Schwierigkeiten aller oben genannten
Strategien wurden diskutiert. Es wurde gezeigt, dass die Wildtyp-IGF-I1-Ausbeuten durch den
Einsatz des vorteilhaften pHisTrx-Expressionsvektor-Systems zusammen mit dem Enzym
Thrombin  und seiner hochspezifischen proteolytischen  Spaltstelle  und  mehrfacher
chromatographischer Aufreinigung einen hohen Reinheitsgrad aufwiesen. Die Alkin-Funktionalitat
wurde erfolgreich durch Unterdriickung des Amber-Codons in IGF-I eingefiihrt. Die richtige
Faltung von Plk-IGF-I Ea wurde durch den WST-1 Proliferationsassay und den Nachweis von
phosphorylierten Akt in MG-63-Zelllysat nachgewiesen. Die Reinheit von PIK-IGF-I1 Ea wurde
durch RP-HPLC- und SDS-PAGE-Analyse Uberwacht. In dieser Arbeit konnte auch gezeigt
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werden, dass die ortspezifische Kopplung von Alkinen an PIk-IGF-I Ea durch Kupfer(l)-
katalysierte Azid-Alkin Zykloaddition (CUAAC) in einem Produkt mit hoher in vitro Aktivitét
resultiert. Die ortspezifische Immobilisierung von PIk-IGF-1 Ea an einem Modell-Trégersystem
(hier: Agarosepartikel) fuhrte zu einer verbesserten Zellproliferation und Zelladhésion in der
Umgebung der IGF-I-prasentierenden Partikel. Der vielfaltige Einfluss von IGF-I auf Zellen wird
durch die verbesserte Zellproliferation und -differenzierung durch die Verfligbarkeit von IGF-I
prasentierenden Partikeln widergespiegelt.

Als Néchstes setzten wir uns zum Ziel den Krankheitseinfluss durch die gleichzeitige Anwendung
von Fibroblast-Wachstumsfaktor 2 (FGF2) und IGF-I zu zeigen, indem wir uns der lokalen
Hochregulierung von Matrixmetalloproteinasen (MMPS) als Surrogat-Krankheitsmarker bedienten,
der die Antwort des Drug Delivery-Systems auslost. Zu diesem Zweck wurde eine FGF2-Variante
genetisch  modifiziert, sodass sie am  N-Terminus eine  (S)-2-amino-6-(((2-
azidoethoxy)carbonyl)amino)Hexansdure trdgt - gefolgt von einen durch MMPs spaltbaren
Verbindungsstiick (PCL) und der FGF2 Sequenz - und dadurch die gezielte, spezifische
Konjugation des resultierenden Azid-PCL-FGF2 mit dem vorher erwéhnten Plk-IGF-1 Ea
ermdglicht, um definierte Protein-Protein-Konjugate, die mit einem PCL verbunden sind, zu
erzeugen. Die Click-Reaktion zwischen PIk-IGF-1 Ea und Azid-PCL-FGF2 wurde zur Erhéhung
der IGF-FGF Ausbeute systematisch optimiert, indem die Parameter Temperatur,
Inkubationsdauer, Zugabe von anionischem Tensid und verschiedene Eduktverhéltnisse untersucht
wurden. Es gilt zu bedenken, dass die in der CUAAC Reaktion eingesetzten Komponenten oder
Reaktionsbedingungen freie Cysteinreste von Azid-PCL-FGF2 oxidieren kénnen und es in Zukunft
gilt, die verbleibende Aktivitat nach Proteinkonjugation zu bestimmen. Des Weiteren zeigen unsere
Untersuchungen potentielle Mdglichkeiten fur duale Konjugation von IGF-1 entweder durch die
Einflihrung einer unnatirlichen Aminosdure an zwei verschiedenen Positionen innerhalb des
Proteins (PIk-1GF-1 Ea-PIk) fiir parallele ,,Doppel-Click“-Konjugation oder durch die Kombination
bioorthogonaler Kopplungsreaktionen - einer enzymkatalysierten Reaktion und CuAAC - fiir

sequentielles duales Verkniipfen von PIk-IGF-I Ea.

Schlussendlich stellt die Erweiterung des genetischen Codes in Kombination mit Click-Chemie
eine Grundlage fur neue IGF-1-Analoga dar, die eine noch nie dagewesene Ortsspezifitat fur
Konjugationen besitzen. Ein entscheidender Fortschritt hin zu IGF-I basierten Therapeutika mit
verbesserten pharmakologischen Eigenschaften wurde durch die Expression, Reinigung und
Konjugation von bioaktivem IGF-1 mit PIk sowie konjugierten IGF-I Varianten erreicht. Duales
Modifizieren von IGF-I erlaubt weitere Einblicke in die funktionalen Anforderungen an IGF-I.
Dennoch sind weitere Untersuchungen nétig, um eine gezielte IGF-1 Therapie trotz der

unterschiedlichen zeitlichen und raumlichen Regulierung des pleiotropen IGF-I zu ermdglichen.
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The data in the monograph (from 1.Introduction to 4.Discussion section) is unpublished.
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1. Introduction

1.1 IGF-I isoforms

Insulin-like growth factor-1 (IGF-I) is a potent survival factor that also stimulates axon growth in
motoneurons, blocks atrophy in skeletal muscle fibers and maintains mass and regenerative
capacity in senescent animals.*” Given the prominent functions of IGF-I in normal tissue and cell
homeostasis and tropism, numerous therapeutic applications have been envisaged and extensive
trials with recombinant human IGF-1 were performed, including treatment of growth disorders,
insulin resistance and diabetes, musculoskeletal disorders, cardiovascular diseases, chronic liver
disease, neurodegenerative diseases and aging.® Rescue effects with IGF-1 have been observed in
multiple models, such as improved muscle function, delayed disease progression, and extended

survival >
1.1.1 IGF-I gene structure and alternative splicing

The general consensus is that these biological functions are mediated by the mature IGF-I peptide,
which is produced from Igfl gene. The Igfl gene contains 6 exons, which generates a
heterogeneous pool of IGF-I transcripts by a combination of alternative transcription initiation sites
located within the leader sequences (exon 1 and 2), alternative splicing at 5°- and/or 3’- end of the
Igf1 gene, and multiple polyadenylation sites usage within exon 6.1 17 More specifically, the
different leader exons, which undergo differential splicing of exons 1 and 2 to the common exon 3,
result in two IGF-I splice mRNA classes: class 1 mRNA variants have the leader sequences on
exon 1, whereas class 2 transcripts use exon 2 as the leader exon (Figure 1). In particular,
transcription initiation at promoter 1 are extensively expressed in various tissues, likely linked to
the synthesis of paracrine IGF-I and may have an influence on interactions with IGF binding
proteins (IGFBPs), or promote truncated IGF-1 peptide formation.*® While transcriptional start sites
at promoter 2 are expressed predominantly in the liver (circulating IGF-1 forms) and kidney®
which are expected to be more GH-dependent?>% or comparably GH-responsive.?® 2 However,
both promoters are probably not mutually exclusive, and GH can also stimulate the tissue-specific
(local form) transcripts expression, although the present evidence is still ambiguous.?®%
Alternative splicing at 3°- end of the Igfl gene also results in distinct transcripts that contain exon
5, generally are designated as IGF-I Eb, or exon 6 termed as IGF-I Ea, or both exon 5 and 6 as the
IGF-1 Ec (corresponding to IGF-1 Eb in rodents).’® 3+% Additionally, differential usage of
polyadenylation sites further creates size heterogeneity of human IGF-1 mRNAs, ranging from 1.1
to 7.6 kb in size.®” Studies of transcript stability suggested the half-life of IGF-1 mRNAs was
inversely proportional to the length of their 3’-untranslated region (UTR) with the shortest

transcript size having the greatest stability.®
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Further regulations at a post-transcriptional level by methylation or microRNA (miRNA)
repression are likely involved.* Examples of miRNA negatively associated with expression of
IGF-I are found in cardiac and skeletal muscle under physiological and pathological conditions as
MiRNA-1% and in Alzheimer’s disease (AD) as miRNA-98.4

IGF-l gene structure

Met-48 Met-32 Met-25
1 1 {4
Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 Exon 6

Alternative splicing

Protease j( Protease
Signal Peptide Mature IGF-I E-peptide
Class |
Signal 48 aa Ea (35 aa)
25 || 45 61
aa aa aa
Signal 25 aa Eb (77 aa)
IGF-1 (70 aa)
Class 2 16
aa | aa
Signal 32 aa Ec (40 aa)

Figure 1. Schematic illustration of the human Igfl gene and alternative splicing. Multiple IGF-1 mMRNA
variants can be generated using all possible combinations between leader sequence (encoding signal peptide)
usage and terminal exon (5 or 6). The mature IGF-I peptide, coded by exon 3 and 4, is obtained from
posttranslational processing of each of the various IGF-I precursor polypeptides by the removal of the signal
and the E(a,b,c)-peptides (gaps mark the cleavage sites). Three different E-peptides are encoded by three
mRNA variants resulted from alternative splicing at the 3’ end of the pro-IGF-I mRNA. The first 16 amino
acids of the N-terminus E-peptides are coded by part of exon 4. Exons 5 and 6 encode distinct parts of the E-
peptides with alternative C-terminal sequences by alternative splicing. An N-linked glycosylation site (N92)

contained only in the Ea-peptide ( w).
1.1.2 Processing of pre-pro-1GF-1 peptides (signal peptide + IGF-1 + E-peptide)

These transcripts encode several different IGF-1 precursor polypeptides,® which consist of a signal
peptide directing excretion, the mature IGF-1, and a C-terminal extension called E-peptide.*?
Various isoforms are generated by alternative splicing, multiple promoter usage, and post-
translational modification.*® % However, they share the identical mature IGF-I peptide with B, C,

A, and D domains.! Data from other model systems suggested that co- or post-translational
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modification was of importance for protein stabilization, transmembrane transportation, and
secretion.**" In rodents, pro-IGF-I precursor polypeptides generated from classes 1 and 2
transcripts can have 48, 32 and 22 amino acids long signal peptides, which can further undergo
post-translational processing.!” Evidence of in vitro glycosylation showed that glycosylation
process did not occur in the pro-IGF-I precursor with the 48-residue signal peptide, and a precursor
with the 32 amino acids long signal sequence was glycosylated to the lesser extent than 22-residue
pre-peptide.*® Again, alternative splicing and alternate promoter usage at the 5’-end of IGF-I
MRNASs resulting in different signal peptides could influence the precise N-terminal cleavage site
of the signal sequence,*® suggesting that alternate signal peptides could trigger cleavage at a
position three amino acids downstream of the routine cleavage site to generate an N-terminal
truncated IGF-1 or pro-IGF-I (mature IGF-1 plus an E-peptide).>* 5! After the cleavage of the signal
peptide, additional processing for the pro-IGF-1 can be performed prior to secretion. This includes
proteolytic removal of the E-peptides to release mature IGF-I for secretion, maintenance of the
intact pro-1GF-1 to be secreted,>*° or N-glycosylation in the predominant IGF-I isoform (IGF-1 Ea)
prior to secretion®® (reviewed in 7). Thus, three forms of IGF-I protein could exist in the
extracellular situation: mature IGF-1, non-glycosylated pro-IGF-I (three isoforms in human, IGF-I
Ea, IGF-1 Eb, IGF-I Ec), and glycosylated pro-IGF-I. Further, removal of the entire E-peptide
could be achieved probably by furin protease or by pro-protein convertase subtilisin/kexin type 6
(e.g., PACE4) and subsequently mature IGF-I is released for receptor binding when needed.>" 8
The differential expression of the IGF-I isoforms was observed in various conditions or pathologies
in humans, such as exercise-induced skeletal muscle damage,> % endometriosis®* or prostate,®?

cervical® and colorectal cancer,® implying an underlying complexity of IGF-I actions.% ¢
1.1.3 Potential functions of IGF-I splice variants

Class 2 IGF-I Ea transcript represents the main (endocrine) pro-IGF-1 mRNA produced in liver®’
and is similar to the predominant class 1 IGF-1 Ea isoform locally expressed in other tissues®®
which may be linked to the autocrine/paracrine form of IGF-1.87 Of the three human IGF-I
isoforms, IGF-I Ea is the only isoform which contains an N-linked glycosylation at Asn92 (marked
in red, Table 1) based on the consensus sequence Asn—Xaa—Ser/Thr, where Xaa present any amino
acid except proline.®® " In murine skeletal muscle, glycosylated pro-IGF-I and non-glycosylated
pro-IGF-I are predominant IGF-1 forms and overexpressed in the media from IGF-1 Ea-transfected
cells, suggesting a biological purpose for (non- or) glycosylated Ea.”* Non-glycosylated pro-1GF-I
possessed equivalent activity as mature IGF-1, whereas glycosylated form significantly reduced
IGF-1 receptor (IGF-IR) activation in IGF-IR activation assays.”* Although an N-glycosylation
process has been reported to be a critical step in producing a fully functional protein (e.g., insulin
receptor)’> and regulate the circulatory half-life of other peptide hormones (e.g., growth

hormone),” 7 its significance to IGF-I function has yet to be identified. In muscle, pro-IGF-I could
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be directly bound (possibly not through IGFBP stabilization) to the extracellular matrix (ECM) for
subsequent activity by cleavage,” while glycosylation status of pro-IGF-I impaired this association.
This observation may explain the significance of preserved E-peptide extension as it increases local
IGF-I bioavailability through enhanced ECM retention and prevents their release into circulation.
Provided as a muscle-specific transgene, IGF-I Ea induced muscle hypertrophy and regeneration
post injury,” 787" modulated inflammation response and reduced fibrosis.” In the hindlimb muscle
reload model, disuse atrophy was reverted by both mature IGF-I and IGF-I Ea, while mature IGF-I

did more rapidly for promoting skeletal muscle recovery.’

Protective mechanisms of cardiac muscle from oxidative stress by constitutively overexpressed
IGF-1 Ea form in the heart, was achieved via Sirtuin 1 (SirT1)/c-Jun N-terminal kinase 1 (JNK1)
activity, whereas circulating IGF-I did not influence SirT1 activity.®® 8! Interestingly,
overexpressed IGF-I Ea triggered the phosphorylation of IGF-IR but with the activation of novel
signaling  intermediates  3-phosphoinositide-dependent  protein  kinase-1 (PDK1) and
serum/glucocorticoid regulated kinase 1 (SGK1), as well as SirT1 in transgenic mice, likely
accounting for its unique effects (e.g. delayed cell proliferative response) on the heart.8 8 Also,
supplemental expression of local-specific IGF-I Ea transgene, in heart® and skin,® facilitated tissue
protection and repair without the increase of serum IGF-I levels, supporting the previous
hypothesis that E-peptides may play a role in local IGF-I action and retention of IGF-I in the tissue
of synthesis. In contrast, transgenic overexpressed IGF-1 (without E-peptide) showed increased
circulating IGF-1 levels,® & whereas raised serum IGF-I is positively associated with cancer.
Structurally, the E-peptide extension at C-terminus of IGF-I faces away from the ligand binding
site on IGF-IR, and may not interfere with mature IGF-I/IGF-IR association,®® resembling the
PEGylated IGF-1.°° These observations may offer an appealing pharmaceutical design choice in
reducing pharmaceuticals diffusion and preventing systemic circulation, implying the impact of

naturally occurring pro-IGF-1 on local treatment efficiency.’

Human IGF-1 Eb was initially identified in the liver,*> may be GH responsive and represent an
endocrine role of IGF-I, but it was also found in skeletal muscle.®® The E domain of human IGF-I
Eb seems unique given the fact that it is less conserved among primate species beyond apes in
comparison with those of IGF-I Ea and IGF-I Ec. Moreover, the unique splicing pattern of human
IGF-I Eb is nonexistent in rodents. Human IGF-1 Ec, corresponding to IGF-1 Eb in rodent, was also
firstly detected in human liver.® The term is also coined as mechano growth factor (MGF) due to
its remarkable upregulation by muscle stretch or damage, indicating that MGF probably induces the
regeneration of senescent skeletal muscle as a separate growth factor.®! Its expression also has been
found in various tissues and cells such as endometrium,%! prostate,®? as well as in osteoblast-like
osteosarcoma cells.®> MGF was reported to activate satellite cells in muscle leading to hypertrophy

or regeneration,® and to display its neuroprotective ability in brain ischemia.® ®
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In skeletal muscle, IGF-1 Ea and MGF are predominant isoforms. Although robust elevated MGF
was observed after high resistance training in young men with no significant increase in IGF-I Ea
mRNA levels,* the transcripts levels of class 1 IGF-I Ea were always much higher than those of
MGF in resting muscles of rats and humans.® °" In C2C12 myogenic cell lines, both isoforms
(IGF-1 Ea and MGF) increase myoblast proliferation, IGF-1 Ea promoted the fusion whereas MGF
further prolongs proliferation and seemed to inhibit myoblast differentiation.®® Further, selectively
blocking IGF-IR provided evidence that MGF E domain-mediated its mitogenic activity via a
different signaling pathway.*® Moreover, after viral-mediated delivery of murine IGF-I isoforms
(IGF-I Ea & IGF-I Eb) into skeletal muscle, both isoforms caused increased phosphorylation of the
IGF-IR, increased expression of murine IGF-1 Eb (MGF) drove both PI3K/AKT pathway and the
MAPK pathway downstream of IGF-IR, whereas murine IGF-I Ea overexpression caused increased
AKT phosphorylation only.*® These studies suggest that IGF-I effects are isoform-specific

irrespective of any potential receptor(s) activation (vide infra).
1.1.4 Potential actions of E-peptides (Ea, Eb & Ec)

Synthetic E-peptide analogs, derived from unique regions of the E domains, were shown to possess
mitogenic,®l: 62 92 100102 angiogenic!® and migratory activity,}%2 104 105 and regulate cell
differentiation®®™ 1% in various human cells or cell lines, suggesting the E-peptides of human pro-
IGF-1 may act as independent growth factors. Human Eb-peptide also reported its antitumor effect
in some cancer cells.’® Especially, rodent Ea derived peptides have recently been reported
bioactive.%” Besides, murine Ea- and Eb-peptides were shown to increase cell entry of IGF-1 from
the media, giving proof of possible modulated properties for IGF-I, beyond their independent
activity.%® Differential roles of the synthetic Ec-peptide and mature IGF-I in cell proliferation and
differentiation in the presence of IGF-IR neutralizing antibodies, suggest that the Ec-peptide acts
via a different receptor.®® 1% 19 However, concerns about the effectiveness of a monoclonal
antibody antagonist to the IGF-IR have been raised, as they may induce receptor internalization
activating the downstream signaling unintentionally, or change IGF-IR conformation to facilitate
an E-peptide action.’®” Nevertheless, the bioactivity of fully-processed IGF-1 seemed to be inhibited
in those cells with IGF-IR neutralizing antibodies. Interestingly, a synthetic analog of the Eb
peptide (residues 103-124 amino acid, Table 1) with C-terminal amidation has been reported IGF-
IR-independent bioactivity, including binding specifically to surface molecules of human bronchial
epithelial cells, and initiating mitogenic activity. Furthermore, neither ligand binding was inhibited
by IGF-I or insulin competition, nor did IGF-IR neutralizing antibodies inhibit the proliferation
induced by the synthetic Eb, suggesting that Eb may mediate its effect through a specific high-
affinity receptor.’® Latter data in human neuroblastoma cells model indicated that the initial step of
E-peptide action was mediated through the interaction with conserved and specific putative

membrane receptors on a cell surface.'*" 110
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Table 1. The protein sequence, expression and biological roles of 3 different human IGF-1 isoforms (i.e.,
IGF-I Ea, IGF-1 Eb, IGF-1 Ec) and of mature peptide, E-peptides (i.e., Ea, Eb, Ec) as well as IGF-I analogs.
The intact IGF-1 sequence is marked in blue, N-glycosylation site in IGF-I Ea is highlighted in red. The

common 16 amino acid of N-terminal E-peptide is marked in purple.

Isoforms Protein sequence Expression Functions Mode of Signaling
function
IGF-1 Ea GPETLCGAELVDALQF  Produced in  Induce muscle  Endocrine, Act through
VCGDRGFYFNKPTGY  liver®” as well as  hypertrophy and IGF-1  receptor
GSSSRRAPQTGIVDEC in other tissues®®  enhance regeneration autocrine and also trigger
CFRSCDLRRLEMYCAP after injury when Jparacrine alternate
LKPAKSARSVRAQRH provided as & oction? signaling
TDMPKTQKEVHLKNA muscle-specific intermediates
SRGSAGNKNYRM transgene,’s: 77 11 (e.g., PDK1 and
modulate SGK1, SirTl)
inflammation by the
response and reduce phosphorylation
fibrosis,’®  facilitate of IGF-1R82.83
tissue protection and
repair
IGF-1 Eb GPETLCGAELVDALQF Initially Little information  Likely actin  Act through
VCGDRGFYFNKPTGY  identified in the about much-less  both IGF-I receptor
GSSSRRAPQTGIVDEC  liver,*? but it was  conserved human endocrine*?
CFRSCDLRRLEMYCAP also found in |IGF-I Eb, more and
LKPAKSARSVRAQRH  skeletal muscle®®  attention was paid to  autocrine
TDMPKTQKYQPPSTN Eb activity
KNTKSQRRKGWPKTH [paracrine
PGGEQKEGTEASLQIR fashions™™
GKKKEQRREIGSRNAE
CRGKKGK
IGF-1 Ec GPETLCGAELVDALQF Markedly Serve as a local Autocrine Act both
(MGF) VCGDRGFYFNKPTGY  increased in  tissue repair factor in through a yet
GSSSRRAPQTGIVDEC  exercised and acute injury models Iparacrine common IGF
CFRSCDLRRLEMYCAP  damaged of muscle,® cardiac fashion® receptor  and
LKPAKSARSVRAQRH  muscle®® 113 muscle'4 and through yet
TDMPKTQKYQPPSTN neurons,® 115 unknown
KNTKSQRRKGSTFEE increase myoblast specific receptor
RK proliferation and recognizing a
inhibit terminal unique MGF E-
differentiation,% domain®

neuroprotective!16-118
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Ea peptide

Eb peptide

Ec peptide

Human IGF-
|

RSVRAQRHTDMPKTQ
KEVHLKNASRGSAGN
KNYRM

RSVRAQRHTDMPKTQ
KYQPPSTNKNTKSQRR
KGWPKTHPGGEQKEG
TEASLQIRGKKKEQRR
EIGSRNAECRGKKGK

RSVRAQRHTDMPKTQ
KYQPPSTNKNTKSQR
RKGSTFEERK

GPETLCGAELVDALQF
VCGDRGFYFNKPTGY
GSSSRRAPQTGIVDEC
CFRSCDLRRLEMYCAP
LKPAKSA

Only been
detected in vivo
as part of pro-

IGF-I53

Unknown, partly
due to the lack of
an  appropriate
and specific
antibody, and it
is localized to
nuclei of
transfected

cellst1®

Ec peptide and a
stable 24-amino-
acid MGF (bold
marked in the
left panel)
derived from
Igfl
biological

gene in

systems were not

detected!?!

Mainly produced
by the liver, also
expressed in
many other

tissues. (Detailed

Enhance cell
proliferation and
migration,'°” induce
morphological
differentiation  and
inhibit the
anchorage-
independent cell
growth in  human
neuroblastoma
cellst®!

Promote cell
proliferation and
induce

morphological
differentiation, 100 101
suppress cancer cell
growth and cancer-
induced

angiogenesis, 106

induce cell
attachment and
lamellipodia

outspread via

clathrin-mediated
endocytosis'?

Promote cell
proliferation and
migration, act as a
local tissue repair
factor in acute injury
models of muscle,'%°
cardiac musclet!4

and neurons® 115

Important in normal

body growth and
development,?
promote cell

proliferation,

Unknown

Endocrine,

autocrine

[paracrine

functions

Dependent  on
IGF-1
affect

receptor,

growth
via modulating
IGF-I

signaling®®”

Act

novel

through
binding
candidates that
were not IGF-IR

or insulin
receptor to
conduct
biological

functionst0 110

Act through yet
unknown

specific receptor
recognizing a
unique MGF E-

domain®

Act through

binding to type |

IGF-1  receptor
(IGF-IR),
insulin receptor
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in Appendix A)  differentiation, anti- (IR), cation-
apoptosis, and independent
survival® 123-130 mannose-6-
phosphate
receptor,
IR/IGF-IR
hybrid13l-133
Des(1- GRETLCGAELVDALQF Found in brain®  Stimulate protein Probably Act through IGF
3)IGF-I VCGDRGFYFNKPTGY % autocrine receptor
GSSSRRAPQTGIVDEC accumulation in
CFRSCDLRRLEMYCAP cultured Iparacrine
LKPAKSA myoblasts,*3* 135 fashion®3”
support differentiated
neuronal growth
more effectively than
native IGF-[%¢
Long-R3- MFPAMPLSSLFVNGPR More potent than _ Act through IGF
IGF-1 TLCGAELVDALQFVC IGF-1 in stimulating receptor?3s. 139
GDRGFYFNKPTGYGSS protein and DNA
SRRAPQTGIVDECCFR synthesis in  the
SCDLRRLEMYCAPLKP myoblasts,'38
AKSA prolonged

hypoglycemic action
than IGF-1 in pigs
and marmoset
monkeys,'%° more
potent growth and
survival factor than
either insulin or IGF-
I in  embryonic
kidney cells during

serum free cultures0

Furthermore, a 24-residues Ec-peptide (highlighted in bold, Table 1) corresponding to the unique

portion beyond that common 16 residues sequence (marked in purple, Table 1), possessed

bioactivity in some human cells, possibly mediated via an IGF-IR- and IR-independent

mechanism.®® 52 92 In particular, through exogenous administration of synthetic Ec to these cell

lines, peptide bioactivity was not suppressed by either IGF-IR neutralizing antibody or the siRNA
knock-out of IGF-IR or IR. This unique Ec peptide activated only ERK1/2 and not AKT 33 5962 141

indicating distinct signaling as compared with mature IGF-I. Recently, it has been proposed that E-

peptides may affect IGF-I receptor internalization and localization.X?”- 1% Also, synthetic peptides
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for rodent Ea and Eb domain sequences did not directly induce phosphorylation of IGF-IR in
mouse fibroblasts (P6 cells) in a kinase receptor activation assay.'%” Intriguingly, the activation of
IGF-IR by IGF-I was enhanced in the presence of either E-peptide in the murine C2C12 cell line,
further implying that E-peptides may modulate IGF-1 activity.’®” A further conclusion was drawn
from the findings of that platform as to that E-peptides signaling as well as mitogenic and
motogenic were IGF-IR dependent and plausibly reflected pro-IGF-1 actions,'® indicating that
IGF-1 splice variants may perform their actions through only mature IGF-1,42 or by supporting the
biological activity of pro-IGF-1 forms.” Furthermore, the role of murine pro-IGF-I forms™ 142 143

or E-peptides'® is controversial, especially in cell differentiation (see review in °8).
1.1.5 Full-processed IGF-I

The mature IGF-I is derived from each of the pro-IGF-1 isoforms after the removal of the E-
peptides. Of the well-characterized growth factors, IGF-I is unique in that it has been reported to
promote both cellular proliferation and differentiation'?* 144 depending on the time course and
intracellular conditions in the stage of post injury.'> 146 FDA-approved Mecasermin (an analog of
human IGF-1) is for long-term treatment of growth failure with therapeutic value in other aspects
such as atrophic musculoskeletal, neurodegenerative disorders and myocardial infarction.5 147. 148
However, adverse effects such as hypoglycemia,'*® diabetic retinopathy**® and neoplastic cell
growth, %152 after systemic administration of short-lived IGF-1 lead to the development of locally
implanted IGF-I depot systems, enabling sustained IGF-I release for bone regeneration after
implantation,'®*1% or localized administration,*®" 8 or systemically application of PEGylated
version of IGF-|.% 159-161

1.1.6 Naturally occurring analog of IGF-I: Des (1-3) IGF-I

In addition to the full-length IGF-I, two other protein forms are believed to be produced by post-
translational processing of pro-IGF-1 precursor protein®®? (vide supra) and have been identified in
the brain.®® A truncated analog of human IGF-I (Des(1-3)IGF-1), lacking the first three amino acids
of the B domain of mature peptide, exhibits enhanced biological effects (neurotrophic) that is
modulated by the IGF-I receptor.®” 163 The other product is the tripeptide Gly—Pro-Glu, which
corresponds to amino-terminal tripeptide of IGF-1.%° In the central nervous system, the tripeptide
may regulate the release of neurotransmitter through binding to the N-methyl-D-aspartate (NMDA)
receptor.®® 1% The removal of N-terminal tripeptide Gly—Pro-Glu may be exploited for enhancing

the potency of IGF-I, due to its reduced IGFBPs binding compared to the unprocessed protein.t 13
139
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1.1.7 Synthetic analog of IGF-I: long-R3-I1GF-I

Long-R3-IGF-1 is a synthetic analog of IGF-I comprising the intact IGF-1 with an arginine
substitution for glutamic acid at position 3, and an additional 13 amino acids peptide at its N-
terminus (Table 1). It was specifically engineered for enhancing cell performance. These
modifications dramatically reduced its affinity for IGFBPs, suggesting the shorter half-life for
long-R3-IGF-I in vivo than native IGF-I. Work from Robertson et al.’®* and Bastian et al.'®
supported the above hypothesis that exogenous long-R3-1GF-1 were cleared more rapidly than
regular IGF-1 from wound fluid, plasma. Plasma IGF-I was predominantly associated with IGFBPs,
while the majority of long-R3-IGF-I was detected as free peptide.®® The maximal activation ability
of the IGF-IR generated by 0.1 ug/mL long-R3-IGF was similar to that induced by 0.5 pg/mL
recombinant human IGF-1. However, the stimulatory ability decreased at a higher concentration
(0.5 ug/mL), suggesting that a dose-response curve of long-R® IGF-1 may be bell-shaped.#
Despite the shorter half-life, long-R3-IGF-1 showed prolonged hypoglycemic action than native
IGF-1 in pigs and marmoset monkeys,** due to its dramatically reduced affinities for the IGFBPs
in plasma.**® 1% | ong-R3-IGF-1 may be a more potent growth and survival factor in vivo,
resembling other analogs such as Des(1-3)IGF-I, R3-IGF-I, long-IGF-1 with deletions,
substitutions, or insertion at the N-terminal end®3® 138 139. 162,166 exhibiting superior potent but
decreased IGFBPs affinity.

Taken together, the complexity generated by the Igfl gene splicing, posttranscriptional regulation,
and posttranslational modification, leading to multiple IGF-1 isoforms, probably indicate the
distinguishing roles and bioactivity of the various IGF-I isoforms in the aspects of physiological

conditions and disease.
1.2 IGF-I actions and signaling

IGFs exerts the biological actions through binding to their receptors including the type | (IGF-IR)
and type Il (IGF-1IR) IGF receptor, the insulin receptor (IR), and some atypical receptors such as
the hybrid IGF-IR/IR.13¥133 Nevertheless, the cellular responses to IGFs are predominantly
mediated by the tyrosine kinase activity® " of IGF-IR which binds with higher affinity to IGF-I
than IGF-II, insulin. IGF-I has been indicated to stimulate myoblast proliferation through mitogen-
activated protein (MAP) kinase signaling and, subsequently, to promote myogenic differentiation
via phosphatidylinositol 3 kinase (PI13K) activation.®317° The PI3K signaling is also involved in the
regulation of protein turnover, alteration in intracellular calcium as well as in the cell survival
process (Figure 2). Later evidence implied calcineurin and the calcium-calmodulin-dependent

protein kinase (CamK) in skeletal muscle cell differentiation.®®
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Figure 2. Signal transduction pathways activated by IGF-I, triggering diverse cellular responses including

cell proliferation, differentiation, protein synthesis as well as survival.

The binding of mature IGF-I to IGF-IR triggers receptor phosphorylation, which in turn recruits
members of insulin receptor substrate (IRS) family (IRS 1-4) to directly to their PTB and SH2
domains, and indirectly to the growth receptor binding protein -2 (Grb2) and the p85 subunit of
PI3K through specific motifs in the IRSs.1*173 |RS-1 acts as a mediator and docking protein for
some downstream signaling molecular including PI3K. PI3K activation results in the generation of
inositol triphosphate and subsequent activation of AKT kinase. AKT can mediate cell
differentiation by positively regulating the expression of terminal muscle differentiation markers,
such as p21, MyoD, myocyte enhancer factor 2 (MEF2) and myogenin.’®® Direct and indirect
targets downstream of AKT including mammalian target of Rapamycin (mTOR) and glycogen
synthase kinase 3 (GSK3) cascade involved in translation and protein synthesis’*1’® as well as
skeletal muscle hypertrophy.1%® 170 In addition to the classical PI3K/AKT kinase cascade, the CamK
pathway has been shown to induce myogenesis via association of MEF2 myogenic transcriptional
factor with histone deacetylases (HDACs).1" 18 Cam-dependent phosphatase, calcineurin, plays a
role in early skeletal muscle cell differentiation by regulating the expression of transcription factors
MEF2, MyoD, and myogenin.t”® LBMLC/IGF-1 hypertrophic myocytes dephosphorylated NFATc1

and induced expression of GATA-2 transcription factor, a marker of skeletal muscle
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hypertrophy.*® It is a matter of debate whether calcineurin also involved promoting skeletal muscle
hypertrophy.

Some findings showed that overexpressed activated calcineurin was sufficient to induce the slow
fiber gene regulatory program?®® 182 and cyclosporine A (a calcineurin inhibitor) can block
hypertrophy of cultured skeletal myocytes.'®® However, transgenic mice constitutive expression of
calcineurin in skeletal muscle did not result in hypertrophy,*® 18 consistent with the absence of
calcineurin up-regulation in hypertrophying muscle.’®® Also, both global- and muscle-specific
calcineurin deficient mice showed no defects in muscle growth in response to IGF-I stimulation or
mechanical overload, but this study suggested roles of calcineurin in myogenesis and fiber-type

switching.18

The PI3K-AKT pathway also involves in cell survival by the inhibition of pro-apoptotic Bcl-2
family (Bax, Bad) and Caspase 9, and the activation of the anti-apoptotic Bcl-2 family (Bcl-2, Bcl-
X) (Figure 2). AKT can regulate phosphorylation of FOXO protein, a subgroup of the transcription
factor forkhead box. Activation of AKT also represses FOXO and downregulates expression of the
E3 ubiquitin ligases Muscle Atrophy F-box (MAFbx), Muscle Ring Fingerl (MuRF1) and atrogin-
1, which are responsible for muscle degradation.® '8 Another important IGF-I — activated signaling
pathway is linked to the proliferative response by the stimulation of a family of MAP kinase
cascade, besides ERK 1/2, including Jun kinase (JNK)-1 and -2 and p38 MAP kinase.

1.3 IGF binding proteins

Upon synthesis by various cell types and release into the interstitial fluid, IGF-1 circulates in the
blood at relatively high concentrations (150-400 ng/mL).1¥¢ Most of IGF-I in blood and tissues is
bound to six high-affinity IGF binding proteins® (IGFBPs, IGFBP-1 to -6) (Figure 2) with
nanomolar affinities.’®”-1% In human circulation, IGFBP-3 is the most abundant IGFBPs and has the
highest affinity for IGF-I, accounting for 75-80% of the total carrying capacity. The IGF-I-IGFBP-
3 binary complex can bind to a third protein — acid-labile subunit (ALS).** 12 IGFBP-5 could also
form the ternary complex with IGF-1 and ALS but in considerably less abundant proportion.1% 194
The remaining bound IGF-1 is believed to carried in binary complexed (without ALS) with each of
the six IGFBPs. These complexes greatly extended the half-life of free IGF-I from several min to

20-30 min for the binary complex, even to 16-24 h for the ternary complexes (Figure 3).2% 176179
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Figure 3. IGF-I can act both systemically as a hormone and locally in the autocrine/paracrine fashion.2% 206-
212 Although liver-derived IGF-I contributes to the main circulating source of IGF-1, many tissues, including
the brain, muscle, and bone, produce IGF-I for the autocrine/paracrine mode of action.”1% 174178 |GF-| can
enter the bloodstream, forming binary complexes with each of the six high-affinity binding proteins
(IGFBPs). A binary complex containing IGFBP-3 or IGFBP-5 can associate with ALS to obtain ternary
complexes. The circulating half-lives of free IGF-I, binary complex, as well as IGFBPs and ternary

complexes, are marked. Further, locally produced IGF-I can bind to IGFBPs (e.g., IGFBP-5) localized in the
extracellular matrix as a reservoir of IGF-I.
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A
B domain GPETLCGAELVDALQFVCGDRGFYFNKPT,IGF
GPET .G.E.. ...QF.. .. . .. .F .. .. IGFLIGFBPs
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Figure 4. (A) Summary of essential amino acid residues of IGF-I for IGFBPs and receptor interaction.® 21>
214 The site 1 (primary ligand-receptor binding site)-engaging residues of IGF-I are highlighted in red, site 2
(secondary ligand-receptor binding site)-engaging residues of IGF-1 are marked in black. The surface
representations (B—E) of IGF-1 are shown in four orientations. The essential amino acid residues of IGF-I for
receptor association are highlighted for the (B) B domain (red), (C) C domain (yellow), (D) A domain
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(green), and (E) D domain (blue). (F-I) from different orientations showed the site 1-engaging residues (red),
site 2-engaging residues of IGF-1 (orange-red), and potential alternative sites for modification. E3 was
selected as a replacement site for UAA in this thesis, and modification site K68 was often reported in the
literature, % 159. 160, 215217 potential alternative sites (P2, D20, S33, S35, T41, R50, R55, and S69) for E3 were
annotated. The IGF-I structure (PDB ID: 2GF1) was used to build this diagram by UCSF Chimera (version
1.13.1rc).

IGF-I bind to IGFBPs with ~ 10-fold stronger affinity than its binding to the IGF receptor,'®®
therefore regulating the local availability of IGF-1.2:2 The active release of IGF-1 in response to the
enzymatic degradation of IGFBPs through specific proteases expressed by host cells entails that
IGFBPs govern the availability of the growth factor in response to cellular signals.'® Some
IGFBPs (IGFBP-2, -3, and -5), containing the von Willebrand factor, can bind to ECM components
(e.g., collagen I, fibronectin, or heparin sulfate),'* for example, IGFBP-3 is expressed in articular
cartilage in which it can specifically bind to fibronectin.’” Evidence also showed that IGF-I could
interact with IGFBP-3/fibronectin complex in the circulation,'®® suggesting the possible role of
IGFBP-3/fibronectin in the sequestration of IGF-I in the interstitial ECM. The enhancing effects of
IGFBP-5 were shown to involve association of IGFBP-5 to ECM molecules, which lowers its
affinity for IGF-I about 8-fold, allowing IGF-I to better equilibrate with its receptors.’*® No
apparent change in IGFBP-2 affinity for IGF with matrix association was observed.?® The
described natural concept shed light on potential roles of the location of IGFBPs in the ECM in the

control of local IGF-1 bioavailability and activity.8®

In summary, IGFBPs can both inhibit IGF-induced functions by binding to IGFs and preventing the
binding of IGFs to its receptors and stimulate the effects of IGF-1 (see review in 2°%) by maintaining
a “reservoir” of biologically “inactive” IGF-1 and enhancing delivery of IGF-I to its receptor on the
cell surface.’® Alternatively, IGF-I, six soluble IGFBPs, and IGF receptors act together to fine
control a variety of important biological outcomes including cell proliferation, differentiation, anti-
apoptosis, and survival (Figure 2).> 123130 These cellular activities are linked with a role in tissue
formation and remodeling, musculoskeletal growth, brain development and energy metabolism,
which all ultimately have an influence on body size and longevity. Dysregulation of the IGF system
involves several pathophysiology processes including cancers.®® 202 203 Tg manipulate the IGF
system for the treatment of certain disorders, it is of particular interest to understand the complex

molecular interactions of IGF-I and its binding proteins as well as its receptors.

The three-dimensional structure of IGF-I is well defined, but not for IGFBPs. IGFBP-1 to -6 are
approximately 30 kDa proteins that share a common domain organization consisting of cysteine-
rich N- and C-terminal domains that are connected by a cysteine-poor flexible linker segment. IGF-
binding sites are located on both N- and C-terminal fragments of IGFBPs, which are mostly

conserved. Further, IGFBP-6 C-terminal fragments perturb a large number of residues on the IGF-
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Il surface and may interfere with IGF binding to the IGF-IR, providing a structural basis for the
inhibitory potency of intact IGFBPs on IGF actions.?®* IGF-I residues involved in binding IGFBPs,
as well as receptors, have been identified using a range of approaches, including amino acid

mutations, deletions, and residue or domain swapping with insulin (see review in® 2%%),

Replacing the IGF-1 B domain for the respective insulin B domain endowed IGFBP binding ability
on insulin,?® and exchange of B domain of IGF-I with insulin B domain reduced serum IGFBP
binding.?*® Grafting the IGF-1 C domain into the insulin molecule increases the affinity of insulin
for IGF-IR to 19-28% of that of IGF-1.22° By site-directed mutagenesis and deletion analyses, Glu3
of IGF-I was shown to involve in the IGFBP interaction??! but not crucial for IGF-IR binding
(Figure 4). GIn15 and Phel6 residues in IGF-I B domain are also crucial for peptide association
with binding proteins, together with Glu3 and Thr4 to the corresponding insulin residues, leading to
dramatically lower binding to serum IGFBP by up to 600 fold.?*® Residues Ala8, Val11, Phe23 and
Tyr24 of the IGF-1 B domain have been shown to be essential for IGF-IR binding(Figure 4).
Alanine-scanning mutagenesis of the entire IGF-1 molecule determined B domain residues Gly7,
Leul10 and Phe25 association with IGFBP-1 interaction.'® Further, mutation of Glu3 and Phe49 to
Ala reduced binding to IGFBP-1 by 34- and 100-fold, but had a negligible effect on IGFBP-3
binding. Alanine substitution of Arg21 caused a 3-fold decrease in IGF-IR binding. This residue
locates on the opposite side of the IGF-IR binding surface comprising residues Ala8, Valll, Phe23
and Tyr24, may be part of a second binding surface. Sequential deletions of the N-terminus of IGF-
| revealed that removal of residues up to Thr4 increased potency, which was not attenuated by the
reduced affinity to binding proteins.??! Literature-derived data® 2% 24 regarding the effect of

mutations on IGF-1 binding to IGF-IR or IGFBPs are summarized in Figure 4.
1.4 IGF-I decoration

As mentioned above, the half-life and tissue distribution of potent IGF-I is strictly controlled by a
suite of six IGFBPs in Nature. However, the translation of IGF-I into clinical applications is limited
due to its short biological half-life, instability in the circulation, and several systemic side effects
(vide supra). Sophisticated biomimetic strategies emerged with the ultimate aim of maximizing
pharmaceutical performances of this protein in vivo and controlling pharmacokinetics (see review
in 222). Protein immobilization techniques, including physical adsorption, affinity interaction,
encapsulation/immobilization as well as covalent immobilization of growth factors, combined with
biomaterial matrix mimic the natural healing cascade during tissue regeneration by sustained
localized growth factor delivery and effectivity (see review in 2%). Taking inspiration from the
natural interactions between ECM and heparin-binding growth factors, bioengineers have
decorated IGF-1 with a heparin-binding motif (HB-IGF-1) to sequester its binding affinity to

endogenous heparin sulfate and glycosaminoglycan in cartilage explants. Local delivery of HB—
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IGF-1 variant has shown selective retention in proteoglycan-rich environments without compromise
of bioactivity.??* Further, covalent immobilization of growth factors addresses many of the
challenges associated with delivering freely-diffusible growth factors and shows a promise in
achieving sustained localized growth factor presentation (reviewed in 2%). In addition, the IGF-I
decoration generate effective systemic administration targeting, expanding the choice for optimized
deployment of growth factor therapy, including PEGylated IGF-1 (IGF-I attached to PEG),% 19-16L
215226 and fusion proteins such as Fc fusion proteins,??” 228 fusion to human serum albumin
(HSA),??° naturally occurring pro-IGF-I protein (IGF-I plus E-peptides), = and other polypeptide
fusion approaches?® 2 (e.g. IGF-I-hGH?%),

Traditional amine-targeting strategies, including N-hydroxysuccinimide (NHS)-chemistry, rely
upon the accessibility of the 4 amino groups presented in the IGF-I, ending up with random
heterogeneous pharmaceutical products (reviewed in 22, Figure 5A). This may impact its activity
and increase the immunological risks. Site-specific PEGylation of IGF-1 (PEG-IGF- 1)% 226 was
generated by the mutation of Lys27 and Lys65 to Arg and adding PEGuo kpa t0 Lys68. Arg
substitution of Lys65 or Lys68 inhibited MCF-7 breast cancer cells migration, and this
modification dramatically reduced IGF-IR phosphorylation (Figure 4E) and AKT activation®®,
Analogously, PEG-IGF-I showed a decreased affinity for IGF-IR and IGFBPs binding but
maintaining sustained anabolic activity in vitro. Desirable effects of PEG-IGF-I form in vivo
included extended half-life, decreased renal clearance and providing sustained levels of IGF-I to
the periphery and brain.% 160. 215 Besides NHS-PEGylation, transglutaminase-catalyzed crosslinking
proofed instrumental for site-specifically PEGylated IGF-I due to its high selectivity and mild
reaction conditions.?!” Transglutaminases (TGases) induce the formation of a e-(y-glutamyl) -
lysine isopeptide bond by catalyzing an acyl-transfer reaction.?* Excitingly, Lys68 of IGF-I is the
very substrate for FXIlla transglutaminase.?®® IGF-I was enzymatically conjugated with PEGsokpa
and had protease-sensitive peptide linker (PSL) insert to enable inflammation-mediated 1GF-I
release. Consistent with the previous observations,'®! 2® PEGylation impaired the biological
activity and endocytosis of IGF-I, while the potency was later rescued by the bioresponsive release

of IGF-1 from PEG molecular trigged by the upregulation of proteases.?!’

Although PEG has been FDA-approved as generally recognized as safe (GRAS) molecule, some
reports linked PEGs to vacuolization of renal cortical tubular epithelium cells?** and immunological
risks, %6238 steering the need for alternative compound?® (ideally nature-derived materials). IGF-I
was covalently immobilized to fibrin matrices during normal thrombin/factor XIlla-mediated
polymerization via an incorporated ag-plasmin inhibitor-derived peptide sequence (a2Pli_g). The
variant, a2Pl1.s—IGF-I, was created by the recombinant fusion of 8-residue sequence (NQEQVSPL)
at N-terminus of IGF-I1 and showed equivalent bioactivity compared to wild-type IGF-I.

Incorporation of ozPli_s—IGF-1 within 3D fibrin matrices demonstrated more robust proliferative
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response in smooth muscle cells compared to wild-type IGF-I. Sustained local IGF-1 availability at
bladder lesion sites in vivo enhanced smooth muscle regeneration.'*® Bioinspired from the
endogenous release profiles of growth factors triggered by local enzymatic activity during ECM
degradation, this group developed multi-layered sandwich scaffold comprising of a bioactive fibrin
layer laminated decorated with an engineered IGF-I variant between two collagen sheets. The cell-
mediated IGF-I release was achieved by integration of a matrix metalloproteinases-cleavage linker
between 02Pl1-gand IGF-I. In a rat bladder model, the IGF-I loaded bioactive collagen-fibrin hybrid
scaffolds resulted in host smooth muscle cell invasion in a dose-dependent fashion and smooth
muscle bundle formation with re-urothelialization 28 days after surgery.?! Apart from fibrin, other
ECM proteins including fibronectin and collagen Il, are natural transglutaminase substrates,
allowing site-directed coupling of modified biologics by enzymatic introduction accordingly
bypass the biomaterial modification.?*® In the examples of fibrin-bound therapeutic proteins,
biologics are released dependent on the matrix degradation rate by the action of cell-associated

proteases (e.g., matrix metalloproteinases, plasmin).

Peptide-Fc fusion proteins have been developed for improving the pharmacokinetics of peptides, as
chimeric proteins generated by genetically linking an active peptide with the Fc-domain of
immunoglobulin G (IgG). The plasma half-life of the peptide is dramatically extended, as Fc
portion binds the neonatal Fc receptor (FCRn) in the endosome in a pH-dependent manner,
allowing FcRn-bound proteins to be targeted back to the cell surface for recycling back into the
circulation resulting in delayed lysosomal degradation,?* ?2 while non-FcRn-bound proteins are
degraded by lysosome. Engineered IGF-I-Fc chimera (Fc fragments was endowed at C-terminus of
IGF-I) dramatically prolonged the plasma half-life of IGF-I and was cleaved at Lys65 or Lys68 in
serum after three days. With mutations of Lys65 and Lys68 to alanine or glycine, such variant
showed greater stability and half-life than corresponding constructs with the lysine at position 65 or
68 of the IGF-I fusion polypeptide. IGF-I-Fc or IGF-1-hGH (with hGH as the fusion partner) was
active, whereas Fc-tag or hGH protein fused at the N-terminus of IGF-I was found little or no
activity in the aspects of IGF-IR phosphorylation and AKT activation or Stat5 phosphorylation.
IGF-I-Fc protein showed improved ability to increase muscle mass in SCID mice suffering from
muscle atrophy caused by an atrophy-causing agent and was also effective in decreasing blood
glucose.??® At present, there are eleven FDA-approved Fc-fusion proteins. Moreover, many novel
Fc-fusion proteins are at different stages of pre-clinical and clinical development. Aside from Fc
fragments, IGF-1 was fused to long-circulating serum protein HSA and showed high-yield
expression (100 mg/L) in CHO cells. The fusion protein demonstrated its ability on NIH3T3 cells
proliferation, IGF-IR binding and activation in vitro.??® Apart from acting as a fusion partner,

albumin has been extensively used as an excipient to stabilize pharmaceutical proteins.1%
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Figure 5. Schematic illustration of random immobilization (A) and site-directed immobilization (B) of IGF-I

onto a biomaterial. Reprinted from Ref.?%2, Copyright (2018), with permission from Elsevier.

Naturally occurring E-peptides (Ea, Eb & Ec) with modulated properties for IGF-I in vivo (vide
supra) provides insights into the translation of advanced IGF-I variants for therapeutic application.
IGF-I Ea, IGF-I Eb, and IGF-I Ec demonstrated their ability on cell proliferation, migration and
differentiation (Table 1). E-peptide prolonged IGF-I variants increased the size of IGF-I1 and were
shown to stabilize IGF-I in serum especially with deletion of the dibasic protease cleavage site at
position 71 and 72 (Arg-Ser),?*° suggesting its potential applications for systemic administration.
IGF-1 was successfully engineered with an Ea-peptide extension in Escherichia coli (E. coli).???
The introduction of functionalized unnatural amino acids (UAAS) such as pyrrolysine (Pyl) derived
analogs at a predefined site within the protein backbone, via orthogonal translation based on a
pyrrolysine tRNA synthetase (PylRS)/tRNAPyl CUA pair from arche bacteria (e.g.,
Methanosarcina barkeri?*-2%), offers an elegant approach for site-specific decoration (Figure 5B,

see below for further information).2%% 24
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1.5 Translation of bio-inspired systems into the pharmaceutical design scheme

Functional immobilization strategy

As highlighted above, growth factors like the IGF-I signal protein are essential in regulating
processes involved in cell proliferation, differentiation, and tissue regeneration, and are therefore
considered as significant building blocks in many tissue engineering strategies. Clinical use of
growth factors is complicated by problems of delivery, retention, orientation, or desorption rate.
One way of addressing these challenges is by covalent immobilization of growth factors to
biomaterial matrices to improve the stability and persistence of therapeutics delivered into cells or
tissues.??> Immobilization strategies may provide extended localized activity through spatial control
and reduced protein quantities required for paracrine action. Also, the presentation of growth
factors in an immobilized form is also found in the physiological environment, as exemplified by
the growth factor storage in the ECM, such as affinity binding of FGFs to sulfated
glycosaminoglycans, and binding of IGF-I to the ECM protein through IGFBPs.1%

Conventional chemical decoration approaches to modify therapeutic proteins are limited to the N-
terminal amino group, the C-terminal carboxylic acid, the g-amino group of lysine or thiol-groups
like cysteine. However, multiple accessible lysine and cysteine within a protein challenge selective
modification and frequently lead to heterogeneous pharmaceutical products. Additionally, the lack
of selectivity modification can impair the biological activity of proteins and possibly increase the
immunogenicity.?*” In contrast, deploying an expanded genetic code allows the site-specific
introduction of uAAs (particularly interesting in clickable uAAs) into proteins in live biological
systems, thereby enabling novel functionalities selectively incorporated into the interest of proteins
for engineering novel biological properties (as illustrated in Figure 5B). One major advantage of
such labeling is site-specific decoration with single residue precision at any position in a protein.
An orthogonal aminoacyl tRNA synthetase (RS) /tRNA pair is employed to decode a unique codon
(e.g., amber stop codon UAG (often), ochre stop codon UAA, opal stop codon UGA, quadruplet
codon) as the desired unnatural amino acid. One or more UAG codons can be introduced in the
coding gene of a target protein and a UAA or UGA codon is adopted as a “real” stop codon.
Meanwhile, the anticodon of an orthogonal tRNA is mutated to CUA to recognize the in-frame
UAG codon. In principle, the UAG codon should not be decoded by any cellular components in the
absence of a charged amber suppressor tRNA, and with the formation of truncated proteins instead.
The full-length protein can only be expressed by reading-through amber codon as a sense codon in
the presence of an aminoacylated suppressor tRNA. Further, multiple tRNA/RS pairs target
existing distinct nonsense codons that allow for the incorporation of distinct uAAs for the

subsequent coupling reactions.
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Examples for bioorthogonal click chemistry are engaged in reactive side chain of uAAs, like
aliphatic alkynes reacting with azides via classic copper (1)-catalyzed azide-alkyne cycloaddition
(CuAAC), ketone with hydroxylamine via oxime ligation reactions, strained alkynes with azides
via cooper-free strain-promoted azide-alkyne cycloaddition (SPAAC) and strained alkynes or
alkenes with tetrazines via inverse-electron-demand Diels—Alder cycloaddition.?*3 249 The reaction
of an alkyne with azide-containing probes through CuAAC reaction has been widely used for the in
vitro labeling of biomolecules. Propargyl-L-lysine (PIk) has been genetically incorporated into
proteins in E. coli using an orthogonal PyIRS/tRNAPyl CUA pair, and proteins were modified
selectively with azide-containing probes by CuAAC chemistry.?® 250253 Fyrthermore, the
promiscuity of PylRS/tRNAPyl CUA pair allows to incorporate (S)-2-amino-6-(((2-
azidoethoxy)carbonyl)amino)hexanoic acid into proteins in E. coli.?® Purified azide-modified
proteins can be labeled in vitro with fluorescent dye or polymer in SPAAC or CUAAC reaction.
Together, cellular incorporation of uAAs enables site-specific single- or dual- even multiple-
labeling of recombinant proteins with other molecular, such as small entities, proteins,?! polymer,
surface,?0 251253 to improve pharmacokinetic properties and protein stabilities, and to visualize in

living biological systems as well as to generate homogeneous therapeutic conjugates.

Besides chemical conjugation strategies, TGase-mediated acyl transfer reaction provides an
advantageous option of covalent polymer attachment for proteins due to its high selectivity and
mild reaction conditions. It is particularly attractive for proteins without multiple TGase-reactive
glutamines or lysines,?>2%® as shown here for IGF-I. As highlighted in section 1.4 IGF-I
decoration, the TGase-catalyzed reaction between specific glutamine in the PEGsopa—PSL
molecule and lysine residue within the IGF-I substrate leads to a homogeneous outcome.?!’ Factor
Xllla (FXIHI)—a plasma transglutaminase—is responsible for cross-linking fibrin monomers and
plays a crucial role in the stabilization and fibrinolysis of the provisional ECM during wound
healing.2* 2° Applications of conjugation by FXIlla were presented in the incorporation of
exogenous peptides into fibrin gels,?®® the controllable cross-linking in biological or synthetic

hydrogels, surface functionalization?-262 and site-specific protein PEGylation.?!’

Sites for modification

Tremendous efforts of related work were based on commercially available mature IGF-I which
may limit the decoration strategy to its unique proteinogenic amino acid (e.g., NHS-chemistry on
the lysine, Figure 5A). In this thesis, we focused on the expansion of decoration strategies of
potent IGF-1 through the genetic incorporation of novel functionalities to enable flexible chemo-
and site-selective protein modification. The first step was to identify IGF-1 positions that serve as
appropriate anchor sites and fulfill the following criteria: (i) replacement by the uAA does not

affect protein folding and stability; (ii) the mutation does not influence protein function (or protein-
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receptor association); (iii) the insertion site presenting the uAA is sterically favored for chemical
immobilization (e.g., surface-exposed residues).

As elaborated in section 1.16 & section 1.3, the N-terminal residues (Gly1, Pro2, and Glu3) of the
B domain in the IGF-I molecule are suitable sites for modification, as exemplified by the retained
potency of a naturally truncated variant Des(1-3)IGF-I1*?*° and unaltered IGF-IR binding affinity
of such IGF-I variants with deletion or mutations.?** C domain of IGF-1 (residues 30-41, Figure
4C) was found to be essential for its function.?s® 264 Double mutation of Arg36-Arg37 into Ala36—
Ala37 severely reduced binding of this mutant to IGF-IR? and IGFBP-1.1®° The existence of
overlapping binding surfaces explains the competition between IGF-IR and IGFBPs binding to
IGF-I. Further, a double replacement of Arg36-Arg37 to Glu36-Glu37 suggested a partial
antagonism of IGF-IR, i.e., the analog demonstrated an impaired intracellular signaling®® and
suppressed tumorigenesis?®’ albeit still bound to IGF-IR. Mutation of Val44 of B domain of IGF-I
to Met causes dwarfism,?®® and mutation to Leu at the homologous Val of A3 position in insulin
Wakayama causes diabetes,?®® with reduced affinity of both mutants for their cognate receptor to

less than 1%.

In comparison with insulin’s structure, the superfluous D domain and non-homologous C domain
in IGF-I have been reported to participate in determining binding specificity for the IGF-I receptor.
In particular, positively charged side chains in C and D domains of IGF-I contribute to the binding
preference of the IGF-IR towards IGF-1,%° with a 10-fold decrease in IGF-IR affinity for
Lys65Ala/Lys68Ala variant. A contrasting finding showed that deletion of the D domain had a
negligible effect.?®®> NMR spectroscopy studies showed most residues in the D domain (Pro63,
Lys65, Pro66, & Lys68—Ala70) to participate in IGFBP-1 binding,'®® which contributes to mediate
IGF-I bioavailability. Contacts between IGF-I and the primary ligand-binding site (site 1) elements
on the L1-CR-L2 domains of the IGF-IR was computability docked,?* 27 with site 1 engaging
residues of IGF-1 are localized on the B, C and A domains of IGF-I (e.g., Phe23, Tyr24, Tyr31,
Arg36, Arg37, Val44, Tyr60, and Ala62),>™® and do not include Lys68 (Figure 4). PEGylation at
this site is likely to sterically hinder both receptor interaction and closing of the receptor dimer
through the secondary binding site (site 2). Both of these effects most likely explain why
PEGylated IGF-1 had reduced in vitro affinity for IGF-1 & insulin.®® Recent molecular dynamic
studies of an atomic structural model for complexes of IGF-I: IGF-IR ectodomain further support
the engagement of Lys68 in site 2 receptor binding, suggesting partial contacts for Lys68 (IGF-I)
with Lys306 in site 2 of the IGF-IR.?*

Some site 2 substitutions in the case of insulin binding to IR can reduce the association rate of 2|-
labeled insulin up to 20-fold and slow down the dissociation rate, in which the prototype is hagfish

insulin (a natural insulin variant).?’* Also, the slow on-rate association impact fast response of such
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insulin analogues thereby leading to a low metabolic potency, while the increased residence time
on the receptor enhances growth-promoting signaling, together contributing to improved mitogenic
and metabolic potency ratio of hagfish insulin (3.8) 2’* that is consistent with that of other insulins
modified in the site 2.272 2”® Given the fact that IGF-I bound to IGF-IR in a fashion effectively
identical to that seen in IR binding mechanism,?”® 274 it is reasonable to extrapolate the
consequences of impaired site 2 interaction to PEG-IGF-I. Indeed, PEGylated IGF-I (at site Lys68)
demonstrated lower potency than wild-type IGF-I driven by rapid receptor binding, while longer
incubation decreased their differences.®® The other design takes advantage of the impaired receptor
affinity of PEGylated IGF-I (at site Lys68), e.g., the placement of PCL between the IGF-1 and PEG
molecule, IGF-I activity was recovered after the cleavage of PCL as triggered by the upregulation

of matrix metalloproteinases.?!’

Like the above-mentioned large PEG molecule (at site Lys68 of IGF-1), C-terminal E-peptide
extension faces away from the site 1 binding area, suggesting the retained E-peptide in IGF-1 might
have no significant effect on IGF-IR binding. Indeed, naturally occurring pro-IGF-I (IGF-I+E-
peptide) does not seem to impede receptor phosphorylation, and shows equivalent IGF-IR
phosphorylation than mature IGF-1.2" Little is known about the structures of pro-IGF-1 and its
interaction with receptors. Intriguingly, E-peptides are thought to enhance IGF-1 storage by the
interaction with the ECM components, to modulate IGF-I action by increasing the cell entry of
IGF-I from media, and to act independently (see section 1.1). Also, recombinantly expressed E-
peptide prolonged IGF-I variants (devoid of the dibasic protease cleavage site Arg71-Ser72) were
shown to stabilize IGF-I in serum due to improved IGFBPs interaction with unaltered therapeutic
activity.? In this respect, we engineered a novel IGF-I therapeutic with a 33-residue Ea peptide
prolongation at its C-terminus (IGF-I Ea) for the incorporation of uAA. The improper folding of
IGF-I or IGF-I Ea in E. coli causes protein aggregation, thus uAA incorporated or wild-type IGF-I
(without Ea extension) was also expressed in forms of N-terminally fused to thioredoxin to
improve the expression and solubility of IGF-I protein in E. coli?®® 31932 (as elaborated in Results,

Discussion section).

Based on literature-derived data and modeled molecular structure of IGF-I, a hydrophilic (and
surface-exposed) Glu at position 3 at the N-terminus, which did not engage the IGF-IR association
and was ease of genetic manipulation & downstream purification, formed an attractive replacement
site for uUAA.

Beyond Glu3 of IGF-I, other residues fulfilling the required specifications can be used as
alternative sites. An alternative site at N-terminus is surface-exposed hydrophobic Pro2 (Figure
4F, G, and H, highlighted in yellow). The comparison of IGF-I within various species will provide

us information not only on the evolution of the molecule but also on the relationship between IGF-I
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structure and activity. Some amino acids were highly conserved during evolution led to the
suggestion that this cluster of residues located on the surface of the molecule was involved in
receptor binding and biological activity.?”® Amino acid sequence comparison of human and animal
IGF-1 is presented in Appendix B. Based on this information, several less-conservation of
hydrophilic residues (Asp20, Asn26, Ser33, Ser34, Ser35, GIn40, Thr4l, Arg50, Asp53, Ser69)
were rationally selected and further scanned through 3D model of IGF-I, with surface-exposed
amino acids (Asp20, Ser33, Ser35, Thr4l, Arg50, Ser69) selected as potential alternative sites
(Figure 4F, G, H, I). Interestingly, none of them are included in the known ligand: IGF-IR binding
sites. Asp20 (highlighted in forest green) and Arg50 (marked in black) might be alternative sites for
modification. Intriguingly, residue Ser33 is localized closely to IGF-IR-engaging (site-1-engaging)
residues of IGF-I. “On-demand activation” of IGF-1 can be designed by steric blocking this site
with a large molecule to impair its intracellular signaling (“inactivated” state) and by the removal
of this molecule to recover IGF-I functions only when needed (“activated” state). Such a profile is
also available for other residues (Ser35, Thr4l, and Ser69). Cautions should be taken when the
mutation site is near the C-terminus (Ser69), as an immediate conundrum is that purification of
full-length uAA incorporated protein from the truncated form. Efforts to solve the “truncation
problem” have focused upon nontrivial manipulations of the E. coli translation system, including
genetic deletion of release factor 1 or reassignment of all of the UAG stop codons in the
bacterium,?’” which may lead to comprised cell health and lower levels of protein production?’® (as
elaborated in Discussion section). Intriguingly, surface-exposed conservative residue Arg55
(located on the helix) is not directly involved in stabilizing its cognate receptor binding, albeit
spatially closed to Arg56 and Arg21 (which are involved in site 2 engagement). Also, arginine to
alanine substituted IGF-I variant at position 55 showed a slower IGFBP-1 association.!®® The
conservation of this residue may suggest that it is important for other functions. Arg55-Arg56 was
reported to be responsive (in part) for the lower affinity of IGF-I for the type 2 IGF receptor/cation-
independent mannose-6-phosphate receptor,?® a clearance receptor (in the case of IGF-II),?™®
suggesting its role in IGF receptor specificity. This insight may make Arg55 an interesting site for

modification.

Upon selection of the insertion site (Glu3), we introduced the uAA with clickable functionality
(pIk) into IGF-1 backbone during protein synthesis in E. coli. Optimization of uUAA incorporation
using amber codon suppression includes (i) variation of IGF-I1 genetic sequence and bacterial
strains, (i) variation of culture parameters (UAA concentration, culture time, IPTG concentration),
(iii) downstream purification of the desired product. In combination with CUAAC, plk incorporated
IGF-I could be site-specifically coupled to other molecules, including polymer, model carrier, and

growth factor. In particular, an attempt has been made to investigate the dual-labeling of IGF-I
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either by the introduction of uAA within two distinct positions of the protein of interest or by
exploitation of clickable plk-IGF-I Ea with a unique proteinogenic TGase-reactive lysine.

1.6 Aim of the thesis

Overall Aim

To expand the decoration strategies of potent IGF-I through the genetic incorporation of novel

functionalities to enable flexible chemo- and site-selective protein modification
Specific Aims

1. Engineered plk-modified IGF-I analog via genetic codon expansion and presented a defined
strategy to bio-orthogonally immobilize IGF-I variant to azide presenting agarose particles for
spatial controlled cell proliferation. Two strategies were deployed to increase the yield of plk-
modified IGF-I analog, including (i) genetically engineered IGF-1 variants (Trx-plk-1GF-I)
containing an N-terminal Hiss?®-tagged thioredoxin?! — thrombin cleavage site and a non-natural
amino acid, propargyl-protected lysine derivative (plk) incorporated at Glu-3 of IGF-I; (ii)
engineered indigenous IGF-I Ea therapeutic (plk-IGF-I Ea) with the exchange of Glu-3 against plk.

2. Dual-functionalized IGF-I variant either by engineered IGF-1 Ea variant with two alkyne

functionalities or by exploitation of “clickable” plk-IGF-1 Ea with TGase-reactivity lysine

3. Bio-responsive co-delivery of FGF2 and IGF-1 based on genetic incorporation of clickable

unnatural amino acids



32

1. INTRODUCTION




2. MATERIALS & METHODS

33

2. Materials & Methods

2.1 General materials

DNA manipulation. Standard molecular biology techniques were used throughout.?®? Site-directed

mutagenesis and insertion of genes were carried out by polymerase chain reaction (PCR).

Enzyme Application

GUAATTC
EcoRI-HF® (NEB)

C TTAANG

GUGATCC
BamHI-HF® (NEB)

C CTAGNG

CAITATG
Ndel (NEB)

GT ATNAC

GCTCTTC(N)1U
Sapl (NEB)

CGAGAAG(N)4M

AUGATCT
BgllI (NEB)

T CTAGNTA

Pfu DNA Polymerase (kindly provided by Dr.

Joachim Nickel, Wirzburg, Germany)

T4 DNA ligase (NEB)

Antarctic phosphatase (NEB)

GeneRuler 1 Kb plus DNA ladder (Thermo

Fisher Scientific)

dNTPs mix (Thermo Fisher Scientific)

High fidelity PCR

Joining double-stranded DNA molecules with cohesive or
blunt ends

Preventing re-ligation of linearized DNA vectors by

removing phosphate groups from both 5’ termini

75-20000 bp reference

PCR
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Bacterial strains.

Escherichia coli

(E. coli) strain

Application

Description

DH5a

(NEB)

BL21 (DE3)

(NEB)

SHuffle T7

(NEB)

Rosetta 2

(Novagen)

Rosetta (DE3)
(Novagen)

C321.AA. exp
(Addgene)

Plasmid amplification

Protein expression

Protein expression

Protein expression

Protein expression

Protein expression

Blue/white color screening with lacZAM15; high insert
stability due to recAl mutation; high yield and quality of
DNA due to endA mutation.

Chemically competent E. coli cells suitable for transformation
and protein expression; T7 Expression Strain; deficient in
proteases Lon and OmpT that degrade abnormal and outer

membrane proteins, respectively.

Chemically competent E. coli B cells engineered to form
proteins containing disulfide bonds in the cytoplasm; suitable
for T7 promoter driven protein expression; enhanced BL21

derivative.

BL21 derivatives designed to enhance the expression of
eukaryotic proteins that contribute tRNAs for 7 codons
(AUA, AGG, AGA, CGG, CUA, CCC, and GGA) rarely used

in E. col; bear a chloramphenicol-resistant plasmid pRARE.

BL21 derivatives designed to enhance the expression of
eukaryotic proteins that contribute tRNAs for 6 codons
(AGG, AGA, AUA, CUA, CCC, GGA) rarely used in E. coli;
bear a chloramphenicol-resistant plasmid pRARE; the host is
a lysogen of ADE3, and carries a chromosomal copy of the T7
RNA polymerase gene under control of the lacUV5 promote;
suitable for production of protein from target genes cloned in

PET vectors by induction with IPTG.

Recoded E. coli with all UAG codons and release factor 1
(RF1) removed (UAG termination abolished); decreased
mutation rate; 37 °C growth tolerated; contain a zeocin

resistance cassette.
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Protein expression vectors.

Antibiotic
Vector type Promoter  Inductor Notes
Resistance
. - The gene encoding N-terminal Hise-tagged
pHisTrx ampicillin IPTG . .

Trx and a thrombin cleavage site?®
pPET-11a ampicillin IPTG lacl gene and the tRNAPyI gene
pRSFDuet- .

kanamycine IPTG lacl gene and PyIRS gene
lvector

Culture media & antibiotics. All solutions were prepared in Milli-Q water. Lysogeny broth (LB)
medium was used for the growth of DH5a, BL21 (DE3), SHuffle T7, Rosetta 2, Rosetta (DE3), and
C321.AA.exp strains. Terrific broth (TB) medium was used for recombinant protein expression.
SOC Medium was used for DH5a, BL21 (DE3), SHuffle T7, Rosetta 2, Rosetta (DE3), and
C321.AA.exp strains growth during transformation protocol. All purchased chemicals were used

without further purification.

LB broth media (1 L)

LB agar media (200 mL)

SOC media (1 L)

TB broth media (900 mL)

LB glycerol media (100 mL)

Antibiotics

(Working concentration)

10 g Tryptone; 5 g Yeast extract; 5 g NaCl; 5 g MgSO. - 7TH.0; 1 g
Glucose; Add H,0O to 1 L; Sterilize by autoclaving

2 g Tryptone;1 g Yeast extract; 2 g NaCl; 1 g Glucose; 3 g Agar;
Adjust the pH to 7.5; Add H20 to 200 mL

20 g Tryptone; 5 g Yeast extract; 0.58g NaCl; 0.19g KCI; 0.92¢g
MgCl2; 1.21g MgS04; 3.6 g glucose; Add H:Oto 1 L

12 g Tryptone; 24 g Yeast extract; 4 mL Glycerine; Add H,O to 900
mL

20 mL Glycerin; 80 mL LB medium; Sterilize by autoclaving

« 100 pg/mL carbenicillin

% 34 pg/mL kanamycin
« 34 pg/mL chloramphenicol

Agarose gel electrophoresis buffers.

50x TAE buffer (250 mL)

60.5 g Tris base; 14.3 mL Glacial acetic acid; 7.3 g EDTA, Adjust
the pH to 8.5; Add H,0O to 250 mL
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1% Agarose/Midori Green/lx TAE 0.7 g Tris base; 70 mL of 1x TAE; Heat until the solution is clear;
gel (70 mL) Add 3.5 pL Midori Green after cooling

General buffers.

10xPBS (1 L) 80 g NaCl; 2 g KCI; 6.1 g Na;HPO4; 2 g KH,PO4; Add H,Oto 1 L
10xTBS (1 1) 18.6 g Tris base; 80 g NaCl; Adjust the pH to 7.6; Add H,Oto 1 L
IXxTBST (1 L) 100 mL 10xTBS; 1 mL Tween 20; Add H,O to 1 L

10x Thrombin cleavage buffer (1L) 24 g Tris base; 87.7 g NaCl; Add H,O to 800 mL; Adjust the pH to
8.4; AddHOtolL

SDS-PAGE gel electrophoresis buffers.

SDS electrophoresis buffer (5x) 15.1 g Tris base; 72 g Glycine; 5g SDS; Add H:Oto 1 L

Reducing SDS sample buffer (6x) 19 SDS; 7 mL 4xTris- CI/SDS (pH 6.8); 3 mL glycerol; 0.93 g 1,4-
Dithiothreitol (DTT); 1.2 mg Bromophenol blue; Add H,O to 10
mL

Non-reducing SDS sample buffer 1g SDS; 7 mL 4xTris-CI/SDS (pH 6.8); 3 mL glycerol; 1.2 mg

(6x) Bromophenol blue; Add H,O to 10 mL
Coomassie blue staining (1 L) 1 g Coomassie Brilliant Blue; 500 mL Methanol; 100 mL Glacial

acetic acid; Add H,Oto 1 L

Destaining solution (1 L) 200 mL Methanol; 100 mL Glacial acetic acid; Add H.Oto 1 L

4xTris-Cl/SDS (pH 6.8) 6.05 g Tris base; 40 mL H,O; Adjust to pH 6.8 with HCI; Add H,O
to 100 mL total volume; Filter solution through a 0.45 pm filter; 0.4
g SDS;

4xTris-Cl/SDS (pH 8.8) 91 g Tris base; 300 mL H20; Adjust to pH 8.8 with HCI; Add H,O

to 500 mL total volume; Filter solution through a 0.45 um filter; 2 g
SDS

Transfer and blotting buffers for Western Blot.

10x Western Blot buffer (1 L) 30.3 g Tris base; 144 g Glycine; Add H.Oto 1 L

1x Western Blot buffer (1 L) 100 mL of 10x WB buffer; 200 mL Methanol; Add H.Oto 1 L

Blocking solution (100 mL) 10 mL of 10x Roti®-Block; 90 mL 1x TBS
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Antibody wash buffer (1 L) 1L of 1x TBST; 2 mL Tween 20

Ponceau S solution (200 mL) 10 mL Glacial acetic acid; 0.2 g Ponceau S; Add H20 to 200 mL

Stripping buffer (100 mL) 780 uL B-mercaptoethanol; 6.25 mL of 1M Tris-HCI (pH 6.8); 2 g SDS;
Add H,0 to 100 mL

Protein purification buffers.
Histidine tagged recombinant protein purification.

Sonication buffer (100 mL) 100 mL Hise-tag binding buffer (pH 7.5); 1 mL PMSF

Hiss-tag binding buffer (1 L) 2.4 g Na,HPOy4; 0.36 g NaH,POg; 29 g NaCl; 1.4 g Imidazole; Add H2O
to 1 L; pH 7.5; Filter solution through a 0.45 um filter

Hiss-tag elution buffer (1 L) 2.4 g Na;HPOy; 0.36 g NaH,PO4; 29 g NaCl; 34 g Imidazole; Add H,O
to 1 L; pH 7.5; Filter solution through a 0.45 pm filter

Azide-PCL-FGF2/IGF-FGF protein purification.

Sonication buffer (100 mL) 100 mL Heparin binding buffer (pH 7.4); 200 uL of 0.5 M EDTA; 15.4
mg DTT; 1 mL PMSF

Heparin binding buffer (1 L,) 1.37 g Na,HPOg; 0.27 g NaH,POy; 17.53 g NaCl; Add H,O to 1 L; pH
7.4; Filter solution through a 0.45 pm filter

Heparin elution buffer (1 L) 1.37 g NaHPOg; 0.27 g NaH,PO.; 87.81 g NaCl; Add HO to 1 L; pH
7.4; Filter solution through a 0.45 pm filter

IGF-1 variant purification (Reverse-phase HPLC, RP-HPLC).

Eluent solution A (1 L) 1L H;O; 1 mL TFA,; Degas by sonication before use

Eluent solution B (1 L) 1 L Acetonitrile; 1 mL TFA; Degas by sonication before use

IGF-1 variant purification (cation-exchange chromatography).

Binding buffer (1 L) 6.8 g Acetate sodium trihydrate; 800 mL H,O; Adjust the pH to 4.5 with
acetic acid; add H0 to 1 L; Filter solution through a 0.45 pm filter

Elution buffer (1 L) 6.8 g Acetate sodium trihydrate; 58.4 g NaCl; 800 mL H,0; Adjust the
pH to 4.5 with acetic acid; Add H,O to 1 L; Filter solution through a 0.45

pm filter
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Recombinant protein purification from inclusion bodies.

Sonication buffer (100 mL)

Unfolding buffer (100 mL)

0.607 g Tris base, 0.29 g NaCl, 0.029 g EDTA; 100 pL PMSF; 80 mL
H,0; Adjust the pH to 8.0; Add H,0 to 100 mL

0.607 g Tris base, 0.29 g NaCl, 0.029 g EDTA; 100 uL PMSF; 57.32 g
Guanidine HCI; 61.4 mg reduced glutathione; 12.2 mg oxidized
glutathione; 80 mL H»0; Adjust the pH to 8.0; Add H20 to 100 mL

Unnatural amino acid (UAA). Propargyl-chloroformate was purchased from Sigma-Aldrich. Boc-

protected L-lysine was obtained from Chem-Impex Int'l Inc. Propargyl-L-lysine (Plk) as HCl-salt

was synthesized in-house as described by Milles et al.?®* and Li et al.?8 The product was confirmed
by a Bruker Advance 400 MHz NMR spectrometer as reported elsewhere.?° (S)-2-Amino-6-(((2-

azidoethoxy)carbonyl)amino)hexanoic acid (azido-L-lysine) was kindly provided by Martina

Raschig.

Resins/devices for protein purification.

Resins/devices for protein

purification

Type Application

P-aminobenzamidine agarose

(Sigma-Aldrich)

HisPur Ni-NTA resin

(Thermo Fisher Scientific)

1-mL HisTrap FF crude

column

(GE Healthcare)

1-mL HiTrap SP HP

(GE Healthcare)

Jupiter C18 300A column

(Phenomenex Inc., Torrance,
CA)

SOURCE™ 15RPC ST 4.6/100
column (GE Healthcare)

o Removal/purification of serine proteases
Affinity chromatography )
) (e.g., thrombin) after the cleavage of the
resin
fusion protein

o Affinity purification of His-tagged fusion
Affinity chromatography

) ) ) proteins; Pulling down polyhistidine
resin (Nickel-NTA resin)

protein

Affinity chromatography o ) o
Histidine-tagged protein purification
column

cation-exchange resin Protein purification

Reversed-phase HPLC

Protein, peptide purification
column

Reversed phase . o
Protein purification
chromatography column
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Zip Tip pipette tips

(Millipore)

HiTrap Desalting 5-mL column
(GE Healthcare)

HiTrapTM Heparin HP 1 ml
(GE Healthcare)

FPLC AKTApurifier system™
(GE Healtcare)

Vivaspin 2, Vivaspin 6 &
Vivaspin 500

(Sartorius)

Zorbax 300SB-CN column
(Agilent)

Dialysis Membrane

C18 resin

Desalting column

Affinity chromatography

column

Disposable ultrafiltration

devices

Reversed-phase

chromatography column

Fast and efficient capture, concentration,
desalting and elution of peptides for
MALDI mass spectrometry and other

methods.

Scale-up protein desalting

Protein purification

Protein purification

Protein concentration and buffer exchange

Protein/peptide analysis

Dialysis Buffer exchange
(Spectrum Laboratories)
Slide-A-Lyzer MINI dialysis
devices Dialysis Buffer exchange
(Thermo Fisher Scientific)
Antibodies.
Primary antibody Description Company

Insulin-like ~ growth  factor-I
antibody
Insulin-like  growth  factor-I
antibody

Anti-FGF2 antibody

Anti-phospho-AKT (Ser473)

Goat polyclonal

Mouse monoclonal

Mouse monoclonal

Rabbit polyclonal

Sigma-Aldrich #18773

Sigma-Aldrich #19909

Merck #05-118

Cell Signaling #9271
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AKT Antibody
a-tubulin antibody

Myosin heavy chain (MyHC)
antibody

Second antibody

Anti-mouse 1gG-HRP conjugate
Anti-rabbit IgG-HRP conjugate
Anti-goat 1gG-HRP conjugate

Anti-Mouse  IgG  secondary
antibody

Rabbit polyclonal Cell Signaling #9272
rabbit monoclonal Cell Signaling #2125S
Mouse monoclonal R&D Systems #MAB4470
Description Company

Goat polyclonal Sigma-Aldrich #A4416
Goat Cell signaling #7074S
Mouse polyclonal Sigma-Aldrich #AP186P

Goat, Alexa Fluor 488 Invitrogen #A11001
labeled

Molecular biological commercial Kits.

E.Z.N.AR Gel extraction kit
E.Z.N.A R plasmid mini Kit
NucleoBond® Xtra Maxi kits
Bradford Protein Assay Kit
Pierce BCA Protein Assay Kit
Thrombin kits

SuperSignal® West Pico

Chemiluminescent Substrate

M-PER  mammalian  protein

extraction reagent

Omega bio-tek, #D2500-1
Omega bio-tek, #D6942-02
Macherey-Nagel, #740414.50
Pierce, #23200

Thermo Fisher Scientific, #23225
Novagen, #69671-3

Thermo Fisher Scientific, #34078

Thermo Fisher Scientific, #78501
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2.2 IGF-I variants preparation

2.2.1 Genetically engineered IGF-I variants containing N-terminally Hiss-tagged thioredoxin
and a thrombin cleavage site

2.2.1.1 DNA sequence of the IGF-I fusion protein (Trx-IGF-I)

His -tag Trx
T

1 ATG GGT CAT CAC CAT CAC CAT CAC GGT TCT GGT ATG AGC GAT AAA ATT ATT
1 M G H H H H H H G § G M S D K I I

52 CAC CTG ACT GAC GAC AGT TTT GAC ACG GAT GTA CTC AAA GCG GAC GGG
18 H L T D D S F D T D A L K A D G

100 GCG ATC CTC GTC GAT TTC TGG GCA GAG TGG TGC GGT CCG TGC AAA ATG
34 A | L Vv D F W A E w C G P c K M

148 ATC GCC CCG ATT CTG GAT GAA ATC GCT GAC GAA TAT CAG GGC AAA CTG
50 | A P | L D E | A D E Y Q G K L

196 ACC GTT GCA AAA CTG AAC ATC GAT CAA AAC CCT GGC ACT GCG CCG AAA
66 T v A K L N | D Q N P G T A P K

244 TAT GGC ATC CGT GGT ATC CCG ACT CTG CTG CTG TTC AAA AAC GGT GAA
82 Y G | R G | P T L L L F K N G E

292 GTG GCG GCA ACC AAA GTG GGT GCA CTG TCT AAA GGT CAG TTG AAA GAG
98 \' A A T K \'} G A L S K G Q L K E
Trx Thrombin site

340 TTC CTC GAC GCT AAC CTG GCC GGT TCT GGT TCT GGC |CTG GTT CCG CGT

114 F L D A N L A G S G S G L \') P R
IGF-I

388 | GGA TCC|GGA CCG GAG ACG CTC TGC GGG GCT GAG CTG GTG GAT GCT

130 G S G P E T L c G A E L \" D A

433 CTT CAG TTC GTG TGT GGA GAC AGG GGC TTT TAT TTC AAC AAG CCC
145 L Q F v C G D R G F Y F N K P

478 ACA GGG TAT GGC TCC AGC AGT CGG AGG GCG CCT CAG ACA GGC ATC
160 T G Y G S S S R R A P Q T G I

523 GTG GAT GAG TGC TGC TTC CGG AGC TGT GAT CTA AGG AGG CTG GAG
175 v D E c Cc F R S c D L R R L E

IGF-I

568 ATG TAT TGC GCA CCC CTC AAG CCT GCC AAG TCA GCT
190 M Y C A P L K P A K § A

Figure 6. Nucleotide and deduced amino acid sequences of Trx-IGF-I. The hexahistidine tag was overlined,
the thrombin cleavage site was distinguished in the square, and the mature IGF-I was in black boldfaced

letters.
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The DNA sequence of the IGF-I fusion protein referred to as Trx-IGF-1 cDNA (Figure 6), encodes
for E. coli thioredoxin (Trx) with an N-terminal Hise tag and a thrombin cleavage site,?®* followed

by (human) IGF-I wild-type protein.
2.2.1.1.1 Subcloning

Primer design. The followed primers were designed to introduce a BamHI site (5’- GGATCC - 3°)
at the 5' end, and two TAA stop codons (marked in italics) followed by an EcoRI site (5’- GAATTC
- 37) at the 3' end of human IGF-I cDNA.

Forward primer (FP_B/IGF): 5’- CCC GGATCC GGA CCG GAG ACG CTCTGC -3’
Reverse primer (RP_IGF/E): 5°- CCC GAATTC T7T4 TT4 AGC TGA CTT GGC AGG CTT GA -
3’

PCR amplification. IGF-I ¢cDNA was PCR-amplified from the pCMV6-XL4 vector (Origene,
Herford, Germany) using high fidelity Pfii DNA Polymerase. The components and final

concentrations for a typical 50 puL reaction (Table 2) were as follows.

Table 2. PCR reaction

Component 50 pL reaction Final Concentration
10x Pfu Buffer (Promega) 5uL Ix

10 mM dNTPs 1 uL 200 uM
5 uM Forward Primer 2.5ulL 0.25 uM (0.05-1 uM)
5 uM Reverse Primer 2.5uL 0.25 uM (0.05-1 uM)

Template DNA variable ~200 ng
Pfu DNA Polymerase 0.4 uL 1 unit/50 uL PCR
Nuclease-free water to 50 uL

The routine PCR was carried out by thermal cycler under the following conditions: 95 °C for 5
min, 35 cycles of 95 °C for 30 s, 65 °C for 30 s, and 68 °C for 1 min, and a final extension at 68 °C

for 5 min.

Agarose gel electrophoresis. DNA fragments were mixed with 6x DNA Gel Loading Buffer
(Thermo Fisher Scientific) and run on 1% agarose/Midori Green/1x TAE gel. 5 pL GeneRuler 1 Kb
plus DNA ladder (Thermo Fisher Scientific) was used as a standard. The obtained fragments were

recovered using an E.Z.N.A Gel Extraction Kit according to the manufacturer’s instruction.
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Restriction digestion & ligation. Both, amplified PCR product and recipient vector (pHisTrx),
were digested by a High-Fidelity version of BamHI and EcoRI at 37 °C for 4 h (Table 3).

Table 3. 50 puL of the digestion system

8 uL 200 pg/mL pHisTrx vector 8 uL 150 pg/mL PCR product
luL BamHI-HF® 1uL BamHI-HF®

luL EcoRI-HF® luL EcoRI-HF®

5uL 10x CutSmart buffer 5uL 10x CutSmart buffer
35ul  H0 35uL  HO

To prevent self-ligation, the digested plasmid was treated with Antarctic phosphatase to remove the
5’- phosphate groups according to the following steps: 50 pL pHisTrx mixture + 5.66 pL 10x
Antarctic phosphatase buffer + 1 uL. Antarctic phosphatase were mixed and incubated for 30 min at
37 °C. Gel extraction was applied to purify the digested PCR product. Required insert and vector
volumes  for  ligation at molar ratio  insert/vector 3:1 was calculated
(https://nebiocalculator.neb.com/#!/ligation). The two fragments (Table 4) were then ligated at
16 °C overnight to construct the expression vector pHisTrx/ Trx-IGF-I.

Table 4. Ligation (molar ratio insert: vector =3:1)

Volume (pnL) Component
2.5 pHisTrx vector (50 ng)
1.2 insert DNA (6 ng)
1 10x T4 DNA ligase buffer
0.5 T4 DNA ligase
4.8 H.0

Transformation. The transformation was performed using the standard protocol as follows; 4 pL
of above ligation mixture was added to 50 puL of thawed competent E. coli DH5a cells and mixed
gently. The suspensions were kept on ice for 20 min, followed a heat shock at 42 °C for 45 s, and
immediately placed on ice bath for another 5 min. Then 500 pL of SOC media was added, and the
cells were allowed to recover at 37 °C for 1 h. In the end, 100 uL of recovered cells were spread
onto agar plates containing 100 pg/mL carbenicillin and incubated overnight at 37 °C. Several

colonies were randomly picked and each inoculated into a 5-mL culture of LB medium
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supplemented with 100 pg/mL carbenicillin. The cultures were grown overnight at 37 °C,
following plasmid DNA extraction using E.Z.N.A.R plasmid mini Kit according to the manufacture
instruction. Double-enzyme (Sapl & Ndel) digestion of the purified plasmid DNA (with and
without an insert) followed by agarose gel electrophoresis, was used to check if the vector
contained the expected size insert. PCR amplification of the plasmid using insert-specific primers:
forward primer (FP_B/IGF) and reverse primer (RP_IGF/E), followed by electrophoresis can also
determine if the construct contained the DNA fragment of interest. Positive results were further

confirmed by DNA sequencing using T7 primers (Eurofins Genomics, Ebersberg, Germany).
2.2.1.1.2 Protein expression

The verified vector pHisTrx/ Trx-IGF-I was finally transformed into E. coli BL21 (DE3), E. coli
SHuffle T7 and E. coli Rosetta 2, respectively. A fresh clone of E. coli harboring the expression
vector was inoculated in 5 mL LB medium supplemented with 100 pg/mL carbenicillin for BL21
(DE3), 100 pg/mL carbenicillin for SHuffle T7, 100 pg/mL carbenicillin and 34 pg/mL
chloramphenicol for Rosetta 2, respectively. 1 mL of the resulted seed culture was then transferred
into 100 mL TB medium in 500 mL flask. The protein expression was induced using 0.2 mM of
isopropyl-p-D-thiogalactopyranoside (IPTG) at ODgoo = 0.6 ~ 0.8 at certain conditions according to
optimization purpose. Cells were harvested by centrifugation at 5000 g for 30 min, and stored at -

80 °C until further usage.
2.2.1.1.3 Protein extraction

The cell pellet was resuspended in Hiss-tag binding buffer (section 2.1) supplemented with 1 mM
phenylmethylsulfonylfluoride (PMSF). The suspended cells were disrupted by sonication (5 cycles
for I min: 1 s pulse, 0.8 s pause, 70% amplification with 2 min pause between cycles).
Subsequently, the cell lysate was clarified by centrifugation at 5000 g for 30 min, then at 10,000 g
for 60 min at 4 °C to separate from insoluble sediment. Small amounts of soluble and insoluble
fractions were then prepared in 1x reducing SDS-loading buffer, heated at 95 °C for 5 min, and

analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

The Trx-IGF-I fusion protein was purified from the supernatant of cell lysate by immobilized metal
affinity chromatography (IMAC). All steps were performed on an FPLC system (GE Healthcare
Akta Purifier, Life sciences, Freiburg, Germany) setup with 1 mL HisTrap FF column for affinity
chromatography. The column was equilibrated with Hise-tag binding buffer (section 2.1). After the
soluble sample was loaded onto the column, the bound recombinant fusion protein was eluted by
Hise-tag elution buffer at the flow rate of 1 mL/min. The gradient was set up as follows: a linear
gradient of 0 to 50% elution buffer for 25 column volumes (CV), a step gradient of 50% elution
buffer for 15 CV, a linear gradient of 50% to 100% elution buffer for 1 CV, flushing at 100%
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elution buffer and re-equilibrate to 100% binding buffer. Eluted fusion proteins were analyzed by
SDS-PAGE and assayed by Bradford method?® with bovine serum albumin (BSA) as a standard.
Briefly, 5 uL of protein sample was mixed with 195 pL of Bradford Reagent (Sigma) and the
absorbance measured at 595 nm. The protein concentration was determined by comparison with a
standard curve, prepared with BSA samples of known concentration ranging from 0.1 to 1 mg/mL.
The target proteins were pooled together and then buffer-exchanged into 1x thrombin digestion
buffer (20 mM Tris, 150 mM NaCl, pH=8.4) by dialysis or gel filtration chromatography by using
the HiTrap Desalting column (Sephadex G-25 resin, GE Healthcare).

Small-scale parallel digestion of fusion protein by thrombin from two different manufacturers (GE
Healthcare vs. Novagen) was conducted to optimize the cleavage efficiency. The digestion was
optimized by varying the thrombin concentration (1, 5, and 10 U “GE Healthcare” thrombin/mg
fusion protein; 1, 2, and 5 U “Novagen” thrombin/mg fusion protein), the duration of the reaction,
and the addition of additives (CaCl,, urea). The corresponding aliquots were collected and analyzed
by SDS-PAGE, and in some cases followed by Western Blot with antibody to IGF-1. The cleavage
reaction was stopped with 1 mM PMSF. The above mixture was then incubated with p-
aminobenzamidine agarose to trap the thrombin protease at room temperature for 1 h. Removal of
the Hiss-tag from Trx-IGF-I fusion was achieved by the second round of affinity chromatography.
Tag-free IGF-I was then obtained in the flow-through fraction after passing through a HisTrap FF
column. The samples were adjusted to 0.1% trifluoroacetic acid (TFA) and loaded on a Jupiter C18
reverse-phase high-performance liquid chromatography column (Phenomenex Inc., Torrance, CA)
as a final purification step. A linear gradient, from 0% to 60% acetonitrile in 0.1% TFA was run.
The peak fractions were collected and analyzed by SDS-PAGE. After identification of IGF-I

protein, the pooled fractions were lyophilized.
2.2.1.1.4 SDS-PAGE

Expressed proteins and cleavage reaction were analyzed by standard Tris-glycine SDS-PAGE. The
SDS-PAGE gel was prepared according to the following recipe (Table 5). (Note: Perform a 5%
separating gel for SDS-denatured proteins of 60 to 200 kDa and a 15% gel for 10 to 50 kDa; 15 %
SDS-PAGE gel was used throughout this thesis unless specifically noted)

The samples were mixed with 6x reducing SDS sample buffer prior to heating at 95 °C for 5 min.
The denatured proteins and a prestained protein ladder (Thermo Fisher Scientific) were loaded into
the gel (Bio-Rad Laboratories GmbH, Miinchen, Germany) and electrophoresis was run at 80 V for
15 min, then at 120 V until the tracking dye reached the bottom of the gel. Gels were stained with
0.1% Coomassie Brilliant Blue G250 solution for 2 h at room temperature and destained with 20%
methanol, 10% glacial acetic acid in H20. Microwave heating was also used to decrease the time

required for staining and destaining of SDS-PAGE gels.
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Table 5. Recipes for Laemmli resolving gel.

Separation gel Stacking gel
Stock solution
5% 15% 3.9%
30%Acrylamide/0.8% bisacrylamide (Bio-Rad) 2.5mL 7.5mL 0.65 mL
4x Tris-HCI/SDS, pH 6.8 . . 1.25 mL
4x Tris-HCI/SDS, pH 8.8 3.75mL 3.75mL -
H20 8.75 mL 3.75mL 3.05 mL
10% (w/v) ammonium persulfate 50 uL 50 uL 25 uL
TEMED 10 pL 10 uL 5puL
Total volume 15 mL 15mL 5mL

2.2.1.1.5 Western Blot analysis

The proteins were separated by SDS-PAGE gel electrophoresis and electrotransferred to
nitrocellulose membranes (BioTrace®NT, PN 66485, Pall Life Sciences, Ann Arbor, MI, USA)
with 1x Western Blot buffer containing 20% ethanol (section 2.1). Membranes were blocked with
1x Roti®-Block (Carl Roth GmbH, Karlsruhe, Germany) for 1 h at room temperature before
addition of goat anti-human IGF-I antibodies (1:1000 dilution) in Tris-buffered saline (TBS)
solution containing 0.1 % (v/v) Tween 20 (TBST) at 4 °C for overnight. After washing three times
with TBST for 10 min, membranes were incubated with a peroxidase-conjugated rabbit anti-goat
IgG at a dilution of 1:2000 in TBST solution for 1 h at room temperature. Detection was performed
with a chemiluminescent substrate kit (SuperSignal® West Pico Chemiluminescent Substrate,
Thermo Fisher Scientific, Lausanne, CH) and photographed using a FluorChem FC2 imaging

system.
2.2.1.1.6 MALDI analysis

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS)
was used to identify the molecular mass of proteins. MALDI mass spectrum of protein was
recorded by using sinapinic acid as matrix and acquired in the positive linear mode by using an
Autoflex II LRF instrument from Bruker Daltonics Inc. (Bremen, Germany) equipped with a
nitrogen laser operating at 337 nm. Mass calibration was externally accomplished by using a

mixture of calibrates containing insulin, ubiquitin, myoglobin and cytochrome C (Bruker Daltonics
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Inc., Bremen, Germany). Theoretical masses of wild-type proteins were predicted with

PeptideMass (http://web.expasy.org/peptide mass).
2.2.1.1.7 HPLC analysis

Protein purity was evaluated by reversed-phase HPLC using a VWR Hitachi LaChromUItra HPLC
system. Briefly, samples were injected to a Zorbax 300SB-CN reversed-phase chromatography
column (4.6 mm x 150 mm, 5 pm, Agilent) at 40 °C with detection at 214 nm, equilibrated by
water containing 0.1 % TFA. Mobile phase A was 0.1% TFA in water, while mobile phase B was
0.1% TFA in acetonitrile. Commercial IGF-I (cIGF-I, reference, Genentech) and purified IGF-I
from Trx-IGF-I fusion protein (own) were separated at a flow rate of 0.8 mL/min with a gradient
program that allowed for 5 min at 100% A followed by a linear gradient to 100% mobile phase B in
30 min. Afterward, washing at 100% B and equilibration at 100% A were performed in a total

analysis time of 45 min.
2.2.1.2 DNA sequence of the IGF-I mutant fusion protein (Trx-plk-1GF-I)

The DNA sequence of the IGF-I mutant fusion protein, referred to as Trx-plk-IGF-I cDNA, is
almost the same sequence as that of wild-type IGF-I fusion protein, except the mutation of Glu-3 of

IGF-I into an amber codon (TAG) for the incorporation of the uAA.

2.2.1.2.1 Subcloning

The plasmid pCMV6-XL4/IGF-I was used as a template for the amplification of mutant E3(TAG)-
IGF-I genes by using the followed primers.

Forward primer (FP_B/IGF mut): 5' - CCC GGATCC GGA CCG TAG ACG CTC TGC - 3’
Reverse primer (RP_IGF/E): 5’ - CCC GAATTC TT4 TTA AGC TGA CTT GGC AGG CTT GA -
3!

The forward primer contained a BamHI site (5°- GGATCC - 3’) and an amber codon (TAG),
whereas the reverse primer comprised an EcoRI site (5’- GAATTC - 3”) and two TAA stop codons
(marked in italics). PCR thermocycling conditions were as follows: 95 °C for 5 min, 35 cycles of
95 °C for 30 s, 65 °C for 30 s, and 68 °C for 1 min, and final heating at 68 °C for 5 min. Amplified
E3(TAG)-IGF-I cDNA was cloned with the restriction endonucleases BamHI and EcoRI into the
backbone of a pHisTrx vector (Figure 7). DHS5a competent cells were subsequently transformed
with the mutated plasmid (pHisTrx/Trx-plk-IGF-I) using the heat shock method as described
previously (section 2.2.1.1.1). The DNA sequence of Trx-plk-IGF-I gene was confirmed by T7-
promotor DNA sequencing. For the expression of Trx-plk-IGF-I in E. coli, the plasmid pET-11a/
Trx-plk-IGF-I was constructed. Primers (FP_N/Trx-plk-IGF-1 & RP_Trx-plk-IGF-I/Bglll) were
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used to amplify Trx-plk-IGF-I from recombinant pHisTrx/Trx-plk-IGF-I, resulting in a product
with Ndel (5’- CATATG - 3°) and BgllI (5’- AGATCT - 3°) at the 5’ and 3’-ends, respectively.

BamH TAG site BamHI
Donor PCR Insert Digest
plasmid —_ (IGFH mut)
_ BamHI
(PCMV6-XL4) EcoRl  EcoRl
Recipient Digest Recipient
plasmid plasmid
(pHisTrx) BamHI, EcoRI (pHisTrx)
Expression
plasmid
(PET-11a)
Digest
Ndel BamHI Ndel
BamHI
Expression
plasmid

(PET-11a)

Figure 7. A cartoon image about the overview of the cloning process.

PCR

Insert

Ndel /\(Trx-plk-leF-l)

Bgll
Digest Ndel
Bglll

Ndel /\

Bglll

Forward primer (FP_N/Trx-plk-IGF-I): 5" - CAAGAA CATATG ATG GGT CAT CAC CAT CAC

CAT - 3'

Reverse primer (RP_Trx-plk-IGF-I/Bglll): 5’ - CAAGAA AGATCT 774 TTA AGC TGA CTT

GGCAGG CITGA -3’

The PCR product of Trx-plk-IGF-I gene was digested with Ndel and Bglll, followed by heat

inactivation of the enzymes. The insert was then ligated into pET-1la vector that had been

previously digested with BamHI & Ndel and phosphatase treated, to give rise to pET-11a/Trx-plk-

IGF-I (based on the compatible cohesive ends produced by BglII to those of BamHI). Correct

insert sequences of all constructs were confirmed by DNA sequencing.

2.2.1.2.2 Protein expression



2. MATERIALS & METHODS 49

Cotransformation. The plk incorporation was accomplished in different E. coli cells (BL21
(DE3), SHuffle T7, Rosetta (DE3) and C321.AA.exp) by cotransformation of two plasmids, pET-
11a/Trx-plk-IGF-I containing an amber mutation and the pRSFDuet-1 construct encoding for
PyIRS gene. Briefly, 50 pL of each strain (BL21 (DE3), SHuffle T7, Rosetta (DE3) and
C321.AA.exp competent cells) were thawed on ice for 10 min before the addition of 250 ng of each
plasmid (pET-11a/Trx-plk-IGF-I, pRSFDuet-1). The vials were mixed thoroughly and kept on ice
for 20 min. The cells were heat shocked at 42 °C for 45 s and immediately returned to an ice bath
for another 5 min. 250 pL of SOC medium was then added to bacteria and incubated for 60 min at
37 °C with vigorously shaking. Subsequently, 100 pL of the cells were spread onto a selection agar
plated with 100 pg/mL carbenicillin and 34 pg/mL kanamycin for BL21 (DE3), 100 pg/mL
carbenicillin and 34 pg/mL kanamycin for SHuffle T7, 100 pg/mL carbenicillin, and 34 pg/mL
kanamycin and 25 pg/mL chloramphenicol for Rosetta (DE3), 100 pg/mL carbenicillin and 34
pg/mL kanamycin for C321.AA. exp, respectively. The plates were incubated at 37 °C overnight. A
fresh colony of each strain was inoculated into 100 mL LB medium supplemented with
corresponding selection antibiotic and cultured at 37 °C overnight. The cells were harvested by
centrifugation at 4 °C with 4000 g for 10 min. Glycerol stocks of E. coli (BL21 (DE3), SHuffle T7,
Rosetta (DE3) and C321.AA.exp) harboring the expression vectors were prepared by resuspending
each yielded pellet in their corresponding 5 mL LB-glycerol medium (Section 2.1) and frozen in a
cryotube at -80 °C.

General IPTG-induction protein expression. General IPTG-induction protein expression was
performed to optimize conditions for Trx-plk-IGF-I production.*® %> 287 Briefly, the saturated
culture of E. coli was inoculated into fresh TB medium containing 100 pg/mL carbenicillin and 34
pg/mL kanamycin for BL21 (DE3), 100 pg/mL carbenicillin and 34 pg/mL kanamycin for SHuffle
T7, 100 pg/mL carbenicillin, and 34 pg/mL kanamycin and 25 pg/mL chloramphenicol for Rosetta
(DE3), 100 pg/mL carbenicillin, 34 pg/mL kanamycin and 25 pg/mL zeocin for C321.AA.exp
(with all 321 UAG codons changed to UAA and RF1 knock-out),”® respectively. Plk was added at
ODgoo = 0.3 ~ 0.4. Protein expression was induced using 1 mM IPTG at ODgoo =0.6 ~ 0.8. After
incubation at 37 °C for 6-8 h, bacteria were harvested by centrifugation at 5000 g for 30 min at
4 °C and stored at -80 °C. SDS-PAGE and Western Blot were performed to compare the protein

expression in four different E. coli hosts.

2.2.1.2.3 Protein extraction

Protein detection using polyhistidine protein pull-down assay. To determine if most of the target
protein expressed in soluble form or as inclusion body, polyhistidine protein from the soluble part
and insoluble sediment of small-scale bacterial culture (Figure 8) were pulled down and analyzed

by SDS-PAGE and Western Blot.
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Harvest bacterial samples

4

Lysis of bacterial membranes using sonication

Centrifugation

.o | !

_ Soluble protein Inclusion body

@\ Unfold using 8 M Urea
Ni-NTA Resin /

Immobilize target protein
@_ using HisPur Ni-NTA Resin @*_

: Spin

Wash 3 times with 20 mM imidazole buffer

Figure 8. Procedure summary for histidine-tag pull-down assay.

The expression system of BL21 (DE3) harboring pET-11a/Trx-plk-IGF-I and pRSFDuet-1 was
used for polyhistidine-tagged bait protein (Trx-plk-IGF-I) preparation. Protein expression with
different plk amounts (2 mM vs. 10 mM) was performed according to the previous procedures
(section 2.2.1.2.2). After expression, cells were resuspended in 1 mL of sonication buffer (50 mM
Tris-HCI1 with 1 mM PMSEF, pH 7.4) per 5 mL of original culture volume and lysed by sonication.
Following clarification of the lysate by centrifugation at 5000 g for 30 min, the supernatant was
incubated with 100 pL Ni-NTA agarose beads (HisPur Ni-NTA resin, Thermo Fisher Scientific) for
1 h at 4 °C (Figure 8). Trx-plk-IGF-I bound beads were washed 3 times with 20 mM imidazole
buffer to remove unbound protein. After wash, Trx-plk-IGF-I protein-bound beads were transferred
into a 1.5 mL Eppendorf tube. After adding 30 pL of 1x SDS-loading buffer to the beads, the
mixture was cooked at 95 °C for 5 min and analyzed by SDS-PAGE and Western Blot.

Analogously, the immobilization of Trx-plk-IGF-I from inclusion body was achieved by unfolding
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in the dissolution buffer (50 mM Tris-HCI, 8M Urea, ]| mM DTT and 1 mM PMSF, pH 7.4) for 1 h
at room temperature, clarifying by centrifugation followed by incubation with 100 puL. Ni-NTA
agarose beads for 1 h at 4 °C. After wash, 30 puL of 1x SDS-loading buffer were added into
denatured Trx-plk-IGF-I protein coated beads before analysis by SDS-PAGE and Western Blot.

General protein extraction. After expression, cell pellets were resuspended in the Hiss-tag
binding buffer (17 mM Na,HPO4, 3 mM NaH,PO,4, 500 mM NaCl, 20 mM imidazole, pH=7.5)
with 1 mM PMSF and lysed via sonication (70% amplitude, 6 times) on ice. After clarification by
centrifugation, the supernatant, containing soluble Trx-plk-IGF-I was directly purified by nickel
affinity chromatography using an FPLC system (GE Healthcare, Akta Purifier), whereas the pellet
was prepared for unfolding and refolding experiment according to previously published

28 with the following modifications. The resulting pellet containing the insoluble Trx-plk-

protocols
IGF-1I was washed with inclusion body washing buffer (50 mM Tris-HCI, 50 mM NaCl, 1 mM
EDTA, 3 M urea, 0.1 mM PMSF, pH=8.0) for twice. The washed pellet was resuspended in
unfolding buffer (section 2.1) supplemented with 0.1 mM PMSF (1 g crude cell pellet: 9 mL
unfolding buffer) and incubated at room temperature for 1 h with gentle mixing. The solution was
clarified by centrifugation at 5000 g for 30 min to remove any insoluble materials. The cleared
solution was added into a five-volume refolding buffer (50 mM Tris-HCI, pH 8.0, 2 mM reduced
glutathione, 0.2 mM oxidized glutathione and 50 mM NacCl), dropwise at ~1 drop per 1-2 s while
stirring at room temperature. The diluted denatured protein was refolded through dialysis against
the same refolding buffer at room temperature for 4 h. Precipitates were removed by centrifugation
at 4000 g for 15 min at 4 °C. The supernatant was subsequently dialyzed against Hiss-tag binding
buffer overnight at 4 °C, filtered through 0.22 pum cellulose acetate membrane and then loaded onto

a 1 mL HisTrap FF crude column (GE Healthcare) pre-equilibrated with binding buffer.

After washing with the same buffer, the linear gradient program immediately started from 100%
Hiss-tag binding buffer to 50% Hiss-tag elution buffer (section 2.1) for 25 CV, a step gradient of
50% elution buffer for 15 CV, to 100% elution buffer for 1 CV at 1 mL/min. Trx-plk-IGF-I was
eluted at ~50% elution buffer. Afterward the purified fusion protein was buffer-exchanged into 1x
thrombin digestion buffer (pH=8.4) or phosphate-buffered saline (pH=7.2) and digested with
restriction grade thrombin (Novagen) at room temperature. The optimization of cleavage efficiency
was achieved by the variation of thrombin concentration (1, 2, and 5 U/mg fusion protein),
incubation time (6, 12, and 24 h) and reaction pH levels (pH=8.4, 7.2 and 6). The corresponding
aliquots were collected and analyzed by Western Blot. After cleavage, plk-IGF-I was obtained by
using p-aminobenzamidine-agarose beads to remove thrombin protease and using reverse-phase
HPLC as the final purification step. The purified plk-IGF-I was analyzed by SDS-PAGE followed
by Western Blot.



52 2. MATERIALS & METHODS

2.3 Dual-functionalized IGF-I variants

2.3.1 Genetically engineered IGF-1 Ea with two alkyne functionalities

: \ :

! MGGPETLCGAEL VDALQFVCGD RGFYFNKPTG YGSSSRRAPQT GIVDECCFRSC :

: IGF-I :
\

DLRRLEMYCA PLKPAKSA VRAQRHTDMPKTQKEVHLKNASRGSAGNKNYRM

§Codcn optimization sequence:
:ATG GGC GGC CCG TAG ACC CTG TGC GGT GCG GAA CTG GTG GAT GCG CTG CAG TTT GTG TGC GGC :
{GAT CGC GGC TTT TAT TTT AAC AAA CCG ACC GGC TAT GGC AGC TCA AGC CGC CGT GCG CCG CAG ACC :
:GGC ATT GTG GAT GAA TGC TGC TTT CGC AGC TGC GAT CTG CGC CGC CTG GAA ATG TAT TGC GCG CCG i
ICTG AAA CCG GCG AAA AGC GCG GTG CGC GCG CAG CGC CAT ACC GAT ATG CCG AAA ACC CAG AAA :
{GAA GTG CAT CTG AAA AAC GCG AGC CGC GGC AGC GCG GGC AAC TAG AAC TAT CGC ATG TAA GGA TCC

-------
.......
.......

pRSFDuet-1/
PyIRS

5,040 bp KanR

Plk-IGF-I Ea-plk

RSF ori

Figure 9. Schematic representation of the construction of plk-IGF-1 Ea-plk. Vector pRSFDuet-1/PylRS was
reprinted by permission from Macmillan Publishers Ltd.: Nature Protocols (Ref.2°), copyright (2015). Glu-3
and Lys-99 of IGF-1 Ea were replaced by plk (highlighted in red). Ribbon structure of IGF-I Ea (UCSF
Chimera) was based on the IGF-I structure (indicated in blue) (PDB ID: 2GF1) and an in silico peptide
structure Pep-fold?*!2°2 prediction of Ea peptide (marked in purple).

The DNA sequence of the IGF-1 Ea variant, referred to as plk-IGF-I Ea-plk, is almost the same as
that of plk-IGF-I Ea,?*® except the substitution of Lys-99 of IGF-I Ea into an amber codon (TAG)
(two TAG codons highlighted in red, Figure 9).

2.3.1.1 PIk-IGF-I Ea-plk expression

BL21 (DE3) glycerol stocks harboring plasmids pET-11a/plk-IGF-1 Ea-plk and pRSFDuet-1/PylRS
were kindly provided by Dr. Schultz. Protein expression was performed as previously described
(section 2.2.1.2.2) with the following modification. An overnight culture of BL21 (DE3) cells in
100 mL of LB medium containing 100 pg/mL carbenicillin and 34 pg/mL kanamycin were
harvested by centrifugation. The pellet was then resuspended in 1 L TB medium supplemented
with 100 pg/mL carbenicillin and 34 pg/mL kanamycin, and grown at 37 °C. 10 mM of plk were
added at ODggo = 0.3 ~ 0.4. 1 mM of IPTG was added at ODggo =0.6 ~ 0.8 to induce the production

of plk-1GF-1 Ea-plk. 1 mL of bacterial suspension of each expression was collected at a given time
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point and pelleted by centrifugation. The obtained pellets were mixed with 1x SDS-reduced loading
buffer, cooked at 95 °C for 5 min and followed by centrifugation. The lysate supernatants were
then analyzed by SDS-PAGE followed by Western Blot. The protein expression method was also
performed at 27 °C induced by different IPTG concentrations (0.1 mM, 0.5 mM, & 1 mM). Cells
were harvested by centrifugation at 5000 g for 30 min at 4 °C, and stored at -80 °C until required.

2.3.1.2 Solubilization of inclusion bodies

PIk-IGF-I Ea-plk extraction was performed as previously described (section 2.2.1.2.3), with the
following modifications. For washing of inclusion bodies, the pellets were suspended in the same
washing buffer and incubated for 10 min on ice, and then centrifuged at 10,000 g for 30 min at

4 °C. This wash step was repeated twice.
2.3.1.3 Refolding and purification of refolded PIk-1GF-1 Ea-plk

To optimize the refolding process, refolding buffer with various additives was screened based on
the turbidity of solutions at 320 nm, in which condition giving lower turbidity demonstrated less

protein aggregation.”®* The detailed procedure was as follows:

1. Prepare washed inclusion bodies solubilized in the above-solubilized buffer (3—5 mg/mL) and
centrifuged to remove any insoluble material.

2. Prepare a set of test solutions (Table 6) based on the variables and additives that may be used to
facilitate protein refolding (Appendix C)

3. Pipette 10 pL of solubilized protein into each well of a 96-well plate.

4. Perform 20-fold rapid dilution by quickly adding 190 pL of the test refolding solution and
mixing the solution thoroughly.

5. Place them at room temperature or 4 °C for 60 min, and then read the absorbance of the plate at
320 nm using a Spectramax 250 microplate reader (Molecular Devices, Sunnyvale, USA).

6. Graph the absorbance readings with the plate absorbance subtracted.

7. Choose the best conditions which show the lowest turbidity for the scale-up refolding process.

Subsequently, the best condition giving low turbidity was chosen for the further optimization. The
denatured protein was diluted with 9 times volume of refolding buffer (50 mM Tris-HCI, 50 mM
NaCl, 1 mM EDTA, 0.4 M L-arginine, 2 mM reduced and 0.2 mM oxidized glutathione, pH 8.0)
and stirred either (Method I) at 4 °C for 36 h, or (Method II) at room temperature for 1 h.
Precipitates were removed by centrifugation at 2500 g for 15 min at 4 °C. The supernatant fraction
was collected, dialyzed against PBS (pH 7.4) at 4 °C, and then concentrated either by lyophilization
or PES ultrafiltration membrane (molecular weight cutoff, 3K; Vivaspin 6, Sartorius) to a 14-fold
increase of the concentration of protein samples. Except for the concentrated supernatant by a

Vivaspin-6 3K filter and reconstructed freeze-dried samples, the deposition of small amounts of
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aggregated proteins on PES membrane was also collected for SDS-PAGE and Western Blot

analysis.

Table 6. Test solutions used in this study, consisting of Tris buffer (50 mM Tris, 50 mM NaCl, 1 mM EDTA,
2 mM reduced glutathione, 0.2 mM oxidized glutathione) and supplement reagent.

Supplement reagent

No.

’ L-Arginine PEG 3000 Ethanol pH
Al U N 8.0
A2 04M e e 8.5
A3 L N 9.0
A4 04 M 05% - 8.0
A5 04M 05% - 8.5
A6 04 M 05% - 9.0
A7 04M 0 - 20% 8.0
A8 04M - 20% 8.5
A9 04M 0 - 20% 9.0

2.3.1.4 In-gel tryptic digestion and mass spectrometry

SDS-PAGE followed by Coomassie Blue staining was utilized to visualize protein samples.” The
appropriate band was excised, and in-gel reduction with DTT and alkylation with iodoacetamide
(IAM) were performed as previously described.”® ?7 The presence of plk-IGF-1 Ea-plk was
confirmed by in-gel tryptic digestion and ESI-MS analysis. This procedure was performed by Dr.
Werner Schmitz at the Department of Biochemistry and Molecular Biology (University of
Wuerzburg, Germany).

2.3.2 Clickable plk-1GF-1 Ea with TGase reactivity
2.3.2.1 Cross-linking of plk-1GF-1 Ea to Q-peptide by TGase-catalyzed reaction
2.3.2.1.1 Synthesis and purification of the Q-peptide

Q-peptide (NQEQVSPLA(N3)G), derived from the TGase substrate sequence of a-2 plasmin
inhibitor (azPIi_s), was synthesized manually by Fmoc solid phase peptide synthesis as

described.??® In brief, 2-chlorotrityl chloride resin (2-CTC, 170 mg, 0.2 mmol) as solid support was
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loaded into a plastic syringe fitted with a polyethylene frit (MultiSynTech GmbH, Witten,
Germany). The first Fmoc-Gly-OH amino acid (1 equiv.) was esterified to the resin in the presence
of N,N-Diisopropylethylamine (DIPEA) (6.5 equiv.) in dichloromethane (DCM) for 2 h at room
temperature. The remaining active site of the resin was capped by adding 1.5 mL methanol into the
mixture and stirred for 15 min at room temperature. The resin was washed with DCM (3 times x 2
mL), N,N-Dimethylformamide (DMF) (3 times x 2 mL), DCM (3 times x 2 mL) and methanol (3
times X 2 mL) and dried overnight. After the esterification of Fmoc-Gly-OH on 2-CTC resin,
Fmoc-deprotection was performed using 40% (V/V) piperidine in DMF for 3 min followed by 20%
(V/V) piperidine in DMF for 10 min. Following each deprotection or coupling step, the resin was
washed with DMF (6 times x 4 mL). The Fmoc-amino acids (5 equiv.) dissolved in 0.5 M 1-
hydroxybenzotriazole hydrate (HOBT) in DMF with 160 uL. N, N'-Diisopropylcarbodiimide (DIC)
and 176 pL DIPEA was added into the resin and allowed to couple for at least 3 h. Fmoc-
deprotection and coupling steps were iteratively repeated until the desired peptide chain was

obtained.

After cleavage from resin with the splitting solution TFA/H,O (95:5), the peptide was loaded into a
Jupiter 15u C18 300A column (21.2 mmx 250 mm, Phenomenex Inc., Torrance, CA) pre-
equilibrated with 5% (V/V) acetonitrile /H>O containing 0.1% TFA. Elution was performed at 1
mL/min using an acetonitrile/water gradient in 0.1% TFA (from 3% to 20% over 5 CV, from 20%
to 45% over 20 CV, and from 45% to 70% over 8 CV). The Q-peptide eluted as a broad peak at
~30% acetonitrile was confirmed by LC-MS analysis and recovered as a pure peptide after

lyophilization.
2.3.2.1.2 Cross-linking of plk-IGF-I Ea to Q-peptide in the presence of Factor XIlla (FXIIIa)

The expressed plk-IGF-I Ea (as previously described in **) and IGF-1 wild-type (Genentech)
incubated with a 5-fold molar excess of Q-peptide in the presence of 11 pL of 10 U/mL FXIlla.
These reactions were incubated at 37 °C for 30 min in 100 pL reaction volumes with slight
agitation in the presence of 2.5 mM CaCl; and 20 mM Tris-HCI1 (pH adjusted to 7.6 at room
temperature). These reaction products were subjected to Vivaspin 6 ultrafiltration spin columns
(3000 MWCO PES membranes, Sartorius, Gottingen, Germany) to remove the excess Q peptide.
After that, copper-free strain-promoted alkyne-azide cycloaddition (SPAAC) reaction was
performed to label the azide group of the Q-peptide and the coupling product with a fluorescent dye
(DBCO-5,6-carboxyrhodamine 110) in 20 mM Tris buffer (20 mM Tris-HCI, 150 mM NaCl, pH
7.6) for 1 h at room temperature in the dark. After coupling, the reaction mixture was directly
transferred to a 15% SDS-PAGE gel and visualized on a Gene flash Doku system (Syngene,
Cambridge, UK) for fluorescence detection of the protein-dye conjugate followed by Coomassie

brilliant blue staining.
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The plk-IGF-I Ea presenting agarose beads (prepared as described in **) were coupled with Q-
peptide by TGase-catalyzed reaction as described above. After the reaction, beads were briefly spun
down and washed several times with 20 mM Tris buffer (20 mM Tris-HCI, 150 mM NaCl, pH 7.6).
100 pL of 1.25 pg/mL DBCO-Cy5 dyes in 20 mM Tris buffer was added to the beads and
incubated for 1 h at room temperature in the dark. The resulted products were subsequently imaged

using a Zeiss Observer Z1 epifluorescence microscope at 10-fold magnification.
2.3.3 Site-specific conjugation of plk-IGF-1 Ea with azide-PCL-FGF2
2.3.3.1 Expression and purification of azide-PCL-FGF2

The expression system BL21 (DE3), cotransformed with pET-11a/8(TAG)-PCL-FGF2 and
pRSFDuet-1 vector were inoculated directly from glycerol stock (kindly provided by Marcus
Gutmann) in LB media containing 100 pg/mL carbenicillin and 40 pg/mL kanamycin for 16 h at
33 °C with shaking. 100 mL of the saturated seed culture was then transferred into 2 L fresh TB
medium supplemented with 2 mM MgSOs, 100 pg/mL carbenicillin and 40 pg/mL kanamycin in
4x 2 L baffled flasks. Cells were incubated at 37 °C and 3 mM azido-L-lysine was added at an
OD600 of 0.3, and protein expression was induced at an OD600 of 0.7 with 1 mM IPTG. Cells
were harvested after 6 h and spun at 4500 g for 20 min at 4 °C.

The cell pellet was resuspended in heparin binding buffer (12 mM sodium phosphate, 300 mM
NaCl, pH 7.4, supplemented with 1 mM PMSF) and ultrasonicated at 4 °C. The cell lysate was
centrifuged at 4500 g for 30 min at 4°C, again at 10,000 g for 60 min at 4°C and filtered with a
0.22 pm syringe filter. The filtered supernatant containing azide-PCL-FGF2 was applied to a 1-mL
heparin-sepharose high-performance resin column (GE Healthcare, HiTrap Heparin HP affinity
column) previously equilibrated in heparin binding buffer using an FPLC system (GE Healthcare,
Akta purifier). The column was washed with 15 CV of binding buffer, and bound protein was
eluted with a linear gradient of NaCl in 12 mM phosphate buffer (pH 7.4) (0.3-1.5 M over 45 CV
at 1 mL/min). 5-mL fractions were collected, and the fraction containing azide-PCL-FGF were
dialyzed against PBS containing 1 mM DTT at 4°C and stored in PBS containing 3 mM DTT at -
80 °C. Concentration was determined using the Bradford assay with BSA as a standard. Purified

azide-PCL-FGF2 was analyzed by SDS-PAGE.
2.3.3.2 Click reaction between plk-IGF-1 Ea and azide-PCL-FGF2

IGF-FGF conjugate was synthesized performing CuAAC of plk-IGF-I Ea with engineered azide-
PCL-FGF2 as reported previously.”®® In brief, plk-IGF-I Ea solution and azide-PCL-FGF2 were
mixed in various molar ratios (1:1, 1:3) with 250 uM THPTA, 2.5 mM sodium ascorbate and 50
puM CuSOg. The mixture was incubated with gentle agitation.



2. MATERIALS & METHODS 57

The coupling efficiency was optimized by varying the temperature (room temperature, 4 °C, 37 °C)
and incubation time (overnight, 0.5 h, 1 h, 2 h). At last, the reaction was stopped by addition of 5
mM EDTA, before analysis by SDS-PAGE.

2.3.3.3 Purification of tandem IGF-FGF conjugate
The purification of the resulted product was performed using different methods.

(i: Heparin affinity chromatography) After the click reaction, the resulted mixture was loaded on a
HiTrap Heparin HP column (GE Healthcare, Freiburg, Germany) pre-equilibrated with 12 mM
phosphate buffer containing 300 mM NaCl (pH 7.4). After washing with the same buffer, IGF-FGF
was eluted with a NaCl gradient in 12 mM phosphate buffer (pH 7.4): 0.3-1.5 M. After
purification, peak fractions were dialyzed against PBS and analyzed by Western Blot with antibody
to FGF2 (produced in mouse, Merck).

(ii: Ultrafiltration purification) After CuAAC reaction, the reaction mixture was subjected into
Vivaspin 2 ultrafiltration spin column (20,000 MWCO, CTA membranes, Sartorius Stedium,
Goettingen, Germany) followed by centrifugation at 4000 g for 30 min at 4 °C. A small aliquot of
the concentrated sample was analyzed by SDS-PAGE, and the rest was stored at -20 °C until

further usage.
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3. Results

3.1 IGF-I variants preparation

3.1.1 Genetically engineered IGF-I variants containing N-terminally Hise-tagged thioredoxin

and a thrombin cleavage site
3.1.1.1 Cloning of IGF-I into the pHisTrx vector

After amplification of the IGF-1 gene by PCR, the target DNA fragments (234 bp, indicated by an
arrow) were detected on the agarose gel (Figure 10A). IGF-I insert (234 bp) were subsequently
double digested with high fidelity version of BamHI and EcoRl, followed by extraction from 1%
agarose gel, and then cloned into the pHisTrx backbone to generate pHisTrx/Trx-IGF-1. Restriction
digestion of pHisTrx/Trx-IGF-I with Sapl and Ndel followed by 1% agarose gel electrophoresis

was utilized to screen recombinant clones (Figure 10B).

A B C
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Figure 10. Agarose gel electrophoresis. DNA ladder (lane #L) in the range from 75-20000 bp. (A) PCR
amplified product of IGF-I gene (lane #1) was fractionated on 1% agarose gel electrophoresis. (B) Double
digested recombinant pHisTrx/Trx-IGF-1 by Sapl and Ndel was applied. Lane #1, digested pHisTrx as a
control, suggesting poor digestion by Sapl and Ndel. Lane #2 — #17, referred to as recombinant clones 1-16,
respectively. Lane #2, #4 — #17 demonstrated the similar cleavage pattern, and thus five of them was
randomly selected (indicated with up arrow symbols) to be further screened and using recombinant clone 2
(lane #3) as a control. (C) Agarose gel electrophoresis of PCR assays for the identification of the recombinant
clone 1 (lane #1), clone 2 (lane #2), clone 3 (lane #3), clone 4 (lane #4), clone 15 (lane #5) and clone 16 (lane
#6). Recombinant clone 1 (lane #1), clone 3 (lane #3), and clone 15 (lane #5) were sent for DNA sequencing

(indicated with up arrow symbols).

DNA fragments of different sizes were observed on the agarose gel, and the majority of selected
recombinant vectors showed the similar cleavage pattern except for recombinant clone 2 (Figure
10B, lane #3). Note that the control vector pHisTrx (without insert) failed to be cleaved into two

fragments, making the diagnostic restriction digestion assay a less precise strategy to determine the
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correct insert. Therefore, several recombinant plasmids with the similar cleavage pattern were
randomly selected (indicated by the up-arrow symbols), with recombinant clone 2 (Figure 10B,
lane #3) as a negative control, to be further screened by PCR amplification using primer pair
FP_B/IGF & RP_IGF/E (Figure 10C). The amplified fragments (Figure 10C, lane #1, #3, #4, #5
and #6) were detected between 200 and 300 bp which was in line with the size of the IGF-I gene,
and recombinant clones 1 (Figure 10C, lane #1), 3 (Figure 10C, lane #3) and 15 (Figure 10C,
lane #5) were subsequently sequenced. DNA sequences and deduced amino acids of Trx-IGF-I
gene (recombinant clones 3 and 15) were aligned with the known amino acid sequences of IGF-I.

Thus either clone can be used for the following experiments.
3.1.1.2 Expression of the IGF-I fusion protein (Trx-IGF-I) in different E. coli strains

The expression of recombinant Trx-IGF-1 was compared in three different E. coli hosts including
BL21 (DE3), Rosetta 2 and SHuffle T7, respectively. When the culture was propagated (37 °C, 140
rpm) to at ODggo = 0.7, the expression was induced by 0.2 mM IPTG, and then followed by 6 h-
cultivation at 37 °C. As shown in Figure 11A, B and C, the target protein (Trx-1GF-I), which is
about 21.6 kDa, was effectively expressed in all these three strains. SHuffle T7 was more efficient
for the expression of Trx-IGF-1 and thus was further employed for the optimization of expression
conditions. Increasing the induction time from 0-6 h increased Trx-IGF-I expression (Figure 11A,
B, and C). Bacteria cultivation at reduced temperatures has been used favorably to improve the
recombinant protein solubility.?*2%* The E. coli SHuffle T7/pHisTrx/Trx-IGF-I expression system
was induced for 6 h at 33 °C, or overnight at 25 °C, respectively. The expression levels were
analyzed by SDS-PAGE to determine the preferable expression temperature. The results in Figure
11D revealed that the productivity of fusion protein at 37 °C and 33 °C was similar (Figure 11C, D)
and the highest production of target fusion protein was achieved at 25 °C. Thus, the preferable
induction temperature was set up at 25 °C. The proportion of soluble and insoluble Trx-IGF-I was
roughly determined by analyzing crude cell lysate, clarified cytosolic extract and pellet taken from
sonicated BL21 (DE3) and SHuffle T7 cells. The results were shown in Figure 11E. The greater
proportion of soluble fusion proteins produced relative to the amounts of insoluble counterparts

was observed, especially in SHuffle T7 expression system.
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Figure 11. SDS-PAGE analyses of Trx-IGF-I expression in different strains, including BL21 (DE3) (A),
Rosetta 2 (B), and SHuffle T7 (C & D). (A-C) target protein (MW=21.6 kDa) were induced by 0.2 mM IPTG
for 1-6 h at 37 °C, respectively; (D) Lane #L, protein ladder; Lane #1, target protein (MW=21.6 kDa)
induced by 0.2 mM IPTG for 6 h at 33 °C; Lane #2, target protein without IPTG induction as control; Lane
#3, target protein induced by 0.2 mM IPTG overnight at 25 °C. (E) SDS-PAGE analysis after BL21 (DE3) &
SHuffle T7 cell lysis. Trx-IGF-I with the size of 21.6 kDa was observed (indicated with a black arrow). Lane
#L, protein ladder; Lane #1 and #5, crude cell lysate; Lane #2 and #6, supernatant after the first
centrifugation at 5000 g for 30 min; Lane #3 and #7, supernatant after the second centrifugation at 10,000 g
for 60 min; Lane #4, pellet of BL21 (DE3) after the first centrifugation; Lane #8, pellet of SHuffle T7 after

the first centrifugation.
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3.1.1.3 Purification of Trx-IGF-I protein
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Figure 12. (A) The curve of affinity chromatographic purification of Trx-IGF-I, showing a small peak at the
beginning of elution step (Fraction F13) followed a major peak at the retention volume of ~ 150 mL
(fractions F21 to F30, marked in grey), all peak fractions were then collected for further analysis. (B) SDS-
PAGE analysis of collected eluate samples of affinity chromatography. All the fractions showed the target

fusion protein (MW=21.6 kDa) with high purity, were then pooled for the further experiments.

The cultivation was subsequently scaled up to 1 L to obtain sufficient raw material to start the
purification process. The target fusion protein having N-terminal His-tag was purified from soluble
fraction through routine nickel affinity chromatography, and the affinity chromatography curve of
UV280 nm was shown in Figure 12A. After the resin binding step, 500 mM imidazole elution
buffer was used to elute the target fusion protein and the eluate was analyzed by 15% SDS-PAGE
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for the collection of refined IGF-I fusion protein, which exhibited a single band between 15 to 25
kDa corresponding to the molecular weight of Trx-IGF-1 (21.6 kDa) protein (Figure 12B),
suggesting that the fusion proteins were purified to apparent homogeneity by one-step purification.
Approximately 21 mg of the purified soluble IGF-I fusion protein was obtained from 1 L of E. coli
SHuffle T7 culture.

3.1.1.4 Cleavage of Trx-IGF-I protein by thrombin

Even though the Trx sequence could facilitate protein folding and disulfide bond formation,28 302-
35 jts relatively larger size (than IGF-1) may interfere with IGF-1 functions to some extent.
Therefore, thrombin was employed to remove the fusion partner from IGF-I in the sense that it can

specifically cleave target proteins containing the recognition sequence (LVPR |GS).

To optimize specificity and efficiency of cleavage, three different ratios of thrombin (GE, Freiburg,
Germany) to fusion protein (1 U/mg, 5 U/mg and 10 U/mg) and incubation time (6 h, 12 h, and 24
h) were chosen for small-scale cleavage reactions testing. The reaction was allowed to proceed in
the cleavage buffer at room temperature with or without the addition of 1 M urea. The
corresponding aliquots were collected and analyzed at different time points. SDS-PAGE and
Western Blot were used to analyze the cleavage efficiency of the fusion protein by thrombin. The
results demonstrated that the cleavage efficiency was concentration-dependent as well as time-
dependent. However, the addition of urea showed negative effect on the cleavage efficiency
(Figure 13A, B). No clear changes were observed by the effect of CaCl, concentrations on
cleavage of recombinant Trx-IGF-I under the tested conditions. The best cleavage condition found
was 10 units for 1 mg fusion protein at room temperature for 24 h. Note that the low yielded IGF-I

was almost undetectable in the Coomassie-stained gel (Figure 13A).

The small-scale cleavage reaction was also repeated by restriction grade thrombin (Novagen). The
cleavage efficiency was optimized by the variation of thrombin concentration (1, 2, 5 U
thrombin/mg fusion protein) and reaction time (16, 24 h). A truncated analog of the Trx-1GF-I
fusion protein (Trx-IGF-1 variant), lacking the last carboxyl-terminal 6-amino acid D region of
IGF-1, was used against restriction grade thrombin to evaluate the cleavage efficiency and samples
were analyzed by SDS-PAGE (15% gel) followed by staining with Coomassie blue. The
production of IGF-1 was not enhanced with further increases in the incubation time (24 h) and
thrombin concentration (2 U/mg, 5 U/mg) (Figure 13C). This result suggested a plateau tendency

of cleavage under all treatments. Therefore, 1 U/mg was employed for further optimization.
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Figure 13. Cleavage efficiency of fusion protein with different amounts of thrombin (GE, Freiburg, Germany)
as followed by (A) SDS-PAGE (15%) and (B) Western Blot using an anti-IGF-1 antibody. Note: 5 U, 10 U of
thrombin was added to 1 mg of fusion protein in 1x thrombin cleavage buffer (pH 8.4) for 24 h, respectively.
Samples treated with 1 U/mg of thrombin for 6 h, 12 h, 24 h and by 5 U/mg, 10 U/mg of thrombin for 6 h, 12

h were not shown here. (C-D) Cleavage efficiency of Trx-IGF-I variant (which lacks the last carboxyl-

terminal 6-amino acid D region of IGF-1) with restriction grade thrombin (Novagen). (C) SDS-PAGE

analysis of the cleavage pattern of the fusion protein with different thrombin amounts. Samples were cleaved

at room temperature in 1x thrombin cleavage buffer (pH 8.4) with 1, 2, and 5 U/mg of thrombin and collected
at 16 h and 24 h of incubation for SDS-PAGE analysis. (D) Time course of thrombin cleavage of Trx-IGF-I

variant protein. One unit of thrombin was added to 1 mg of the fusion protein in 1x thrombin cleavage buffer
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(pH 8.4). The reaction was incubated at room temperature, and aliquotes were taken at various time points
and analyzed by Western Blot using an anti-1IGF-I antibody.

The time-course study of Trx-IGF-1 variant cleavage by restriction grade thrombin was performed
to optimize the digest conditions. Samples were taken from the digest mixture at various time
points (2, 4, 6, 8, 10, 12, and 16 h) and analyzed by Western Blot to estimate the preferable
incubation time. Figure 13D demonstrated the time-dependent progression of the thrombin digest,
with nearly complete processing of the fusion protein in 6 h and thus was used in the scale-up

cleavage study.
3.1.1.5 Purification of wild-type IGF-I

After stopping the cleavage reaction with 1 mM PMSF, IGF-I was purified through p-
aminobenzamidine resin to trap the thrombin protease and subsequently by nickel affinity
chromatography to bind the histidine-tagged Trx sequence. Then, the flow-through containing IGF-
I without His-tag sequence was collected and loaded onto a C18 column for further purification.
The RP-HPLC fraction eluting at the retention volume of ~ 450 mL contained the protein of
interest (Figure 14).
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Figure 14. Representative reverse phase HPLC elution profile with single peaks containing IGF-1. The target

protein was indicted by a black arrow. Elution was by acetonitrile gradient.
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3.1.1.6 Characterization analysis of wild-type IGF-I
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Figure 15. (A) Scheme of IGF-I as Trx fusion protein; the final purification step by thrombin cleavage
yielded IGF-I with two additional amino acids (GS) at its N-terminus. (B) Coomassie blue staining (left panel)
and Western Blot (right panel) analysis of purified IGF-I after reverse phase HPLC. The right panel showed
that the Western Blot analysis of IGF-I using an anti-IGF-1 antibody. cIGF-1: commercial IGF-1 (Genentech).
(C) HPLC graph of purified IGF-I (own, light gray) and commercial IGF-1 (cIGF-I, dark gray). (D) MALDI
MS spectra of purified IGF-1 (Obs. average mass = 7789.173 Da, calc. oxidized average mass = 7792.867 Da)

Figure 15B displayed SDS-PAGE and Western Blot analysis of the purified IGF-I from Trx-1GF-I
fusion protein after thrombin cleavage (Figure 15A). Multiple-step purification of IGF-I resulted in
a single band with high purity as determined by SDS-PAGE. Moreover, the identity of purified
IGF-I was shown by Western Blot analysis using an anti-IGF-I antibody and reverse phase HPLC
profile in comparison to commercial IGF-I (Figures 15B & C). MALDI/TOF MS analysis of the
purified protein suggested that the Gly—Ser dipeptide remained to the IGF-1 sequence after
successful cleavage with thrombin (Obs. average mass = 7789.173 Da, calc. oxidized average mass

= 7792.867 Da). MS data (Figure 15D) showed a major peak having an average intensity of
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7789.173 Da corresponding to the monomeric state of the protein, whereas a weak peak having an
average intensity of 15571.803 Da corresponding to the dimer state of the protein of interest.

3.1.1.7 Construction of the expression vector pET-11a/Trx-plk-IGF-I

Once the fusion strategy for wild-type IGF-I production had been established, mutant IGF-1 was
assessed. Gene-specific primers were designed to incorporate TAG codon into IGF-1 cDNA
sequence, and the fragment was amplified from pCMV6-XL4/IGF-I by PCR. The amplicon was
then cloned into the vector pHisTrx to generate Trx-plk-IGF-I fragment, followed by subcloning
into pET-11a vector to generate pET-11a/ Trx-plk-IGF-I for IGF-1 mutant protein expression.

Synthesized IGF-l mut 1 GGGTCATCACCATCACCATCACGGT TCTGGTATGAGCGATARARTTATTCACCTGACT
IIIIIIIIIIIIIIIIII|I|IIIIIIIIIIIIII|IIIIII||IIIIII|IIIIIIIII
Theoretic IGF-1 mut 1 ATGGGTCATCACCATCACCATCACGGTTCTGGTATGAGCGATAAAAT TATTCACCTGACT

Synthesized IGF-l mut 61  GACGACAGTTTTGACACGGATGTACTCAAAGCGGACGGGGCGATCCTCGTCGATTICTGG
PEOEETERTEE e r e r e e b e e v e e e e e b e e e e e e
Theoretic IGF-l mut 61  GACGACAGTTTTGACACGGATGTACTCAAAGCGGACGGGGCGATCCTCGTCGATTTCTGG

Synthesized IGF-l mut 121 GCAGAGTGGTGCGGTCCGTGCAAAATGATCGCCCCGATTCTGGATGAAATCGCTGACGAA
(AR RN N R R R R RN RN AR R RN RN AR AR
Theoretic IGF-l mut 121 GCAGAGTGGTGCGGTCCGTGCAAAATGATCGCCCCGATTCTGGATGARATCGCTGACGAA

Synthesized IGF-l mut 181 TATCAGGGCAAACTGACCGTTGCAAAACTGAACATCGATCAAAACCCTGGCACTGCGCCG
FEErerre e e et b e e e e et e e e e e e e e e e e e e e e el
Theoretic IGF-l mut 181 TATCAGGGCAAACTGACCGTTGCAAAACTGAACATCGATCAAAACCCTGGCACTGCGCCG

Synthesized IGF-l mut 241 ARATATGGCATCCGTGGTATCCCGACTCTGCTGCTGTTCAAAAACGGTGAAGTGGCGGCA
Frrrerrrrerererrrrrrrererrrerreereerreerrerererrreeerrrrern
Theoretic IGF-l mut 241 AAATATGGCATCCGTGGTATCCCGACTCTGCTGCTGTTCAAAAACGGTGAAGTGGCGGCA

Synthesized IGF-l mut 301 ACCAAAGTGGGTGCACTGTCTAARGGTCAGTTGAAAGAGTTCCTCGACGCTARCCTGGCC
AR R N RN R R R R R NN R R RN N RN
Theoretic IGF-l mut 301 ACCAAAGTGGGTGCACTGTCTAAAGGTCAGTTGAAAGAGTTCCTCGACGCTAACCTGGCC

Synthesized IGF-l mut 361 GGTTCTGGTTCTGGCCTGGTTCCGCGTGGATCCGGACCGTAGACGCTCTGCGGGGCTGAG
(NN RN R R R R RN RN R R RN RN RN AR AR
Theoretic IGF-I1 mut 361 GGTTCTGGTTCTGGCCTGGTTCCGCGTGGATCCGGACCGTAGACGCTCTGCGGGGCTGAG

Synthesized IGF-1 mut 421 CTGGTGGATGCTCTTCAGTTCGTGTGTGGAGACAGGGGCTTTTATTTCAACARGCCCACA

PEEEETTEr et et e b e e et v e e e e e e e e e e e e e e e et
Theoretic IGF-l mut 421 CTGGTGGATGCTCTTCAGTTCGTEGTGTGGAGACAGGGGCTTTTATTTCAACAAGCCCACA

Synthesized IGF-I mut 481 GGGTATGGCTCCAGCAGTCGGAGGGCGCCTCAGACAGGCATCGTGGATGAGTGCTGCTTC
FEErrrre e e re e re e e e e e e e e e e e e e e e e e e e e et
Theoretic IGF-l mut 481 GGGTATGGCTCCAGCAGTCGGAGGGCGCCTCAGACAGGCATCGTGGATGAGTGCTGCTTC

Synthesized IGF-l mut 541 CGGAGCTGTGATCTAAGGAGGCTGGAGATGTATTGCGCACCCCTCAAGCCTGCCAAGTCA

FEERErre e e e e e e et r e e e e e e et re et
Theoretic IGF-l mut 541 CGGAGCTGTGATCTAAGGAGGCTGGAGATGTATTGCGCACCCCTCARAGCCTGCCAAGTCA

Synthesized IGF-l mut 601 GCTTAATAA 609
IRRRERREE!
Theoretic IGF-l mut 601 GCTTAATAA 609

Figure 16. DNA sequence alignment of synthesized and theoretic Trx-plk-IGF-I mutant using the NCBI’s
database and BLAST program, showing 100% sequence identity. The mutation site was highlighted in red.

The confirmation of recombinant clones was carried out by a combination of diagnostic restriction
digestion (by Sapl and Ndel) and PCR assay using primer pair FP_N/Trx-plk-IGF-1 and RP_IGF/E,
as well as DNA sequencing. Synthesized Trx-plk-IGF-1 gene shared 100% sequence identity with
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the theoretic Trx-plk-IGF-I fragment (Figure 16). The IGF-1 mutant contained the amber stop
codon TAG coding for the unnatural amino acid, propargyl-L-lysine (plk), at Glu-3 (marked in red)
of IGF-1 [GAG (E) = TAG (PIK)].

3.1.1.8 Effects of strains on Trx-plk-IGF-I expression

Genetic code expansion was utilized to site-specifically incorporate plk into Trx-IGF-I. More
specifically, expression of Trx-plk-IGF-I mutant with an amber codon (TAG) introduced in Glu-3
of IGF-I (Figure 16) required co-expression of an orthogonal amber suppressor PyIRS/ tRNAPyl
CUA pair from Methanosarcina barkeri.**** This PyIRS/ tRNAPyl CUA pair was encoded by
two plasmids, pET-11a/Trx-plk-IGF-I, and the pRSFDuet-1 construct, inducible with IPTG.
Limitations for the codon expansion strategy are its low suppression yields and truncated protein
formation, which is possibly caused by the competition between endogenous RF1 and orthogonal
tRNAcua for recognizing the UAG stop codon (Figure 17A).277-3% To optimize the yield of full-
length Trx-plk-IGF-I, we qualitatively screened several culture parameters including the
concentration of plk added to the medium, bacterial strains and the expression time by SDS-PAGE
and (in certain cases) Western Blot. Western Blot image (Figure 17B) demonstrated the target Trx-
plk-IGF-1 with a molecular weight of 21.6 kDa expressed in all E. coli strains [BL21 (DE3),
SHuffle T7 and Rosetta (DE3)]. Furthermore, not only full-length Trx-plk-1GF-1 but also a shorter
form (truncated protein, MW=14.1 kDa) (Figure 17C), most probably corresponding to premature
translation termination caused by the amber codon, were observed in the bacterial lysates. Recoded
E. coli (C321.AA.exp) with UAG termination abolished®"” 3® decreased the truncated protein
expression over conventional strains in the SDS-PAGE analysis (Figure 17C). Despite this
modification, the expression of full-length soluble protein did not increase in the recorded
C321.AA.exp (Figure 17C). Increasing plk concentration (10 mM) facilitated the production of
Trx-plk-IGF-I (Figure 17B, C &D), and thus was applied for the further study. Trx-plk-IGF-I was
expressed from 2 h post induction. However, the decreased signal was observed at certain time
points dependent on the stain used. Due to co-express the bulk of endogenous host proteins and low
specificity of Coomassie gel staining, endogenous bacterial contaminants with the similar
electrophoretic mobility as the target protein could not be ruled out. Thus polyhistidine pull-down
assay followed by SDS-PAGE analysis was used to identify the protein of interest more accurately.
After 8 h-induction, E. coli BL21 (DE3) was harvested for the pull-down assay. In accord with our
previous results, increased plk amount enhanced the formation of Trx-plk-IGF-I. In the presence of
strong denaturing agents such as 8 M urea, Trx-plk-IGF-I in the pellet was soluble, and then
detected by SDS-PAGE followed by Coomassie blue staining (Figure 17D, upper panel), and
further confirmed by Western Blot using IGF-I antibody (Figure 17D, bottom panel).
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Figure 17. (A) RF1 mediated termination competes with the incorporation of uAA in response to the UAG
stop codon. Adapted from Ref.3% with permission from The Royal Society of Chemistry. (B) Western Blot
analysis of the expression level of Trx-plk-IGF-1 in various E. coli expression strains [BL21 (DE3), SHuffle
T7 and Rosetta (DE3)] with the addition of different plk amounts (2 mM vs. 10 mM). The primary antibody
used was an anti-IGF-I antibody (Goat). (C) SDS-PAGE analyses of Trx-plk-IGF-I expression in BL21
(DE3), SHuffle T7, and C321.AA.exp under different induction time. (D) Pull-down assay with Trx-plk-IGF-
I. SDS-PAGE (upper panel) and Western Blot (bottom panel) analysis of soluble and insoluble fractions
(inclusion body, IB) of BL21 (DE3) cultures expressing Trx-plk-IGF-I recovered from the pull-down
fraction. Full-length Trx-plk-IGF-I (MW=21.6 kDa) was indicated by a red arrow, while the truncated protein
(MW=14.1 kDa) was indicated by a black arrow.

Expression of the soluble recombinant was also confirmed by Western Blot (Figure 17D, bottom
panel), showing signal to a similar extent in comparison with that of pellet fraction, and thus both

cytosolic fraction and pellet were collected for the following Trx-plk-IGF-I extraction.
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3.1.1.9 Purification & cleavage of Trx-plk-1GF-I
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Figure 18. (A) SDS-PAGE analysis of collected eluate samples (E4, E5 & E6) of affinity chromatography.
All the fractions showed the full-length target protein (MW=21.6 kDa) and truncated protein (MW=14.1
kDa). (B) Western Blot analysis of thrombin digestion. 1 U of thrombin was subjected into 1 mg fusion
protein in 1x thrombin cleavage buffer (pH=8.4). After incubation for 6 h at room temperature, thrombin-
treated samples and samples without thrombin treatment were detected on Western Blot probed with the anti-
IGF-1 antibody. After cleavage, plk-IGF-1 was purified through the p-aminobenzamidine resin and reverse
phase HPLC and was then identified by Western Blot. Note that protein precipitated in 1x thrombin cleavage

buffer (pH=8.4), and decreasing pH level was thus employed in the following optimization study.

Besides the full-length Trx-plk-IGF-I, the truncated product was also riched by nickel affinity
chromatography (Figure 18A). Purified Trx-plk-IGF-I was digested using restriction grade
thrombin (Novagen) to yield plk-IGF-I. To optimize the cleavage efficiency, we screened several
reaction parameters including thrombin concentrations (1, 2, and 5 U thrombin/mg fusion protein),
incubation time (6, 12, and 24 h) and reaction pH levels (pH=8.4, 7.2 and 6) (Figure 18B, Table 7).
Thrombin-treated reaction was allowed to proceed at room temperature. The corresponding
aliquots were collected and analyzed by Western Blot. Although elevated pH levels (pH=8.4)
demonstrated positive effects on the cleavage of Trx-plk-IGF-1 by thrombin, precipitation was
observed under this condition (data not shown). The pH of the cleavage buffer was changed by
dialysis against 1x PBS (pH=7.2 or 6) to decrease the precipitation of protein during the cleavage
process. No clear differences were observed on the yield of plk-IGF-I between reaction pH=7.2 and
pH=6 used. The results suggested time-dependent, as well as concentration-dependent cleavage
efficiency, the general overview of the presence of plk-IGF-I signal in Western Blot, was shown in

Table 7.
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Table 7. Effect of pH, thrombin concentration, incubation time on cleavage efficiency. The presence of plk-

IGF-I was detected by Western Blot with anti-IGF-I.

Processed parameters Western Blot results
pH Cihrombin [U/mg] Tincubation (h) Plk-IGF-I signal
6 1 6 X
6 1 12 P
6 1 24 v
6 2 6 X
6 2 12 v
6 2 24 v
6 5 6 v
6 5 12 v
6 5 24 v
7.2 1 6 p'e
7.2 1 12 v
7.2 1 24 v
7.2 2 6 v
7.2 2 12 v
7.2 2 24 v
7.2 5 6 v
7.2 5 12 v
7.2 5 24 v

The optimized cleavage condition found was 2 units of thrombin for 1 mg fusion protein at pH=6
for 12 h and thus were employed in the scale-up cleavage study. Purified plk-IGF-I (lane #plkIGF-
I) was successfully demonstrated by Western Blot (Figure 18B). Although many efforts have been
made, including the optimization of the bacterial culture parameters and downstream protein
purification process, initial attempts to produce plk-IGF-I using thioredoxin fusion strategy failed,

due to a particularly low yielding cleavage reaction and poor stability of plk-IGF-I in the cleavage
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buffer. Similarly, the use of E-peptide prolonged IGF-I will prevent the small protein from
degradation in E. coli and managed to bypass a majority of problems associated with in vitro

cleavage reactions; the results were published in ACS Biomaterials Science & Engineering.
3.2 Dual-functionalized IGF-I variants

3.2.1 Genetically engineered IGF-1 Ea with two alkyne functionalities
3.2.1.1 Optimization of Plk-1GF-1 Ea-plk expression

In order to monitor plk-1GF-1 Ea-plk (MW=11.8 kDa) expression in E. coli BL21 (DE3), cells were
grown and then induced with 0.1 mM, 0.5 mM or 1.0 mM of IPTG at 27 °C or 37 °C, whereupon
the induced proteins were detected by Western Blot analysis with an anti-IGF-1 antibody (Figure
19, Table 8).
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Figure 19. Western Blot analysis of the expression level of plk-IGF-1 Ea-plk in E. coli BL21 (DE3) with
different incubation time at 37 °C by 1 mM IPTG. The primary antibody used was an anti-IGF-I antibody

(Goat). Lane #L, protein ladder; commercial IGF-I (cIGF-I) as the control.
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Table 8. Effect of cultivation temperature, IPTG concentration, incubation time on plk-IGF-I Ea-plk
expression. The presence of plk-IGF-I Ea-plk was detected by Western Blot with anti-IGF-1.

Process parameters Western Blot results

Temp. (°C) Ciprc [MM] Tincubation () PIk-IGF-I Ea-plk signal

37 1 1-6 v
37 1 17 X
27 1 1-6 v
27 1 18 X
27 0.5 1-6 v
27 0.1 1-2 X
27 0.1 3 v
27 0.1 4 X
27 0.1 5 v
27 0.1 6 X

The expression in TB medium at 37 °C with 10 mM plk resulted in a strong band between 10 and
15 kDa after 1 h (Figure 19), and the signals increased by increasing the induction time until 4 h
followed by a decreased signal over time, and no plk-IGF-I Ea-plk signal was observed at 17 h,
suggesting proteolytic degradation. Also, several faint impurity bands were observed between 35
and 55 kDa for all plotted cell lysate samples. A similar trend was also found in the samples
cultured at 27 °C with 1 mM or 0.5 mM IPTG (general overview was shown in Table 8). No clear
differences in the protein expression at 27 °C were observed between 0.5 mM IPTG and 1 mM
IPTG induction. The lower IPTG concentration (0.1 mM) negatively influenced the expression of
plk-IGF-1 Ea-plk. Although the expression of plk-IGF-1 Ea-plk was detected successfully on
Western Blot, it was unrecognizable by Coomassie blue staining irrespective of the optimization

condition used (data not shown here).



74 3. RESULTS

3.2.1.2 Optimization of the refolding process
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Figure 20. Nine refolding conditions were tested at (A) room temperature and at (B) 4 °C. A refolding
condition giving low turbidity showed low protein aggregation. An asterisk (p < 0.05) located above the
turbidity columns indicated significance between the other refolding buffer and A9 condition. An asterisk (p
< 0.05) located above the black line indicated significance between the A2 condition and A8 condition. The

statistical analysis used was the one-way ANOVA test. Bars on graph indicated standard deviation (n=3).

As collected from published literature, most of IGF-I proteins expressed in E. coli were insoluble
as inclusion bodies due to its ineffective and inefficient refolding process in bacterial cells.31® After
scale-up to 1 L cultivation at 37 °C, recombinant plk-IGF-I Ea-plk in the pellet was unfolded with
6 M guanidine HCI and refolding buffer were screened as described in section 2.3.1.3. No
significant differences in aggregates formation were observed among the nine refolding buffers
used at room temperature (Figure 20A), whereas the addition of ethanol resulted in high turbidity
levels (more aggregates formation) during the refolded process at 4 °C (Figure 20B). No
significant differences in the turbidity levels among Al, A2, A3, A4, A5, A6 buffers were found
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during the refolded process at 4 °C, thus either one of the above six buffers could be used for the
further optimization of the refolding experiment.

Unfolded proteins were refolded in Al buffer either at 4 °C for 36 h (Method I) or at room
temperature for 1 h (Method I1). The refolded plk-IGF-I Ea-plk was dialyzed against PBS and
concentrated through PES ultrafiltration membrane or lyophilization. The precipitation of protein
samples was observed during concentration in a spin device (Vivaspin 6). The concentrated
supernatant, aggregation via Vivaspin 6 and reconstructed freeze-dried samples were loaded into
SDS-PAGE followed by Western Blot analysis. The presence of plk-IGF-I Ea-plk in the inclusion
body was confirmed by Western Blot (Figure 21A). Additionally, the refolding temperature
influenced the outcome, with the absence of plk-IGF-1 Ea-plk signal in concentrated supernatant
via Vivaspin 6 (data not shown), and the presence of a weak plk-IGF-1 Ea-plk signal (MW=
11.8kDa) (Figure 21A, lane #2) detected in the precipitation sample after concentrating using
Vivaspin 6 by Method I. Refolding through Method 11, no plk-IGF-1 Ea-plk signal was found in
aggregates after concentrating using Vivaspin 6 (data not shown), whereas concentrated
supernatant via Vivaspin 6 showed a strong plk-IGF-1 Ea-plk signal (Figure 21A). No plk-1GF-I
Ea-plk signal was detected in reconstructed freeze-dried samples by either Method (data not
shown). Thus, the concentrated supernatant (Method 11) was subjected to SDS-PAGE followed by

Coomassie blue staining (Figure 21B) for the further analysis.
3.2.1.3 In-gel tryptic digestion and mass analysis

Many impurities were found on SDS-PAGE (Figure 21B, lane #2), the area with expected size
(11.8 kDa, indicated by a square) was further excised and subjected to trypsin digestion followed
by ESI/MS analysis. The spectrum of plk-IGF-I Ea-plk showed 4 peptide fragments [amino acid 38
to 50: m/z = 1438.646; amino acid 22 to 36 (carbamidomethylation (CAM) modified): m/z =
1724.843; amino acid 37 to 55 (CAM modified): m/z = 2340.170; amino acid 38 to 68 (CAM
modified): m/z = 3570.772 Da] (Figure 21C), implying that plk-IGF-1 Ea-plk was expressed
successfully. However, we are not aware if plk-IGF-1 Ea-plk expressed as a full-length protein or
the truncated form (stopped at the second mutation site) as the low protein amount was not
sufficient to detect the residual fragments. The low expression yield hindered us from further
chromatographic purification, and another strategy was needed for the development of dual

functionalized biologics with modification at two distinct positions.
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Figure 21. (A) Western Blot analysis of refolded plk-IGF-1 Ea-plk. Lane #L, protein ladder; Lane #1,
commercial IGF-1 as control; Lane #2, precipitation of protein (Method ) after concentrating via Vivaspin;
Lane #3, concentrated supernatant (Method 1) via Vivaspin. The protein of interest, plk-IGF-1 Ea-plk
(MW=11.8 kDa), was indicated by a black arrow. (B) SDS-PAGE analysis of the concentrated supernatant
sample via a spin device. Lane #L, protein ladder; Lane #1, commercial IGF-l as control; Lane #2,
concentrated supernatant (Method I1) via Vivaspin 6. (C) Mass chromatogram of plk-IGF-1 Ea-plk after in-
gel tryptic digestion and ESI-MS.

3.2.2 Clickable plk-1GF-1 Ea with TGase reactivity

3.2.2.1 Characterization of Q-peptide

The mass of synthetic Q-peptide was verified using LC-MS (Obs. mass: 1097 Da, Calc. mass:
1097.096 Da) (Figure 22).
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Figure 22. LC-MS analysis of the Q-peptide for evaluation of peptide purity.
3.2.2.2 Tag plk-IGF-I Ea with Q-peptide by TGase-catalyzed reaction

To identify whether plk-IGF-1 Ea is a lysine substrate to TGases, plk-IGF-I Ea was incubated with
a glutamine substrate modeled from the N-terminus of alpha-2 plasmin inhibitor (Q peptide) in the
presence and absence of FXIllla enzyme, with wild-type IGF-I as a positive control.?*” 233 EXllla
mediated acyl transfer reaction was followed by SPAAC reaction with DBCO-5,6-
carbozyrhodamine as detective conjugation partners (Figure 23A). As a positive control in case of
the enzymatic transamidation reaction, wild-type IGF-1 was crosslinked to glutamine substrate in
the presence of FXIllla before ultrafiltration to remove the unreacted Q-peptide, followed by

labeling the azide functionality of the IGF-1: Q-peptide conjugate with DBCO-dye.

A fluorescent band of the IGF-I conjugate with the expected electrophoretic mobility was
visualized by SDS-PAGE and fluorescence imaging (Figure 23B), whereas negative controls (in
the absence of FXIllla in the first coupling step) exclusively displayed an excess of unconjugated
fluorescent dye in the gel. Analogously, cross-linking of recombinant engineered plk-IGF-1 Ea to
Q-peptide in the presence of FXIlIla was visible as a fluorescent band of ~ 13 kDa molecular weight.

This demonstrated for the first time that Ea-extended IGF-I was a lysine donor substrate to TGases.
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Figure 23. (A) Reaction scheme detailing the synthesis of IGF-1 Ea-Dye conjugate via TGase-catalyzed
reaction and SPAAC coupling. (B) Conjugation reactions assessed by SDS-PAGE, followed by fluorescence
detection of dye-protein conjugates (bottom panel) and Coomassie brilliant blue staining (upper panel). (C)
PIk-IGF-1 Ea presenting beads were prepared as described in?*® followed by coupling with Q-peptide in the
presence (d, e, f) and absence (a, b, c) of FXIlla, respectively. The conjugates were visualized by fluorescent

microscopy Via labeling the azide group of the conjugate with DBCO-Cy5.

Moreover, TG reactivity of plk-IGF-1 Ea was further verified by fluorescence microscopy image of
Q-peptide and plk-IGF-I Ea presenting beads labeled with DBCO-Cy5 dye (Figure 23C). Q-
peptide was coupled to plk-1IGF-1 Ea presenting beads in the presence and absence of FXIlla with

the approach described herein. After coupling, the beads were washed intensively to remove FXllla
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and Q-peptide that was only physically adsorbed to the polymer surface. The enzymatic

transamidation was then confirmed by labeling the azide group of the conjugate with DBCO-Cys5,

allowing their visualization by fluorescent microscopy. In the absence of FXIlla, the coupling of Q-

peptide to plk-IGF-I Ea-coated agarose beads resulted in a weak fluorescence signal, possibly due

to the nonspecific and noncovalent adsorption of Q-peptide to the beads surface (Figure 23C, a, ¢).

Strong fluorescence signals

were observed when plk-IGF-I Ea-coated beads incubated with Q-

peptide in the presence of FXllla (Figure 23C, d, f).

3.2.3 Site-specific conjugation of plk-1GF-I Ea with azide-PCL-FGF2

3.2.3.1 Optimization of reaction efficiency
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Figure 24. (A) The curve of affinity chromatographic purification of azide-PCL-FGF2. All peak fractions
(E1, E2, E3, E4, E5, E6, E7, and E8) were then collected for further analysis. (B) SDS-PAGE analysis of
collected eluate samples of affinity chromatography. E8 fraction showed the target protein (MW=17 kDa)

with high purity, were then chosen for the further experiments.

To obtain IGF-FGF conjugate, we used an FGF2 variant (azide-PCL-FGF2, MW=17 kDa)

containing an azide partner (“clickability”), a matrix metalloproteinase (MMP) — sensitive linker
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(GPQGIAGQ) and FGF2 sequence®° that enabled site-specific conjugation with plk-IGF-I Ea via
CUAAC reaction (Figure 25A). The recombinant FGF2 variant was expressed in E. coli and
purified on a heparin affinity column, showing a high purity as judged by SDS-PAGE (Figure 24).

To increase the efficiency of plk-IGF-1 Ea conjugation with azide-PCL-FGF2, we first decided to
use different ratios of the participating therapeutics and lower the reaction temperature to prevent
FGF2 aggregation (Figure 25B). Caution was also taken by flushing the catalytic Cu (I) mixture
with nitrogen for 10 min. The precise labeling was tested at 3:1, and 1:1 azide-PCL-FGF2: plk-
IGF-1 Ea molar ratios, with their corresponding mixture without copper as a negative control.
When subjected the same total amount of proteins for click reaction, no clear differences on the
yield of IGF-FGF conjugates (~28 kDa) were observed between the two molar ratios used (Figure
25B), while the molar ratios varied ending up with different amounts of unreacted plk-1GF-1 Ea
(MW=11.6 kDa). Owing to limited source availability, difficulty in isolation, and demand for large
amounts of plk-IGF-I Ea, precise labeling with 3:1 azide-PCL-FGF2: plk-IGF-I Ea molar ratio was

performed in the following optimization.

Next, a series of experiments were performed by varying the reaction duration and temperature
(room temperature and 37 °C). The maximal conjugation with azide-PCL-FGF2 was observed after
the reaction at 37 °C for 30 min (Figure 25C, marked in the red cycle). Upon SDS-PAGE of the
reaction mixture, the bands of conjugates became faint as the increase of incubation time regardless
of the incubation temperature (room temperature, 37 °C). Protein precipitation was observed after 1
h incubation, and the best condition (37 °C, 30 min) for labeling was repeated 3 times (Figure
25D). Low concentrations of SDS (0.001%, 0.002%) under the best condition did not affect the

reaction yield or caused protein precipitation®* (Figure 25D).
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Figure 25. Labeling of plk-IGF-1 Ea with azide-PCL-FGF2 (FGF2 PDB ID: 1BLD). (A) Scheme of reaction
schemes detailing the synthesis IGF-FGF conjugate via CUAAC reaction. PCL: protease cleavable linker. (B)
The CuAAC reaction was performed at 4 °C overnight with 3:1, and 1:1 azide-PCL-FGF2: plk-IGF-I Ea
molar ratios, with their corresponding mixture without copper as a negative control. The 3:1 molar ratio of
azide-PCL-FGF2: plk-IGF-1 Ea was employed in the following study (indicated with a red arrow). (C)
CUuAAC reaction yield depended on the reaction time (0.5, 1 and 2 h) and temperature (room temperature and

37 °C). The condition giving maximal reaction efficiency (indicted with a red cycle) was referred to as the
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best condition. (D) Influence of anionic detergent (SDS) on CUAAC reaction efficiency. The best condition
was repeated for 3 times (n=3), and after the addition of SDS, the reaction mixture was incubated for 30 min

at 37 °C.

3.2.3.2 Optimization of purification methods
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Figure 26. Purification of IGF-FGF conjugates. (A) The reaction mixture was applied to a Heparin
Sepharose column. Free azide-PCL-FGF2 was washed out by 1.5 M NaCl, and IGF-FGF conjugate was
eluted by ~ 450 mM NacCl. Peak fractions (indicated by grey squares), including flow-through fraction eluted
at the retention volume of ~ 20 mL, were analyzed by Western Blot (B) using anti-FGF2 antibody. Lane #1:
the flow-through sample; Lane #2 — 4: eluate fractions at the retention volume of ~ 50 mL; Lane #5: eluate
fraction at the retention volume of ~ 90 mL; Lane #6: commercial IGF-I. (C) SDS-PAGE analysis of IGF-
FGF conjugates purification via an ultrafiltration device. Lane #L: protein ladder; Lane #1: azide-PCL-FGF2;
Lane #2: plk-1GF-I Ea; Lane #3: reaction mixture without the catalytic copper as a negative control; Lane #4:
reaction mixture; Lane #5: protein samples after concentrating the reaction mixture via a spin device (20,000
MWCO, CTA membrane); Lane #6: filtrate after concentrating the reaction mixture via a spin device (20,000
MWCO, CTA membrane). Note: A larger-scale click reaction (2 mL) decreases the yield of the conjugate
(Lane #4).
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Several methods, including heparin affinity chromatography, ultrafiltration, have been applied to
explore the purification of IGF-FGF conjugate. Since FGF2 (or azide-PCL-FGF2) exhibits high
affinity for heparin only when it is natively folded, in general, the unconjugated FGF2 (or azide-
PCL-FGF2) is eluted at 1.5 M NaCl (100% elution buffer) (Figure 24A). In our case, the
conjugated azide-PCL-FGF2 was eluted at ~ 450 mM NaCl (Figure 26A). The purified conjugate
was undetectable in SDS-PAGE and was visualized by Western Blot using anti-FGF2 antibody
(mouse) (Figure 26B). In parenthesis non-specific interactions between the antibodies and IGF-I
(or plk-IGF-I Ea) was observed. Partial of unconjugated azide-PCL-FGF2 was co-eluted with the
expected conjugate. A separation and enrichment strategy based on centrifugal ultrafiltration was
employed in this case to reduce the loss of protein samples during purification. Sartorius Vivaspin
tangential membrane (20,000 MWCO, CTA membrane) was effective in the recovery and

enrichment, but not in the separation of all the proteins used (Figure 26C, lane #5).
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4. Discussion

Numerous research and efforts have been devoted to assessing the enormous variety of effects of
commercially available mature IGF-I on different cells types and tissues during pre- and postnatal
development stages. However, as noted in the Introduction section, its short biological half-life
and several systemic side effects limit the translation of IGF-1 into clinical applications. Therefore,
the need for enhanced pharmacological properties of IGF-I has become a crucial prerequisite for
novel IGF-I based therapies. The site-specific incorporation of uAA with unique chemistries into
proteins biosynthetically is a valuable methodology for better therapeutic value. Such reactive
handles are of particular importance for the bio-orthogonal modification to label biomolecules with
small entities, to generate homogenous polymer-protein and protein-protein conjugates,?’ and for

defined surface decoration.2%0: 253 287

My research is focused on the production of recombinant human IGF-1 in E. coli. In particular, the
project concerns UAA modification of IGF-1 with maximal pharmaceutical control over the
modification site. The work presented here documents two strategies adopted to obtain UAA
incorporated IGF-I, including (i) genetically engineered IGF-I fusion variants (Trx-plk-IGF-I); (ii)
engineered indigenous IGF-1 Ea therapeutic (plk-IGF-I Ea). This study also provides a possibility
for further investigations into the dual functionality of IGF-1 to modify the biologic at both
positions. Also, preliminary studies about co-delivery of growth factors are performed by the
conjugation of plk-IGF-I Ea and FGF2 with a protease cleavable linker in between, reflecting

major implications on therapy-oriented research.
Genetically engineered IGF-I fusion variants

Owing to the ineffective and inefficient refolding process, major recombinant (human) IGF-I
proteins were found in insoluble fraction of E. coli, which completely lost its bioactivity.®'? In
comparison to Bacillus subtillis and yeast expression systems, E. coli expression system is the first
choice host for recombinant proteins production due to its cost-effectiveness, the ease of genetic
manipulation, rapid growth rate, and the capability for continuous fermentation.?** 34 Around 30%
of the approved recombinant proteins are currently being produced in E. coli.®®® The strategy of
fusing the therapeutics (such as EGF, FGF2, IGF-I, etc.) with the Trx proved to be very efficient to

achieve high-level soluble expression in E. coli.? 316317

As described in section 2.2.1.1, we genetically engineered IGF-1 fusion protein (Trx-1GF-I),
containing mature human IGF-1, fused to N-terminal Hiss-tagged Trx to (i) enhance the solubility
and facilitate disulfide bond formation of target protein,? 3023% (ji) allow a high level of protein
purification through nickel affinity chromatography by 6x His tag.®82? Qur results showed that the

fusion of Trx could facilitate the soluble IGF-I fusion protein expression, but this efficiency was
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significantly varied in different host cells (Figure 11). The results had revealed that the
productivity of Trx-IGF-1 protein was increased dramatically when E. coli SHuffle T7 was applied
as the host. Besides the elimination of glutathione reductase (gor) and thioredoxin reductase (trxB)
gene product, this strain has engineered to overexpress DsbC, which acts as a disulfide bond
isomerase and “shuffle” mis-oxidized cysteine pairs, thus allows the recombinant target protein to
achieve its properly folded confirmation in the cytoplasm.®? After systematic optimization of the
expression conditions, the expression level of Trx-IGF-I protein was greatly improved when the
culture was effectively induced at OD600=0.7 with 0.2 mM IPTG for overnight at 25 °C (Figure
11D). The soluble fusion IGF-I protein was purified efficiently by nickel affinity chromatography
(Figure 12). The overall productivity of soluble Trx-IGF-I (21 mg/L) was achieved. The thrombin
cleavage site (LVPR|GS), which segregates the Trx and the IGF-I protein, permitted the recovery
of the IGF-I protein from the fusion protein through thrombin digestion. The SDS-PAGE analysis
and Western Blot showed a major band corresponding to IGF-1, with a molecular weight of 7.8
kDa (Figure 15). The preparations are homogeneous as determined by HPLC and SDS-PAGE
analysis (Figure 15). The identity of Gly—-Ser—IGF-I (i.e., an additional Gly—Ser dipeptide at the N-
terminus) after thrombin cleavage was confirmed by MALDI-MS (Figure 15D).

Our developed strategy to produce wild-type IGF-1 was then extrapolated to the production of
mutant IGF-I. In this variant, the Glu-3 of mature IGF-I is exchanged into an amber stop codon for
the incorporation of plk, as this site is not crucial for receptor binding (Figure 4). The protein
expression at 37 °C for 6-8 h resulted in a signal between 15 and 25 kDa, implying the formation
of Trx-plk-IGF-1 (Figure 17). Competition with RF1 is a limiting factor that depresses the yield of
uAA-containing protein®* (Figure 17A). Engineered RF1-deficient E. coli strains have been
proved its ability to enhance UAG translation efficiency,?’8 28325327 egpecially for multiple uUAAs
incorporation®?® (see below for further information). In agreement with recently published data,3*>
827 we found that recorded E.coli strain C321.AA.exp (i.e., UAG termination abolished) was more
efficient at eliminating the truncated proteins. Despite the competition between plk insertion and
RF1in BL21 (DE3) or SHuffle T7, the fraction of Trx-plk-IGF-I produced was higher partly due to
higher cell density compared to C321.AA.exp.3® Sufficient amounts of the full-length fusion
protein (~ 2 mg/L) were promoted by optimizing induction time, plk amounts and varying the
strain. The recovery of plk-IGF-1 was obtained by the addition of thrombin (Figure 18B). The
cleavage efficiency varied depending on the substrates®?® and buffer used with the target protein
and other variables (e.g., urea) (Figure 13A & B). Although its preferential recognition of the —L—
V-P-R-G-S- sequence and cleavage at the R—G bond, thrombin was reported to cleave at
secondary sites non-specifically.32*3 This may partly account for undetectable IGF-1 signals in the
SDS-PAGE after “GE” thrombin cleavage (Figure 13B). This was improved by shorter duration

exposure to lower concentrations of restriction grade “Novagen” thrombin (Figure 13C). However,
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the production of plk-IGF-1 was too low arguably as the mutant protein got precipitated during the
cleavage study (pH 8.4). Buffer components and pH levels can influence the stability of IGF-1.27
Adjusting the pH levels of the fusion protein away from the pl of IGF-I (8.3)%2 but still located in
the optimum pH range (6-8) of thrombin cleavage activity®*® is rational to increase the yield of the
target protein. PBS was reported to be an alternative cleavage buffer for thrombin.3'” After buffer
exchanged to PBS (7.2 or 6), protein aggregation was greatly reduced, however, compromised
cleavage efficiency of thrombin was observed during the tested pH conditions. One possibility to
overcome this issue is replacing the thrombin cleavage site by enterokinase recognized sequence
(Asp—-Asp-Asp-Asp-Lys-|-X) with broader reaction scope (temperature range: 4-45 °C; pH
range: 4.5-9.5).3%3% The other possible reason for the presence of precipitation and low cleavage
efficiency may be the use of the solubility-enhancing tag, which still maintains their fusion protein
(non-native or aggregates conformation) in a soluble state in E. coli and may not be readily

accessible to an endoprotease®” (as elaborated further in Conclusion & Outlook section).
Naturally occurring IGF-1 Ea therapeutic

An alternative strategy is fusing IGF-1 with E-peptides (Ea, Eb, Ec) to bypass the obstacles during
in vitro cleavage process (e.g., low cleavage efficiency, nonspecific cleavage at variant sites).
Indigenous pro-IGF-1 (IGF-1 + E-peptides) demonstrated maintained bioactivity (vide supra), and
the deletion of the first dipeptide (Arg—Ser) of Ea-peptide showed increased stability in the
presence of serum.® Accordingly, we engineered a bioactive and serum stabilized IGF-I Ea with
the mutation of Glu-3 into plk, allowing the site-specific conjugation of IGF-I Ea to a fluorophore
and carrier particles by CuAAC. Cell proliferation and differentiation were enhanced in close
proximity to IGF-l1-decorated carrier particles, implying the effect of designed multi-valence on

decorated materials.?®
The dual functionality of IGF-I Ea

Furthermore, we have site-specifically incorporated two uAAs simultaneously into IGF-1 Ea
therapeutics expressed in E. coli, the mutation of Glu-3 of IGF-I and additionally the Lys-29 of the
Ea-peptide. Western Blot analysis after the expression at 37 °C showed the signal of plk-IGF-I Ea-
plk within 6 h (Figure 19). Bacteria cultivation at reduced temperatures has been used favorably to
enhance the yield of soluble protein.?%3°! Hence, we expanded the experiments and performed
protein expression at 27 °C with various IPTG concentrations. Likewise, the protein expression
induced by either 0.5 mM or 1 mM IPTG at 27 °C over 6 h resulted in a signal between 10 and 15
kDa, implying the formation of plk-IGF-1 Ea-plk. Despite systematic optimization of the
expression conditions, including the use of baffled flasks to increase the gas exchange, the
supplement of magnesium sulfate®*® and antifoam agent (poly(propylene glycol)),*%%! no clear

increase in the production of the recombinant protein was observed.
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Low protein yields can be attributed to the low efficiency of translation stop codon suppression in
producing proteins containing multiple uAAs.?"": 306328 | ess than 1% efficiency was obtained when
it came to incorporating UAA into two sites.**> Evolved ribosomes, Ribo-X developed by J. Chin
and coworkers,*? increased its efficiency for amber codon suppression (~20% for 2 amber codon
sites). The Ribo-X discriminates the orthogonal mRNA by a designed sequence that allows only
the synthesis of uAA encoded proteins. They speculated that Ribo-X has a decreased functional
interaction with RF1, allowing the suppressor tRNACAU to more effectively compete for A-site
binding in the presence of a UAG amber codon on the mRNA.34 Again, the competition of amber
suppressor tRNA with endogenous RF1 is responsible for low uAA incorporation in response to the
UAG codon (vide supra). This has been successfully addressed with RF1 targeting strategy,
including the use of RF1 knockout strain?’® (vide supra) and CRISPRi-mediated RF1 repression.?’’
In comparison with Ribo-X, an RF1 knockout in the JX33 strain showed higher uAA incorporation
of a reporter protein with multiple amber codon sites.®® As amber codon suppression takes
advantage of the host cell's translational machinery, proper interactions between the aminoacyl-
tRNA synthetase(s) (aaRS) /tRNA pair and cellular components are highly appreciated. Previous
work highlighted the potential of improving uAA incorporation efficiency through the optimization
of the interaction between suppressor tRNA charged with uAA and elongation factor Tu (EF-
Tu).%# 345 Also, the use of an orthogonal translation system (e.g., Ribo-Q*® and Ribo-X3*?) which
is only responsible for the suppression of nonsense codon provides beneficial options for efficient
UAA incorporation (reviewed extensively in 3#'). Adjusting other experimental details, such as
evolved sequence contexts flanking nonsense codons,*® the development of expression vectors
(e.g., pEVOL vector®*®® and pUItra plasmid®®), and the virus-based gene delivery system,*! may

also help to improve the uAA incorporation system.

For further analysis, priority was given to the refolding of plk-IGF-I Ea-plk from inclusion bodies.
An ideal approach for all the refolding screens is to provide a readout that indicates which
condition works best, such as bioactivity assay,?®® fluorescence testing for GFP,**? enzymatic
activity assay.**® However, IGF-I is either not enzymes or has a long journey towards biological
assay. A general and practical, rational procedure is applied based on the turbidity of solutions
where protein aggregation has occurred.?®* 34 3% Kinetic competition (as follows) between

aggregation and other processes, including folding, exists in most instances of aggregation.

Native protein <«—— Folded intermediate <« Unfolded protein

T

Aggregates
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As discussed in the “Genetically engineered IGF-1 fusion variants” section, recombinantly
expressed insoluble protein (as inclusion bodies) can be addressed by decreasing culture
temperatures, screening of different bacterial strains, fusion protein constructs (e.g., maltose
binding protein, Trx). Protein aggregation during lyophilization greatly depends on the water
content of the system.®%36! Sporadically, dehydration of proteins by lyophilization results in
denaturation,®? 363 probably due to aggregation formation from partially folded intermediates
during the ensuing rehydration. Free Cys residues in proteins (either the native or non-native
conformations) can be oxidized easily to form disulfide bond linkages or initiate thio-disulfide
exchanges®®* % or disulfide exchanges via B-elimination (in the disulfide-bonded conformations
of protein),3® 37 |eading to protein aggregation. Also, a range in the denaturant solubility
of insoluble proteins was described from relatively resistant to solubilization to much more readily
dissolved in denaturant.®®® Taken together, these may be the reason for the undetectable plk-1GF-I
Ea-plk signal in Western Blot after freeze-dried treatment. Exceeding the solubility limit of a
partially folded intermediate, and the presence of intramolecular misfolding due to the nature of the
expressed protein (e.g., multiple domains) are probably two common reasons for the formation of
aggregates during renaturation.®®® To minimize aggregation, low protein concentrations were
utilized by flash dilution of the solubilized protein in refolded buffer. Next, we carried out a
preliminary refolding screening (Figure 20) focusing on several critical parameters, including
temperature, pH levels and additives (see Appendix C).*®° The study gives an overall picture, but
more in-depth research (bioactivity assay) is urgently needed to find out the optimized condition
for a maximum yield of correctly oxidized protein. Refolding inclusion bodies to active IGF-I
protein represents a huge challenge, as oxidative refolding of IGF-I in vitro yields two disulfide
isomers of similar thermodynamic stability: (i) native IGF-1 (Cys 6 — Cys 48; Cys 18 — Cys 61; Cys
47 — Cys 52, 60% yield); (ii) scrambled IGF-I (Cys 6 — Cys 47; Cys 18 — Cys 61; Cys 48 — Cys 52,
40% vyield).*® Although the supplement of ethanol increased protein aggregation (Figure 20B), it
was reported that methanol or ethanol could facilitate the production of the correctly folded IGF-
.39 The other strategy is to modify the IGF-1 sequence, such as the additional positive charge on
the Met-end of IGF-1.3"

Myriad technological hurdles related to plk-IGF-I1 Ea-plk project lead us to conceive a different
strategy to develop dual functionalities of IGF-I variant. As Lys-68 of wild-type, IGF-I was shown
to be the sole substrate for FXI11a%*%; we hypothesized that engineered “clickable” plk-IGF-I Ea®®?
was also a substrate for FXIlla. Next, TGase reactivity of E-peptide extended IGF-1 was explored
by fluorescent labeled plk-IGF-1 Ea through a Q-peptide linker. Very preliminary results obtained
by SDS-PAGE and fluorescence microscope, plk-IGF-I Ea cross-linked to glutamine substrate in
the presence of FXIlla. As this did not yet confirm the precise cross-linking site and number of

available functional groups, further investigation of these findings with more quantitative and
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molecular evidence will be necessary to examine the precise cross-linking site(s) within plk-IGF-I
Ea.

Conjugation of IGF-1 Ea with FGF2

As we were interested in the synergistic effects of IGF-1, we provided plk-IGF-1 Ea in conjunction
with a second therapeutic FGF2 via click chemistry, that was thought to be different from the
physical combination of FGF2 with IGF-1.3"237* Engineered azide-PCL-FGF2 contains an azide
partner (“clickability”), followed by matrix metalloproteinase (MMP)—sensitive linker
(GPQGIAGQ) and FGF2 sequence.? MMPs are upregulated in some compromised tissues,
including inflamed tendons or tendinitis.3”®> The MMP-responsive IGF-FGF conjugates use the
protease as a proxy for sensing the disease state of the tendinitis liberating IGF-1 and FGF2 only at

times of flare.

The presence of copper during the CUAAC reaction leads to concerns relating to traces toxicity in
the final product or protein precipitation.®”® The formation of reactive oxygen species (ROS) by the
interaction between copper ions and reducing agent (sodium ascorbate) may result in oxidation
processes of certain amino acids (e.g., lysine, arginine, cysteine),*”” 38 the cleavage®® and cross-
linking of proteins.®° The optimal-performing click reaction condition (50 uM CuSOs, 250 uM
THPTA, and 2.5 mM sodium L-ascorbate) was also shown to be compatible with NIH 3T3
fibroblasts and HEK 293-F cells.3’® Thus, we carried out the following click reaction at 50 uM
copper to minimize these above effects. The conjugation was further optimized by the variation of
temperature (4°C, 37 °C, room temperature), reaction time (0.5 h, 1 h, 2 h, overnight) and the
addition of anionic detergent SDS (0.001%, 0.002%)3%* (Figure 25). Moderate yield for
conjugation with azide-PCL-FGF2 was achieved after 30 min at 37 °C. Future work needs to
present mass analysis results to confirm the identity of the conjugates. A common procedure to
purify FGF2 is heparin affinity chromatography.?® 3% 37 \We achieved small signals in the
chromatogram after heparin affinity chromatography and an insufficient separation and yield of the
conjugates. Ineffective separation was observed when CTA ultrafiltration membrane (20,000
MWCO) was applied (Figure 26C). A well-established strategy to purify protein is size exclusion
chromatography?8- 381382 and could also afford an opportunity for IGF-FGF conjugates. There are
still many possibilities for the improvement in all steps of the process, from the reaction efficiency
to the change of purification method. The other option to reduce the copper-induced toxicity is to
adopt copper-free click chemistry, for which strained alkyne functional group is genetically

incorporated into the protein of interest (IGF-1 Ea). 38384
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ABSTRACT: Insulin-like growth factor-I (IGF-I) is an
inducer of skeletal muscle hypertrophy and blocks skeletal
muscle atrophy, rendering it a good therapeutic option for the
treatment of severe burn injury for which localized treatment
options are particularly interesting. For that, the therapeutic
was redesigned via amber codon expression, leading to a
propargyl-L-lysine (plk) modified IGF-1 (plk-IGF-I Ea) with Ea
peptide prolongation at the C-terminus, thereby becoming a
substrate for copper(I)-catalyzed azide alkyne cycloaddition
(CuAAC) and other bio-orthogonal click chemistries. The plk-

Site-specific
immobilization

Plk-IGF-I Ea

IGF-I Ea was site-specifically immobilized to agarose particles, resulting in homogeneous product outcome with retained potency
while providing the necessary tools to maximize local and minimize systemic exposure. IGF-I decorated particles outperformed
soluble IGF-I in C2C12 induced myotube formation, reflecting the impact of controlled multivalence on decorated materials.

KEYWORDS: insulin-like growth factor I, IGF-I, bio-orthogonal immobilization, genetic codon expansion, CuAAC, proliferation,

myotube formation

Human insulin-like growth factor-I (IGF-I) is a small,
single-chain polypeptide (M,, = 7649 g/mol) stimulating
skeletal-muscle cell proliferation and differentiation in
culture,”™” promoting the synthesis of proteins and nucleic
acids,” and inducing skeletal muscle hypertrophy and blocking
skeletal muscle atrophy.”” "' The IGF-I gene is alternatively
spliced, resulting in IGF-I precursor peptides with extensions of
35—77 amino acids at its C-terminus, referred to as Ea-, Eb- or
Ec-peptides.'” The mature IGF-I peptide consists of 70 amino
acids and is posttranslationally processed by the proteolytic
removal of their E-peptides. Recombinant human IGF-I
(Mecasermin) is approved for treatment of growth failure
and shows promising potential in other indications such as
atrophic musculoskeletal and neurodegenerative diseases and
myocardial infarction.'””'> However, systemic administration
of IGF-I shows adverse effects reflecting its pleiotropic
functions,'® including hypoglycemia,'” diabetic retinopathy,'®
and neoplastic cell growth.””’ These limitations sparked
interest in the development of parental IGF-I depot systems,
enabling controlled IGF-I release from poly(p,L-lactide-co-
glycolide) acid (PLGA) and silk fibroin derived materials to
warrant maximal efficacy and safety while minimizing systemic

exposure.” ™
Site-specific decoration strategies allow for homogeneous
coupling of proteins to interfaces with precise spatial control,
avoiding random immobilization through heterogeneous
modification of, for example, endogenous thiol, amine, or
carboxyl-groups.”® Among them, amber codon suppression has
evolved as an elegant approach to introduce functionalized
unnatural amino acids (uAA) at a predefined site within the

v ACS Publications  © 2018 American Chemical Society
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protein backbone during protein translation by deploying a
pyrrolysine tRNA synthetase (PyIRS)/tRNAPyl CUA pair from
archaebacteria, including Methanosarcina barkeri”*™** The
incorporation of pyrrolysine (Pyl) derived analogues into
recombinantly expressed proteins in Escherichia coli was
previously shown to allow for bio-orthogonal modification to
tag biomolecules with small entities to ‘generate polymer—
protein and protein—?rotein conjugates” and for defined
surface decoration.”’ ™

Here, we focused on the design, recombinant expression, and
site-specific modification of a Ea-peptide prolonged IGF-I
therapeutic (IGF-I Ea) by introducing the uAA propargyl-
protected lysine (plk) into the biologic’s backbone at a
predefined site through amber codon suppression™*™** with
the design criteria to retain potency as compared to the
unmodified IGF-I with maximal pharmaceutical control over
the modification site. The IGF-Ea transcript represents the
main pro-IGF-I mRNA in liver’® and was therefore chosen for
site-specific modification. Recombinantly expressed E-peptide
prolonged IGF-I variants with deletion of the dibasic protease
cleavage site at position 71 and 72 (Arg-Ser) were shown to
stabilize IGF-I in serum due to improved IGFBP (IGF-I
binding protein) interaction with unaltered therapeutic
activity.” It is for the retained bioactivity why N-terminal
amino acids Gly-1, Pro-2, and Glu-3 in the IGF-I molecule
display suitable sites for modification.”’ Moreover, a naturally
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truncated variant of human IGF-T (Des(1-3)IGF-I) with the
tripeptide Gly-Pro-Glu absent from the N-terminus naturally
exists,”” demonstrating unaltered IGF-1R binding affinity and
reduced IGF binding protein binding compared to those of the
unprocessed protein.zf"r

820

To this end, a novel IGF-I therapeutic was engineered with a
33 amino acid Ea peptide extension, lacking the amino acids 71
and 72 (Arg, Ser) and with the incorporation of the uAA plk at
the N-terminus (Figures 1A and B), rendering this serum
stabilized IGF-I variant available for bio-orthogonal click

DOI: 10.1021/acsbiomaterials.7b01016
ACS Biornater. Sci. Eng. 2018, 4, 819-825
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chemistries such as copper catalyzed alkyne—azide cyclo-
addition (CuAAC).*® Figure 1B depicts the crystal structure
of IGF-1 Ea, in which the location with plk-exchange (Glu-3-
plk) and deletion of amino acids 71 and 72 is highlighted.
Accordingly, we introduced an unnatural plk residue into IGF-I
through amber codon (UAG) suppression using a pyrrolysyl-
tRNA synthethase/tRNA™ . pair originated from M.
barkeri.*>"

One of the major limitations of the codon expansion strategy
is the competition of tRNAgy, with release factor 1 (RF1) at
the UAG stop codon, leading to low efficiency of UAA
incorporation and inevitable even dominant truncated protein
forms.”"** Therefore, we qualitatively screened several culture
parameters by end point Western blot detection, including
bacterial strains, IPTG induction time, plk concentration, and
culture media with respect to their potential to promote plk-
IGF-1 Ea product formation (Figure S1). Expression in the
bacterial strain E. coli BL21 (DE3) in the presence of 6 mM plk
by following a modified Studier autoinduction strategy resulted
in a maximal detection of plk-IGF-I Ea (Figures SIB and C).
Plk-IGF-1 Ea was expressed in inclusion bodies, refolded, and
purified by ion-exchange chromatography, followed by
reversed-phase high-performance liquid chromatography (RP-
HPLC) with an overall yield of 0.4 mg/L. Figure 1C displays
SDS-PAGE and Western blot analysis of the purified plk-IGF-I-
Ea variant. Purification of plk-IGF-I-Ea resulted in a single band
with high purity as determined by SDS-PAGE. Moreover,
identity of plk-IGF-I Ea was shown by Western blot analysis
and RP-HPLC in comparison to wild-type IGF-I (Figures 1C
and D). The introduction of plk at position 3 of IGF-I-Ea
peptide was confirmed after trypsin digest and liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
analysis (Figure 2A). Electrospray ionization mass spectrometry
(ESI-MS) analysis of the purified plk-IGF-I Ea protein
suggested that the initial Met was removed upon translation
by E. coli derived methionine amino peptidase (obs average
mass = 11579.4 Da; calcd oxidized average mass = 11579.3 Da)
(Figure 2B).

The alkyne functionality of plk-IGF-I Ea was further studied
for chemical decoration by covalently anchoring a small azide
fluorophore to the molecule by CuAAC using copper(1l)
sulfate as catalyst along with sodium r-ascorbate as mild
reductant and the water-soluble base tris(3-hydroxypropyltria-
zolylmethyl) amine (THPTA) as previously described.™ After
click reaction, a fluorescent band of the plk-IGF-I Ea conjugate
with the expected electrophoretic mobility was visualized by
SDS-PAGE and fluorescence imaging (lane 7), whereas
controls (wild-type IGF-1 or coupling plk-IGF-I Ea in absence
of copper(Il) sulfate) displayed exclusively an excess of
unconjugated fluorescent dye in the gel (lanes 5, 6, and 8)
(Figure 3). Moreover, functionalization of plk-IGF-I1 Ea with
the azide Fluor 488 fluorophore was detailed by ESI-MS mass
analysis and revealed an equimolar decoration of plk-IGF-I Ea
with the fluorescent dye after CuAAC (obs average mass =
12153.7 Da; calcd average mass = 12153.9 Da) (Figure S2).

To investigate the interference with IGF-I bioactivity
resulting from an exchange of Glu-3 against plk, proliferation
of the human osteosarcoma MG-63 cells was assessed by a
WST-1 colorimetric read-out, as previously reported.’
Stimulation of MG-63 cells with plk-IGF-I Ea resulted into a
similar mitogenic activity as wild-type IGF-I (Figure 4A). We
also analyzed downstream signaling of the plk-IGF-I Ea variant
after short time exposure (30 min) by phosphorylation of AKT

821

Figure 3. Click reactions between plk-IGF-I Ea, wild-type IGF-I, and
the fluorophores Azide Fluor 488 as analyzed by SDS-PAGE. Protein
staining by Coomassie brilliant blue is on the left; fluorescence of the
gel for the detection of plk-IGF-I Ea -dye conjugate is on the right.
Click reactions between plk-IGF-I Ea and dye Azide Fluor 488 in the
presence (lanes 3 and 7) or absence (lanes 4 and 8) of copper(I).
Reactions between wild-type IGF-I and dye Azide Fluor 488 in the
presence (lanes 1 and 5) or absence (lanes 2 and 6) of copper(l).
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Figure 4. Biological activity of IGF-L (A) MG-63 cell proliferation
assay for plk-IGF-I Ea and wild-type IGF-I as positive control (mean +
SD, n = 3, blank n = 12). Results normalized to cells untreated with
IGF-1 that correspond to 0. 95% confidence intervals for EC-50 values
are 0.065—0.0325 nM for Plk-IGF-Ea and 0.078-0.245 nM for IGF-L
(B) Top: Representative Western blot analysis of Akt activation by
plk-IGE-I Ea and wild-type IGF-I at 100 nM. Bottom: Quantitated
pAkt values were related to total Akt values with the control (no IGF-I,
medium control) set to 1. Bars represent mean values + SD of three
experiments, and asterisks indicating statistical significant differences
(ANOVA followed by Tukey post hoc test; p < 0.05).
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Figure $. Site-specific immobilization of plk-IGF-I Ea onto azide and hydroxyl groups presenting agarose beads. Decoration of agarose particles with
aminoundecanazide and ethanolamine. From top to bottom, fluorescence images and corresponding phase contrast images of plk-IGF-I Ea after
CuAAC on aminoundecanazide (a and e) and ethanolamine (c and g) in the presence of copper(II) sulfate or absence of copper(Il) sulfate (b, f, d,
and h), labeled with anti-IGF-I antibody and Alexa Fluor 488 (green) secondary antibody conjugate.
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Figure 6. MG-63 cell proliferation on plk-IGF-I Ea presenting agarose beads in serum depleted medium. (A) Cell nuclei (DAPI) staining of MG-63
cells cultured on plk-IGF-I Ea immobilized to aminoundecan-azide decorated agarose beads by CuAAC (a and c) and in the absence of Cu(I) (b and
d). Fluorescence images: a and b; corresponding phase contrast images: ¢ and d. (B) Proliferation of MG-63 cells as determined by DAPI positive
cells per bead diameter. At least 14 beads were analyzed per condition. The asterisk highlights significant differences (*p < 0.05). DAPI is blue.

in MG-63 cells in comparison to wild-type IGF-I and
nonstimulated controls (Figure 4B). The plk-IGF-I Ea variant
induced AKT phosphorylation normalized to total AKT
expression as strong as the wild-type protein and significantly
stronger than unstimulated controls. Together, both results
indicate that the exchange of Glu3 against Plk did not affect
bioactivity as determined by long-term exposure and receptor
signaling (short-term exposure) and as analyzed by AKT
phosphorylation.

Due to their biocompatibility and versatility in surface
functionalization, agarose particles were selected as model
carrier for site-directed immobilization of plk-IGF-I Ea via
CuAAC as previously described.’"™* To this end, we used
amino-undecan-azide and ethanolamine to introduce azide and
hydroxyl functional groups onto the agarose beads by amine
coupling deploying NHS (N-hydroxysuccinimide) chemistry.
Plk-IGF-I Ea was covalently immobilized by CuAAC to azide or
hydroxyl groups presenting surfaces of agarose beads in the
presence or absence of copper(Il) sulfate, and plk-IGF-I Ea
immobilization was determined by immunofluorescence there-
after (Figure S). Specific and strong fluorescent signals of plk-
IGF-I Ea on azide-functionalized agarose beads were observed
in the presence of copper(Il) sulfate (Figure Sa). In contrast,
controls (CuAAC on hydroxyl-functionalized agarose beads

822

(Figure Sb) or in absence of copper(Il) sulfate on azide-
functionalized agarose beads (Figure 5c)) showed only weak
fluorescence signals on the bead surface after intensive washing,
indicating the highly specific covalent coupling of plk-IGF-I Ea
on azide-activated agarose beads in the presence of the copper
catalyst.

Loading of plk-IGF-I Ea onto azide particles was determined
by BCA assay’~ and revealed an average concentration of 28 yig
plk-IGF-I Ea/mg particles after CuAAC, whereas control beads
(prepared in absence of copper(1I) sulfate during the reaction)
displayed an average concentration of 8 pg surface adsorbed
plk-IGF-1 Ea/mg particles, respectively (Figure S3).

We then assessed the mitogenic effects of surface
immobilized plk-IGF-I Ea on agarose carriers. To this end,
MG-63 cells were incubated in serum-free medium in the
presence of plk-IGF-1 Ea decorated agarose beads (azide
presenting groups and after CuAAC) and in the presence of
control agarose beads (azide presenting groups and in absence
of copper(II) sulfate during CuAAC with plk-IGF-I Ea) for 48
h. Cell proliferation around the agarose carriers was monitored
by DAPI staining for visualization and quantification of cell
nuclei (Figure 6), which were confined to cells in close
proximity to plk-IGF-I Ea decorated agarose beads in
comparison to controls (prepared in absence of copper(Il)

DOI: 10.1021/acsbiomaterials.7b01016
ACS Biomater. Sci, Eng. 2018, 4, 819-825
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Figure 7. C2C12 cells differentiation after treatment with 1 nM IGF-I or 1 nM plk-IGF-I Ea or plk-IGF-I Ea + Cu (I) agarose beads or plk-IGF-I Ea
— Cu (I) beads in differentiation medium. Representative immunostaining of myosin heavy chain (MyHC, green, k—o0) or DAPI (blue, f—j)
performed in C2C12 myotubes. Corresponding phase contrast images (a—e) are shown in upper panel.

sulfate during reaction; Figure 6A). Mitogenic activity of
CuAAC treated agarose particles was significantly and 6-fold
increased as determined by cell nuclei per bead (0.30 + 0.06)
compared to agarose particles incubated with plk-IGF-I Ea
incubated agarose beads in the absence of copper(II) sulfate
(control; 0.05 + 0.02) (Figure 6B).

To assess the performances of the IGF-I and its clickable plk-
IGF-I Ea variant on C2C12 cell differentiation, we performed
immunofluorescence staining (Figure 7) and Western blot
(Figure 8) analyses of myosin heavy chain (MyHC), a marker
of terminal muscle differentiation. Cells were exposed to
differentiation medium alone (DM, negative control) or 1 nM
IGF-I supplemented DM or 1 nM plk-IGF-I Ea supplemented
DM or plk-IGF-I Ea — Cu (I) beads supplemented DM or plk-
IGF-I Ea + Cu (I) agarose beads supplemented DM for eight
days followed by immunohistochemical visualization of the cell
nuclei (DAPI) and differentiated myotubes (MyHC), respec-
tively. In the negative control (Figure 7k), C2C12 cells were
qualitatively observed to be fused to myotubes to a lower extent
compared to C2C12 cells incubated with 1 nM IGE-I (Figure
71) or plk-IGF-I Ea (Figure 7m), respectively. PIk-IGF-I Ea —
Cu (I) beads (Figure 7n) formed myotubes to a similar extent
as untreated C2C12 cells in DM (Figure 7k). Incubation with
PIk-IGE-I Ea + Cu (I) beads resulted in an increased size and
number of myotubes as qualitatively observed (Figure 70).

These immunohistochemical outcomes (Figure 7) were
confirmed at protein levels, which were quantified by Western
blot followed by standard immunoblotting with a MyHC
antibody using a-tubulin as internal control (Figure 8).
Expression levels of MyHC relative to tubulin were
indistinguishable in C2C12 cell lysates treated with IGF-I,
IGF-Ea, or differentiation medium (negative control) (Figure
8). In contrast, PIk-IGF-I Ea presentation on beads significantly
increased MyHC expression levels compared to negative
controls, which lacked the copper catalyst and IGF-I or plk-
IGF-I Ea, respectively (Figure 8).
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Figure 8. Immunoblotting of C2CI12 cell lysates after eight days
differentiation in the presence of 1 nM IGF-I or 1 nM plk-IGF-I Ea or
plk-IGF-I Ea-free beads or plk-IGF-I Ea-presenting beads, respectively.
The cell lysates were immunoblotted with anti-MyHC antibody, and
equal loading was monitored with anti-a-tublin antibody. The data
were shown as mean values + SD (n = 3, *p < 0.05).

In this work, we aimed at expanding the decoration strategies
of IGF-I to enable site-specific modification with unprece-
dented spatial control over the modification site. For that, we
engineered a bioactive and serum stabilized IGF-I Ea
therapeutic with an unnatural amino acid bearing an alkyne
function via amber codon suppression at the N-terminal site.

DOI: 10.1021/acsbiomaterials.7b01016
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PIk-IGF-T Ea was immobilized by covalent CuAAC reaction to
spatially direct its mitogenic effects to the surrounding of a
model carrier, providing proliferative signals in a paracrine
manner. We observed that cell proliferation and differentiation
was significantly enhanced in the accessibility of IGF-I-
presenting agarose particles and reflecting the impact of
designed multivalence on outcome {Figures 64, 7, and 8).
This insight is opening exciting applications toward tissue
regeneration in the future, demonstrating the impact of locally
presented IGF-I on cellular performance. Future animal studies
are required to detail in vivo consequences of site-specifically
modified surfaces of relevant biomaterials and complex
materials {e.g., azide functionalized titanium oxide, collagen,
and silk fibroin) with plk-IGF-I Ea and investigate the effects of
multivalence on regenerative outcome. Other applications may
benefit from the site-spedfic introduction of distinct labels or
polymers to probe IGF-I-Ea pharmacokinetics and function for
future therapeutic use.
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Experimental Section

Materials

Propargyl-chloroformate, Eagle’s minimum essential medium, bovine serum  albumin,
phenylmethanesulfonyl fluoride (PMSF), copper (11} sulfate, 1.4 dithiothreitol {DTT), sodium
L-ascorbate, tris(3-hydroxypropyltriazolylmethyllaming (THPTA), Acetonitrile (HPLC
grade) and trifluoroacetic acid (HPLC grade) were purchased from VWR (Ismaning,
Germany). Restriction endonucleases were from New England Biolabs (Ipswitch, USA),
Penicillin G and Streptomycin solution, non-essential amino acids (NEA) were purchased
from Biochrom AG (Berlin, Germany). Fectal bovine serum (FBS) was from Gibco
(Darmstadt, Germany). Boc-protected L-lysine was {rom P3 BioSystems LLC (Shelbyville,
KY. US). Coomassic Brilliant Blue G250, SuperSignal West Dura Substrale, Bradford
Protcin Assay Kit were from Pierce (Rockford, USA). Walcer soluble tetrazolium (WST-1)
was from Roche (Basel, Switzerland). Anti-phospho-AKT (Serd73) and anti-AKT were from
Cell Signaling (Hitchin, UK). Azide Fluor 488 (5/6-Carboxyrhodamine 110-PEG3-Azide;
MW = 574.59 p/mol} was from Jena Bioscience (Jena, Germany). Human recombinant 1GF-I
was from Genentech Inc. (San Francisco, CA). Anti-Insulin-like growth factor-l antibody
(produced in goat), monoclonal anti-insulin-like growth factor-1 {(produced in mouse), rabbit
anti-goat 1gG and protease inhibitor cocktail were from Sigma-Aldrich (Schnelldorf,
Germany). Horse serum and secondary antibody goat anti-mouse [gG horseradish peroxidase
(HRP) conjugate was from Sigma Aldrich. ¢-tubulin rabbit monoclonal antibody (#2125) and
goat anti-rabbit 1gG horseradish peroxidase (HRP) conjugate was from Cell signaling
(Danvers, MA). Alexa Fluor 488 labelled geat anti-Mousc IgG secondary antibody was from
Invitrogen (Darmstadt, Germany). Western Blot against myosin heavy chain (MyHC;
MAB4470) were from R&D Systems (Minneapolis, MN}, Pierce BCA Protein Assay Kit and
M-PER mammalian protein extraction reagent were from Thermo Fisher Scientific (Schwerte,

Germany). NHS activated sepharose TM4 Fast flow (crosslinked 4% agarose beads; Mean
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particle size 90 pm, particle range 45 pm — 186 um) was from GE Healthcare (Freiburg,
Germany). Centrifugal ultrafiltration devices Vivaspin 500 were from Satorius (Goettingen,
Germany). All other chemicals used were at least of pharmaceutical grade and were
purchased from Sigma-Aldrich (unless noted otherwise),

Chemical synthesis of propargyl-L-lysine

Propargyl-L-lysine (PIk) as HCl-salt was synthesized as previously described by Milles et al.'
and Li et al.”. A Bruker Advance 400 MHz NMR spectrometer was used for confirmation of
the product as reported in .

Expression and purification of plk-IGF Ea

Vector construction

A scquence for the modilied pro-1GF-I, termed plk-1GF-I Ea, consisting ol the 70 amino acid
IGF-I and a particular Ea peptide at the C-lerminus was engincered * R71, §72 were deleted
to inhibit cleavage between mature IGF-1 and the E-peptide. Glu-3 of IGF-I was changed to
an amber codon (TAG) for the incorporation of the unnatural amino acid plk. The (TAG)
IGF-1 Ea mutant was amplified by polymerase chain reaction (PCR) using the forward primer
including an Ndel restriction site, one additional glycine codon inserted after the methionine
start codon and a TAG mutation (5°-CCCCATATGGGCGGCCCGTAG-3"), while deploying
a reverse primer including a BamHI restriction site (5°-
CCCGGATCCTTATTACATGCGATAGTTCTTGTTGCCCGC-3%). The PCR product was
then subcloned into the backbone of a pET1 1a vector for the generation of pET11a/plk-1GF-I
Ea, already containing the gene for the pyrrolysine tRNA, the lipoprotein promotor Ipp and
the terminator RRN b/c as described by Eger ¢t al.” The correct insert was confirmed by DNA
sequencing.

Site-specific incorporation of plk into IGE-I Ea

The pET11a/plk-IGF-1 Ea construct was co-transformed with the pRSFDuet-1 vector

encoding for the gene of the pyrrolysine tRNA synthetase (pyIS) into £ coli BL21 DE3 or E.
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coli C321 delA. exp strains for expression as previously reported.S General IPTG-induction
protein expression was performed to optimize conditions for plk-1GF-1 Ea production.™ °
Briefly, the saturated culture of the transformed strains was inoculated into standard Terrific
Broth (TB) medium containing 100 pg/mL carbenicillin and 34 pg/mL kanamycin, Different
plk concentrations were added at ODggp = 0.3. Protein expression was induced using 1 mM
IPTG at ODgno =0.7 according to the optimization procedure. After incubation at 37 °C for 4 h,
1 mL bacterial suspension of each expression was centrifuged and the obtained pellets were
resuspended in 1 x SDS-loading bufler, kept at 95 °C for 5 min and centrifuged again. The
lysate supernatants were then analyzed by SDS-PAGE followed by Western Blot analysis.
The bacteria were harvested by centrilugation at 5,000 g or 30 min at 4 °C, and stored at
—80 °C. The modilied Studicr auto-induction method ” was applicd as an alternative growing
method to increasc protcin yicldsg. as confirmed by Western Blot (Figure S1), and was thus
used for batch cultivation. Bacteria were cultured in 2 L of auto induced medium (2 L TB
medium, 1 mM MgSO4, 50 mM NaHPQ,, 50 mM KH:PO4, 25 mM (NH4):804, 0.5%
glycerol, 0.05 % glucose, 0.2 % a-lactose, 6 mM plk, 100 pg/ml. carbenicillin and 34 pg/mL
kanamycin) inoculated with 5 % overnight culture at 200 rpm under 37 °C for 28 h. Cells
were collected and stored as above.

Refolding and purification of plk-IGF-I Ea

After expression, cell pellets were resuspended in the lysis buffer (50 mM Tris, 50 mM NaCl,
1 mM EDTA, 0. mM PMSF, pH=8.0)" and lysed via ultrasonication on ice. After
centrifuged at 100,000 g for 1 h at 4 °C, the pellets were cleaned once with 50 mL of washing
buffer I (20 mM Tris, 2% Triton X-100, 0.5 M NaCl, 2 M urca, pH=8.0). thc mixcd
suspension was placed an ice for 10 minutes, and centrifuged (10,000 g, 4°C. 20 minutes). To
remove Triton X-100 and urea, the inclusion bodies were further washed two more times with
50 mL of washing buffer 11 (20 mM Tris buffer, pH=7.5). The resultant precipitate were

dissolved in solubilization buffer (30 mM Tris, 50 mM NaCl, 1 mM EDTA, 0.1 mM PMSF, 6
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M guanidine hydrochloride, 2 mM reduced glutathione, 0.2 mM oxidized glutathione, pH =
8.0) and incubated at room temperature with gentle mixing until the inclusion bodies paste
dissolved completely. The unfolded proteins were refolded by dialysis against refolding
buffer (30 mM Tris, 50 mM NaCl, | mM EDTA, 0.4 M L-arginine, 2 mM reduced
glutathione, 0.2 mM oxidized glutathione, 30% ethanol, pH = 8.0) at 4 °C for 72 h. The
refolded mixture was subsequently centrifuged at 4,000 g for 15 min at 4 °C and the
supernatant was buffer-exchanged into 1 x PBS buffer (pH=7.2). The protein was subjected to
cation exchange chromatography using an FPLC system (GE llealthcare Akta Purifier, Life
scicnees, Freiburg, Germany). The protein was cluted with a lincar gradient from 0.4 M 1o 0.8
M NaCl over 20 column volumes. Fractions containing plk-IGF-1 Ea was then pooled and
loaded onto an RPC column (SOURCE™ [5RPC ST 4.6/100; GE Healthcare Lilc Scicnces)
as a final purilication step. The column was cquilibrated with 0.1 % {v/v) trifluoroacctic acid
(TFA) in acetonitrile/H2O (3:95, v/v), and the IGF variant was eluted from the column with
40 % acetonitrile (v/v) in 0.1% (v/v) TFA. After identification of plk-IGF-l Ea, the pooled
fractions were lyophilized. Structure prediction was done by PEP-FOLD 3.0° and molecular
graphics were created by Chimera'®.

HPLC analysis

Protein purity was assessed by RP-HPLC using a VWR Hitachi LaChromUltra HPLC system.
Approximately 2 ug of protein sample was applied to a Zorbax 300SB-CN reversed-phase
chromatography column (4,6 mm x 150 mm, 3 pm) at 40 °C, equilibrated by water containing
0.1 % TFA. Wild-type IGF-I and plk-IGF-1 Ea were separated under gradient conditions at a
flow ratc of 0.8 mL/min. Two cluents were used, cluent A consisted of 0.1% TFA in water,
and eluent B was 0.1% TFA in acetonitrile. Separation started with 100% (v/v) eluent A and
was changed over 30 min to 100% eluent B. Afterwards, initial conditions were set to wash
the column. UV-absorbance was monitored at 214 nm.

Mass analysis
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The protein samples were desalted using ZipTipCl8-tips according to the manufacturer’s
instructions. Electrospray lonisation (ESI) -MS spectra were acquired using an ESI
micrOTOF Focus from Bruker Daltonics. Theoretical masses of 1GF-1 Ea were calculated
(http://web.expasy.org/peptide_mass/) and adjusted for theoretical masses of the non-
unnatural amino acid plk. To confirm the site-specific incorporation of plk into IGF-1 Ea, a
trypsin in-gel digestion was performed and the resulting fragments were analyzed by
NanoLC-MS/MS as described before’,

Click reaction

5 ng of plk-IGF-1 Ea and wild-type IGF-1 were mixed with a 5 to 10-fold molar cxcess of the
Muorescence dye Azide Fluor 488 in PBS (pH = 7.2). Formation of catalytic Cu (I) specics
was achicved by the addition of 250 pM THPTA and 2.5 mM sodium ascorbatc to 50 pM
CuS0y. In order to prevent Cu induced protein oxidation, the catalytic Cu (I) mixture were
flushed with nitrogen for 10 min. Dye Azide Fluor 488 and the protein were added afterwards,
and incubated for 1 h at room temperature. The reaction was stopped by addition of 5 mM
EDTA, prior before analysis by SDS-PAGE and fluorescence imaging.

SDS-PAGE and Western Blot

Expressed proteins and click reactions were analyzed by standard Tris-glycine SDS-PAGE
under reducing conditions as outlined before''. Gels were stained with Coomassie Brilliant
Blue G250 and documented using a FluorChem FC2 imaging system (Protein Simple, Santa
Clara, CA). Protein identity was confirmed by Western Blot through resolving proteins on
15 % SDS-PAGE gels, followed by protein transfer onto nitrocellulose membrane
(BioTracc"g'NT_. PN 66485, Pall Lifc Scicnces, Ann Arbor, ML, USA). Mcembrancs were
blocked in 1x Roti*-Block (Carl Roth GmbH, Karlsruhe, Germany)} for 1 h at room
temperature. Membranes were incubated with a goat anti-human IGF-1 antibody (1:1000
dilution) in Tris buffered saline {TBS) solution containing 0.1 % (v/v) Tween 20 (TBST) at 4

°C for overnight. The membrane was washed three times with TBST for 10 min and incubated
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with a peroxidase conjugated rabbit anti-goat 1gG at a dilution of 1:2000 in TBST solution for
1 hour at room temperature. Membranes were washed again, and proteins were detected using
a chemiluminescent substrate (SuperSignal® West Pico Chemiluminescent Substrate, Thermo
Fisher Scientific, Lausanne, CH) and photographed using a FluorChem FC2 imaging system.
WST-1 assay

IGF-1 stimulates the growth of MG63 cells and has been used as a potency assay' ™'~ Briefly,
MG-63 cells (ATCC-Number CRL-1427, ATCC, Manassas, VA) were cultured in growth
medium (MEM containing 8.8% FBS, 1.77 mM L-glutamine, 88 U/mL penicillin G and
88 pg/pL streptomycin, 0.88% non-cssential amino acids (NEAA), trypsined and resuspended
in assay medium (MEM containing 0.452% BSA. 1.82 mM L-Glutamine, 91 U/mL penicillin
G and 91 pg/pL streptomycin, 0.91% NEAA) to a concentration of 5 x 10 cells/mL. 100 pL
of cell suspension were then added into cach well of 96-well format. After | day of pre-
incubation, the cells were then incubated for 2 days with dilutions of plk-1GF-1 Ea or wild-
type IGF-1 (0.008 nM to 100 nM) in assay medium. After stimulation, 20 pl. of WST-1
reagent (diluted 1:1 with assay buffer} was added and cells were incubated for another 4 hours.
Cell viability was measured at 450 nm using a Spectramax 250 microplate reader (Molecular
Devices, Sunnyvale, USA).

Phosphorylation assay

To test the activation of IGF-I signaling pathways, MG-63 cells were seeded in assay medium
in a 24 well plate (100,000 cells per well). After 24 h in culture, 100 nM of plk-IGF-1 Ea in
assay medium, 100 nM of wild-type IGF-1 in assay medium or assay medium without IGF-I
were added for 30 min at 37 °C, respectively. Afterwards, MG-63 cells were wash once with
cold PBS and extracted with M-PER Mammalian Cell Lysis Buffer containing 1 mM Na; VO,
3 mM NaF, 0.2 mM PMSF and a protease inhibitor cocktail. Insoluble materials were
removed by centrifugation at 10, 000 g for 20 min at 4 °C. The cell extracts were used for

SDS-PAGE separation and Western Blot analysis with anti-phosphor-AKT (Ser473) antibody,
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anti-AKT antibody (both 1: 1000 dilution in TBST). A peroxidase conjugated secondary
antibody (1: 2000 dilution in TBST) and a chemiluminescent substrate were used for
visualization in a FluorChem FC2 imaging system.

Decoration of NHS activated agarose beads

NHS activated agarose bead slurry solution (100 pL solution corresponds to 4 umol NHS)
was washed 3 times with PBS followed by modification with equimolar amounts of 11-
Azido-3,6,9-trioxaundecan-1-amine (referred to as amino-undecane-azide herein) or
¢thanolamine in PBS bufler (pl[=7.4) for 2 hours with gentile shaking. Afler incubation, the
unrcacled NHS groups were quenched by incubating the agarose beads with 500 mM
cthanolamine in 100 mM Tris-HCI bulTer (pH=8.3) containing 0.5 M Na(l for | hour. The
modilicd becads were subscquently washed 5 times with PBS and kept in 20 % cthanol at 4 °C
prior belore usc.

Immobilization of plk-IGF-I Ea onto agarose beads via CudAC

Afier washing 3 times with PBS, 25 nl of decorated agarose bead solution were mixed with
20 pl of plk-IGE-1 Ea (0.4 mg/mL in PBS, pH=7.4). For CuAAC reaction, final
concentrations of 250 uyM THPTA, 50 pM CuSO, and 2.5 mM ascorbic acid were added and
immobilization was performed at room temperature for 2 h as described above.

Visualization of immobilized plk-IGF-I Eg

Immobilized plk-IGF-I Ea beads were visualized using an anti-IGF-I antibody. The reacted
beads were blocked with 1x Roti®-Block in TBST solution (Roti-TBST) for 1 h at room
temperature, followed by incubation with a mouse anti-human IGF-1 antibody (1:500
dilution) in Roti-TBST solution at 4 °C for overnight. After rewashing, a sccondary antibody
labeled with Alexa Fluor 488 dye was added to the beads in order to detect the presence or
absence of bound plk-IGF-1 Ea on the bead surface. In detail, protein-loaded agarose beads
were immunolabeled with secondary anti-mouse Alexa 488 antibody at a dilution of 1:500 in

Roti-TBST solution with gentle rotation for | hour at room temperature. After incubation, the
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beads were washed with TBST 6-times, followed by incubation with 0.5 % SDS for 1 d and
were washed again 3-times in PBS. The agarose beads were subsequently imaged using a
Zeiss Observer Z1 epifluorescence microscope (Zeiss, Oberkochen, Germany) at 10 fold
magnification.

Quantification of immobilized plk-1GE-1 Ea onto azide particles

Intensive washing was applied to remove the physical absorption of protein. In detail, plk-
IGF-1 Ea coupled onto azide particles were washed S-times with PBS, incubated with 0.5 %
SDS for 1d, thoroughly washed with sterile PBS for 2 d, and kept in sterile PBS at 4 °C prior
to usc. Thc amount of plk-IGF-1 Ea immobilized to azidc-activalcd agarosc bcads was
determined in triplicates using the BCA protein assay kit according to the manufacturcr’s
protocol.

Cell profiferation in the presence of plk-IGF-I Ea modified agarose beads afier CudAC

100 pl. of MG-63 cells were plated at a density of 5000 cells /Awell in a 96 well-format and
allowed to attach overnight in assay medium. Approximately 0.2 mg agarose bead solution
(with a loading of approximately 28 pg plk-IGF-l1 Ea / mg beads, Figure $3) was added to
each well and growth of M(G-63 cells was stimulated for 48 hours at 37 °C and 5 % CO-. The
cells were washed once with PBS and fixed with an aqueous 2 % (V/V) formaldehyde
solution at pH 7.5 for 10 minutes. After washing three times in PBS, the cells were
permealized with 0.1 % (V/V) Triton X-100 in PBS for 5 min and stained with DAPI solution,
diluted 1:1000 (V/V) in PBS for 10 minutes. After rewashing 4 times with PBS, a Zeiss
Observer Z1 epifluorescence microscope at 10-fold or 40-fold magnification was used for
imaging.

To assess cell proliferation in proximity to individual agarose beads, 3D stacks of agarose
beads with z-stack keeping 10 slices were taken in line with a corresponding phase contrast
image. For cell nuclei quantification, the diameter of the bead was determined and the number

of cell nuclei per agarose bead within an area with the dimensions of the bead radius + 30 pm
S9
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was manually counted as reported before®. At least 14 individual agarose beads were analyzed
per condition.

C2C 12 Differentiation and Immunostaining

C2C12 myoblasts (ATCC CRL-1772) were expanded in growth medium (GM) consisting of
10 % FBS in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 2 mM L-glutamine, 88 U/mL penicillin G and 88 pg/ul streptomycin at 37°C and 5 %
COs. For C2C12 differentiation, 50,000 cells/well were seeded in 24-well plates and cultured
in the GM until reaching 80% confluence. Media were then replaced with differentiation
medium [DM; DMEM with 2% (vol/vol) horse serum], DM + IGF-I (1 nM), DM + plk-IGF-I
Ea (1 nM), DM + plk-IGF-I Ea-presenting beads (approximately 0.2 mg, with a loading of 28
ng plk-IGF-I Ea / mg beads, Figure S3)), or DM + plk-IGF-I Ea-free beads (approximately
0.2 mg). Cell differentiation into myotubes was followed for 8 days and the medium was
replaced every other day.

After differentiation, cells in wells were washed 2 times with PBS, fixed with ice-cold 100%
methanol for 10 min on ice, and stained with anti-myosin heavy chain antibody at 4°C
avernight and Alexa Fluor 488 secondary antibody (diluted 1:500 in PBS + 5% BSA) for 60
min at room temperature’”. Cell nuclei were counterstained with DAPL. The stained cells were
examined at 10-fold magnification using a Zeiss Axio Observer Z1 epitluorescence
microscope equipped with a A-Plan 10x/0.25 Ph1 objective (Zeiss, Oberkochen, Germany).
Western Blot of Differentiated C2C12 Cells

After 8 days of differentiation, C212 cells were lysed using M-PER mammalian protein
extraction reagent containing 1 mM Naz;VQ,, 5 mM NaF, 0.2 mM PMSF and a protease
inhibitor cocktail and cell extracts were centrifuged at 10, 000 g for 20 min at 4°C. The cell
supernatants were mixed with 6 x SDS reducing sample buffer, boiling for 5 min at 95°C and
then subjected to 5 % SDS polyacrylamide gel electrophoresis. Immunoblotting followed

standard procedures with anti-myosin heavy chain (for the upper part of the membrane,
S10
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1:1500 final dilution) or anti-a-tubulin (as loading control for the lower part of the membrane;
1:5000 final dilution) primary antibodies, followed by a horseradish peroxidase-conjugated
IgG antibody (1:5000 final dilution) and visualized by using SuperSignal West Pico
Chemiluminescent Substrate according to the manufacturer’s instructions.

Statistics

All data were displayed as mean + standard deviation (SD) unless specified otherwise. All
statistical analyses were performed using GraphPad Prism 6 (GraphPad Software Inc., CA).
Statistical significance was calculated using Student’s t-test or one-way ANOVA followed by
pairwise comparison using Tukey's post-test. Results were considered statistically significant

at *p <0.05.
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Figure S1. Screening of culture conditions to optimize plk-IGF-1 Ea expression (MW:

11579.3 Da). (A) Western Blot analyses of plk-IGF-I Ea expression in different strains using

traditional IPTG method. Lanes #4: protein standard, Lanes #1 and #5: protein expression

before IPTG induction as control; lanes #2, #3, #6, #7, #8, #9 and #10: protein production

after 1.0 mM [PTG induction. E. coli BL21 (DE3) was much more efficient for the expression

of plk-IGF-1Ea in comparison with E. coli C321 delA. exp strains, and thus was employed for

the optimization of expression conditions in the following experiments. (B) Western Blot
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analyses of plk-IGF-1 Ea expression in BL21 (DE3) strain with different plk amount
following induction of expression by IPTG. Increasing the plk concentration from 0-6 mM
increased plk-IGF-1 Ea formation, while further supplementation up to 10 mM did not impact
outcome. Thus, the preferable plk amount was set at 6 mM. (C) Western Blot analyses of plk-

IGF-I Ea expression levels in BL21 (DE3) following by auto induction (lanes #11).

PR Calc. average mass: [M+H*] = 12153.9 Da
< 1.25] s75.2311 Obs. average mass: [M+H*] = 12153.7 Da
> 1001 Dye
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- |
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Figure S2. ESI MS analysis of plk-IGF-I Ea after the conjugation with dye Azide Fluor 488

using CuAAC. Obs. Average mass = 12153.7 Da, calc. average mass = 12153.9 Da.
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Figure S3. Quantification of immobilized plk-IGF-1 Ea onto azide-agarose beads. Data
represent mean values + SD of three individual experiments (n = 3). The asterisk highlights

significant differences (p < 0.05).
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6. Conclusion & Outlook

IGF-1 is an inducer of skeletal muscle hypertrophy and blocks atrophy®>’ by stimulating protein
synthesis and suppressing the protein degradation pathway,!’” 8 385 making it a boon for
enhancing muscle function in aging and disease for which localized treatment options are
particularly interesting. Furthermore, IGF-I decoration is instrumental for developing IGF-I based
therapies with enhanced pharmacological properties. For that, we redesigned the therapeutic via
genetic codon expansion leading to an alkyne modified IGF-I, thereby becoming a substrate for
biorthogonal click chemistries yielding a decoration in a site-specific fashion. To achieve this, two
strategies were adopted to produce uAA incorporated IGF-I: (i) genetically engineered IGF-I fusion
variants (Trx-plk-1GF-I); (ii) engineered indigenous IGF-I Ea therapeutic (plk-IGF-I Ea).

Experience has shown that small peptides were especially prone to proteolytic degradation within
E. coli.®® For that reason, fusion tag strategies have been applied to enhance expression (reviewed
in-depth by ®7). Fusion partners provide several additional advantages, such as alleviating inclusion
body formation and generic protein purification schemes.® 38 Therefore, we followed a
sophisticated protein-fusion system approach for IGF-I production by engineering an IGF-I fusion
protein (Trx-IGF-I), containing N-terminal Hiss-tagged Trx followed by a thrombin cleavage site
and mature human IGF-1. The expression and purification of proteins were facilitated by the use of
Trx?" 216219 and Hisg tags,®'8%%? respectively. After the removal of affinity tags by thrombin,
purified IGF-I was demonstrated by SDS-PAGE and Western Blot analysis and further confirmed
by mass spectrometry. The preparations were homogeneous as judged by RP-HPLC and SDS-
PAGE analysis.

Following the same protein-fusion system strategy, we genetically engineered one IGF-I mutant
(Trx-plk-IGF-1) by incorporating the plk at position 3 into the IGF-I amino acid sequence and were
able to express sufficient amounts of Trx-plk-IGF-1 after systematic optimization of culture
conditions (induction time, IPTG concentration, plk amount), and variation of E. coli hosts (BL21
(DE3), SHuffle T7, Rosetta (DE3), and C321.AA.exp). Soluble and insoluble cell fractions of E.
coli producing IGF-I variant were analyzed by gel electrophoresis and subsequent Coomassie
staining or immunodetection of the recombinant protein. Purified plk-IGF-1 was successfully
demonstrated by Western Blot. The major drawbacks associated with the fusion tag strategy are the
demand of tag removal and multiple chromatography steps. As mentioned in the Discussion
section, removal of these tags requires endoproteases that lead to unspecific cleavage, the
generation of non-native N-terminal amino acids,*® inefficient processing due to steric hindrance
or the presence of unfavorable residues around the cleavage site,®* 3%t low protein yields and
failure in recovery active target proteins due to protein precipitation/aggregation,®* 3% expense of

proteases and labor-intensive optimization of cleavage conditions. One approach to mitigate the
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risk of unspecific cleavage is to use SUMO protease.*® Inefficient processing could be alleviated
by the inclusion of a spacer or linker (extra amino acid residues) between the cleavage site and

target protein.3%. 3%

The other option is to engineer IGF-I (plk-IGF-I Ea) with Ea peptide prolongation at the C-
terminus, to bypass the problems associated with the removal of the fusion partner. Another aspect
which should be taken into consideration when producing IGF-I in E. coli, more than 90% was
expressed in insoluble form as inclusion bodies. Hence the subsequent renaturation of this
therapeutic into correct conformation is crucial requisite for future application. The proper folding
of plk-1GF-I Ea after expression and inclusion body isolation was assessed by WST-1 proliferation
assay. The main IGF-I-induced signaling cascade, the AKT pathway, was stimulated to a similar
extent by wild-type IGF-1 with plk-IGF-I Ea variant, as shown by Western Blot analysis. The
promising results suggest that the introduced point mutation did not affect bioactivity as
determined by mitogenic effect (long-term exposure) and receptor signaling (short-term exposure).
The high purity of plk-IGF-I Ea was as judged by SDS-PAGE and RP-HPLC. The identity was
confirmed by Western Blot and mass spectrometry. Moreover, the alkyne group was successfully
introduced into IGF-I Ea biosynthetically, as determined by the covalent CUAAC reaction.
Additionally, plk-IGF-1 Ea was site-specifically immobilized to spatially direct its mitogenic
effects and differentiation to the surrounding of a model carrier, providing biological activities in a
paracrine manner. Our observations based on locally presented IGF-I on cellular performances,
clearly linked the advantageous impact of the designed multi-valence on the outcome. This insight
is opening exciting translational applications towards future IGF-I therapeutics. To further
investigate the effects of multivalence on the regenerative outcome, in vivo consequence of site-
specifically decorated surfaces of relevant biomaterials with plk-IGF-I Ea should be detailed in the

future.

We further expanded the biomolecule labeling from one single labeling to multiple positions. As
demonstrated by Western Blot and mass spectrometry, an IGF-1 Ea variant containing plk at two
distinct positions was successfully expressed via amber codon suppression. However, attention
should be paid to the low natural yield of plk-IGF-1 Ea-plk, and associated challenges on the
fidelity and suppression efficiency and truncated protein formation with associated downstream
purification difficulties. This might be addressed by the use of RF 1 deficient strain
(C321.AA.exp®®), evolved ribosomes and developed expression vectors (see Discussion section).
Afterward, one pot double-labeling would be achieved where terminal alkyne bearing uAAs are
incorporated at two distinct positions of IGF-1 Ea and then labeled with other molecules (e.g.,
myostatin antagonist) or surfaces simultaneously via CUAAC chemistry. Further, a bioresponsive
linker (e.g., responsive to enzymes, variations in pH, redox potential or hydrogen peroxide levels in

disease progression) could be placed in between the biologic and the carrier,®*® supposed to
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disintegrate at the site of need readily and the active IGF-I is then released locally from the
conjugate in a strictly confined manner. One interesting design to amplify the beneficial anabolic
effects of IGF-I is to simultaneously delivery anti-catabolic effect of a myostatin antagonist.
Concomitantly, the anabolic effect of IGF-I together with the anti-catabolic effect of a myostatin
antagonist might provide synergistic effects in the treatment of sarcopenia or another relevant
disease. On the background of the bioresponsive co-delivery system, a myostatin antagonist (MA)
with an azide-containing protease cleavable linker (PCL) attached at both its N- and C-terminus is
designed and can be manually synthesized. PIk-IGF-I Ea-plk can be linked to the resulted MA in
series, as in shape “necklace”. Upon entry into the flamed tissue characterized by upregulated
proteases, the inter-positioned PCL is degraded by proteases, releasing IGF-I and MA
simultaneously. As a requisite for application, the bioactivity of unconjugated and conjugated plk-
IGF-I Ea-plk variant and after protease cleavage has to be demonstrated. Similarly, future work is
to be focused on the accomplishment and selectivity of the click reaction and cleavage of the linker

by proteases.

As a follow-up, the plk-IGF-1 Ea is also a lysine donor substrate for transglutaminase, as
determined by SDS-PAGE and fluorescence imaging, providing an option for future dual-
functionality labeling. However, the work is still in a preliminary state. Further analysis will be
necessary to evaluate the precise cross-linking site(s) within plk-IGF-1 Ea. Afterward, plk-IGF-I Ea
is sequentially labeled by TGase-catalyzed reaction, followed by separation of FXIlla using
Vivaspin 500 ultrafiltration spin columns and performance of the CUAAC reaction to label the
alkyne group of the therapeutic in one pot. Sequential labeling of plk-IGF-1 Ea could be exploited
for attaching two drugs, or one biologic and one carrier, or one drug and a tracer for imaging in
living organisms or a targeted motif for disease-oriented therapy. Apart from the CUAAC strategy,
other biorthogonal chemistries can be adopted by exploiting the promiscuity of PyIRS to introduce
azide functionality into IGF-I Ea, followed by copper-free click chemistry (e.g., SPAAC). For
established reactions that have been demonstrated on IGF-I variants, the rate constants for the
corresponding model reactions are in the range 102 M* s! to 10° M ! s! (Figure 27). Other
emerging approaches, for example, inverse electron-demand Diels—Alder reactions show higher
rates in comparison to CUAAC chemistry and approach the rates of enzymatic labeling reactions,
can also be utilized by site-specific incorporation of norbornene-, 1,3-disubstituted cyclopropene-,
bicyclononyne-, trans-cyclooctene-, or tetrazine-bearing unnatural amino.3® All in all, the
genetically encoded, site-specific incorporation of uAAs that bear bioorthogonal functional groups

and natural TGase substrate would allow site-specific dual labeling of IGF-I at defined sites.

Bioresponsive co-delivery of FGF2 and IGF-1 based on genetic incorporation of clickable unnatural
amino acids were designed to provide an interesting option for tissue engineering. Engineered

azide-PCL-FGF2, containing a clickable azide partner, followed by a PCL and FGF2 sequence,?°
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was successfully expressed and purified by heparin-affinity chromatography. The preliminary
evidence suggested the successful bioconjugation of plk-IGF-I Ea with engineered azide-PCL-
FGF2 by CUAAC reaction.

TGase-catalyzed reactions

_ CuAAC

102 101 1 10 102 103 104 10°

TGase-catalyzed reactions

Glutaminyl residue

Lysyl re5|dﬁé

E@ @E” S Z

CuAAC (Cu' - catalyzed alkyne — azide cycloadditions)

FXllla 20 mM Tris buffer
pH7.6

37° C

PBS, Cu (I)

60 min, RT

Figure 27. The range of rate constants reported for several bio-orthogonal protein labeling methods®®® %7 and
schematic illustration of bio-orthogonal reactions on IGF-1 Ea. The rate of CUAAC reaction®%-4°! depends on
Cu'. Tailored water-soluble Cu ligands and/or Cu-chelating azides give rate constants of 10-200 M-%s? in the
presence of 10-500 pM Cu'; TGase-catalyzed labeling depends on different TGase and substrates used,
reaction conditions, etc. Kinetic parameters of substrates (kcat/Km) obtained in assays with human FXIII

activated by thrombin.3%’

Conjugation efficiency was further optimized after the systematic estimation of reaction
temperature, incubation duration, and different molecules ratios. However, insufficient purification
was observed for several initial attempts. Further work is to be devoted for the optimization of
downstream purification processes with the aim of increasing the yield of IGF-FGF conjugates.
Ongoing studies are evaluating the cleavage of the linker by proteases and biological activity of the
conjugates before and after cleavage. TGase-reactivity lysine in IGF-1 Ea could provide an
opportunity to link IGF-FGF conjugates with other molecules possessing a Q-reactive substrate
following TGase-catalyzed reaction yielding a site-specific decoration (Figure 27). A promising

approach is the PEGylation of IGF-FGF conjugates via using a PEG polymer-modified the same
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PCL as that of azide-PCL-FGF2. Systemically given “FGF2-PCL-IGF-I-PCL-PEG” conjugates
ferry to the site of need, at which providing upregulated enzymes in disease sites can act as triggers
for “on-demand” release of FGF2 and IGF-I. Bioresponsive release profiles can be adapted by
using two different PCLs for FGF2 and IGF-I in order to match the natural tendon healing
process*®? (i.e., a rapid release profile for FGF2 and a gradually slow release profile for IGF-I).

In conclusion, the combination of genetic code expansion and click chemistry allows new functions
added to potent therapeutics by site-specific labeling of target proteins with other molecular (e.g.,
small fluorophores, biologics, polymers). We made considerable progress towards IGF-I based
therapies with enhanced pharmacological properties based on genetic incorporation of clickable
unnatural amino acids. Still, much work has to be done for the implementation of this strategy and

to answer the arising questions.
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Figure 28. IGF-I gene expression profiles built by BioGPS platform
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Appendix B.
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Figure 29. Sequence alignment of human, rat, kangaroo, chicken, frog, salmon, barramundi, pig, cow, goat,
dog, equine, rhesus macaque, chimpanzee and rabbit IGF-I. Dash lines represent amino acids that are
identical to those found in human IGF-I. Hash (#) symbols were used to frame shift the proteins for maximal

alignment between sequences.



APPENDIX 143

Appendix C.

Table 9. Examples of buffer additives which may be used to facilitate protein refolding?03 (unless noted specifically)

Additive Concentration Effect
CHAPS 30 mM Detergent
Glycerol 10-50% Stabilizer
Guanidine HCI 0.1-1M Chaotroph
L-arginine 0.4-05M Stabilizer
Laroylsarcosin Uptod4 M Detergent
MgCl,/CaCl; 2-10 mM Cation
NaCl/Ammonium sulfate 0.2-05M Salt
Non-detergent sulfo betain UptolM Solubilizer
PEG 3350 Up to 0.5% W/V Osmolyte
SDS 0.1% Detergent
Sodium citrate/sulfate 0.2-05M Salt
Sucrose/glucose Upto0.75 M Stabilizer
TMAO 1-3M Osmolyte
Triton X-100 0.1-1% Detergent
Tween-80 0.01% Detergent
Glycine UptolM Osmolyte
Proline UptolM Osmolyte
Urea 0.1-2M Chaotroph
Methanol*®* 5-20% Enhancement of selected disulfide
pairings
Ethanol40> 5-20% Hydrophobic

Cysteine4® Upto2mM Reducing agents
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Table 10. Protease inhibitors.
Inhibitor Working Stock Solvent Application
concentration concentration
Apraotinin 1-2 pg/ml 10 mg/ml water serine proteases
Benzamidine 15 pg/ml 10 mg/ml water serine proteases
EDTA, EGTA 1-10 mM 0.5M (pH 8) water metallo proteases
Leupeptin 1-2 pg/ml 10 mg/ml water cysteine and serine
proteases
PMSF 0.1-1.0 mM 100 mM isopropanol  serine proteases
Pepstatin A 1pg/ml 1 mg/ml methanol aspartic proteases
Sodium 1-10 mM 200 mM water ATPases
orthovanadate
alkaline and acid
(Na3VO4)
phosphatases
protein-
phosphotyrosine
phosphatases
Sodium fluoride 5-50 mM 500 mM water Ser/Thr and acidic

(NaF)

phosphatases
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Abbreviations

ALS

BSA

CAM

CamK

CIGF-I

CTC

CuAAC

Ccv

DCM

DIC

DIPEA

DMF

DTT

ECM

EF-Tu

FGF2

FXllla

GRAS

Grb2

HDACs

His6

HSA

IGFBPs

IGF-I

IGF-IR

IGF-IIR

Acid-labile subunit
Bovine serum albumin

Carbamidomethylation

Calcium-calmodulin dependent protein Kinase

Commercial IGF-I

Chlorotrityl chloride resin

Copper-catalyzed azide-alkyne 1,3-dipolar cycloaddition

Column volumes
Dichloromethane

N, N'-Diisopropylcarbodiimide
N, N-Diisopropylethylamine
N, N-Dimethylformamide
1,4-Dithiothreitol

Extracellular matrix
Elongation factor Tu
Fibroblast growth factor 2
Factor Xllla

generally recognized as safe

Growth receptor binding protein -2

Histone Deacetylases
Hexabhistidine

Human serum albumin
IGF-binding proteins
Insulin-like growth factor |
Type | IGF receptor

Type Il IGF receptor
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IR Insulin receptor

IRS Insulin receptor substrate

IMAC Immobilized metal affinity chromatography
IB Inclusion body

IAM lodoacetamide

IPTG Isopropyl-p-d-thiogalactopyranosid

LB Lysogeny broth

MAFbx Muscle Atrophy F-box

MALDI-TOF-  Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
MS

MAP Mitogen-activated protein

MEF2 Myocyte enhancer factor 2

MGF Mechano growth factor

MiRNA MicroRNA

mTOR Mammalian target of Rapamycin

MuRF1 Muscle Ring Fingerl

MyHC Myosin heavy chain

NEB New England Biolabs

NHS N-hydroxysuccinimide

NMDA N-methyl-D-aspartate

JNK Jun kinase

PCL Protease cleavable linker

PCR Polymerase chain reaction

PI3K Phosphatidylinositol 3 kinase

Plk Propargyl-I-lysine

PMSF Phenylmethylsulfonyl fluoride

PSL Protease-sensitive peptide linker

Pyl

Pyrrolysyl
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PyIRS Pyrrolysyl tRNA synthetase
RF1 Release factor 1
ROS Reactive oxygen species

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SPAAC Strain-promoted alkyne-azide cycloaddition

TB Terrific Broth

TBS Tris-buffered saline

TBST Tris buffered saline solution containing 0.1 % (v/v) tween 20
TFA Trifluoroacetic acid

TGases Transglutaminases

Trx Thioredoxin

UAA Unnatural amino acid

a2PI1-8 a-2 plasmin inhibitor
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