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Introduction

1 Introduction

1.1 Protein therapeutics

Proteins are large, extraordinary biomolecules with tertiary or quaternary structures that
impart important functions such as selectivity, specificity, and high potency to the body.
So many different types of proteins such as enzymes, cytokines, IFNs, and antibodies are
participating in various biological pathways and have diverse functionalities.! Also,
proteins are key macromolecules responsible for the crucial building, functioning, and
maintenance tasks in life. However, protein malfunction is a common cause of many

disorders, making protein an attractive therapy method.? 3

About protein therapeutics, diphtheria serum therapy developed in the 1890s by Behring,
the first laureate of the Nobel Prize in Medicine and Physiology, dates back to the earliest
antibody-based therapeutics. The late 20th century was a turning point in the rapid
development of protein therapy due to a few key biotechnology developments.* Since
insulin was approved as the first recombinant anti-diabetic protein to replace its natural
counterpart that can be deficient in diabetes in 1982, the development of protein-based
drugs has been the focus of great interest.> Then, other recombinant proteins were
discovered as therapeutics to replace the natural proteins deficient in the body (e.g.,
growth hormone) or augment existing pathways (e.g., interferon-a and erythropoietin). In
1986, muromonab-CD3, a murine monoclonal antibody targeting CD3 on T cells, was
developed as the first monoclonal antibody therapy and approved by the FDA for use

during organ transplant to reduce acute rejection.® ’

Over the last decades, this area has witnessed the impressive therapeutic potential of
protein drugs widely varying in type and activity. Nowadays, protein therapeutics are the
fastest-growing segment of the biopharmaceutical industry that is rapidly gaining
importance in medicine, and more than 130 recombinant protein therapeutics have been

approved (around 25 new approvals annually) by the US Food and Drug Administration
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(FDA). With prediction, the global biopharmaceutical market value will reach $389 million
by 2024.8

Protein therapeutics, including monoclonal antibodies, cytokines, transcription factors,
enzymes, and peptides, play an essential role against cancer, infectious diseases,
cardiovascular disorders, immunological diseases, and metabolic disorders, resulting in
brilliant successes.®!' Compared with chemotherapy, the critical function of protein
therapeutics in treating diseases that lack effective therapeutic options relies on the
unique advantages of (i) abundant species; (ii)) complex set of biological functions; (iii)
high specificity; (iv) fewer adverse effects; (v) excellent biocompatibility and
biodegradability; and (vi) inherent amino, carboxyl, and hydroxyl groups for chemical

conjugations.??

Proteins, in contrast to genetic drugs, act on their targets in a way that is both more direct
and more specific. This allows them to regulate biological processes in a way that
eliminates the risk of permanent gene mutation, off-target effects brought on by persistent

gene expression, and the possibility of cancer development.t!

1.2 Major challenges of protein therapeutics

The progress path toward clinical application of proteins is neither straightforward nor
uncomplicated, for example, due to the limited administration routes, low bioavailability of
proteins in circulation, and host immune responses that may result in the inactivation of
proteins before reaching their sites of action.'® Therefore, biotechnologists have employed
tremendous efforts to overcome the delivery drawbacks? 14 15 to protect them from
denaturation and degradation, facilitate tumor-targeted delivery, and control the protein

release/activity in targeted sites.6 17

Most protein medicines now available on the market were created based on extracellular
targets. These extracellular targets include cell membrane proteins (PD1, HER2, CD20,
etc.) and secretory proteins (TNFa, IL12, VEGF, etc.).1 18 Despite the success of current
protein products that mostly address extracellular targets, efficient cytosolic delivery of

2
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bioactive proteins still remains a major challenge.'®?! Because proteins are
macromolecular in nature and are endowed with a hydrophilic feature, they are generally
incapable of passing through membranes. Nevertheless, cytosolic protein delivery is also
an extremely important topic in the field of molecular cell biology and cutting-edge
biotechnology because more than 70% of the proteins encoded by the genome are

located inside cells.??

In order to remedy this flaw, carriers or modifications that can facilitate the transport of
proteins across cell membranes are required. As a result, in recent years a growing
amount of focus has been placed on the development of methods that are both simple

and effective for protein cytosolic delivery.?

1.3 Strategies for intracellular protein delivery

To overcome these shortcomings of protein therapeutics, several physical methods have
been developed, mainly based on the in vitro induction of transient and rapid cell
membrane permeabilization such as electroporation,?* 2> acoustic fields,?® membrane
perforating nanowires,?” or microfluidic constrictions.?® 2° But due to the shortcomings of
the physical methods such as inefficient, not scalable, and cytotoxic, it is hard to translate

in vivo intracellular delivery of protein therapeutics.*°

With the development of nanotechnology, a new generation to replace the physical
methods of delivery strategies with multiple functions (e.g., tumor targeting, deep tumor
penetration, and effective cellular uptake) was come up to address these limitations.
Among them, non-covalent and covalent modification strategies attracted widespread

attention.3!
1.3.1 Strategy of non-covalent modification for intracellular protein delivery

The emergence of nanotechnology shed light on carrier-dependent protein delivery,??
where attention has been dedicated to numerous platforms such as inorganic
nanoparticles,32-3¢ nanogels,3” 38 polymers,23 3947 lipid nanoparticles,® 48 4° cell-derived

3
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vesicles,*® and cell-penetrating peptides (CPPs).1": 515 These carriers usually bind with
cargo proteins via non-covalent interactions. A perfect delivery carrier should protect the
cargo protein from degradation and support an easy cellular entry followed by a

controllable release inside the cell.

Roder, R. et al.®* present the coordinative interaction of oligohistidine-tags (His-tags) with
metal-organic framework nanoparticles (MOF NPs) and use for delivery
biomacromolecules Hs-peptides (e.g., He-PEG12 and He-KLK) and He-proteins (e.g., He-
cytochrome ¢ and Hs-GFP). The results demonstrate that biomacromolecules can be
anchored on the outer surface of MOF NPs in a self-assembly process and successful
transported into living cells. This study provides a diverse functionalization of MOF NPs

with a high potential for co-delivery of various proteins.

Ju, E. et al.®® first reported that gold nanoclusters (AuNCs) can self-assemble with
Streptococcus pyogenes Cas9 (SpCas9) protein under physiological conditions, and the
complexes (SpCas9-AuNCs) efficiently deliver SpCas9 protein into the cell nucleus.
SpCas9-AuNCs could be disassembled at a lower pH 4.5 but are stable at a higher pH
7.4. SpCas9 is delivered into cells and the cell nucleus, where it performs its cleavage
function, through the assembly disassembly process. Furthermore, the E6 oncogene was
effectively knockout by self-assembled SpCas9-AuNCs nanopatrticles after the HPV18 E6
sgRNA transfected into cervical cancer cells. Consequently, this causes the tumor-
suppressing protein p53 to resume its normal activity and induces apoptosis in cervical
cancer cells but had little effect on the normal cells. Because of their unique characteristics,
SpCas9-AuNCs are an intriguing biomaterial for the treatment of cancer.

Nanogels are water-rich nanoscale three-dimensional polymer networks. Because of this,
it is simple for nanogels to encapsulate hydrophilic proteins and peptides inside their own

matrix.

It was stated that Su, S. et al.?” had developed a straightforward and generic formulation
that could produce protein nanogels (NG) of uniform sizes and an unusually high protein

loading. These nanogels loaded cytochrome c¢ and were rapidly constructed by
4
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successively crosslinking and modifying lysine amines with both mono- and bis
substituted maleamic anhydrides. The NG has been designed to have a tandem pH-
programmed and traceless release personality. It is stable under typical physiological
settings and protects the crosslinked cargo cytochrome c very well against breakdown by
serum fouling, proteolytic enzymes, and heat. However, it can rapidly charge inversion at
the slightly acidic tumor microenvironment for tumor internalization, and then traceless
release of cytochrome c in a further acidulated pH in the endosome. The results show that
the NG has strong cytotoxicity against cancer cells and efficient cellular uptake in vitro.
When given intravenously via the tail vein, NG has an unusually high anticancer
effectiveness in vivo without causing systemic toxicity or adverse effects. This study
presents a universal platform for the formulation of therapeutic proteins and paves the
way for vast prospects for the systemic, cytosolic, and traceless distribution of

nanomedicines based on protein.

There are several ways to create polymers with exact compositions and topologies,
including ring-opening metathesis polymerization, reversible addition-fragmentation chain
transfer polymerization, and atom transfer radical polymerization. For the sake of
particular applications, the polymers are readily modifiable using functional ligands.
Moreover, it has been found that polymers, particularly cationic polymers, have a high

capacity in both cellular uptake and endosomal escape.??

Lee, Y. et al.*® developed an efficient method based on charge-conversional polyionic
complex (PIC) micelles with citraconic amide or cis-aconitic amide for cytoplasmic protein
delivery. The results show that without introducing any cross-links, raising the charge
density of the protein greatly increased the stability of the PIC micelle under physiological
salt levels. Then, the charge-conversion in endosomes induced the dissociation of the PIC
micelles to result in efficient endosomal release. Furthermore, the combination of the
lengthy circulation period of the PIC micelles and the controlled release activity of the
charge-conversional moiety that was found in the charge-conversional PIC micelles has
the potential to make these micelles very useful for the delivery of proteins in vivo. It has
the potential to be ideal for the intracellular delivery of proteins with a large molecular
weight that cannot pass through the cell membrane.
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Zhang, P. et al.*?> used sequence-defined oligpaminoamide oligomers as a carrier for
intracellular protein delivery. They found that a PEGylated with folate-receptor targeted
two-arm oligomer (containing two oleic acids at the end of both arms) shows an excellent
nuclear import of nlIsEGFP (which contains a nuclear localization sequence) with high
cellular uptake and effective endosomal escape in folate-receptor-positive KB carcinoma
cells. In addition, it was shown that KB tumor cells were killed at a high rate when
ribonuclease A was used as the therapeutic cargo protein. In conclusion, the sequence-
defined oligoaminoamide oligomers modified by oleic acid are unique and promising

nanocarriers for intracellular protein delivery and cancer treatment.

Lipid nanoparticles (LNPs) are special nanocarriers based on lipid that formulates with
four different lipid excipients namely: ionizable lipids, helper phospholipids, cholesterol,
and poly (ethylene glycol) (PEG) Lipid. As a delivery vehicle, LNP benefits from the

inclusion of various excipients since each one serves a distinct purpose.®’

Hirai, Y. et al.*® established an approach to producing Lipid nanoparticles (LNPs) based
on the pH-sensitive, charge-reversible lipid dioleoylglycerophosphate-diethylenediamine
(DOP-DEDA), which achieved effective protein transport into cells. In order to prevent
adverse effects caused by the interaction of the lipid with cationic lipids (e.g., cytotoxicity,
including the lung surfactant effect), it was engineered to have a negative charge in the
extracellular environment with neutral pH. However, once the lipid is carried into
endosomes and exposed to an environment with a lower pH, it becomes positively
charged and has the ability to interact with endosomal membranes, which can lead to
membrane rupture. The results show that the encapsulation of green fluorescent protein
(GFP) could reach almost 80% into LNPs and still maintain its active structure in cells
indicating that the LNP system was successful in facilitating the endocytic reception of the
cargo as well as its escape from the endosomes. Therefore, the DOP-DEDA-based LNP
system holds promise as a carrier for the intracellular delivery of biologically active

proteins.
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Exosomes, which play a role in intercellular communication, are extracellular vesicles that
are naturally produced by cells and come from their internal endocytic compartments and

multi-vesicular bodies. It was thought of as a natural carrier for the transportation of protein.

Yim, N. et al.>® developed a novel protein carrier for intracellular delivery of target proteins,
named ‘exosomes for protein loading via optically reversible protein-protein interactions’
(EXPLORS). They were able to effectively load cargo proteins into newly generated
exosomes by integrating an endogenous mechanism of exosome synthesis with a
reversible protein-protein interaction module that was regulated by blue light. It has been
shown that treatment with protein-loaded EXPLORSs leads to a considerable increase in
the intracellular levels of cargo proteins as well as the activity of these proteins in recipient
cells both in vitro and in vivo. When compared to other approaches for protein-loaded
exosomes, the loading capacity and delivery efficiency of this novel delivery system are
better. It offers tremendous benefits for both clinical and scientific applications.

1.3.2 Strategy of covalent modification for intracellular protein delivery

As alternative strategy to physical delivery and nanoformulation with polymer-based
carriers, direct genetic®%° or chemical'” 6163 covalent conjugation of proteins with
domains facilitating cellular translocation®®: ¢ 65 has been considered. For such
conjugates, a bioreversible status of covalent bonds between protein cargo and delivery
domain is highly desirable, allowing dynamic changes during the delivery process®-¢¢ and

an intracellular release of native protein without being affected by the transport units.

Since the first covalent linkage of poly (ethylene glycol) (PEG) to bovine serum albumin
(BSA) reported by Abuchowski and co-workers in the 1970s,%° the PEG-based protein
conjugates have shown the greatest clinical and commercial success. As extensively
reviewed,’%-2 the conjugation of proteins to PEG, also known as "PEGylation," results in
an increase in the hydrodynamic volume of the proteins, inhibits quick renal clearance,
and lengthens the serum half-life through altering the quantity, size, and branching extent
of PEG molecules attached.’”® Therefore, the conjugation of well-defined polymer/peptide
to proteins, which has been effectively employed in the development of therapeutic

5
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medications, is defined as a promising method to overcome the limitations posed by
proteins.”® Moreover, protein-polymer/peptide conjugates are hybrid molecules that can
take use of the complementary behaviors of both elements and should be able to get

beyond some of their inherent constraints.’* 7>

In comparison to noncovalent interactions, covalent binding offers plentiful desirable
pharmacological benefits, including increased potency and efficiency, prolonged duration
of action, improved therapeutic index, complete target inactivation, and the ability to inhibit
intractable targets.’® 77 which is widely used in therapeutics, biomedicine, nanotechnology,
bioengineering, catalysis, and sensing,’® 7® and the protein or peptide can impart

(bio)functional properties to the bioconjugate.

The introduction of functional groups onto proteins by covalent modification is an alternate
strategy that could be used for the subsequent conjugation of other sections. Bifunctional
linkers are often utilized when attaching polymer/peptide to proteins to prevent difficulties
associated with poor reactivity when the ample protein and polymer/peptide are brought
together. In particular, pH-labile linkages have been introduced for this purpose,
disintegrated at either the mild acidic conditions in tumor tissue and/or in the slightly more

acidic intracellular endolysosomal compartments.39: 43, 80-86

Bifunctional crosslinkers like azidomethyl-methylmaleic anhydride (AzMMMan) have
represented such a step forward in developing protein conjugates.*3 8" As shown by Kevin
Maier et al.,®” besides forming an acid-labile amide bond with lysine amino groups,
AzMMMan can be used for different click chemistries: copper-catalyzed azide-alkyne
cycloaddition (CuAAC), Staudinger ligation, and copper-free (strain-promoted) azide-
alkyne cycloaddition with dibenzocyclooctyne (DBCO)-modified molecules. Based on this
AzMMMan traceless linker, our group demonstrated efficient intracellular RNase A protein
delivery.®! For this purpose, RNase A was reversibly modified with polyethylene glycol
(PEG)-folate for folate receptor targeting, and with the pH-responsive influenza HA2-
derived negatively charged peptide INF7 for endosomal release, which in combination
favored a high transduction efficiency. Most recently, an exciting report by Lieser et al.

showed a similar approach, delivering epidermal growth factor receptor (EGFR)-targeted
8
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conjugates of the fluorescent protein mCherry, demonstrating distinct effects of four

different conjugated endosomal escape peptides.®?

1.4 Aim of this thesis

Recent years have seen an explosive growth in the discovery of protein-based therapies
in almost all areas of medical practice. However, owing to the difficulties of transporting
active proteins into cells, most of the protein therapies now available work either
extracellularly or on the cell membrane.® Therefore, the precise delivery of therapeutic
proteins into cells is essential for both basic biology therapeutic research and clinical
applications because proteins delivered intracellularly have quick effects and have been
effectively proven as a viable treatment method for a variety of diseases.? Nowadays,
research efforts have concentrated heavily on developing efficient delivery systems for
proteins because of the potential impact of intracellular protein therapies. Many strategies
have been discovered to overcome this natural barrier and enhance protein transport
intracellularly.®® Nevertheless, several serious drawbacks still restrict the use of the
applications, including inefficiency, poor targeting, and inadequate endosomal escape
ability. To address these limitations, our previous work demonstrated efficient intracellular
RNase A protein delivery based on pH-sensitive AzZMMMan traceless linker.%* For this
purpose, positively charged protein RNase A (isoelectric point pl = 9.6) was reversibly
modified with polyethylene glycol (PEG)-folate for folate receptor targeting, and with the
pH-responsive influenza HA2-derived negatively charged peptide INF7 for endosomal
release, which in combination favored a high transduction efficiency. However, this
delivery system only moderately worked for the slightly negatively charged (pl ~ 6.0)
enhanced green fluorescent protein (eGFP). Apparently, the positive charges of the
RNase A cargo protein contributed to the delivery process.

Thus, the aim of this thesis was to develop a more effective receptor-targeted dual pH-
triggered intracellular protein delivery system, to make it broader applicable for proteins
of various isoelectric points. For this purpose, the negatively charged protein eGFP was
selected as a model protein to investigate intracellular protein delivery. Meanwhile,

different functional units including PEG2kpa-GE11 peptide for active targeting to the EGFR
9
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and/or (N- or C-terminal) melittin as a cationic endosomal escape domain were selected
to be conjugated with octa-arginine-cysteine (RsC) by disulfide linkages to enhance the
cellular uptake and endosomolytic ability. These two functional units had to be covalent
modified to eGFP through pH-sensitive traceless cleaved AzZMMMan linker and evaluated
for targeted intracellular protein transfer. Octa-arginine is a well-known cationic CPP,
mediating cellular uptake by macropinocytosis and other endocytotic mechanisms.5% 54
91-94 Melittin is a cationic bee venom-derived 26-amino acid peptide with high Iytic activity
both at neutral and endosomal pH; its activity can be synthetically modulated by including
an N-terminal or C-terminal cysteine for conjugation.®®°7 Peptide GE11 has been used in
numerous applications®3 98105 as ligand for active targeting to the EGFR overexpressed

on the surface of many cancer types.

Furthermore, charge reversal by reversible acylation of melittin with dimethylmaleic
anhydride (DMMAnN) had been previously applied to abolish its lytic activity in the
extracellular environment, albeit the endosomal escape activity was recovered upon
endosomal acidification.8* °6. 106 Therefore, in order to achieve dual pH-triggered, the
charge reversal had to be considered in this delivery system. Inspired by this and taking
into account the necessity of charge-switch characteristic for tumor-selective targeting,°’
the melittins within the cationized eGFP conjugates were masked with tetrahydrophthalic
anhydride (TPAN), which are supposed to be rapidly hydrolyzed at extracellular tumor pH
~ 6.5, leading to the desired charge conversion within the tumor before cell entry%8. 109
but remains attached at normal pH 7.4.

The efficiency of the delivery system had to be investigated with eGFP modified with
different ratios of the two functional units for biochemical stability and in collaboration with
a team colleague, for cellular uptake, effect on cell viability. In addition, analogous
conjugates of pro-apoptotic cytochrome ¢ (Cyt C) had to be synthesized and to be
evaluated for biological activity in an apoptosis assay.*°

10
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2 Materials

2.1 Chemicals

2,3-Dimethylmaleic anhydride (DMMAnN) was obtained from Alfa Aesar (Kandel, Germany).
N-Bromosuccinimide, benzoyl peroxide, 1,2-dichlorobenzene, petroleum ether, 5,5-dithio-
bis-(2-nitrobenzoic acid) (DTNB), dimethyl sulfoxide (DMSO), dibenzocyclooctin-N-
hydroxysuccinimidyl ester (DBCO NHS ester), 2,4,6-trinitrobenzenesulfonic (TNBS) acid
solution, 3,4,5,6-tetrahydrophthalic anhydride (TPAnN), cytochrome c (Cyt C) from equine
heart (= 95%), coomassie brilliant blue R250, triisopropylsilane (TIS), 1,2-ethanedithiol
(EDT), 1-hydroxybenzotriazole (HOBY), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyiltetrazolium bromide (MTT), and super-DHB (sDHB) were obtained from Sigma-
Aldrich (Munich, Germany). Sodium chloride (NaCl) and dichloromethane (DCM) were
purchased from Bernd Kraft GmbH (Duisburg, Germany). Fmoc-amino acids, 2-chlorotrityl
chloride resin, N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), N,N-
diisopropylethylamine (DIPEA), and trifluoroacetic acid (TFA) were purchased from Iris
Biotech (Marktredwitz, Germany). n-Hexane and methyl tert-butyl ether (MTBE) were
obtained from Brenntag (Muhlheim an der Ruhr, Germany). 2-(1H-Benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium-hexafluorophosphate (HBTU) was obtained from Multi-
SynTech (Witten, Germany). Sodium sulfate (Na2SO4) was purchased from ORG
Laborchemie GmbH (Bunde, Germany). Sodium azide (NaNs) was purchased from Acros
Organics (New Jersey, USA). Ethyl acetate, acetone, and acetonitrile were purchased
from VWR International GmbH (Ismaning, Germany). Triethylamine was purchased from
Grussing GmbH (Filsum, Germany). w-2-Pyridyldithio polyethylene glycol a-
succinimidylester (OPSS-PEG2kpa-NHS) was purchased from Rapp Polymere GmbH
(Tubingen, Germany). Sodium dodecyl sulfate (SDS) was purchased from Carl Roth
Gmbh & Co. Kg (Karlsruhe, Germany). Peptide RsC, the peptide ligand GE11 (IVNQ
PTYG YWHY), and N-terminally cysteine-modified melittin (N-melittin, CIGA VLKV LTTG
LPAL ISWI KRKR QQ) were purchased from GL Biochem (Shanghai, China). C-terminally
cysteine-modified melittin (C-melittin, GIGA VLKV LTTG LPAL ISWI KRKR QQC) was

generated by automated solid-phase assisted peptide synthesis using a Syro Wave

11
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synthesizer (Biotage, Uppsala, Sweden). Sephadex G-10 material was supplied by GE
Healthcare (Freiburg, Germany).

2.2 Cell lines

Name Description Application

Human cervix carcinoma cell .
KB . EGFR over expression
lines (a HelLa subclone)

N2A Mouse neuroblastoma cell lines EGFR no/low expression

Human cervix carcinoma cell Galectin8-mRuby3 fusion
HelLa-Gal8-mRuby3 . . .
lines protein expression

12
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3 Methods

3.1 Synthesis of 3-(bromomethyl)-4-methyl-2,5-furandione (BrMMMan)

The BrMMMan synthesis was performed according to our previous work with some
modifications.*3 87 First, DMMAn (5.04 g, 40.0 mmol), N-bromosuccinimide (4.56 g, 25.6
mmol), and benzoyl peroxide (64 mg, 0.36 mmol) were dissolved in 1,2-dichlorobenzene
(250 mL, dried over molecular sieve UOP Type 3A) in a 500 mL round-bottom flask. The
mixture was refluxed for 5 h (hour) at 110-120°C under anhydrous and anaerobic
conditions. Then, an additional amount of benzoyl peroxide (64 mg, 0.36 mmol) was
added to the room temperature (RT) cooled mixture, followed by refluxing for a further 5
h. After the reaction, the residue was filtered and washed 2x with 1,2-dichlorobenzene (25
mL, dried over molecular sieve UOP Type 3A). Subsequently, the organic phase was
washed 2x with water (100 mL) and 1x with saturated NaCl solution (100 mL). Lastly, the
organic layer was dried using Na2SO4 and then concentrated by a rotary evaporator under
vacuum (Buchi, Flawil, Switzerland) to harvest a yellow oil. To remove the benzoyl
peroxide, the yellow oil was chromatographed on a silica gel column (0.035-0.07 mm,
60A), eluting with a mixture of petroleum ether:ethyl acetate (8:2 v/v). The crude product
of BrMMMan was then concentrated under the vacuum of a rotary evaporator. The
impurities of DMMAnN and di-(bromomethyl)-1,5-furandione (DiBrMMMan) were removed
by distillation according to the boiling point ranges. For this, the crude product of
BrMMMan was heated to 110-120°C under 7 mbar to remove the DMMAN. Upon
increasing the temperature to 140°C, BrMMMan was separated out as light-yellow oil
(yield 83.5%). The DiBrMMMan was left in the still pot. The purified structure was
confirmed by *H NMR.

3.2 Synthesis of 3-(azidomethyl)-4-methyl-2,5-furandione (AzMMMan)

AzMMMan was prepared based on our previously published protocol with minor
modifications.*3 8’ Briefly, BrMMMan (310.5 mg, 1.5 mmol) was dissolved in 10 mL of

acetone (dried over molecular sieve UOP Type 3A) and then NaNs3 (97.5 mg, 1.5 mmol)
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was added. To obtain AzZMMMan, the suspension was stirred for 24 h at 37°C, filtered,
and rotary evaporated. Finally, AzMMMan was purified by silica gel column
chromatography using petroleum ether:ethyl acetate (7:3 v/v) followed by concentrating
in a rotary evaporator under vacuum to yield 89.3% of an oil. The desired structure was
confirmed by 'H NMR.

3.3 Expression and purification of enhanced green fluorescent protein
(eGFP)

This work was performed by Miriam Ho6hn (Pharmaceutical Biotechnology, LMU
Minchen). eGFP containing a nuclear localization signal (nls) and a His-tag was produced
according to our previously established protocol in E. coli BL2 (DE3) plysS.43 87 Bacteria
were cultured in TB medium under constant shaking to reach an optical density of 0.75 at
600 nm. Then, eGFP expression was induced by isopropyl 3-D-1-thiogalactopyranoside
(IPTG, at final concentration 1 mM) and incubation for a further 16 h at 32°C. After
harvesting by centrifugation (4000 rpm, 5 min), the cell pellet was lysed through
ultrasonication. eGFP was purified by nickel chromatography using a gradient from a
binding buffer (50 mM sodium hydrogen phosphate (NazHPO4), 300 mM NacCl, and 20
mM imidazole) to elution buffer (50 mM NazHPO4, 500 mM NaCl, and 250 mM imidazole).
The eGFP was dialyzed against phosphate-buffered saline (PBS) buffer (pH 7.3) at 4°C
overnight and finally concentrated with ultracentrifugal filter units (10 kDa).

3.4 Modification of eGFP with AzMMMan

eGFP was modified with AzZMMMan as previously described.?” Briefly, eGFP (5 mg, 0.158
pgmol) was dissolved in HEPES buffer (990 uL, 500 mM, pH 9.0), and the AzZMMMan (5
mg, 0.03 mmol) diluted in 10 pL acetonitrile was dropped slowly to the protein solution.
After 2 h incubation under constant shaking (600 rpm, RT), free AzZMMMan were removed
by size exclusion chromatography (SEC) using Akta purifier system equipped with
Sephadex G-10 column with PBS buffer (pH 8.0) as a mobile phase (1 mL/min). The
eGFP-AzMMMan was concentrated with ultracentrifugal filter units (10 kDa) which was
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then quantified by measuring the absorbance (A 488 nm) using an extinction coefficient of
55000 M-tcm™.

3.5 Modification of cytochrome ¢ (Cyt C) with AzMMMan

Cyt C was modified with AzZMMMan as previously described. Briefly, Cyt C (2.5 mg, 0.2
pmol M\W. 12384) was dissolved in HEPES buffer (990 pyL, 500 mM, pH 9.0) and the
AzMMMan (5 mg, 30 umol) diluted in 10 yL acetonitrile was dropped slowly to the protein
solution. After 2 h incubation under constant shaking (600 rpm, RT), free AzZMMMan were
removed by SEC using Akta purifier system equipped with Sephadex G-10 column with
PBS buffer (pH 8.0) as a mobile phase (1 mL/min). The Cyt C-AzMMMan was
concentrated with ultracentrifugal filter units (10 kDa) which was then quantified by

measuring the absorbance (A 410 nm) using an extinction coefficient of 106000 M-cm™.

3.6 Modification of eGFP with TPAN

Briefly, eGFP (5 mg, 0.158 pmol) was dissolved in HEPES buffer (990 uL, 500 mM, pH
9.0), TPAN (10 equiv of amine) was slowly added, and the mixtures were incubated for 4
h under constant shaking (600 rpm, RT). Then, the free TPAn were removed by SEC
using Akta purifier system equipped with Sephadex G-10 column with PBS buffer (pH 8.0)
as a mobile phase (1 mL/min). The eGFP-TPAN was concentrated with ultracentrifugal
filter units (10 kDa) which was then quantified by measuring the absorbance (A 488 nm)

using an extinction coefficient of 55000 M-icm-t.

3.7 Synthesis of DBCO-RsC

RsC (4.1 mg, 3.0 umol) was dissolved in 800 yL DMSO (anhydrous, amine-free, =2 99.9%)
including 2 uL triethylamine with dropwise addition of DBCO NHS ester (2.5 mg, 6.2 pmol)
in DMSO (anhydrous, amine-free, 2 99.9%) and reacted for 2 h under argon with constant
shaking (600 rpm, RT). After dialyzing against water (pH 6.5) for 24 h at 4°C and freeze-
drying, DBCO-RsC was analyzed by MALDI-TOF-MS, UV spectrum, and high-
performance liquid chromatography (RP-HPLC).
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3.8 Synthesis of C-terminally cysteine-modified melittin

C-terminally cysteine-modified melittin (C-melittin) was synthesized using a 2-chlorotrityl
chloride resin preloaded with Fmoc-Cys(trt)-OH (resin loading). Then, the sequence of C-
melittin (GIGA VLKV LTTG LPAL ISWI KRKR QQC) was synthesized by automated solid-
phase assisted peptide synthesis (SPPS) using a Syro Wave synthesizer. The reagents
for the synthesizer were separated out into their own bottles and organized in the following
fashion: 8 equiv of DIPEA in NMP, 4 equiv of HBTU in DMF, 4 equiv of HOBt were
dissolved in NMP together with 4 equiv of the respective Fmoc-amino acid. The double
coupling procedure was repeated for 12 minutes at 50°C. The deprotection of the Fmoc
was achieved by 4 x 10 min incubation with 20% (v/v) piperidine in DMF. Following each
phase of coupling and deprotection, an additional step consisting of washing with DMF for
5 cycles and then incubating for 1 min was carried out. After the C-melittin was
synthesized by the automated synthesizer, the cleavage and purification steps were
performed manually. Briefly, C-melittin cleavage off the resin by incubated with
TFA/TIS/H20/EDT (94/1/2.5/2.5 viviviv) for 45 min. Then the cleavage solution was added
to 40 mL of precooled n-hexane / MTBE (1:1) solution immediately for precipitation. The
precipitation of C-melittin was dried and then dissolved with water. The purification of C-
melittin was performed by SEC using an Akta purifier system based on a Sephadex G-10
column and 10 mM hydrochloric acid (HCI) in H2O/ACN (7/3 v/v) as elution buffer. The
pooled fractions containing the C-melittin were combined, snap-frozen, freeze-dried and
analyzed by MALDI-TOF-MS.

3.9 Synthesis of (N/C)-melittin-TNB

N-melittin (5.8 mg, 2 pmol, containing an N-terminal cysteine) was reacted with DTNB
(3.96 mg, 10 ymol) in 3.0 mL reaction buffer (0.1 M NazHPO4 with 1 mM EDTA, pH 6.5)
for 2 h under argon with constant shaking (600 rpm, RT). The solution was purified by
SEC with elution buffer (acetonitrile:water 3:7 v/v containing 10 mM HCI as mobile phase
with flow rate 1 mL/min). The collected product was lyophilized and analyzed by MALDI-
TOF-MS, UV, and RP-HPLC. C-melittin-TNB (based on melittin with a C-terminal cysteine)

was obtained analogously.
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3.10 Synthesis of OPSS-PEG2akpa-GE11

Peptide GE11 (3.1 mg, 2.0 ymol) was dissolved in 500 yL DMSO (anhydrous, amine-free,
= 99.9%), and then reacted with OPSS-PEG2kpa-NHS (10 mg, 5.0 umol) in 100 yL DMSO
(anhydrous, amine-free, 2 99.9%) for 3 h with constant shaking (600 rpm, RT). The OPSS-
PEG2kpa-GE11 was dialyzed against water (pH 7.4) for 24 h at 4°C. The solution
containing pure product was lyophilized, and the residue was analyzed by MALDI-TOF-
MS, 'H NMR, and RP-HPLC.

3.11 Synthesis of DBCO-RgC-S-S-PEGakpa-GE11 and DBCO-RsC-S-S-
(N/C)-melittin

DBCO-RsC (2.5 mg, 1.5 ymol) was dissolved in 500 yL HEPES buffer (500 mM, pH 6.5).
Afterward, OPSS-PEG2kpa-GE11 (3.5 mg, 1 umol) or (N/C)-melittin-TNB (3.1 mg, 1 pmol)
was dissolved in 500 yL HEPES buffer (500 mM, pH 6.5) and dropped slowly to the
DBCO-RsC solution in distinct tubes. Subsequently, the mixtures were incubated for 24 h
with constant stirring (600 rpm, RT). The pure products were obtained after dialysis (for
24 h at 4°C) against water (pH 7.4) and lyophilization. The characterizations of DBCO-
RsC-S-S-PEGakpa-GE11 were analyzed by UV spectrum and RP-HPLC, and the
characterization of DBCO-RsC-S-S-(N/C)-melittin by MALDI-TOF-MS.

3.12 Synthesis of different eGFP conjugates

eGFP-AzMMMan (modified with 22 molar equivalents (equiv) of AzZMMMan) was diluted
in 500 uL of HEPES buffer (500 mM, pH 9.0). Afterward, DBCO-RsC-S-S-(N/C)-melittin
and DBCO-RsC-S-S-PEG2akpa-GE11 at different molar ratios (N/C-melittin:PEG2akpa-GE11
22:0, 16:6, 11:11, 6:16, 0:22 equiv) was added to the protein solution and reacted for 4 h
under constant shaking (600 rpm, RT). Then, the products were purified by ultrafiltration
(10 kDa). Afterward, TPAN (10 equiv of amine) was slowly added, and the mixtures were
incubated for a further 4 h under constant shaking (600 rpm, RT). The eGFP conjugates

A-E (Table 1) were then obtained by ultrafiltration (10 kDa). Their concentration was
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calculated by measuring the absorbance (A 488 nm) of eGFP using an extinction
coefficient of 55000 M-icm™.

3.13 Synthesis of Cyt C conjugate

Cyt C-AzMMMan (modified with 16 molar equivalents of AzMMMan) was diluted in 500
uL of HEPES buffer (500 mM, pH 9.0). Afterward, DBCO-RsC-S-S-N-melittin and DBCO-
RsC-S-S-PEG2akpa-GE11 at a molar ratio of 4:12 (based on the best candidate of eGFP
conjugate D) were added to the protein solution and reacted for 4 h under constant
shaking (600 rpm, RT). Then, the products were purified by ultrafiltration (10 kDa).
Afterward, TPAnN (10 equiv of amine) was slowly added, and the mixtures were incubated
for a further 4 h under constant shaking (600 rpm, RT). The Cyt C conjugate was then
obtained by ultrafiltration (10 kDa). Their concentration was calculated by measuring the

absorbance (A 410 nm) of Cyt C using an extinction coefficient of 106000 M-cm.

3.14 Kinetics of pH-dependent cleavage eGFP-AzMMMan and eGFP-
TPAnN analyzed by TNBS assay

The eGFP-AzMMMan and eGFP-TPAN were dialyzed against 500 mM HEPES buffer (pH
7.4, 6.5 or 5.5) for 24 h at 37°C with stirring. Samples were taken at indicated time intervals,

and their exposed amino groups from eGFP were measured by the TNBS assay.

3.15 pH-sensitive charge reversal of eGFP conjugates or Cyt C

conjugate analyzed by zetasizer/TNBS assay

eGFP conjugates or Cyt C conjugate were prepared in HEPES buffer (500 mM, pH 9.0)
followed by adjusting pH value to 7.4 or 6.5. Then, they were dialyzed against 500 mM
HEPES buffer (pH of 7.4 or 6.5) for 24 h at 37°C with stirring. Samples were taken at
timed intervals, and their exposed amino groups were measured by the TNBS assay. Zeta
potential of eGFP conjugates was measured by Zetasizer Nano ZS (Malvern Instruments,

Worcestershire, Germany).
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3.16 Traceless release of eGFP or Cyt C from TPAn-free eGFP
conjugates or TPANn-free Cyt C conjugate by TNBS assay

The eGFP conjugates (A—E without TPAn) or Cyt C conjugate (without TPANn) were
dialyzed against 500 mM HEPES buffer (pH 7.4 or 6.5) for 24 h at 37°C with stirring.
Samples were taken at indicated time intervals, and their exposed amino groups from
eGFP or Cyt C (the lysine amino groups of melittin were subtracted as background) were

measured by the TNBS assay.

3.17 Stability and traceless release of eGFP conjugates by SDS-PAGE

assay

Before SDS-PAGE, the eGFP conjugates were pre-incubated in HEPES buffer (500 mM,
pH 7.4 for stability or pH 5.5 for traceless release studies) for 24 h at 37°C. They were
then loaded on 3.5% stacking gel (pH 8.8) and 12.5% separating gel (pH 6.8) with the
optimized loading buffer containing only SDS. The gels ran in running buffer at 100 V for
2 h. After electrophoresis, gels were stained with Coomassie-Blue solution (acetic
acid:ethanol:H20, 1:2:7, v/viv with 0.3% w/v Coomassie brilliant blue R250), and
destained by acetic acid:ethanol:H20 (1:2:7, v/v/v) solution for several times, and
photographed.

3.18 Cell culture

The human EGFR-overexpressing cervix carcinoma cell lines, KB cells (a HeLa subclone)
were grown in RPMI-1640, and HeLa-Gal8-mRuby3 cells (stably expressing Galectin8-
mRuby3 fusion protein) and neuroblastoma N2A cells were grown in Dulbecco's Modified
Eagle Medium (DMEM). The cell culture was performed at 37°C in a CO2-humidified
incubator. The culture mediums were supplemented with 10% fetal bovine serum (FBS),
4 mM-stable glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin.
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3.19 Cellular uptake of eGFP conjugates by flow cytometry assay

This experiment was performed by Mina Yazdi (PhD student at Pharmaceutical
Biotechnology, LMU Minchen). Details can be found in Lyu M,* Yazdi M,* Lin Y, H6hn M,
Lachelt U, Wagner E., Receptor-Targeted Dual pH-Triggered Intracellular Protein
Transfer, ACS Biomater. Sci. Eng. 2022, doi:10.1021/acsbiomaterials.2c00476. (*These

authors contributed equally)

3.20 Intracellular fate of eGFP conjugates by confocal laser scanning

microscopy (CLSM) assay

This experiment was performed by Miriam H6hn (Pharmaceutical Biotechnology, LMU
Munchen) and Mina Yazdi (PhD student at Pharmaceutical Biotechnology, LMU
Minchen). Details can be found in Lyu M,* Yazdi M,* Lin Y, H6hn M, Lachelt U, Wagner
E. , Receptor-Targeted Dual pH-Triggered Intracellular Protein Transfer, ACS Biomater.
Sci. Eng. 2022, doi:10.1021/acsbiomaterials.2c00476. (*These authors contributed

equally)

3.21 Cell viability by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay

This experiment was performed by Mina Yazdi (PhD student at Pharmaceutical
Biotechnology, LMU Minchen). Details can be found in Lyu M,* Yazdi M,* Lin Y, H6hn M,
Lachelt U, Wagner E., Receptor-Targeted Dual pH-Triggered Intracellular Protein
Transfer, ACS Biomater. Sci. Eng. 2022, doi:10.1021/acsbiomaterials.2c00476. (*These

authors contributed equally)

3.22 Apoptosis assay of Cyt C conjugate

This experiment was performed by Mina Yazdi (PhD student at Pharmaceutical
Biotechnology, LMU Minchen). Details can be found in Lyu M,* Yazdi M,* Lin Y, HO6hn M,

Lachelt U, Wagner E., Receptor-Targeted Dual pH-Triggered Intracellular Protein
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Transfer, ACS Biomater. Sci. Eng. 2022, doi:10.1021/acsbiomaterials.2c00476. (*These
authors contributed equally)

3.23  Analytical reversed phase High-performance liquid
chromatography (RP-HPLC)

The purity of the synthesized ligands (DBCO-RsC, N/C-melittin-TNB, OPSS-PEG2kpa-
GE11, and DBCO-RsC-PEG2kpa-GE11) was analyzed by analytical RP-HPLC using a
VWR Hitachi Chromaster RP-HPLC system (5160 pump module, 5260 auto sampler,
5310 column oven, 5430 diode array detector). A linear gradient with aqueous (contains
0.1% TFA) and acetonitrile (contains 0.1% TFA) was used for elution through a C18-
column (YMC column, HS-302, HS12S05-1546WT, 150 x 4.6 mm |.D., S-5 ym, 12 nm,
YMC Europe GmbH, Dinslaken, Germany).

3.24 MALDI-TOF-MS Spectrometry

Matrix solution (1 pL, 10 mg/mL sDHB (super-DHB: 9:1 (w/w) mixture of 2,5-
dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid)) in TA30 (ACN/H20 (3:7)
with 0.1% (v/v) TFA) was spotted on an MTP AnchorChip (Bruker Daltonics, Bremen,
Germany). After crystallizing the matrix, the sample solution (1 pyL, 1 mg/mL) was added
to the matrix spots. Then, the sample spots were analyzed in positive or negative reflector

mode using an Autoflex Il mass spectrometer (Bruker Daltonics, Bremen, Germany).

3.25 Ultraviolet-visible (UV-Vis) spectroscopy

The synthesized ligands (DBCO-RsC, N/C-melittin-TNB, and DBCO-RsC-PEGz2kpa-GE11)
were analyzed by UV-Vis absorbance at the wavelength of 200 nm-900 nm. The
concentrations of eGFP and Cyt C were determined by measuring UV-Vis absorbance at
wavelengths of 488 nm or 410 nm. All the measurements were performed by Cary 3500

UV-Vis Spectrophotometer (Agilent Technologies, Mulgrave, Australia).
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3.26 'H NMR

The 'H NMR spectra were carried out by the use of a Jeol INMR-GX (400 MHz). All
spectra were recorded without TMS as an internal standard and therefore all signals were
calibrated to the residual proton signal of the deuterated chloroform (CDCls) or deuterium
oxide (D20) solvent. Chemical shifts are reported in ppm. The spectra were analyzed

using the NMR software MestreNova (MestRelLab Research).

3.27 Size-exclusion chromatography (SEC)

The purification by SEC was using the AKTA purifier 10 system (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) combined with a P-900 solvent pump module, a UV-900
UV/Vis multi-wavelength detector, a pH/C-900 conductivity module, and a Frac-950
automated fraction collector. The desired fractions were collected, pooled, and then
concentrated or lyophilized.

3.28 Statistical Analysis
All statistical analyses were performed by Origin 8.5 and/or GraphPad Prism 7 softwares.
Data were expressed as means * standard deviation (SD). Differences between two

groups were assessed using an unpaired, two-sided Student t-test. Significant differences

between the groups were presented as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.
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4 Results and Discussion

This part was adapted from:

Lyu M,* Yazdi M,* Lin Y, Hohn M, Lachelt U, Wagner E. , Receptor-Targeted Dual pH-
Triggered _Intracellular __Protein _Transfer, ACS Biomater. Sci. Eng. 2022,

doi:10.1021/acsbhiomaterials.2c00476. (*These authors contributed equally)

4.1 Design of the delivery system

Scheme 1 describes the synthetic design of reversibly masked and targeted-eGFP
conjugates (Scheme 1l1a) and the hypothesized process for dual pH-responsive
intracellular delivery of eGFP (Scheme 1b). eGFP conjugates are covalently modified with
two different pH-responsive maleic acid-based linkers cleavable in a traceless manner: (i)
AzMMMan (azidomethylmethylmaleic anhydride)®’ for direct modification of eGFP lysine
amino groups cleavable at endosomal pH ~ 5.5, and providing an azide group for click
modification with other delivery domains; and (ii) TPAn (tetrahydrophthalic anhydride),%®
109 for masking the lysine amino groups of melittin domains and causing a charge reversal

of the protein conjugate from positive to negative charge.

The TPAn linkages are already cleaved when conjugates reach a mildly acidic
extracellular microenvironment (pH ~ 6.5), as present in a tumor microenvironment.
Unmasking of the TPAn protected negatively charged eGFP conjugates results in a
charge reversal to positively charged eGFP conjugates, exposing PEG-linked GE11
peptides as specific EGFR targeting ligands, cationic octa-arginines as general cell
transduction domains, as wells as membrane-destabilizing melittin peptides. Following
selective cellular endocytosis of eGFP conjugates, the endosomal pH ~ 5.5 triggers further
decomposition of AzMMMan linkages, melittin-triggered endosomal disruption, and

cytosolic traceless release of free eGFP.
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Scheme 1. Targeted dual pH-responsive intracellular delivery of eGFP. a) Synthesis of eGFP
conjugates: eGFP was covalently modified with acidic traceless linker AzZMMMan. Using copper-
free click chemistry, cell-penetrating peptides DBCO-RsC were coupled which were then
additionally linked through disulfide bond with targeting ligand PEGaka-GE11 or with the
endosomal disruptive peptide melittin. Either N- or C-terminally cysteine-extended melittin (N/C-
melittin) was integrated. The amino groups of melittin were masked by TPAnN to provide a pH (6.5)-
sensitive charge reversal. b) When reaching a mildly acidic extracellular microenvironment (pH ~
6.5), the TPAN protecting negatively charged eGFP conjugates are unmasked for GE11-targeted
selective cellular uptake of eGFP conjugates, which is followed by endosomal pH (~ 5.5)-triggered
further decomposition of AzZMMMan linkages, and melittin-triggered endosomal disruption both

leading to traceless cytosolic release of eGFP. Graphics created with BioRender.com
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eGFP was used as our model protein because of its negative charge and its fluorescence
property, which facilitate monitoring of the cellular uptake process.''! Key steps of the
conjugate synthesis (Scheme 1a) were as follows. First, the lysine amino groups of eGFP
were covalently modified with the AzMMMan linker. The TNBS assay demonstrated that
at least 22 out of the 26 primary amines of eGFP conjugates (25 lysines plus one terminal
amino group) were modified with AzMMMan. To synthesize the functional side-chain units,
DBCO-modified RsC, which was either linked with (N/C)-melittin-TNB (N- or C- terminally
DTNB-cysteine modified melittin) or with OPSS-PEG2kpa-GE11 via disulfide bonds.
Cationic RsC was incorporated into the linking domains to enhance the cell-mediated
internalization of anionic eGFP.11? Subsequently, DBCO-RsC-S-S-PEGa2kpa-GE11 and
DBCO-RsC-S-S-N/C-melittin were reacted with the eGFP-AzMMMan conjugate core by
copper-free click chemistry at different ratios (Scheme 1a). Numerous studies have found
the ligand-based cell surface receptor targeting as suitable to increase the specificity of
the delivery to the tumor sites.113116 With respect to its proven role in EGFR-mediated
delivery, peptide GE1163 98-105, 117, 118 was selected for the purpose of active targeting in
the current work. Utilizing the pH difference between the healthy tissues and slightly acidic
tumor tissues, charge reversal systems have demonstrated improved tumoral delivery
efficiency.119-1?1 As illustrated in Scheme 1a, the positively charged amino groups of N/C-
melittin were masked with TPAN, converting them into anionic residues. At the tumor site
(pH ~ 6.5), the TPAnN is cleaved off, reverting to the original positive charge which
facilitates binding of the unmasked eGFP conjugates to cell membranes (Scheme 1b). In
addition to cellular binding and uptake, unmasking the membrane-destabilizing property
of melittin for the endosomal escape prevents lysosomal-mediated protein degradation.%6:
122 By using the proposed methodology, the different eGFP conjugates A (only melittin-
TPAnN units), E (only PEGzkpa-GE11 units), and B to D containing both delivery units, were

generated to be evaluated regarding their efficiency (Table 1).
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Table 1. Different eGFP conjugates A—E were synthesized by incorporating various molar
equivalents (equiv) of the functional delivery units.

eGFP DBCO-RsC-S-S-(N/C)-Melittin-TPAn  DBCO-RsC-S-S-PEG2kpa-GE11

conjugates (equiv) (equiv)
A 22 0
B 16 6
C 11 11
D 6 16
E 0 22

4.2 Characterization of pH sensitive AzMMMan

The AzMMMan was synthesized as described in Scheme 2 and then characterized by *H

NMR (Figure 4.1 and 4.2). The results show that the AzMMMan was synthesized
successfully with a high purity.

N
\Y
\ N\\
Br N
o o o (0] o o (0] o o]
Dimethylmaleic anhydride 3-(Bromomethyl)-4-methyl-2,5-furandione 3-(Azidomethyl)-4-methyl-2,5-furandione
(DMMAn) (BrMMMan) (AzMMMan)

Scheme 2. Synthesis of acid-labile traceless linker AzZMMMan. a: N-bromosuccinimide, benzoyl
peroxide, dichlorobenzene. b: Sodium azide, acetone.
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4.3 Characterization of DBCO-modified RsC

The DBCO-modified RsC was synthesized and characterized by UV spectra, RP-HPLC,
and MALDI-TOF-MS.

Successful DBCO NHS eater modification of RsC could be confirmed by UV spectroscopy,
due to the characteristic absorbance of DBCO moiety at 309 nm. As seen in Figure 4.3,
the DBCO-RsC has a specific absorbance around 309 nm comparing to non-modified RsC.

Therefore, we can confirm that we got the aim product DBCO-RsC.

—RgC
——DBCOR,C

Absorbance (a.u.)
)
i

T v T ¥ T T T v T ¥ T T T T
200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 4.3 UV spectra of RsC and DBCO-RsC.

To further confirm the DBCO-RsC was successfully synthesized and its purity, we
analyzed it using RP-HPLC. According to the results in Figure 4.4, the appearance time
of pure RsC at a wavelength of 218 nm was 7.7 min, the appearance time of pure DBCO

NHS ester was 20.7 min, whereas the appearance time of DBCO-R;C was 12.3 min with

a single peak, which means the pure DBCO-R,C has been synthesized with high purity.
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Figure 4.4 Analytical RP-HPLC chromatograms of a) RsC, b) DBCO-RsC, and ¢) DBCO NHS
ester. The analysis was carried out using a C18 column (5 pm, 150 x 4.6 mm) and a

water/acetonitrile gradient (95:5-0:100 in 35 min) containing 0.1% TFA. For the detection at 218
nm was monitored.

As shown in Figure 4.5, the MALDI-TOF-MS confirmed that the pure DBCO-R,C was

obtained.
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Figure 4.5 MALDI-TOF-MS spectrum of DBCO-RsC.

4.4 Characterization of N-melittin-TNB

The N-melittin-TNB were synthesized and characterized by UV spectra and RP-HPLC.
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Figure 4.6 UV spectra of N-melittin and N-melittin-TNB.
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The DTNB modified N-melittin was successful synthesized and confirmed by UV
spectroscopy, since N-melittin-TNB has an additional absorbance around 320 nm
comparing to non-modified N-melittin (Figure 4.6).
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Figure 4.7 Analytical RP-HPLC chromatograms of a) N-melittin, b) N-melittin-TNB, and c¢) DTNB.
The analysis was carried out using a C18 column (5 um, 150 X 4.6 mm) and a water/acetonitrile

gradient (95:5—-0:100 in 35 min) containing 0.1% TFA. For the detection at 218 nm was monitored.
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RP-HPLC analysis was performed to establish the N-melittin-TNB was successfully
synthesized and its purity. As shown in the Figure 4.7, it took 17.5 min for pure N-melittin
to show up at a wavelength of 218 nm, while it took 18.5 min for pure DTNB to show up.
However, it only took 18.0 min for N-melittin-TNB to show up with a single peak, which

means that it was synthesized with high purity.

4.5 Characterization of C-melittin-TNB

The C-melittin-TNB were synthesized and characterized by UV spectra and RP-HPLC.
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Figure 4.8 UV spectra of C-melittin and C-melittin-TNB.

As seen in the Figure 4.8, we can see that the C-melittin-TNB has a special absorbance
around 320 nm comparing to non-modified C-melittin. This indicated that the C-melittin-
TNB was obtained.

Using RP-HPLC, we confirmed that the C-melittin-TNB was effectively synthesized and of
high purity. According to the results in Figure 4.9, at a wavelength of 218 nm, the
appearance time of pure C-melittin was 19.4 min, and the appearance time of pure DTNB
was 18.5 min. The appearance time of C-melittin-TNB after synthesis and purification was
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19.0 min with a single sharp peak, which also shows that C-melittin-TNB has been

synthesized with excellent purity.
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Figure 4.9 Analytical RP-HPLC chromatograms of a) C-melittin, b) C-melittin-TNB, and c¢) DTNB.
The analysis was carried out using a C18 column (5 um, 150 X 4.6 mm) and a water/acetonitrile

gradient (95:5-0:100 in 35 min) containing 0.1% TFA. For the detection at 218 nm was monitored.
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4.6 Characterization of OPSS-PEGxpa-GE11

The OPSS-PEG2kpa-GE11 were synthesized and characterized by *H NMR and RP-HPLC.
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Figure 4.10 'H NMR (400 MHz, D,0) of a) OPSS-PEG2kpa-NHS, b) GE11, and ¢) OPSS-PEG«pa-
GE11.
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As seen in the Figure 4.10a, the typical signal of -(CH2CH20)- on OPSS-PEG2kpa-NHS
can be observed at & 3.58 ppm. The peaks at & 7.25, 7.75, and 8.30 ppm correspond to
the protons at the pyridine ring. The peak at d 2.80 ppm was from the two -CH2- on the
succinimide part. The -CHs- of GE11 can be observed at d 0.75-1.15 ppm (Figure 4.10b).
From the 'H NMR data of OPSS-PEG2kpa-GE11 (Figure 4.10c), we can see the typical
signals of -(CH2CH20)- and the pyridine ring on OPSS-PEG2kpa-NHS at & 3.58 ppm, &
7.25,7.75, and 8.30 ppm and GE11 peptide at 6 0.75-1.15 ppm. The peak at d 2.80 ppm
was missing, indicating that the succinimide part on OPSS-PEG2akpa-NHS was replaced
by GE11 peptide. All these results demonstrated that the OPSS-PEG2akpa-GE11 was
successfully obtained.

We performed an RP-HPLC analysis on the OPSS-PEG2akpa-GE11 in order to get further
evidence that it was effectively synthesized and that its purity had been maintained.
According to the results in Figure 4.11, the appearance time of pure GEl1ll at a
wavelength of 280 nm was 13.6 min, the appearance time of pure OPSS-PEG2kpa-NHS
was 24.8 min, whereas the appearance time of OPSS-PEG2kpa-GE11 was 21.6 min with

a single peak, which signifies that the OPSS-PEG2kpa-GE11 was synthesized with good
purity.
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Figure 4.11 Analytical RP-HPLC chromatograms of a) GE11, b) OPSS-PEGawa-GE11, and c)

OPSS-PEGupa-NHS. The analysis was carried out using a C18 column (5 pm, 150 X 4.6 mm) and

a water/acetonitrile gradient (95:5—-0:100 in 35 min) containing 0.1% TFA. For the detection at 280

nm was monitored.
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4.7 Characterization of DBCO-RsC-S-S-PEG2kpa-GE11

The DBCO-RsC-S-S-PEG2kpa-GE11 were synthesized and characterized by UV spectra
and RP-HPLC.

4
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Figure 4.12 UV spectra of DBCO-RgC-S-S-PEGuxpa-GE11, DBCO-RgC, and OPSS-PEG2«pa-
GE11.

Firstly, we characterized the DBCO-RsC-S-S-PEG2kpa-GE11 via UV spectra. As displayed
in Figure 4.12, the OPSS-PEG2pa-GE11 has absorbance at 218 nm and 280 nm.
Nevertheless, DBCO-RsC has an additional absorbance at 309 nm. Therefore, when
DBCO-RsC and DBCO-RsC-S-S-PEG2akpa-GE11 have the same intensity peak at 309 nm,
the absorbance of DBCO-RsC-S-S-PEGakpa-GE11 at 218 nm and 280 nm were higher
than the absorbance of DBCO-RsC. These increased intensities were relied on the

PEG2kpa-GE11. Consequently, this signifies that the product has been synthesized.

Using RP-HPLC, we conducted an analysis on the DBCO-RsC-S-S-PEG2akpa-GE11 to
further establish that it was effectively synthesized as well as its purity. As shown in the
Figure 4.13, it took 12.3 min for pure DBCO-RsC to turn up at a wavelength of 280 nm,
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while it took 21.6 min for pure OPSS-PEG2kpa-GE11 to turn up. However, it only took 20.2
min for DBCO-RsC-S-S-PEG2kpa-GE11 to turn up with a single peak, which means that it
was synthesized with high purity.
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Figure 4.13 Analytical RP-HPLC chromatograms of a) DBCO-RsC, b) DBCO-RsC-S-S-PEG2kpa-
GEL11, and c) OPSS-PEGpa-GE11. The analysis was carried out using a C18 column (5 pm, 150
x 4.6 mm) and a water/acetonitrile gradient (95:5-0:100 in 35 min) containing 0.1% TFA. For the

detection at 280 nm was monitored.
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4.8 Characterization of DBCO-RgC-S-S-N/C-melittin
The DBCO-RsC-S-S-N/C-melittin were synthesized and characterized by MALDI-TOF-MS.

As shown in Figure 4.14, the MALDI-TOF-MS confirmed that the pure DBCO-RsC-S-S-

N/C-melittin were obtained.
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Figure 4.14 MALDI-TOF-MS spectra of a) DBCO-RgC-S-S-N-melittin and b) DBCO-RsC-S-S-C-

melittin.
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4.9 Stability and release profiles of eGFP conjugates

An efficient delivery strategy may require an optimum compromise between stability and
release kinetics. High stability in the extracellular environment and favorable release
triggered by local and intracellular stimuli are principle scopes in the current delivery
models.3" 123 124 Hence, the stability/release profiles of the new eGFP conjugates were
investigated with SDS-PAGE technique, albeit without reducing DDT or -
mercaptoethanol in the loading buffer, to avoid disulfide bond cleavage affecting the eGFP
conjugate stability.*> Since unmodified eGFP was the control for our stability/release
studies, the effect of our optimized protocol on its gel migration was compared with the
standard protocol. Figure 4.15a illustrates the electrophoretic pattern of free eGFP in the
absence (sample I) and presence (sample Il) of reducing agents in the loading buffer.
Higher protein mobility was observed under non-reducing (sample 1) than reducing SDS-
PAGE, resulting in a lower MW band (~ 25 kDa) than the actual MW at ~ 30 kDa. This
indicates that in optimized non-reducing SDS-PAGE, the disulfide bonds remain intact,
leading to the compact conformation of the protein and higher electrophoretic mobility.12®
The gel mobility was also measured for monomer subunits DBCO-RsC-S-S-PEG2kpa-
GE11, DBCO-RsC-S-S-N-melittin, and DBCO-RsC-S-S-C-melittin, as shown in samples
I1I-V, respectively (Figure 4.15a).

To investigate whether eGFP conjugates are stable at physiological pH, we incubated
them in HEPES buffer (pH 7.4) for 24 h at 37°C before evaluation by SDS-PAGE (Figure
4.15b, c). The gel revealed a different banding pattern of eGFP conjugates compared with
unmodified protein. A slight shift of gel bands toward lower migration was found by
increasing the PEGapa-GE11l chains in the eGFP conjugates. In parallel with our
observation, it has been reported that PEG can alter the physical characteristic and
subsequent gel mobility.*?” As shown in the gels, no band was detected corresponding to
the eGFP or functional units, suggesting the stability of all eGFP conjugates A—-E at pH
7.4 (Figure 4.15b, c).
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Figure 4.15 The stability and traceless release of eGFP conjugates A—E (with N- or C- melittin)
by SDS-PAGE. a) The gel mobility was detected for free eGFP in I) non-reducing loading buffer
(containing SDS alone) and Il) reducing loading buffer (containing SDS+DTT+B-mercaptoethanol),
alongside for Ill) DBCO-RgC-S-S-PEGakpa-GE11, 1IV) DBCO-RgC-S-S-N-melittin, and V) DBCO-
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RsC-S-S-C-melittin in non-reducing loading buffer. The stability of eGFP conjugates with b) N-
melittin and ¢) C-melittin was studied after incubation in HEPES buffer (pH 7.4) for 24 h at 37°C.
The pH-dependent traceless release of eGFP from conjugates with d) N-melittin or €) C-melittin
was monitored after incubation in HEPES buffer (pH 5.5) for 24 h at 37°C.

Also, no significant difference was observed between the eGFP conjugate stability
including N-terminally (Figure 4.15b) or C-terminally cysteine-containing melittin (Figure
4.15c¢). We hypothesized that covalent modification of the eGFP conjugates should be
reversible upon exposure to endosomal-like acidic pH, leading to traceless release of
original eGFP. To test this, eGFP conjugates were incubated for 24 h in pH 5.5 HEPES
buffer at 37°C, and the released protein was then monitored using SDS-PAGE. As follows
from the results, clear bands corresponding to the MWs of eGFP and functional units were
observed for each eGFP conjugate, demonstrating the pH-responsive traceless cleavage
of protein (Figure 4.15d, e). From the SDS-PAGE findings, it can be concluded that eGFP
can be released tracelessly in the acidic endosome but is stable under physiological pH.

4.10 pH-dependent cleavage kinetics of eGFP-AzMMMan and eGFP-
TPAN

In the dual pH-sensitive delivery system that we have designed, the order of pH response
is essential to ensure that the protein can be traceless released into the cytoplasm.
Specifically, TPAnN triggers charge reversal in response to pH 6.5, and AzZMMMan releases

protein at a more acidic pH 5.5 is required.

Therefore, we did a 24 h-monitoring of the exposed amino groups from eGFP-AzMMMan
and eGFP-TPAnN through TNBS assay at different pH to confirm this. As seen in Figure
4.16, the results showed that both eGFP-AzMMMan and eGFP-TPAn were quite stable
with only about 17% cleavage after 24 h at physiological pH 7.4. There was a little bit
increased ratio of exposed amino groups from eGFP-AzMMMan at pH 6.5. In contrast, at
pH 6.5 the amino groups exposure ratio of eGFP-TPAn was over 98% within 4 h indicating
that nearly all the TPAn were cleaved from eGFP. Furthermore, we can see that the

eGFP-TPAnN also more sensitive than eGFP-AzMMMan at pH 5.5 which the amino groups
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exposure ratio up to 90% took 4 h from eGFP-AzMMMan but only took 2 h from eGFP-
TPAN.
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Figure 4.16 pH-dependent cleavage kinetics of eGFP-AzMMMan and eGFP-TPAN. The exposed
amino changes of eGFP in HEPES buffer (pH 7.4, 6.5 or 5.5) at different incubation time points at
37°C were detected using TNBS assay (n = 3, mean = SD).

These findings demonstrated that the TPAn was more sensitive than AzMMMan in acidic
pH, and both of them are stable at physiological pH. Hence, the dual pH-sensitive delivery

system was appropriate for transporting proteins.
4.11 Dual pH-responsivity of eGFP conjugates

The pH-responsive systems play fundamental roles in controllable cargo delivery by
taking advantage of the pH difference between healthy tissues (pH ~ 7.4), extracellular
tumor microenvironment (pH ~ 6.5), and endosomes (pH ~ 5.5).12% A dual pH-response
process may take place in an intelligent stepwise manner: the first step in the extracellular

environment at the tumor site for a charge conversion-promoted cellular uptake, and the
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second one in endosome for a traceless cargo release, both collaboratively ensuring the

efficiency of protein delivery.37. 129, 130

With charge-reversal properties, delivery can benefit from the overall negative charge of
the masked eGFP-octa-arginine/melittin conjugates avoiding undesired nonspecific
cationic bio-interactions outside the target area on the one hand, and after unmasking the
positive charge of conjugates enhancing desired cell penetration on the other hand. For
demonstrating the pH-triggered charge reversal feature, we measured the zeta potential
of eGFP conjugates in response to the acidic pH. Prior to the experiment, eGFP
conjugates were incubated for 4 h at 37°C in HEPES buffer (pH 7.4 or 6.5). As shown in
Figures 4.17a (including N-melittin) and 4.17b (including C-melittin), eGFP conjugate A
(only melittin-TPAN units, lacking PEGakpa-GE11 units) showed a low positive zeta

potential at around +6 mV attributed to the presence of RsC domains.
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Figure 4.17 The pH-sensitive charge reversal of eGFP conjugates A-E. Zeta potential of eGFP
conjugates with a) N-melittin-TPAn and b) C-melittin-TPAN were measured by electrophoretic light
scattering (ELS) after incubation in HEPES buffer (pH 7.4 or 6.5) for 4 h at 37°C (n = 3, mean =
SD).

At acidic pH of 6.5, the surface charge of eGFP conjugate A experienced a dramatic
increase to around +30 mV. The eGFP conjugates B, C, and D had negatively charged
surfaces at pH 7.4, while after incubation in pH 6.5 HEPES buffer their zeta potential
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increased to +16, +11, and +7 mV, respectively. No change was evident in the zeta
potential of eGFP conjugate E (only PEG2kpa-GE11 units) under pH 7.4 and pH 6.5, and
it kept its zeta potential at around -3 mV even after acidic pH exposure. Clearly, the
charge shifting from low positive to more positive charge (eGFP conjugate A) and from
negative to positive charge (eGFP conjugate B-D) ensure the charge reversal
phenomenon resulting from TPAnN cleavage from melittin in response to the pH stimulus.
Covalent masking of melittin by TPAnN replaces the positively charged amino groups by
negatively charged carboxyl groups for a reversible surface charge shielding at
physiological pH. The positive surface charge of the eGFP conjugates after charge
reversal highly depends on the melittin content. Accordingly, eGFP conjugate A exhibited
the highest and eGFP conjugates D the lowest positivity after charge reversal. In the eGFP

conjugate E, no change in zeta potential occurs due to the absence of melittin.

To further demonstrate the occurrence of charge reversal, we performed a 24-hour
monitoring measurement for amino groups exposure ratio of the eGFP conjugates in pH
7.4 and 6.5 at 37°C through TNBS assay. As shown in the Figure 4.18, the results showed
that the amino groups exposure ratio of eGFP conjugates A to D were increased over 90%
in the first 4 h and the ratio over 95% after 24 h incubation at pH 6.5. It means that the
charge reversal happened at pH 6.5 and most of the amino groups were exposed within
4 h. Meanwhile, at pH 7.4, we can see that the amino groups exposure ratio of eGFP
conjugates A to D were no more than 6% in the first 4 h and less than 15% after incubated
24 h. This results also indicated that the eGFP conjugates are very stable at physiological
pH within 24 h.
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Figure 4.18 The exposed amino changes of eGFP conjugates (A—D) with a) N-melittin and b) C-

melittin in HEPES buffer (pH 7.4 or 6.5) at different incubation time points at 37°C were detected

using TNBS assay (n = 3, mean = SD).
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Furthermore, the traceless release of eGFP by reversal of the AzMMMan linkage at a
slightly more acidic endosomal pH of 5.5 was also determined by TNBS assay. To avoid
any complication by melittin-TPAn unmasking, this experiment was carried out with eGFP
conjugates A—D with N-melittin but lacking TPAnN, and conjugate E (lacking melittin). eGFP
conjugates were subjected to a 24 h-monitoring of unmasked eGFP amino groups
released at pH 5.5, 6.5, or 7.4 at 37°C (Figure 4.19).
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Figure 4.19 The pH-sensitive traceless release of eGFP. Traceless release of eGFP from analogs
of conjugates A-D (with N-melittin but without TPAn masking) and conjugate E was evaluated
upon incubation at different pH (5.5, 6.5, and 7.4) at 37°C via TNBS assay (n = 3, mean + SD).

When using the TNBS assay to detect the exposed amino groups of eGFP, the lysine
amino groups of melittin were subtracted as background. For all eGFP conjugates, the
unmasking of amino groups was low both at pH 7.4 and 6.5; even after 24 h it did not
exceed 10% at pH 7.4 and 19% at pH 6.5. Within the same period but at pH 5.5, more
than 94% of eGFP amino groups were unmasked, and up to 70% after a shorter time

period of 4 h. MALDI-TOF-MS analysis of conjugate D after cleavage confirmed that the
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main peak of released eGFP showed almost identical molecular weight as free eGFP, a

strong support for the traceless release (Figure 4.20).
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Figure 4.20 MALDI-TOF-MS spectra of a) free eGFP and b) traceless released eGFP from eGFP
conjugate D (with N-melittin but without TPAn masking) at pH 5.5 for 24 h at 37°C. The broad
peak of eGFP and traceless released eGFP is almost identical, with the difference of the top peak
only 83 mass units which is less than one AzZMMMan (MW 167).

These data confirm that the current dual-responsive system can fulfill the requirements of

stability at neutral pH, a charge reversal at weakly acidic pH but without causing prominent
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cleavage of AzMMMan bonds, and a traceless release under slightly more acidic
endosomal pH (mainly in the first 4 h), all owing to the dual pH-responsive design of the
eGFP conjugates.

4.12 Cellular uptake of active-targeted pH-responsive eGFP conjugates

Flow cytometry analysis was carried out to obtain quantitative information about the
cellular uptake behavior of the different eGFP conjugates. Several criteria were
considered in the evaluation procedure to properly address the impact of GE11-mediated
targeting and pH-triggered charge conversion on the cellular uptake. To show the role of
active targeting, the HelLa-derived carcinoma cell line KB overexpressing EGFR (Figure
4.21a) was considered as suitable cell target for the peptide ligand GE11.193 104 The
results were verified by testing the neuroblastoma N2A cell line (Figure 4.21b) as a
negative control due to the no/low expression levels of EGFR.**! For charge reversal to
occur in vitro, the acidic condition of the tumor microenvironment was mimicked by
adjusting the pH of the cell culture medium to 6.5 to provide the pH-induced cleavage of
TPAN from melittin (in situ cleavage of eGFP conjugates). Of note, the acidic condition
had no significant effect on the cell viability (data not shown). In parallel to this, two culture
control groups were run in the standard pH 7.4 culture medium, where cells were treated
either with non-cleaved conjugates (TPAn-covered melittin) or with pre-cleaved eGFP
conjugates as positive controls, respectively. To verify the efficiency of the conjugate-
based delivery system, the free eGFP was applied for comparison. For the pre-cleaved
eGFP conjugate samples, the cleavage of the melittin-TPAn bond was performed at pH
6.5 for 4 h before incubation with cells. Prior to flow cytometry, the KB cells were incubated
with different eGFP conjugates (A-E, 2 uM) in non-cleaved or pre-cleaved form or under
in situ cleavage condition for 4 h. HEPES-treated cells were used to set the gating. As
shown in Figure 4.21a, a significant cellular uptake could be observed for all pre-cleaved
and in situ-cleaved eGFP conjugates A-D containing TPAn-unmasked melittin, while
uptake was low for non-cleaved ones and, surprisingly, for the melittin-free but EGFR-

targeted conjugate E.
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Figure 4.21 EGFR-specific cellular uptake of eGFP conjugates. a) Cellular uptake of eGFP
conjugates A—E with N- or C-melittin (with/without TPAnN) into the receptor-positive KB cells after
4 h incubation at 37°C acquired by flow cytometry. b) Analogous uptake control study of eGFP
conjugates containing N-melittin (with/without TPAn) on the receptor-negative cell line N2A.
Unmodified eGFP was considered as negative control. The HEPES-treated control cells were
used to set up gating. eGFP conjugates were applied to cells at 2 UM either in their intact form
(non-cleaved), or after in vitro pre-incubation at pH 6.5 for 4 h (pre-cleaved), both under standard

cell culture conditions of pH 7.4. Additionally, the conjugate cleavage under tumor
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microenvironment conditions was simulated by adding intact conjugates to cell culture medium
with adjusted pH to 6.5 (in situ-cleaved) (n = 3, mean %= SD). Significant differences between the
groups were calculated as *p < 0.05, **p < 0.01, and **p < 0.001. Experiments were carried out
by Mina Yazdi (PhD student at Pharmaceutical Biotechnology, LMU Minchen).

The minor differences between the pre- and in situ-cleaved samples signify that the
charge reversal of eGFP conjugates can occur in pH 6.5 cell culture medium mimicking
the mild acidic tumor microenvironmental pH in vitro. Expectedly, unmodified eGFP and
TPAN-capped eGFP conjugates (without any acidic exposure) had no significant affinity

toward cell membrane, likely attributed to their lack of positive charge.

In contrast to the non-cleaved eGFP conjugate A (melittin: 22 equiv, GE11: 0 equiv), the
pH-dependent detachment of TPAn from melittin and subsequent charge reversal of
conjugate A could promote the electrostatic attraction to the cell membrane leading to
enhanced cellular uptake which is the main aim of the surface modification strategy. When
comparing pre- or in situ-cleaved eGFP conjugates A to D, it can be found that the cellular
uptake was influenced by the ratio of cationic melittin and peptide ligand GE11 in the
delivery system. The more GE11 peptide, the higher cellular entry could be obtained in
receptor-positive KB cells (Figure 4.21a), which is highlighted in the highest uptake of
eGFP conjugate D (melittin: 6, GE11:16 equiv). In contrast, evaluation of the cellular
uptake into EGFR-negative N2A cells demonstrated the most increased uptake for
conjugate A with the highest TPAn-unmasked melittin content, and lowered uptake
(conjugates B to D) with increasing PEG2kpa-GE11/reducing melittin content (Figure
4.21b). In these non-target cells, uptake strictly correlated with the surface charge of
conjugates after charge reversal upon melittin unmasking as displayed in Figure 4.17.
The comparison of Figure 4.21a and 4.21b well documents that the uptake of conjugate
A is only charge reversal-mediated, whereas conjugate D is strongly dependent on
receptor-ligand interaction. In agreement with several studies, our delivery system
benefits from active targeting via EGFR-mediated uptake of protein cargo.®® Data confirm
that for KB target tumor cells, the GE11-EGFR interaction is necessary to increase the
transfection efficiency in a synergistic fashion with charge reversal-induced electrostatic

endocytosis. Interestingly, the conjugation of PEG2kpa-GE11 units alone (without melittin-
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TPAnN units) in eGFP conjugate E (slightly negative zeta potential, see Figure 4.17) could
not provide a similar uptake efficacy as for eGFP conjugates B to D, emphasizing the
effective role of both GE11 ligand and melittin-related positive charge (Figure 4.21a). The
favorable cellular uptake results imply to the combined effect of receptor-ligand and
electrostatic targeting of eGFP conjugates also facilitated by the protein transduction

domain octa-arginine compensating the negative charges of eGFP-AzMMMan.

4.13 Cellular internalization and endosomal escape of eGFP conjugates

The cellular uptake and endosomal escape of the eGFP conjugates were concurrently
imaged by confocal microscopy using HeLa cells stably expressing Gal8-mRuby3 reporter.
Like its subclone KB, HeLa cells overexpress EGFR. Cells were treated with different
eGFP conjugates (A-E, 2 uM) for 24 h. Before the experiment, the conjugates underwent
pH-induced charge transition via unmasking TPAn from melittin (pre-cleaved conjugates).
The nuclei of cells were stained with DAPI. As is seen in Figure 4.22, cellular
internalization varies with different eGFP conjugates. Conjugates A to D showed an
increasing trend in uptake consistent with the flow cytometry results. The observed
structure-function relationship further supports our conclusion that a higher ratio of GE11
could amplify the cellular internalization, but requires the presence of unmasked positively
charged melittin. This also explains why no cell entry was observed for conjugate E.
Therefore, of the five tested eGFP conjugates, conjugate D is appreciated regarding its

highest uptake and distribution inside the cells.
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Figure 4.22 The simultaneous visualization of intracellular delivery, endosomal escape, and
nuclear delivery of eGFP conjugates (with N-melittin) imaged by confocal laser scanning
microscopy (CLSM). The pre-cleaved eGFP conjugates A—E (2 uM) and unmodified eGFP were
incubated with HelLa cells stably expressing Galectin8-mRuby3 (HeLa-Gal8-mRuby3) for 24 h at
37°C before imaging. The colors were defined as follows: the diffused cytosolic mRuby3
distribution (red), endosomal-membrane disruption (bright red spot), nucleus (blue, stained by
DAPI), and eGFP protein bearing a nuclear localization signal (nls) (green). The scale bars
represent 50 ym. Experiments were performed by Miriam H6hn (Pharmaceutical Biotechnology,
LMU Miunchen) and Mina Yazdi (PhD student at Pharmaceutical Biotechnology, LMU Minchen).

What makes a delivery system sufficiently ideal for protein delivery is an optimal
endosomolysis profile correlated with the cytosolic release of the cargo.'®? The Hela-
Gal8-mRuby3 cell line also enables the characterization of the endosomal escape
performance of the conjugates.’®® 3 |n the absence of endosomal membrane
destabilization, cells showed a diffused cytosolic mRuby3 distribution pattern as revealed
in the HEPES-treated control cells (Figure 4.22). Following endosome membrane
disruption, Gal8-mRuby3 interacts with glycosylation moieties on the intra-endosomal
surface leading to punctate fluorescent spots. Figure 4.22 illustrates the apparent
endosomal disruption events for all eGFP conjugates except for conjugate E. The reason
is ascribed to the pH-dependent lytic role of melittin after the AzMMMan cleavage to
induce rupture in the endosome membrane. eGFP conjugates A to D contain melittin
contributing to their endosomal escape. The conjugate E lacking melittin is not effective
for protein delivery, suffering from low uptake and lack of subsequent endosomal escape.
The successful endosomal release can be confirmed not only by fluorescent spots but
also by the subsequent nuclear localization of the eGFP protein. Since the eGFP model
in our system is tagged with a lysine-containing SV40 LTA nuclear localization signal (nls),
trafficking into the nucleus requires a traceless cleavage from the conjugates and
endosomal escape of the active form of the protein. We conclude from our results
regarding conjugate D that the traceless cleavage of acid-labile bonds provided by
AzMMMan linker resulted in the unmodified eGFP escape from the endosome into the

cytosol followed by nuclear accumulation (Figure 4.22).
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4.14 Controllable lytic activity of melittin in eGFP conjugates

Melittin is a major part of the bee venom with a sequence of 26 amino acids. It has been
utilized in various forms for the delivery of different cargos (e.g. drug, gene and protein).84
95, 96, 106, 122, 135140 Dye to its positive charge, melittin is involved in the electrostatic
interaction with the negatively charged cell membrane, which is advantageous to enhance
cell entry. The potent lytic activity of natural melittin is not pH-specific; therefore, the
concentration of melittin plays a critical role at the site of action, inducing membrane
disruption in the endosome or at the cell surface. Although melittin is an attractive
candidate in the cargo delivery context, its undesired cytolysis ability hampering clinical
application requires control. Boeckle et al. previously observed that blocking the N-
terminus of melittin by linkage to a carrier reduced lysis activity at neutral pH but not at
endosomal pH, providing a preferred specificity over C-terminal coupling.®® Meyer et al.
introduced a methodology in which melittin lysine residues were masked by DMMAnN,
blocking Iytic activity. Upon endosomal acidification at around pH 5.5, DMMAn is cleaved
off the lysines and melittin restores its lytic effect required for an endosomal escape; this
was successfully applied for an improved nucleic acid transfer.84 %106 |n the current work,
we applied the more labile TPAn to mask melittin through a pH-responsive bond at the

tumor microenvironment.

In order to check any unfavorable lytic activity of N- or C-melittin, we evaluated cell viability
of KB cells after treatment with escalating doses of eGFP conjugates in various states
(non-cleaved, in situ-cleaved, pre-cleaved). Based on 48 h MTT results (Figure 4.23), no
cytotoxicity of intact (non-cleaved) eGFP conjugates was observed even at an extremely
high concentration of 8 uM (Figure 4.23a for N-melittin, Figure 4.23b for C-melittin). This
is well explained by TPAnN activity covering the positive charges of melittin and preventing

interaction with the cell membrane.
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Figure 4.23 The cell viability after treatment with eGFP conjugates A—E with a) N-melittin and b)
C-melittin (with or without TPAn masking) determined by MTT assay according to a standardized
protocol. Different concentrations (0.25, 0.5, 1, 2, 4, and 8 pyM) of eGFP conjugates (in non-, in
situ-, and pre-cleaved states), and unmodified eGFP were added to the culture medium of KB
cells at their defined corresponding pH (either pH 7.4 for non- and pre-cleaved forms, or 6.5 for in
situ cleavage) for 48 h incubation at 37°C. The cell viability was calculated as a percentage relative
to HEPES-treated control wells (n = 3, mean = SD). Experiments were carried out by Mina Yazdi
(PhD student at Pharmaceutical Biotechnology, LMU Minchen).

In contrast, when TPAnN is detached at pH 6.5 by either pre-cleavage or in situ cleavage
in cell culture, moderate toxicities were observed in a concentration- and conjugate-

dependent manner. No significant toxicities of eGFP conjugates were observed at < 2 yM
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implying their good tolerability by KB cells. At the high concentration of 4 or 8 uM, toxicities
increased with increasing melittin content from conjugates C to A. Consistent with
previous work,*® eGFP conjugates containing N-melittin (Figure 4.23a) displayed lower
cytotoxicity than those containing C-melittin (Figure 4.23b). It should be noted that
conjugates D with the best EGFR-specific uptake of eGFP did not show cytotoxicity even
at the highest dose of 8 uM.

4.15 Characterization and cytotoxic activity of analogous Cyt C

conjugate

Owing to the potential advantages of efficient intracellular delivery and controlled release
of protein cargo, the feasibility of our established system for cytosolic delivery of
therapeutic Cyt C in active form was also tested in cancer cells using MTT and apoptosis
assays. Cyt C has inspired great interest in anticancer strategies for its key role in
triggering apoptosis-related enzymatic cascade leading to programmed cell death.
However, the large size and cell membrane-impermeability are major obstacles limiting
the cytosolic import.11% 141 Herein, the Cyt C conjugate was synthesized based on the
eGFP conjugate D formulation benefitting from higher efficacy and good cell tolerability.
The TNBS assay demonstrated the modification of at least 16 out of the 20 primary amines
of Cyt C (19 lysines plus one terminal amino group) with AzZMMMan. The analytical results
confirmed the pH-triggered charge reversal property of the conjugate and traceless
release of Cyt C (Figure 4.24).
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Figure 4.24 The pH-sensitive charge reversal of cytochrome ¢ (Cyt C) conjugate and traceless
release of Cyt C. a) The exposed amine changes of Cyt C conjugate with N-melittin in HEPES
buffer (pH 7.4 or 6.5) at different incubation time points at 37°C were measured using TNBS assay.
b) Traceless release of Cyt C from analogs of conjugate (with N-melittin but without TPAn masking)

was evaluated upon incubation at different pH (5.5, 6.5, and 7.4) at 37°C via TNBS assay (n = 3,
mean + SD).

To confirm the charge reversal property finding, the unmasked amino groups of melittin in
the Cyt C conjugate were quantified through TNBS assay over 24 h at 37°C. As seen in
Figure 4.24a, the results showed an increasing trend in the exposed amino groups of Cyt
C conjugate by over 90% in the first 2 h and the ratio over 95% after 24 h incubation at
pH 6.5. It indicates that the charge reversal occurred at a pH of 6.5, and that the majority
of the amino groups were exposed within a time period of 2 h. To the contrary, when the
pH was adjusted to 7.4, it was discovered that the amino group exposure ratio of the Cyt
C conjugate did not exceed 15% after being incubated for 24 h. This also suggested that

the Cyt C conjugate was very stable at physiological pH for a period of 24 h.

In addition, the TNBS test was used to establish that the traceless release of Cyt C
occurred as a result of the reversal of the AzMMMan linkage at a slightly more acidic
endosomal pH of 5.5. This experiment was carried out using a Cyt C conjugate with N-
melittin, but it did not include TPAN. This was done to prevent any complications that may

have been caused by the unmasking of melittin-TPAn. Cyt C conjugate was observed for
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a 24 h-monitoring of unmasked Cyt C amino groups exposed at pH 5.5, 6.5, or 7.4 at 37°C
(Figure 4.24b). In order to identify the exposed amino groups of Cyt C using the TNBS
test, the lysine amino groups of melittin were removed as background. The unmasking of
amino groups in Cyt C was minimal at pH 7.4 and 6.5, even after 24 hours, it did not reach
10% at pH 7.4 and 19% at pH 6.5. More than 96% of Cyt C amino groups were unmasked
during the same time period but at a pH of 5.5, and up to 80% after a shorter time period
of 4 h.

Due to the dual pH-responsive design of the Cyt C conjugate, these results also show that
the system can meet the requirements of stability at neutral pH, a charge reversal at
weakly acidic pH without causing noticeable cleavage of AzZMMMan bonds, and a
traceless release under slightly more acidic endosomal pH just like eGFP conjugates

performed.

The bioactivity of Cyt C was evaluated on KB cells for 48 h after exposure with in situ-
cleaved state of the Cyt C conjugate (2, 4, and 8 uM) compared to free Cyt C at the same
dose levels. According to the results in Figure 4.25a, cell viability decreased significantly
in a dose-dependent manner in Cyt C conjugate-treated cells, whereas no cell killing was
induced by free Cyt C. These data highlighted that Cyt C based on our covalent
modification strategy could be delivered intracellularly and induce cell killing. Further
evidence on important features of our conjugation strategy supporting cytosolic Cyt C
delivery, while maintaining its pro-apoptotic activity, was obtained on KB cells by Annexin-
V assay. Figure 4.25b displays representative flow cytometry plots of all treated cells.
Although Cyt C could reduce the number of viable cells and promote apoptosis, the
percentage of early and late apoptotic cells shows a clear difference between conjugated
and free Cyt C-treated groups, as observed in MTT results. These findings re-confirmed

the qualification of our system for efficient cytosolic delivery of proteins in active form.
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Figure 4.25 Antitumoral effect of cytochrome ¢ (Cyt C) conjugate. Different concentrations (2, 4,

and 8 uM) of Cyt C conjugate (with N-melittin) as well as unmodified Cyt C were added to the cell

culture of KB cells at pH 6.5 (in situ-cleaved state) for 48 h. a) The cell viability after treatment

determined by MTT assay. The cell viability was calculated as percentage relative to HEPES-

treated control well (n = 3, mean + SD). Significant differences between the groups were calculated

as ***p < 0.001. b) Dose dependency of cellular apoptosis determined flow cytometrically by

Annexin V-FITC/PI staining. HEPES-treated cells were used to set the gating. Q1: necrotic cells,

Q2: late apoptosis, Q3: early apoptosis, and Q4: living cells. Experiments were carried out by Mina

Yazdi (PhD student at Pharmaceutical Biotechnology, LMU Minchen).
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5 Summary

Protein therapeutics are of widespread interest due to their successful performance in the
current pharmaceutical and medical fields, even though their broad applications have
been hindered by the lack of an efficient intracellular delivery approach. Herein, we
fabricated an active-targeted dual pH-responsive delivery system with favorable tumor cell
entry augmented by extracellular pH-triggered charge reversal and tumor receptor

targeting and pH-controlled endosomal release in a traceless fashion.

In this thesis, we established an efficient dynamic system for protein delivery by pH-
sensitive traceless conjugation. As a traceable model protein, the enhanced green
fluorescent protein (eGFP) bearing a nuclear localization signal was covalently coupled
with a pH-responsive traceless bifunctional azidomethyl-methylmaleic anhydride
(AzMMMan) linker followed by functionalization with different molar equivalents of two
cationic dibenzocyclooctyne-octa-arginine-cysteine (DBCO-RsC)-modified moieties:
polyethylene glycol (PEG2akpa)-GE11 peptide for epidermal growth factor receptor (EGFR)-
mediated targeting and cationic melittin (either attached in N-terminal or C-terminal form)
peptide for endosomal escape. The cationic melittin domain was masked with pH-labile
tetrahydrophthalic anhydride (TPAn) for a programmed charge reversal in tumor
microenvironment (mild acidic pH 6.5). Peptide GE11 was incorporated via a PEGzakpa

spacer to enhance the tumor-specific uptake into EGFR-overexpressing cells.

Therefore, eGFP conjugates with five different ratios A—E (functional units N/C-melittin to
PEGakpa-GE11 at 22:0, 16:6, 11:11, 6:16, 0:22 equiv) were evaluated, searching for an
optimized balanced ratio of both targeting GE11 unit and endosomolytic melittin unit. The
SDS-PAGE experiment showed that all the eGFP conjugates were stable at physiological
pH, but the free eGFP can be traceless released in the acidic endosomal pH (~ 5.5). Upon
incubation at pH 6.5, similar to a mildly acidic tumor environment for 4 h, TPAn
detachment and resulted in an increased positive charge to eGFP conjugates A—-D except
for conjugate E (without TPANn covered melittin). The TNBS assay by testing the exposed
amino groups also confirmed that the TPAn were more sensitive than AzZMMMan, so the

charge reversal of TPAn from melittin and traceless release of eGFP could happen at pH
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6.5 and 5.5, respectively. The cell viability was evaluated by MTT assay to KB cells. The
results showed that all the conjugates had no toxicity at physiological pH, but the toxicities
increased with the increasing ratio of melittin from conjugates C to A at pH 6.5. However,
conjugates D and E had no toxic at acidic pH. Based on this, the cellular uptake efficiency
was tested with receptor-positive KB cells and receptor-negative N2A cells. At sub-toxic
doses 2 pM, all the conjugates significate increased the cellular uptake efficiency due to
the electrostatic attraction of melittin with the cell membrane in close collaboration with
GEL11, alongside with additional promoting effect of the RsC as the cell-penetrating peptide.
After all the evaluations, the N-melittin showed a slightly favorable conjugate delivery
profile over C-melittin. Among them, the eGFP conjugate D containing eGFP linked with
6 equiv of TPAn-masked N-melittin and 16 equiv of PEG2kpa-GE11 performed best. About
the conjugate D, eGFP linkage with AzZMMMan was found to be highly stable at pH 7.4
(92% stability after 24 h at 37°C) but cleaved traceless at endosomal pH of 5.5 (95%
cleavage after 24 h). The charge reversal at pH 6.5 resulted in a change of zeta potential
from negative -5 mV to +7 mV. Conjugate D revealed the highest receptor-specific uptake
into EGFR-rich HeLa and KB cells, potent endosomal escape and intracellular delivery of
nis-tagged eGFP into the nucleus. Meanwhile, the conjugate D did not show any
cytotoxicity at the highest tested dose of 8 uM, and insignificant uptake into EGFR-
negative non-target N2A cells. The therapeutic potential of the conjugation system was
demonstrated by successful cytosolic delivery of analogous cytochrome c protein

conjugates with cell killing of tumor cells reported by an apoptosis assay.

In summary, our findings hold promise for a safe and efficient approach to intracellular

protein delivery.
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6 Appendix

6.1 Abbreviations

ACN Acetonitrile

AzMMMan 3-(Azidomethyl)-4-methyl-2,5-furandione
BrMMMan 3-(Bromomethyl)-4-methyl-2,5-furandione
BSA Bovine serum albumin

CDCls Deuterated chloroform

CLSM Confocal laser scanning microscopy

cm Centimeter

CPP Cell-penetrating peptide

CytC Cytochrome ¢

D20 Deuterium oxide

Da Dalton

DAPI 4'.6-Diamidino-2-phenylindole

DBCO Azadibenzylcyclooctyne

DCM Dichloromethane

DIPEA N,N-diisopropylethylamine

DMEM Dulbecco’s modified Eagle’s medium
DMF Dimethylformamide

DMMAnN 2,3-Dimethylmaleic anhydride

DMSO Dimethylsulfoxide
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DTNB 5,5-Dithio-bis(2-nitrobenzoic acid)
DTT DL-Dithiothreitol
e.g. Exempli gratia, for example
EDT Ethanedithiol
EDTA Ethylendiaminetetraacetic acid
eGFP Enhanced green fluorescent protein
EGFR Epidermal growth factor receptor
etc. Et cetera
FBS Fetal bovine serum
FDA Food and drug administration
Fmoc Fluorenylmethyloxycarbonyl
2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium-
HBTU
hexafluorophosphate
HCI Hydrochloric acid
HEPES N-(2-hydroxethyl) piperazine-N‘-(2-ethansulfonic acid)
HOBt 1-Hydroxy-benzotriazole
Influenza hemagglutinin HA-2 terminal peptide
INF7 S
derivative 7
IPTG Isopropyl B-D-1-thiogalactopyranoside
g Gram
kDa Kilodalton
MeOH Methanol
mg Milligram
MHz Megahertz
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mL Milliliter

mM Millimolar

mmol Millimole

MTBE Methyl tert-butyl ether

MTT 3-(4,5_-Dimethylthiazol-2-y|)-2,5-diphenyltetrazo|ium
bromide

mV Millivolt

MWCO Molecular weight cut off

Na2HPO4 Sodium hydrogen phosphate

NacCl Sodium chloride

NaNs Sodium azide

NaOH Sodium hydroxide

NHS N-Hydroxysuccinimide

NLS Nuclear localization signal

nm Nanometer

NMR Nuclear magnetic resonance

PAGE Poly acrylamide gel electrophoresis

PBS Phosphate buffered saline

PEG Polyethylene glycol

pH Potentia Hydrogenii

RNase A Ribonuclease A

RP-HPLC Sﬁﬁﬁgﬁgsx high performance liquid

RPMI Roswell park memorial institute medium
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RT Room temperature

SD Standard deviation

SDS Sodium dodecyl sulfate

SEC Size exclusion chromatography
SPPS Solid-phase assisted peptide synthesis
SV40 Simian virus 40

TFA Trifluoroacetic acid

TIS Triisopropylsilane

TNBS 2,4,6-Trinitrobenzenesulfonic

TPAN 3,4,5,6-Tetrahydrophthalic anhydride
UV Vis Ultraviolett visible

MM Micromolar

pmol Micromole

66



Appendix

6.2 MALDI-TOF-MS

MALDI-TOF-MS of RgC
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MALDI-TOF-MS of C-melittin
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