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Abstract

Development of Mixed-Charge EK Polypeptides for Protein Protection

Erik Jerry Liu

Chair of Supervisory Committee:
Shaoyi Jiang

Chemical Engineering

The presented work focuses on the development of mixed charge polypeptides and their
fusion proteins and protein conjugates for the protection of proteins. Compared to many polymers
used to modify proteins, polypeptides are an ideal candidate for protein modification due to their
biocompatibility, biodegradability, and uniformity. Polypeptides composed of alternating glutamic
acid and lysine residues (EK) function as rationally-designed polypeptide analogues of low-fouling
zwitterionic polymers due to their ability to resist nonspecific protein adsorption. Zwitterionic
polymers have demonstrated superior properties related to protein protection, pharmacokinetics,
and immunogenicity compared to other polymers, including poly(ethylene glycol) (PEG), which
has been widely used to modify therapeutic proteins in the clinic. As EK has demonstrated similar
zwitterionic properties it can be used in similar capacities when used to modify therapeutic proteins.

The use of EK allows for the use of recombinant protein expression techniques, thereby allowing



for the synthesis of well-defined products of uniform composition without any inherent batch to
batch variation. Additionally, recombinant techniques allow for EK to be a component of a fusion
protein to modify target therapeutic proteins, allowing for one-step generation of any number of
EK-modified products.

This work develops the capabilities of EK through various systems from proof of concept
through in vivo capabilities and demonstrates that EK behaves similarly to zwitterionic polymers
when used to modify proteins. A proof of concept system utilized a model B-lactamase system to
demonstrate the generation of fusion proteins containing EK. These fusion proteins were able to
be expressed at a uniform molecular weight and purified. It was observed that EK demonstrated
the conferring of the same protecting properties in vitro against environmental stressors and
improvements to enzyme kinetics that zwitterionic polymers had previously demonstrated. These
in vitro properties of EK were again demonstrated when EK was used as a part of a fusion protein
with organophosphate hydrolase. Additionally EK exhibited its zwitterionic low-fouling
characteristics by preventing the formation of the dimeric structure of wild-type organophosphate
hydrolase and leaving stable monomeric structures, demonstrating the ability of EK to protect the
surface of the protein from foreign interactions. This effort also represents the first known
expression of a stable monomeric unit of the protein. Furthermore, other EK fusion protein systems

and standalone EK peptides have also been expressed and studied.
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Chapter 1
Introduction

The conjugation of polymers to proteins has been used to great effect in improving the
therapeutic properties of proteins over the last several decades. Most notably PEGylation, the
conjugation of (PEG) to proteins, has led to significant advances in improving therapeutic protein
properties, beginning with the first major protein modification in the 1970s and later marked by
the landmark FDA approval of Adagen® (PEGylated adenosine deaminase) as the first PEGylated
protein therapeutic in 1990'. Currently then there have been fourteen PEGylated protein and
peptide therapeutics approved by the FDA that are currently available on the market, as highlighted
in Table 1°°".

The PEGylation of therapeutic proteins has demonstrated multiple beneficial properties of
PEG. PEGylation has been shown to significantly increase blood circulation in vivo in the clinic
while maintaining sufficient bioactivity for therapeutic usage!*!°. Increased blood circulation is
significant, as it then leads to reduced dosage frequency, and thus increased patient compliance,
particularly for treatment of chronic conditions that require frequent dosage regimens'®!’.
Additionally PEG has been shown to increase protein stability by maintaining target protein
integrity and reduce immunogenicity through protecting the protein surface from foreign
interactions'®!”.

This ability of PEG in protecting the protein surface is key in its widespread therapeutic
usage over the years. PEGylation covers the surface of the protein, creating a masking effect. This
masking effect is able to prevent immunogenicity against the parent protein, thereby significantly

reducing severe adverse events and receptor-mediated clearance?*?%. PEG is also able to protect

proteins from proteolytic degradation, further increasing blood circulation?**, Additionally since



PEG is regarded as low-fouling the PEG surfaces of PEGylated proteins is able to avoid non-
specific protein adsorption that may detrimentally affect protein function?*-®. Thus this protecting
effect of PEG allows for a wider range of viable target proteins and significantly increases the
blood circulation of these PEGylated proteins compared to their unmodified counterpart.

Additionally PEGylation leads to the increase of the apparent size of protein drugs.
Increasing the size of a protein through PEGylation is able to reduce renal clearance, thereby
slowing protein drug clearance from the body and increasing blood circulation®. The association
of water molecules to PEG via hydrogen bonding results in the PEG polymer behaving like it has
a significantly larger hydrodynamic size compared to a protein of similar molecular weight’. This
has been particularly useful when targeting proteins and peptides of low molecular weight that
exhibit extremely low blood circulation times to significantly increase blood circulation, including
those that are non-immunogenic!2%2°,

PEG is conjugated to target proteins through a variety of methods. First generation
PEGylation techniques involved the random targeting of exposed surface lysine residues by linear
PEG polymers due to the ease of modification®**'. However this approach results in the formation
of multiple isomers, greatly reducing product reproducibility. Amine-modifying PEGylation
generally falls into two types of chemistry: alkylating PEGylation which maintains the positive
charge of the lysine residue and acylating PEGylation which results in the loss of the lysine
residue’s positive charge?*. Second generation PEGylation techniques include the use of new
polymers such as branched PEG to increase molecular weight and apparent size and more
chemistries to improve conjugation uniformity*>33. These new chemistries, such as the targeting
of cysteine residues, targeting of the N-terminal a-amine, and targeting specific isoforms of -

amine lysine conjugation, allows for better control of protein modification, resulting in improved



repeatability and bioactivity retention®?>, While these methods often have to balance reduced
potency with increased circulation, third generation PEGylation techniques primarily seek to
reduce steric hindrance near the active site such that there is no need to balance circulation versus
potency>’.

While PEG had previously been generally regarded as biologically inert, recently there
have been increasing reports indicating adverse immunological reactions to PEG in the clinic. The
presence of native anti-PEG antibodies in healthy blood donors has significantly increased from
approximately .2 percent of the population in 1986 to approximately 25 percent of the population
in the early 2000s*¢-3. Several previous studies quantifying anti-PEG antibody prevalence have
had their methods criticized, and as such a large scale study using fully validated assays published
in 2016 assessed that the occurrence of anti-PEG antibodies in healthy individuals was about 23
to 24 percent of the population®**°. As early as the 1950s it was suggested that PEG may exhibit
non-specific interactions with blood, and anaphylactic reactions were observed in the 1980s in
patients undergoing Oncaspar® treatment®*!. Omontys®, a PEGylated erythropoiesis-stimulating
agent, was voluntarily recalled in 2013 by its manufacturer after numerous severe anaphylactic
events and several deaths, though the cause of these severe adverse events was never publically
confirmed®*2,

The presence of anti-PEG antibodies has led to the accelerated blood clearance (ABC)
phenomenon and increased sensitivity. It has been demonstrated in PEGylated proteins and
liposomes that the presence of anti-PEG antibodies leads to drastically decreased blood circulation,
especially when compared to patients that do not exhibit native anti-PEG antibodies*!**3-46,

Additionally anti-PEG antibodies can also be induced by the injection of PEGylated therapeutics,

thereby rendering subsequent injections ineffective through the ABC phenomenon when the first



injection demonstrates good blood circulation?'*’*8. These ABC effects were noted in a phase I
trial of a PEGylated uricase?!. While no patients experienced severe adverse events, five out of the
thirteen patients exhibited induced anti-PEG antibodies, leading to increased clearance and thus
reduced overall efficacy as shown in Figure 1.1. Continued ABC effects were also observed in
multiple other studies of PEGylated uricase, including a larger study where 67 out of 169 patients
developed anti-PEG antibodies**>’. This phenomenon is not unique to PEGylated uricase and has
also been observed in several other systems as well****31-33  Anaphylactic reactions have also
occurred, including incidences when sensitivity events against the PEGylated protein did not occur
during the first injection but occurred during subsequent injections in conjunction with the ABC
phenomenon*!. Further, Omontys®, a PEGylated erythropoiesis-stimulating agent approved by the
FDA in 2012, was voluntarily recalled by Takeda in 2013 and formally withdrawn in 2014 due to
hypersensitivity reactions resulting at least seven known patient deaths>*>>. While there has been
academic speculation, a root cause for any of the patient deaths has not been announced>*>®. Thus
going forward there are increasing concerns about the use of PEG and the future it holds in the
clinic.

While PEG has been the most clinically relevant polymer used for protein modification,
there have been a wide number of polymers used to modify therapeutic proteins. However most of
these polymers are chemically synthesized and, while some may be regarded as biocompatible, are
generally not biodegradable®!%%°, Many that claim to be degradable disperse cleavable groups
throughout the polymer backbone, resulting in the creation of smaller polymeric or oligomeric
units that are not biodegradable, or using labile linkers to cleave the polymer from the target
protein®-®*, There has also been significant work done involving biological polymers, primarily

polysaccharides to polypeptides, to improve pharmacological properties of protein therapeutics, as



highlighted in Table 1.2°":5-¢7_ However few of these have been demonstrated at the clinical level,
and are primarily limited to polypeptides and proteins modifying target proteins through chemical
conjugation or generation of fusion proteins®!*>%, Early works utilizing polypeptides and proteins,
such as Fc fusions and albumin, are able to extend the half-life of target proteins due to increased
size, but do not otherwise protect target proteins®'*¢%”, Recently XTEN and PAS technologies
were developed as fusion proteins that also serve to protect target proteins.

PAS is a polypeptide sequence designed to mimic PEG”’. The PAS sequence was designed
to contain uncharged polar residues with restrictions to prevent aggregation, structure formation,
and solubility issues, resulting in PAS being composed of proline, alanine, and serine. Multiple
constructs of PAS sequences were screened, however only desirable proline- and alanine-heavy
sequences ranging from 100 to 600 amino acids are described and there is no discussion on design
of any specific sequences’®’!. PAS exhibits many desirable features, such as it being hydrophilic
and exhibiting an ideal random chain structure. Additionally PAS exhibits increased
hydrodynamic volume compared to PEG polymers of the same molecular weight and reduced
concentration-dependent viscosity. PASylation, the generation of fusion proteins comprising PAS
and the target protein, has been used to modify a number of receptor-binding protein with
promising results and a number of products are in preclinical studies’>’°. However no study
involving PAS has used PAS to modify an inherently immunogenic protein.

XTEN, first reported in 2009, used similar design principles in order to attempt to achieve
similar properties to achieve a polypeptide comprised of alanine, glutamic acid, glycine, proline,
serine, and threonine’®. A library of sequences 36 amino acids in length was screened to determine
which sequences were best expressing, and these sequences were appended together to generate

sequences ranging from 144 to 1728 amino acids in length, though XTEN sequences used to



modify proteins are generally capped at 912 residues’®’”’. Similar to PAS, XTEN exhibits a
generally lacks secondary structure and a relatively large hydrodynamic volume. XTEN has been
used both as a part of a fusion protein to modify receptor-binding proteins and also has been
chemically conjugated to receptor-binding peptides’®®°. While XTEN has been shown to reduce
protein immunogenicity, X TEN has not been used to modify any inherently immunogenic proteins
in the clinic’®. XTEN has made significant advances in the clinic, with at least three products
currently in the clinical phase for at least five indications, with VRS-317, a recombinant human
growth hormone modified with XTEN, in phase III trials for pediatric growth hormone deficiency
(GHD) indications and in phase II trials for adult GHD indications®!-’®8!#2_ While VRS-317 has
struggled through phase III trials, XTEN has demonstrated promise in improving pharmacological
properties of proteins®’.

Superhydrophilic zwitterionic polymers, including poly(carboxybetaine) (pCB), have been
demonstrated to confer ultra-low fouling properties when used to modify surfaces®**®’. Compared
to amphiphilic PEG, modifications of surfaces using these zwitterionic polymers demonstrates

superior non-fouling performance®>®

. This increased performance is due to the ability of
zwitterionic pCB in attracting water molecules in an electrically induced manner and forming a
stronger hydration layer on the modified surface compared to the weaker hydrogen bonding-
associated hydration exhibited by PEG*°. The unique non-fouling properties of zwitterionic pCB
are strong enough for surfaces to resist nonspecific biofouling when challenged using undiluted
serum and plasma, when many other types of materials are only able to be challenged by 10%
serum and plasma, and to allow for the functioning of medical devices for over 40 days while in

the presence of whole blood®>!.



These superhydrophilic properties of pCB have been exploited for use in protein-polymer
conjugates. The conjugation of pCB to proteins has conferred increased stability upon proteins
without sacrificing biological activity*’>. Additionally these protein conjugates demonstrate
increased substrate affinity when compared to both the native protein and PEGylated variants of
the native protein. This is due to the amphiphilic properties from PEG giving rise to increased
hydrophobicity around the protein surface and near the active site, thereby leading to competition
against and weakening of the hydrophobic interactions between the substrate and the active site,
whereas superhydrophilic pCB is able to recruit water away from the active site to promote
hydrophobic active site-substrate interactions’>?*. These hydrophobic properties of PEG leads to
the generation of another mean force potential minimum, leading to increased energy requirements
for the active site-substrate interaction.

pCB modification has also drastically improved the pharmacokinetics of proteins,
especially concerning immunogenicity. pCB-modified uricase demonstrated improved blood
circulation compared to PEGylated and native uricase, dramatically increasing bioavailability*”-**,
Additionally, both PEGylated and native uricase exhibited the ABC phenomenon upon subsequent
injections as shown in Figure 1.2, while the pCB-modified uricase exhibited minimal variation in
circulation profile between injections. PEGylated uricase and pCB-modified uricase were both
able to protect the protein, however the presence of anti-PEG antibodies and the marked lack of
anti-pCB antibodies leads to pCB-modified proteins demonstrating superior pharmacokinetics
compared to their PEGylated counterparts.

pCB-modified organophosphate hydrolase (OPH), a catalytic bioscavenger of poisonous
organophosphate compounds, also demonstrated improved properties’. Since OPH is an innately

immunogenic protein, it demonstrates reduced circulation upon subsequent injections, whereas



OPH-pCB demonstrates a consistent circulation profile with no OPH or pCB immunogenicity.
This increased blood circulation coupled with bioactivity retention allowed for animals to survive
longer when challenged with organophosphate compounds. Guinea pigs treated with OPH
survived less than two days whereas those treated with OPH-pCB were able to survive over a week
when challenged daily with 2xLDso of sarin, a G-type nerve agent, as shown in Figure 1.3. These
studies further demonstrate the ultra-low fouling properties of zwitterionic polymers and their
applications in protein and drug therapeutics.

Mixed charge peptides containing residues of opposite charge exhibit zwitterionic
properties. These peptides, particularly the combination of glutamic acid (E) and lysine (K)
residues (EK), are able to exhibit zwitterionic ultra-low fouling characteristics when used to
modify surfaces and nanoparticles’® %, Bioinformatics studies have shown that the presence of E
and K on the protein surface at balanced ratios potentially plays an important role in protein
stability, and that the proportion of E and K on the protein surface increases in proteins that exist
in more challenging environments”. Thus EK presents the ideal peptide analogue to zwitterionic
pCB. This naturally-derived polypeptide is biocompatible and biodegradable and ideal for medical
applications. And unlike PAS and XTEN, the repeating EK sequence is rationally designed to
mimic the zwitterionic properties of pCB and the surface properties of proteins.

The EK polypeptide carries other advantages compared to polymers. EK can be
synthesized using recombinant techniques and chemical peptide synthesis methods, allowing for
the generation of a product of uniform sequence and length. In addition to being able to use EK
for protein-peptide conjugates, the ability to use recombinant techniques allows for the generation
of fusion proteins, as diagramed in Figure 1.4. Expressing EK as part of fusion proteins

demonstrates that these EK-modified fusion protein products can be synthesized uniformly in one



synthesis step without further modification or batch to batch variation. The use of recombinant
techniques further allows for the ability to modify any protein, as chemical conjugation techniques
can be constrained by the frequency and location of specific functional groups on the protein
surface®.

This body of work focuses on the development of EK systems from demonstrating a proof
of concept through in vivo capabilities. The primary focus is on developing EK fusion protein
systems as a polypeptide analogue to polymer-protein conjugates. Chapter 2 focuses on a proof of
concept model in demonstrating the ability to express, purify, and the characterize EK fusion
proteins. These EK fusion proteins are generated using a model -lactamase system, a well-studied
antibiotic enzyme, to demonstrate how EK behaves likes zwitterionic pCB in vitro. Chapter 3
describes the use of EK fusion proteins in expressing a dimeric organophosphate hydrolase as a
stable and increasingly active monomer by using the low-fouling properties of EK to prevent dimer
formation. Chapter 4 describes EK fusion protein system comprising granulocyte colony-
stimulating factor to characterize the behavior of EK in vivo. Chapter 5 describes preliminary work
regarding the expression of standalone EK for use in protein chemical conjugation to expand the
number of ways EK may be used to modify protein. Finally, Chapter 6 provides concluding

remarks for this body of work.



1.1 Tables

PEG chains per  PEG chain size

Drug Parent Drug Year approved

protein (kDa)
Adagen® Adenosine 11-17 5 1990
deaminase
Oncaspar® Asparaginase 14-15 5 1994
Peglntron® Interferon-a-2b 1 12 2000
Pegasys® Interferon-o-2a 1 40 2001
Neulasta® G-CSF 1 20 2002
Somavert® hGH 4-5 5 2003
Macugen® Anti-VEGF 1 40 2004
aptamer

Mircera® Erythropoietin 1 40 2007
Cizma® Anti-TNFa Fab’ 1 40 2008
Krystexxa® Uricase 36 10 2010
Omontys® ESA 1 40 2012%
Plegridy® Interferon-B-1a 1 20 2014
Adynovate® Factor VIII 2 20 2015
Palynzig™ PAL 9 20 2018
Jivi® Factor VIII 1 60 2018

G-CSF: granulocyte colony stimulating factor; hGH: human growth hormone; VEGF: vascular
endothelial growth factor; TNF: tumor necrosis factor; ESA: erythropoiesis-stimulating agent;
PAL: phenylalanine ammonia-lyase

*0Omontys® was voluntarily recalled in 2013 and formally withdrawn in 2014

Table 1.1. PEGylated protein and peptide drugs approved by the FDA.
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Parent Drug Drug Modification
Orencia® Fc fusion
CTLA Nulojix® Fc fusion
EPO Aranesp® Glycosylation
Elocta® Fc fusion
Factor VIII Eloctate® Fc fusion
Alprolix® Fc Fusion
Factor IX Idelvion® Albumin fusion
Iprolix® Fc fusion
Eperzan®/Tanzeum™ Albumin fusion
GLP-1 Trulicity® Fc fusion
Victoza® Albumin-fatty acid non-covalent binding
Insulin Levemir® Albumin-fatty acid non-covalent binding
IL-2 ONTAK® Fc fusion
LFA-3 Amevive® Fc fusion
Thrombopoietin Nplate™ Fc fusion
TNFR Enbrel® Fc fusion
VEGFR Eylea®/Zaltrap® Fc fusion

CTLA: cytotoxic T-lymphoctye-associate protein 4; EPO: erythropoietin; GLP-1: glucagon-
like peptide-1; IL-2: interleukin-2; LFA-3: lymphocyte function-associated antigen 3; TNFR:
tumor necrosis factor receptor; VEGFR: vascular endothelial growth factor receptor

Table 1.2. Selection of proteins modified by biomolecules that are FDA-approved.
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1.2 Figures
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Figure 1.1. Demonstration of the ABC phenomenon in PEG-uricase. (a) Patient response to
PEG-uricase is dependent on dosage, though it is noted that (b) patients exhibiting the ABC
phenomenon (early elimination) demonstrate a notably reduced drug efficacy. This is also
visualized in the plasma uricase activity of (b) patients that do not exhibit the ABC phenomena
and (c) patients that do exhibit the ABC phenomena?!.
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Figure 1.2. Blood circulation of native uricase and uricase modified withi PEG and PCB.
Circulation curves are shown for samples after the (a) first, (b) second, and (c) third injections,
respectively*’.
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intoxication signs 1 hour after the ninth exposure on day 8°°.
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Chapter 2
Using a model p-lactamase system to generate and characterize EK fusion proteins

B-lactamase (Bla) is a well-characterized protein that is used to confer antibiotic resistance
when secreted from the cellular cytoplasm. Bla is often used in recombinant protein expression
applications as an antibiotic resistance marker against ampicillin and carbenicillin. Bla is a relative
stable protein that has been well-studied and whose expression in prokaryotic organisms is
relatively straightforward and routine. Additionally studies have generated multiple variants of Bla
offering various levels of stability that differ by one or two point mutations that were generated
through directed evolution and are easily accessible through site-directed mutagenesis. Thus Bla
and a destabilized Bla mutant (TEM-19) presented themselves as an appropriate model system to
demonstrate expression of EK fusion proteins and how the presence of EK affects differing
proteins. EK polypeptides of varying length were appended to the C-terminus of both Bla and
TEM-19. All the proteins were successfully expressed into the periplasmic space in E. coli and
purified using affinity chromatography and size exclusion chromatography. The addition of EK to
the Bla proteins lead to increased protein stability when exposed to challenging environmental
stressors while maintaining bioactivity. EK of varying lengths had differing effects upon the
stability and kinetics of the model proteins. The effect of EK on these proteins is very similar in
how pCB has protected proteins, indicating the promise of the EK fusion protein approach for
modifying therapeutic proteins.
2.1 Introduction

There has been a significant amount of work done by the Jiang group in utilizing pCB to
modify proteins*’>**. These protein-polymer conjugates demonstrate increased stability and

kinetics without sacrificing bioactivity. Additionally these pCB-protein conjugates exhibit
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superior In Vivo pharmacokinetics and reduced immunogenicity compared to both their wild-type
and PEGylated counterparts. These marked improvements are due to the superhydrophilic nature
of zwitterionic pCB and its ability to form a stronger non-fouling hydration layer on the surface of
the protein compared to amphiphilic PEG. This is of particular note given the rise of antibodies
against PEG*.

The mixed charge EK polypeptide has demonstrated similar ultra low-fouling techniques
compared to zwitterionic pCB when used to modify surfaces, thus presenting it as a natural peptide
analogue to pCB. The use of the EK polypeptide allows for the use of recombinant techniques to
both express EK by itself and to utilize it as a part of a fusion protein. These techniques allow for
a one-step synthesis of a well-defined EK-modified product that is completely uniform without
batch to batch variation. Additionally the use of recombinant techniques allows for the expression
of polypeptides significantly longer than what can be achieved using peptide synthesis'®’. Thus
EK presents itself as a promising candidate for protein modification due to its biocompatibility
and biodegradability in addition to its zwitterionic properties and the ability to use recombinant
techniques.

However EK polypeptide sequences had not been previously expressed using recombinant
techniques and previous EK synthesis had been limited to short sequences achieved through
peptide synthesis’®*%!%!. The usage of solid-phase peptide synthesis techniques is generally limited
to peptides below 10 kDa in length, and the use of chemical ligation to link multiple peptide
fragments together oftentimes introduces extra amino acids or functional groups that may be
undesirable or non-natural'®*!%2, The limits of peptide synthesis often results in products that
exhibit short circulation profiles and variable selectivity!®. Thus as a result most PEGylated and

pCB-modified proteins are either modified with polymers of considerably longer length that which
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can be achieved through solid-phase peptide synthesis or modified with a larger number of smaller
polymers as shown in Table 1.1, thus further necessitating the use of recombinant techniques to
synthesize EK.

B-lactamases are a class of enzymes that confers antibiotic resistance by hydrolyzing (-
lactam-containing antibiotic agents'®*1%°. These antibiotics function by inhibiting transpeptidase
enzymes necessary for the formation of the peptidoglycan layer in bacterial cell walls'**!1%, Bla is
primarily categorized in a molecular classification system based on characteristic motifs. Class A
Bla was the first group of recognized Bla proteins, with class C and D families being recognized
once molecular differences between the various types were recognized, and the class B family
being characterized as being comprised of zinc-containing metallo-B-lactamases'®’. Bla is
commonly used as an antibiotic resistance selection marker for protein expression due to its
relative ease of use compared to other antibiotics, particularly in bacterial systems, and is secreted
from the host organism to neutralize antibiotics'®!%, The variant of Bla that is used in the popular
pET system is the TEM-1 variant, a class A Bla, which is suggested to be potentially responsible
for up to 90% of ampicillin resistance in E. coli''°,

Bla is a relatively stable protein that is well-characterized that can be routinely expressed
in E. coli, particularly as an inclusion body in the cell cytoplasm'%>!!!:!12 Expression and secretion
of Bla into the periplasm or solution leads to the expression of a soluble protein without the need
to refold the protein from an insoluble inclusion body!%!!3. Multiple variants of the TEM-1 variant
of Bla (herein referred to as Bla) of differing stability levels are easily achieved through site-
directed mutagenesis due to their sequences differing by one or two point mutations'!*. This allows
for the facile study of proteins of varying stability levels and elucidating how EK can effect similar

proteins of differing stability levels. These factors make Bla and its variants an appropriate model
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system to demonstrate the expression of EK fusion proteins how EK affects the resulting expressed
proteins.

Herein EK fusion protein systems containing Bla variants are described. The wild-type Bla
(TEM-1) gene and a destabilized mutant TEM-19 (G238S) were selected to be modified with EK.
Genes encoding for repeating EK sequences approximately 10kDa and 30kDa in length are
appended to the C-terminal end of both Bla and TEM-19, as that terminus is further from the active
site and thus should reduce deleterious effects to the active site structure. These EK fusion proteins
demonstrate the ability to further stabilize proteins without drastically affecting bioactivity while
improving the enzyme kinetics. This method of modifying therapeutic proteins using a rationally
designed mixed-charge polypeptide demonstrates potential in addressing drawbacks related to
polymer conjugation methods by providing a homogeneously replicable product that is
biocompatible.

2.2 Results and Discussion

The gene encoding for Bla was amplified from the pJG108 plasmid and quick-change
mutagenesis was used to generate the TEM-19 sequence. The genes contained an OmpA signaling
sequence to direct secretion of the expressed proteins into the periplasmic space, where the OmpA
sequence is cleaved from the expressed protein, to express Bla and TEM-19 as soluble proteins'®.
EK sequences encoding for peptides approximately 10kDa ((EK)41)and 30kDa ((EK)120) in length
were appended to the C-termini of both proteins, generating four EK fusion proteins: EK(30k)-
Bla, EK(10k)-Bla, EK(30k)-TEM19, and EK(10k)-TEM19. The genes were inserted into a
pBLN2000 expression vector, which contains an arabinose-inducible pBAD promoter, and the
plasmids were verified to be correct!!>!!6, Expression of the target proteins was performed using

E. coli BL21 (DE3) cells. After undergoing osmotic shock to isolate the periplasmic fraction of
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the expression hosts, the target proteins were purified using affinity chromatography and further
purified using size exclusion chromatography as needed. The expression of the desired target
proteins was validated through mass spectrometry as shown in Figure 2.1, and visualized using
SDS-PAGE as shown in Figure 2.2.

During the expression of the target proteins it was noted that the addition of EK to the
protein sequence dramatically reduced protein yield, with increasing EK length further decreasing
expression yield. However overall yields for all proteins including unmodified Bla and TEM-19
relatively low, in the .5mg/L to SmL range, due to the relatively low yields achievable through
periplasmic expression compared to cytosolic expression'!”"!®, This is due to a variety of factors,
but one cause of reduced expression of wild-type Bla is low secretion efficiency as observed in
Figure 2.2. Once the low secretion efficiency is considered, it becomes evident that EK fusion
proteins express at a considerably lower level than their wild-type counterparts. While the
expression of EK fusion proteins in usable quantities was demonstrated, this indicates that the
expression of EK fusion proteins is creating a significant burden on the host. Additionally
experiments where the media was supplemented with extra glutamic acid and lysine did not
appreciably increase yields, indicating that the culture is not completely depleting the available
supply of amino acids and that issues with expression yields lie elsewhere in the protein expression
process. One possible hypothesis is that the expression of EK is leading to rapid depletion of the
charged tRNAs for lysine and glutamic acid, leading to the reduced expression of necessary host
proteins and thus resulting in reduced cell function. The use of the periplasmic expression tag,
which originally led to the expression of soluble Bla and TEM-19, could also have been the reason

for improved host viability by diverting energy from overexpressing the EK fusion proteins and
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thus rapidly depleting charted tRNAs to instead secreting the synthesized EK fusion proteins into
the periplasm.

Once expressed, the effect of EK on the stability and kinetics on Bla and TEM-19 were
studied. Kinetic parameters were studied using benzylpenicillin as the substrate. Overall the
addition of EK did not strongly affect the kinetic properties of the proteins, as summarized in
Table 2.1. The addition of the shorter 10kDa EK did not change the catalytic activity (kcat) of both
Bla and TEM-19, while the addition of the longer 30kDa EK led to retention of approximately 70%
and 60% of activity of Bla and TEM-19, respectively. Appending 30kDa and 10kDa EK to Bla
reduced the Michaelis-Menten constant (Km) from 70uM to 25uM and 45uM, respectively, and
appending them to TEM-19 reduced the Km from 50uM to SuM and 30uM, respectively. The
reduction of Km, and thus the increase in substrate affinity, was previously demonstrated in pCB-
protein conjugates, and this can be explained by the superhydrophilic pCB locally promoting
hydrophobic interactions required for the binding of the substrate to the active site of the enzyme®?.
Overall the addition of EK led to marked increases in the overall catalytic efficiencies of both Bla
and TEM-19.

Similar to conjugation of pCB to proteins, the addition of EK confers increased thermal
stability when used to modify Bla and TEM-19, as shown in Figure 2.3. The responses to thermal
stress highlighted the influence of the EK length on the ability of EK in protecting proteins. The
addition of EK(10k) increased the transition midpoint temperature by approximately 15°C without
affecting the shape of the unfolding curve. The addition of EK(30k) stabilized the enzymes at
extremely high temperatures and increased the midpoint transition temperature by approximately
20-30°C. This indicates that there is a demonstrable trade-off between maintaining enzymatic

activity at lower temperatures and retaining stability at extreme temperatures, suggesting that the
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length of EK can be optimized to suit specific applications (i.e. catalytic or storage conditions).
Additionally it may suggest that differing lengths of EK may affect unfolding mechanisms
differently, with the longer EK(30k) potentially interacting with the protein during the unfolding
process. Remarkably, proteins modified with EK(30k) were able to retain 30-40% of their initial
activities after being incubated at 95°C for an hour, up to a 300% improvement over wild-type
enzyme in terms of activity retention when exposed to the same conditions.

In addition to thermally challenging these fusion proteins, EK demonstrated the ability to
protect proteins in the presence of high salt, as shown in Figure 2.4. Both EK(30k)-Bla and
EK(30k)-TEM19 retained approximately 80 percent activity after 90 minutes of incubation at 80°C
in the presence of 2M NaCl while wild-type Bla and TEM-19 were completely inactivated. The
more pronounced effect stabilizing effect of EK in high salt conditions indicates that E and K may
interact with counterions in solution to buffer deleterious ionic interactions experienced by
proteins at higher temperatures and at high salt concentrations and prevent its destabilization''’.
Similar studies were conducted without the use of a blocking agent in the assay buffer. This
resulted in a much more rapid loss of enzymatic activity of unmodified proteins as shown in Figure
2.5, suggesting that EK reduces interactions with other proteins and surfaces that may lead to
denaturation, particularly through deleterious hydrophobic interactions. Thus EK may behave as a
general protein stabilizer by preventing physical and chemical stressors from interfering with
protein structure and activity.

2.3 Conclusions

In summary this work demonstrates the ability to clone, express, and purify EK fusion

proteins using recombinant protein expression techniques and the ability of EK in stabilizing

proteins. EK was rationally developed as a peptide analogue of ultra low-fouling zwitterionic pCB
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that exhibits similar ultra low-fouling properties. EK polypeptide sequences of varying lengths
were appended to the C-termini of a model -lactamase and destabilized TEM-19 variant. These
fusion proteins retained biological activity but exhibited increased proteins stability, consistent
with previous results with pCB-protein conjugates. EK of differing lengths led to different
protecting effects, with shorter EK sequences conferring additional stability without negatively
impacting bioactivity and longer EK sequences imparting a small loss in bioactivity but a
significant increase in thermal stability, particularly at extremely high temperatures. EK was also
found to reduce Km, thereby demonstrating increased substrate affinity by promoting hydrophobic
protein-substrate interactions. Such marked stability improvements conferred through the use of a
biologically designed and well-defined method should find applications in fields ranging from
drug delivery to protein therapeutics.

2.4 Materials and methods

All materials were purchased commercially unless otherwise noted and were used without further
purification. All buffers were made from commercially available products and Milli-Q® water
(EMD Millipore). All DNA primers were synthesized commercially (Invitrogen). All error bars

represent one standard deviation from the mean.

2.4.1 Cloning

E. coli DH10B (Life Technologies) was used for cloning. PCR was used to extract the Bla gene
containing the OmpA periplasmic secretion tag from the pJG108 vector (New England Biolabs)
using forward primer 5’-TAATAACATATGAAAAAGACAGCTATCGCGATTG-3’ and reverse
primer 5’-TAATAAAAGCTTACCAATGCTTAATCAGTGAGGC-3’. The resulting fragment

was inserted into the pPBLN2000 expression vector conferring kanamycin resistance at the Ndel

23



and HindIII restriction sites. The stop codon was removed using QuikChange mutagenesis (Agilent
Technologies) using forward primer 5°-

GATTAAGCATTGGAAGCTTGCGGCC-3’ and reverse primer 5’-
GGCCGCAAGCTTCCAATGCTTAATC-3’. Genes encoding for EK(30k) and EK(10k) were
commercially synthesized (GenScript) and inserted at the HindIIl and Xhol restriction sites to
generate the EK-Bla genes with the OmpA periplasmic secretion tag. The TEM-19 derivatives
were obtained by introducing the G238S mutation in the Bla sequence through site-directed
mutagenesis using forward primer 5’-
TCTCAGAATGACTTGGTTAAATACTCACCAGTCACAGAA-3’ and reverse primer 5’-
TTCTGTGACTGGTGAGTATTTAACCAAGTCATTCTGAGA-3’. All sequences were verified
by a third party (Eurofins Scientific) for accuracy.

2.4.2 Protein expression and purification

Protein expression was performed using E. coli strain BL21 (DE3) (Life Technologies) cultured
in Terrific Broth (TB) supplemented with kanamycin. TB was supplemented with 15% w/v sucrose
for the expression of unmodified Bla and TEM-19'%°, Cultures were induced with 0.2% w/v
arabinose once the culture reached OD600 0.5, and protein expression was allowed to occur for 4
hours. Cultures were then subjected to osmotic shock. In an osmotic shock, the culture is harvested
and washed in 30 mM Tris, pH 7.3. The culture is then resuspended in 50% 30mM Tris, pH 7.3
and 50% 30mM Tris, 1.5mM EDTA, 40% sucrose, pH 7.3 at room temperature for 15 minutes
before being centrifuged. The pellet was then resuspended quickly in ice cold 1 mM MgClz and
put on ice for 10 minutes before being centrifuged at 4°C. The periplasmic fraction is contained in
the supernatant, and is dialyzed against the loading buffer used in the maminophenylboronic acid-

agarose purification step (subsequently described). Bla and TEM-19 variants were purified from
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the periplasmic fractions with maminophenylboronic acid-agarose (Sigma-Aldrich), as previously
described with a modified flow rate of approximately 0.2 mL/min'®. In brief, the loading and wash
buffer used was 20 mM triethanolamine, 500 mM NaCl, pH 7 and the eluting buffer used was 500
mM borate, 500 mM NaCl, pH 7. Further purification was performed, as necessary, by Superdex
75 10/300 size exclusion chromatography (Phenomenex) or HiTrap DEAE FF ion exchange
chromatography (GE Healthcare). Anion exchange was carried out using a loading buffer of 20
mM Tris-HCI, 10 mM NaCl, pH 8, with an increasing NaCl gradient. Matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) spectra of purified
samples were obtained in linear mode using a Bruker Autoflex II machine.

2.4.3 Enzyme Kkinetics and activity assays

Bla and TEM-19 enzymes and their respective EK derivatives were diluted to 5 nM in 20 mM
sodium phosphate, pH 7.0, with 10 pg/mL bovine serum albumin (BSA, Sigma-Aldrich) added as
a blocking agent. Benzylpenicillin (BP) (Life Technologies) solution in the same buffer was added
to enzyme samples in UV-transparent 96-well microplates (Corning) at varying final
concentrations from 5 to 2000 uM. Enzyme activity (V) was measured using a Cytation3
microplate reader (BioTek) as the initial linear rate of loss in substrate absorbance at 232 nm.
Activity (V) versus BP substrate concentration [S] was modeled using standard Michaelis—Menten
kinetics using DataGraph 3.2 (Visual Data Tools). After determination of kinetics parameters, all
further activity assays were performed at BP concentrations at least 10x K, typically 1000 pM.

All kinetics and activity experiments were performed in quadruplicate at room temperature.

2.4.4 Thermal stability assays
Enzymes were diluted to 20 nM in 20 mM sodium phosphate, pH 7.0, with 10 pg/mL BSA added

as a blocking agent. Enzymes were incubated at temperatures ranging from 25 to 95 °C, and each
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solution was incubated at the heightened temperature for 45 min, after which they were placed on
ice until being returned to room temperature immediately before activity assay at room temperature,
as previously described.

2.4.5 Salt Stability assays

Enzymes and conjugates were diluted to 20 nM in sodium phosphate buffer (20 mM, pH 7.0) or
PBS with 2M total NaCl (high-salt PBS). Temperature incubation at 80 °C was performed as
previously described, with aliquots removed at specified times and placed on ice until assay was

run at room temperature.
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2.5 Tables

Enzyme Keat (s7) Km (uM) keat/Km (s uM™)
Bla 1180 70 17
EK(30k)-Bla 870 25 35
EK(10k)-Bla 1140 45 25
TEM19 29 50 0.6
EK(30k)-TEM19 18 5 3.6
EK(10k)-TEM19 26 30 0.9

Table 2.1. Kinetic parameters measured for Bla and TEM-19 constructs.
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2.6 Figures
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Figure 2.1. MALDI-TOF spectra of Bla, EK(10k)-Bla, and EK(30k)-Bla.
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Figure 2.2. Expression and purification of EK-Bla fusion proteins. Representative SDS-PAGE
gels demonstrating the expression and purification of Bla, EK(30k)-Bla, and EK(10k)-Bla
showing whole cell (WC), cytosolic (Cyto), and periplasmic (Peri) fractions and products after
affinity (BA) and size exclusion (SEC) chromatography.
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Figure 2.3. Thermal stability of EK fusion proteins. For Bla (top) and TEM-19 (bottom) fusion

proteins, the addition of EK(10k) confers a similar stability benefit throughout, while the
EK(30k) modification increases stability most under more extreme conditions above Tm.
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Figure 2.4. Thermal stability of EK fusion proteins under variable salt conditions. EK(30k)-Bla
and Bla (top) and EK(30k)-TEM19 and TEM-19 (bottom) were incubated at 80°C under
standard 20mM (dashed lines) and high 2M (solid lines) salt conditions. Similar substantial

activity loss is observed for unmodified proteins, whereas EK fusion proteins retain high activity,
particularly in high salt.
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Figure 2.5. Temperature stability of Bla proteins with and without blocking agents. Thermal
stability assays Bla and EK(30k)-Bla were run without BSA (solid lines) and with BSA (dashed
lines). The higher retained activity by EK(30k)-Bla in BSA-free solutions that EK may prevent
activity loss by reducing foreign interactions.
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Chapter 3
Expression of a monomeric organophosphate hydrolase as an EK fusion protein

Organophosphate hydrolase (OPH), also known as phosphotriesterase, is a bacterial
paraoxonase that demonstrates wide substrate promiscuity against various organophosphate (OP)
compounds. These many OP compounds comprise nerve agents and pesticides that present
significant risks and dangers worldwide. OPH is expressed as a stable dimeric protein in
prokaryotic hosts. We demonstrate, to the best of our knowledge, the first example of a stable OPH
monomeric unit by expressing a fusion protein containing a 30kDa EK sequence at the C-terminus
end of OPH. This method was able to disrupt formation of the dimer interface found in native OPH
due to the presence of EK and its ultra low-fouling properties. This OPH-EK fusion protein
demonstrated a 70 percent increase in catalytic activity per active site by potentially reducing steric
hindrance near the active site and increased substrate affinity as well by reducing Km by
approximately 70 percent. In addition, stability conferred by the addition of EK was able to
overcome the stability loss caused by the elimination of the dimer interface. The structure of EK
was probed using circular dichroism (CD). By deconvoluting the CD spectra using a structure
predictor with improved B-sheet predictive capabilities, it was shown that EK samples a wide range
of conformations, but does not necessarily settle into specific conformations, and is able to increase
the solubility of hydrophobic OPH. While it was not able to be demonstrated in the OPH-EK
system, the use of EK as a part of EK fusion proteins demonstrates significant promise for use in
in vivo systems. This strategy can potentially be used to aid the expression of prokaryotic proteins

in eukaryotic hosts.
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3.1 Introduction

OP compounds exhibit physiological toxicity through inhibition of acetylcholinesterase'?!.
OPs center around a pentavalent phosphorus and can be broadly categorized as pesticides
(insecticides) and G-type and V-type nerve agents depending on the side groups, as shown in
Figure 3.1'?>!% The use of OP pesticides in agriculture and nerve agents in chemical warfare
presents significant potential risks worldwide. OP compounds derive their toxicity from their
ability to bind to and inactivate acetylcholine esterase, leading to a buildup of acetylcholine and

4

ultimately resulting in improper nervous system function'?*. The use of pesticides has

demonstrated increased cancer risks and is responsible for upwards of 200,000 deaths annually in

Asia alone due to self-harm alone!?>!26

. G-type and V-type chemical warfare agents are
exceedingly more potent than pesticides, with dermal LDso values as low as 6mg in healthy 70kg
males'?’. The ability to synthesize OP compounds, including G-type and V-type chemical warfare
agents, with relative ease coupled with large current stockpiles indicates the great importance and
urgency in developing capabilities to neutralize OP compounds both chemically on a large scale
and in the bloodstream of individuals affected by OP poisoning!?*!1?°,

Catalytic bioscavengers have demonstrated great efficacy at neutralizing OP compounds,
especially compared to stoichiometric bioscavengers'**-!%2, Catalytic bioscavengers carry the
inherent advantage that they can hydrolyze a large amount of OP compounds with high turnover
numbers, whereas stoichiometric bioscavengers can only directly bind to and thus neutralize a set
amount of OP compounds. Despite those advantages, stoichiometric bioscavengers such as
butyrylcholineesterase (BuChE) have been explored in significantly more detail in clinical

applications compared to their catalytic bioscavenger counterparts'>*13°. Additionally, BuChE is

a protein that is naturally synthesized in humans and has been recombinantly expressed in
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mammalian and transgenic systems, resulting in increased compatibility with regards to safety,
whereas many effective catalytic bioscavengers are of bacterial origins and those of human origins
lack efficacy'>.

Examples of catalytic bioscavengers include organophosphorus acid anhydrolase (OPAA),
which is specific to substrates containing P-F bonds, and OPH, which has a much broader substrate
specificity, including activity against various G- and V-type nerve agents'?!''3¢. OPH is a
prokaryotic paraoxonase first isolated from Pseudomonas diminuta and Flavobacterium sp.
(ATCC27551) that demonstrates wide substrate promiscuity against OP compounds'*>!*7. The
promiscuity of the enzyme has been utilized to great effect in evolving for catalytic activity against
specific substrates of interest!?>!3%13°  With approximately 11% of each monomer’s surface
involved as a part of the dimerization interface, OPH exists as a very stable dimer'*’. The stability
conferred to OPH by the dimer interface is great enough such that the individual subunits of the
dimer will denature and unfold before the primarily hydrophobic interactions that form the dimer

interface becomes unstable and dissociate'*!

. Each monomeric unit is composed of an (B/a)s barrel
folded around two divalent metallic cofactors'#?. The cofactors play a central role in the hydrolysis
of OP compounds, coordinating with residues at the active site as well as coordinating OP
compounds in the first step of OP hydrolysis mechanism. Currently there are no known examples
of a bacterial OPH being expressed as a stable standalone monomeric subunit in any expression
host.

As OPH exists natively as a bacterial protein, it has been challenging to express OPH in
higher-order systems beyond prokaryotes. OPH has been expressed in eukaryotic organisms such

as yeast, fungal, and plant systems, but it remains a challenge to express in a mammalian host'#*-

146 Challenges in mammalian expression of OPH include low secretion from the host, poor protein
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folding, and low bioactivity'*:143, Sequence analysis of OPH also reveals that there are multiple
potential sites for post-translational modification via N-linked glycosylation when OPH is
expressed in mammalian systems, providing another barrier in expressing a functional OPH in
mammalian systems.

Previously work appending mixed-charge EK polypeptides to proteins led to the expression
of fusion proteins that are more stable and demonstrated increased substrate specificity compared
to their wild-type counterparts in a similar manner that zwitterionic pCB protects proteins, as
discussed in Chapter 2479214 However challenges remain in expressing EK fusion proteins in
sufficiently high yields for practical applications. Herein OPH-EK fusion proteins are described.
The OPH gene is modified at the C-terminus with a 30kDa EK gene. The addition of EK led to the
expression of OPH-EK as a functional monomeric unit, which had not been previously
demonstrated. This new monomeric OPH-EK demonstrated similar stability compared to dimeric
OPH but greatly improved kinetics. This work further demonstrates the properties of EK
previously observed and further exhibits the non-fouling properties of EK on the surface of the

protein.

3.2 Results and discussion

This work examined the effect of EK on the properties of OPH, a dimeric bacterial
paraoxonase. The 30 kDa OPH gene was used as previously described!*2. A sequence encoding
for a 30 kDa EK polypeptide was appended to the C-terminus of OPH gene to generate an OPH-
EK fusion protein gene. Immediately the challenges observed in expressing the Bla-EK fusion
proteins manifested again when expressing OPH-EK in E. coli. Expression of OPH-EK in the cell
cytosol resulted in significant cell death and extremely no yield (<10ug/L). Thus, similar to the

Bla systems, the OPH-EK gene was placed under the control of a pelB leader sequence for
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expression and secretion of the fusion protein into the periplasmic space. This approach increased
cell viability by reducing cell death, allowing for increased yields of OPH-EK, though albeit not
dramatically (Img/L) considering that native OPH variant itself expresses at yields of up to
100mg/L. Additionally OPH-EK demonstrated better expression at 30°C instead of 37°C, further
demonstrating the benefits of slowing down the expression of these difficult to express proteins.
Thus the expression of EK fusion proteins without further modifications to the expression system
or significant optimization remains extremely challenging for future systems. Both OPH and OPH-
EK were expressed in E. coli, purified, and characterized. Enzyme kinetics was measured using
paraoxon as the substrate while circular dichroism was used to probe protein structure; particularly
that of EK. Initially it was planned to be able to perform in vivo studies in order to demonstrate the
effects of EK on target therapeutic proteins, with particular interest in seeing how EK would be
able to protect immunogenic OPH.

During the purification process, it became apparent that 30kDa EK was not sufficient to
completely protect OPH sufficiently for in vivo applications. If the EK was able to completely
protect the protein, its hydrophilic properties would be sufficient for OPH-EK to pass in the flow-
through during hydrophobic interaction chromatography (HIC). However during HIC OPH-EK
sticks to the column strongly and only elutes under low salt conditions, demonstrating that OPH-
EK maintains some surface hydrophobic characteristics characteristic of OPH. OPH-EK does,
however, elute at a higher salt concentration than OPH does, indicating that EK does demonstrate
noticeable protecting effects through reducing surface hydrophobicity, but not in a sufficient
amount to move forwards with in vivo studies. Thus, while it would have been desirable, in vivo
studies were not pursued for this system due to the immunogenicity of OPH and the inability for

30kDa EK to completely protect the protein'>’. This is not entirely unsurprising, given that EK
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comprises just under 50 percent of the total protein, while proteins modified with other related
polymers and peptides oftentimes are comprised primarily of the modifying agent, particularly
when it comes to immunogenic therapeutic proteins’®’®’’. Further, while a 10kDa EK fusion
protein was initially pursued, its study was discontinued early on for similar reasons for not being
able to sufficiently protect the surface of OPH and for not appreciably increasing expression yields
of the fusion protein.

Another phenomena observed during the HIC purification process was how the EK seems
to affect the elution of the protein. Normally proteins are eluted from the column as part of a
standard bell curve-shaped peak. However in this instance the protein gradually eluted from the
column, forming more of a step than a nice peak, as shown in Figure 3.2. This is further evidence
that EK is able to partially protect the protein, since any given EK could be covering a random
amount of surface hydrophobicity, resulting in a distribution of surface hydrophobicity throughout
the OPH-EK population. This phenomenon had not been initially observed when working with the
Bla and TEM-19 systems previously described since they were run as gravity columns by hand so
there was no real-time monitoring of the purification and the elution was performed as an isocratic
elution instead of a gradient elution.

It is well known that OPH is expressed as a dimer in native bacterial hosts. In this instance,
OPH-EK is expressed primarily as a monomer. Over 90% of OPH-EK is expressed as a monomer,
however the more limited dimer quantity is isolated during the purification process due to its
relative ease of purification. The recovered purified OPH-EK dimer immediately once again
demonstrates a similar equilibrium between the monomeric and dimeric forms and reverts to its
primarily monomeric form, while the initially recovered dimer form is almost undetectable, as

shown in Figure 3.3. This is verified by showing that the OPH dimer, at 72 kDa, is larger than the
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OPH-EK monomer, at 66 kDa, and smaller than the OPH-EK dimer when both proteins are run
through size exclusion chromatography. This further demonstrates the zwitterionic non-fouling
properties of EK, as its addition to OPH is able to confer demonstrable protection to the surface of
the protein and prevent a sufficiently large amount of the strong hydrophobic interactions that
cause the dimerization of OPH. This indicates that the addition of EK may also be able to prevent
other nonspecific and undesirable protein interactions. For example, this may potentially allow for
the expression of prokaryotic proteins in eukaryotic hosts without post-translational modifications.
This represents, to the best of our knowledge, the first known expression of a stable monomeric
unit of OPH in any expression system.

The loss of the dimer interface due to the monomer state does alter the kinetic properties
of OPH, as summarized in Table 3.1. The keat values of OPH and OPH-EK are 4.4-10° and 3.8-10°
s, respectively. However, this compares the catalytic rate constant between the OPH dimer and
the OPH-EK monomer. Once the kcat values are adjusted for each active site, each active site of
OPH-EK has a catalytic rate constant that is approximately 70% higher than that of each active
site of OPH. It can be suggested that this increased catalysis per active site is due to multiple
residues of the active site being relatively near the dimer interface and that its loss reduces some
of the rigidity and thus steric influence inherent in the OPH dimer, which is shown in Figure
3.4151132 "While these residues may not be part of the catalytic mechanism, they do play strong
roles in the stereochemistry of substrate hydrolysis'*®. This is particularly noted in regards to the
leaving group pocket, which is directly adjacent to the dimer interface, and allowing for the
products to leave the active site could allow for increased overall catalytic efficiency.

The Km values for OPH and OPH-EK are 714 and 277 puM, respectively. This is consistent

with previous results when the addition of EK and pCB to proteins increases substrate
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affinity*’-*>!%_ This has been explained by demonstrating that the superhydrophilic characteristics
of these zwitterionic polymers promote specific hydrophobic interactions required for the substrate
binding to the active site. Overall the catalytic efficiencies of OPH and OPH-EK are 6.2-10® and
1.4-10° M's”!, respectively with OPH-EK demonstrated improved kinetics compared to OPH
overall.

The thermal stability of OPH and OPH-EK kinetics was compared. Both OPH and OPH-
EK exhibit similar losses of catalytic activity with increasing temperature, indicating that the
stability conferred by the addition of EK is able to not only account for the loss in stability caused
by the loss of the dimer interface, but also EK confers a very slight increase in stability compared
to native OPH, as shown in Figure 3.5. With the profiles being very similar, it suggests that the
monomeric units, and thus the active sites, of both OPH and OPH-EK unfold and are inactivated
in very similar manners. This further demonstrates the influence of the dimer interface upon
stability of OPH and its influence on the active site and the importance of lysine and glutamic acid
and their roles in promoting protein stability.

Circular dichroism (CD) was performed on OPH and OPH-EK to study the structure of EK
and how it affected protein stability and unfolding, as shown in Figure 3.6. The 30kDa EK tail
demonstrates formation of some parallel B-sheets and a-helices, as shown in Table 3.2, but there
is also a significant amount of unstructured protein exhibited by the EK tail. While this does not
mean that EK exhibits completely unstructured properties, it does suggested that EK is able to
sample a wide variety of structures without settling into a specific conformation and can thus be
assumed as non-rigid. For this analysis BeStSel (B-structure selection) was used to deconvolute
the CD spectra taken, as it demonstrates improved efficacy in differentiating between different

types of B sheets that demonstrate differing CD spectra and thus improves overall prediction
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accuracy'**!>4, By using a wider database to populate the software and by taking a wider range of
structures into consideration, BeStSel is better able to predict all the structural elements of OPH
and OPH-EK compared to other methods.

Analysis of OPH by CD reveals two unfolding events. The first event is the gradual loss of
antiparallel B-sheets and the gradual increase in parallel B-sheets. Above 70°C OPH loses
essentially all of'its helices, resulting in increased parallel B-sheets and unstructured protein, before
becoming insoluble between 80°C and 90°C. This is consistent with previously reported results,
indicating that OPH unfolds in two steps, with the first step involving the denaturing of the two
individual subunits while the dimer interface is maintained and with the second step involving the
loss of the dimer interface'*!. This is also shown in the thermal kinetics data as mentioned
previously, where activity is lost with the denaturing of the individual subunits at temperatures
below 70°C.

OPH-EK denatures in a different manner than OPH due to the presence of EK and the lack
of the dimer interface affecting its structure. OPH-EK still observes two unfolding events like OPH
does, but the events are slightly different and less extreme. Below 60°C OPH-EK slowly loses all
of its structures. This first unfolding event is very similar to that of OPH, where the monomeric
unit is denaturing, in both the thermal transition temperature and the overall kinetic activity profile.
This slower loss in structure is also visualized in the slight increase in thermal kinetic stability,
demonstrating the ability of EK in conferring protein stability. Above 70°C OPH-EK appears to
partially collapse into an antiparallel B-sheet structure. This second unfolding event, which differs
from the prevalence of parallel B-sheets seen with OPH, is particularly interesting as OPH-EK is
not observed to be insoluble at 90°C despite B-sheets demonstrating strong potential for

aggregation, suggesting that EK is able to increase the solubility of proteins as well. This is as
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expected, given that EK is highly charged and hydrophilic and thus should confer increased
solubility properties to target proteins.
3.3 Conclusions

In summary, this work demonstrates the first known expression of a stable monomeric unit
of OPH by using EK to generate recombinant OPH-EK fusion proteins. EK demonstrated
zwitterionic ultra-low fouling properties by preventing dimer formation caused by strong
hydrophobic interactions that are exhibited by unmodified OPH. The stability conferred by EK
was able to overcome that which was lost through the elimination of the dimer interface, and this
was demonstrated through thermal catalytic activity and CD studies. CD studies further
demonstrated that while EK is not entirely unstructured, it generally exhibits non-rigid properties.
EK fusions were able to demonstrate increased catalytic activity per active site due to potentially
reducing steric hindrance around the active site, particularly in the leaving group pocket, and
increasing substrate affinity. OPH-EK further demonstrated improved solubility compared to OPH,
particularly at elevated temperatures. Such characteristics of EK make it an ideal candidate for
expression of prokaryotic proteins in higher-level hosts. This is especially relevant in the case of
OPH, as its sequence contains multiple sites that can potentially be modified through N-linked
glycosylation if expressed in advanced eukaryotic systems. While the amount of EK was not
sufficient to protect the entire protein surface in this particular case, the ability of EK in protecting
the surface of the protein demonstrates the promise of EK for use in in vivo applications. Future
target systems can be protected for in vivo applications by increasing the proportion of EK in the
fusion protein for proteins that need protection or selecting a protein system that solely requires

modification to increase its hydrodynamic size to increase blood circulation.
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3.4 Materials and methods

All materials were purchased commercially unless otherwise noted and were used without further
purification. All buffers were made from commercially available products and Milli-Q® water
(EMD Millipore). All primers were synthesized commercially (Integrated DNA Technologies).
All error bars represent one standard deviation from the mean.

3.4.1 Cloning

E. coli strain DH10B (Life Technologies) was used for cloning. The OPH gene was provided by
Drs. Andrew Bigley and Frank Rauschel as previously described!*?. Briefly, the VRN-VQFL
variant of OPH was inserted between Ndel and EcoRI restriction sites of a pET-20b(+) expression
vector. A gene encoding for a 30kDa EK sequence ((EK)i20) with HindIII and Xhol restriction
sites was synthesized as previously described (GenScript). PCR was performed on the OPH gene
in order to change the restriction sites to Pcil and HindIII while removing the stop codons using
5’-CGAGCTACATGTCCATCGGGACCGG-3’ and 5’-
TGGAAGCTTGGAAGCACGCAGGGTC-3’ as the forward and reverse primers, respectively.
The EK gene was inserted into a pET-20b(+) expression vector at the HindIII and Xhol restriction
sites following by the insertion of the modified OPH gene digested with Pcil and HindIII at the
Ncol and HindIII restriction sites to generate the OPH-EK gene. All sequences were verified by a

third party (Genewiz).

3.4.2 Expression and purification of OPH

E. coli strain BL21 (DE3) (Life Technologies) was used for protein expression. All cultures were
grown at 37°C unless otherwise noted. SmL of TB supplemented with ampicillin were inoculated
with a single colony for 8 hours. ImL of the inoculate was added to 1L of TB supplemented with

ampicillin and grown for 16 hours at 30°C. The culture was supplemented with 1mM CoCl> and
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induced with ImM isopropyl B-D-1-thiogalactopyranoside (IPTG) and allowed to express for 24
hours at 30°C. The culture was harvested and resuspended in 100mL purification buffer (50mM
HEPES 100uM CoClz, pH 8.5). The cells underwent three freeze-thaw cycles and were lysed using
a probe sonicator (Fisher Scientific) and underwent centrifugation at 4°C. .5g protamine sulfate in
20mL purification buffer was added to the supernatant and allowed to incubate for 20 minutes on
ice before centrifugation at 4°C. The resulting supernatant was brought to 60 percent ammonium
sulfate saturation and mixed for 30 minutes at 4°C before centrifugation at 4°C. The resulting pellet
was solubilized in purification buffer, filtered, and purified using an NGC Quest 10 FPLC system
(Bio-Rad). The target protein was purified using a HiLoad 16/600 Superdex 200pg size exclusion
chromatography column (GE Healthcare) equilibrated in purification buffer and a Capto Q anion
exchange column (Bio-Rad) equilibrated in purification buffer with a linearly increasing NaCl
gradient.

3.4.3 Expression and purification of OPH-EK

E. coli strain BL21 (DE3) (Life Technologies) was used for protein expression. All cultures were
grown at 37°C unless otherwise noted. 4 cultures each containing SmL of LB supplemented with
ampicillin were inoculated with a colony each for 16 hours. The overnight cultures were added to
1L of TB supplemented with ampicillin and grown at 30°C. Once the culture reached ODsoo .5,
the culture was supplemented with 1mM CoCl2 and 1mM IPTG and allowed to express for 24
hours at 30°C. The culture was harvested and resuspended in 10mL purification buffer per gram
of wet cell pellet. The cells underwent three freeze-thaw cycles and were lysed using a probe
sonicator (Fisher Scientific) and underwent centrifugation at 4°C. The supernatant was brought to
2M NaCl and mixed for 30 minutes at 4°C before centrifugation at 4°C. The target protein was

purified on an NGC Quest 10 FPLC system (Bio-Rad) using a Capto Butyl hydrophobic interaction
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chromatography column (GE Healthcare) equilibrated with purification buffer containing 2M
NaCl with a linearly decreasing NaCl gradient and an ENrich SEC 650 column (Bio-Rad)
equilibrated with purification buffer.

3.4.4 Enzyme Kkinetics and activity assays

The concentration of both OPH and OPH-EK used in activity assays was 2nM in purification
buffer. Paraoxon was used as the substrate with concentrations ranging from 20 to 2000uM. 100uL.
each of both enzyme and substrate were added to wells of 96-well UV-transparent microplates
(Corning) such that the final concentration of protein in the assay was 1nM and the final
concentrations of substrate in the assay ranged from 10 to 1000uM. Substrate hydrolysis was
monitored through the increase in absorbance at 400nm using a Cytation 3 microplate reader
(BioTek). Enzyme activity was calculated using the initial linear hydrolysis rate. Michaelis-
Menten kinetics were modeled using Mathematica (Wolfram Research). All data points were

measured in triplicate.

3.4.5 Enzyme stability assays

The concentration of OPH and OPH-EK used was 2nM in purification buffer. Paraoxon was used
as the substrate at a concentration of 2mM. The enzymes were heated to temperatures ranging from
37°C to 80°C for 10 minutes. The activity assay was then performed as previously described, with
the final protein concentration in the assay at InM and the final substrate concentration in the assay

at ImM.

3.4.6 Circular dichroism
The concentration of OPH and OPH-EK used was ImM in 500uM HEPES 1uM CoCIl2 pH 8.5.
Samples were loaded into ImM quartz cuvettes and run on a Jasco J-720 circular dichroism

spectrophotometer (Jasco Inc.). Samples were run at temperatures ranging from 30 °C to 90°C.
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Samples were incubated at the desired temperature for 10 minutes before being run. Spectra were
taken from 260-190nm with .02nm pitch, scan speed 100nm/min, and 2nm bandwidth. Spectra
were averaged over 6 individual scans and analyzed using BeStSel after the background was

subtracted!>>1%4,
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3.5 Tables

Protein Keat (S_l) Km (HM) Keat/Km (S_l M_l)
OPH 4.4-10° 714 6.2:10°
OPH-EK 3.8-10° 227 1.9-10°

Table 3.1. Kinetic properties of OPH and OPH-EK
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OPH OPH-EK

T

((zgl)p R  op  Pa Br T U oR oap  Pa  Pr T U
30 185 10.0 209 44 119 343 142 157 7.5 88 12.1 41.7
40 103 85 259 46 108 39.8 193 96 48 95 10.6 473
50 126 69 221 9.0 11.7 37.7 10.7 124 78 9.0 133 469
60 10.5 10.7 158 11.5 10.6 40.8 53 67 1.7 00 179 684
70 158 85 112 13.1 103 4l1.1 98 90 28 64 153 569
80 00 13 1.8 206 126 638 35 68 145 79 152 521
90 - - - - - - 0 57 125 54 145 619

Table 3.2. Estimated secondary structure of OPH and OPH. Values were calculated from
circular dichroism spectra and are a percentage of total protein structure. OPH was insoluble at
90°C. or: regular a-helix, ap: distorted a-helix, Ba: antiparallel B-sheet, Bp: parallel B-sheet, T:

turns, U: unordered.
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3.6 Figures
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Figure 3.1. Representative organophosphate compounds. (a) The general structure of
organophosphates comprises (b) pesticides, (¢), G-type nerve agents, and (d) V-type nerve
agentsm’m.
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Figure 3.2. Hydrophobic interaction chromatography purification step of OPH-EK. The
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Figure 3.3. Size exclusion chromatography of OPH and OPH-EK. The purification of OPH-EK
(a) isolates the dimer, due to its relative ease of isolation. OPH-EK (b) exists primarily as a
monomer. Dimeric OPH (c) has a larger molecular weight (72 kDa) compared to monomeric

OPH-EK (66 kDa) and thus elutes earlier during size exclusion.
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Figure 3.4. Active site of OPH. Residues that comprise the binding pocket are labeled in red,
with various areas of the binding pocket corresponding to regions within OP compounds labeled.
The dimer interface region is approximated by a blue line.
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Figure 3.5. Temperature stability of OPH and OPH-EK. OPH and OPH-EK demonstrate similar
temperature kinetic stability despite OPH-EK losing the dimer interface present in OPH,
demonstrating the stabilizing effects of OPH.
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Figure 3.6. Circular dichroism spectra as a function of temperature. OPH (top) and OPH-EK
(bottom) unfolding were studied using circular dichroism. There is no spectra for OPH at 90°C as
it is insoluble at that temperature.
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Chapter 4
Expression and in vivo properties of a granulocyte colony-stimulating factor-EK fusion
protein
Granulocyte colony-stimulating factor (G-CSF) is a cytokine that plays a strong role in the
production of neutrophils. Recombinant G-CSF is used to treat both isolated and chronic
neutrophina and is used in bone marrow transplants. However G-CSF is plagued by short blood
circulation, and treatment oftentimes requires consistent daily injections. An EK-G-CSF system is
described. G-CSF is modified with a 30kDa EK at its N-terminus and is expressed as a fusion with
maltose binding protein to improve yield and solubility and purified. The use of a maltose binding
protein fusion system dramatically increases expression yields of EK-G-CSF. Standalone EK-G-
CSF has been achieved, though optimization remains in the cleavage of the fusion to generate EK-
G-CSF. Current works are in place to prepare EK-G-CSF for in vivo studies to determine the

effects of EK on the blood circulation and efficacy of G-CSF.

4.1 Introduction

Neutrophils are the most abundant form of white blood cells in the body and play a critical
role in the innate immune system. G-CSF plays a strong role in the production of neutrophil
granulocytes in response to infection or impairment of bone marrow activity!'>>. Additionally G-
CSF prolongs the survival of mature neutrophils and enhances many of their primary functions'®.
G-CSF levels in the blood generally low until produced as necessary as part of a response; after
which blood cell levels decline during recovery'”’.

G-CSF was one of the early cytokines identified for therapeutic usage'®’. It is used to treat
a variety of conditions related to low white blood cell count including neutropenia, chemotherapy-

induced myelosuppression, aplasia recovery after bone marrow transplantation, and conditions
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related to HIV/AIDS!*®!%°, For example treatment with G-CSF to mitigate induced neutropenia in
cancer patients increases the likelihood that chemotherapy treatments could proceed at the

160 G-CSF treatment also reduces the use of antibiotics in cancer

intended dosage and on schedule
patients, thus further reducing patient hospitalization time'®'.

Commercially available recombinant G-CSF is available in two forms: filgrastim and
lenograstim. The amino acid sequence of both filgrastim and lenograstim are identical to the more
active 174 amino acid (19kDa) form, with the difference being that filgrastim is expressed in E.
coli without further modification and lenograstim is expressed in Chinese hamster ovary cells and
is glycosylated'®>!%, G-CSF has a relatively short half-life of approximately 4 hours and the half-
life of G-CSF displays an inverse relationship with respect to the absolute neutrophil count!®4163,
While these forms of G-CSF have been successful as neutropina-related treatments, daily
injections, and in some instances multiple daily injections, are required for uninterrupted G-CSF
treatment, particularly for individuals with chronic neutropenia'®®. While G-CSF is generally
viewed as non-immunogenic and is available on the market, anti-G-CSF antibodies have been
discovered in healthy individuals'®’.

Pegfilgrastim is a PEGylated version of filgrastim that was developed to increased blood
circulation and was approved by the FDA in 2002 and had a biosimilar approved in 2018165:166.168,
Pegfilgrastim is a monopegylated filgrastim with a 20kDa PEG conjugated to the N-terminal amine
of filgrastim. PEGylation of the N-terminal amine is favorable compared to surface lysine residues
or the unbound cysteine residue due to increased retention of bioactivity and the repeatability of
performing a site-specific conjugation'®®!”, The PEGylation of filgrastim greatly reduced renal

clearance, making neutrophil-mediated receptor clearance the primary clearance mechanism and

increasing circulation half-life from 4 hours to 42 hours!”!. These improvements to blood
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circulation have resulted in the reduction of administration of pegfilgrastim to once per myelo-
suppressive chemotherapy cycle that is well-tolerated by patients!’*!”. While patients treated with
Pegfilgrastim have been found to have anti-PEG antibodies, currently there is currently no

indication that they adversely affect Pegfilgrastim treatment'”*

. However this is something that
needs to be tracked in future treatments.

Generally the overexpression of G-CSF in prokaryotic system is performed through the
generation of insoluble inclusion bodies'*>!>®. The formation of inclusion bodies in recombinant
protein expression is not unique to G-CSF, as up to 70% of recombinant proteins expressed in E.
coli result in inclusion body formation'”. These inclusion bodies form due to the inability of the
target to correctly fold, resulting in the formation of insoluble aggregates. This requires that the
inclusion body is harvested, resolublized, and refolded into its functional form. Generally soluble
expression of G-CSF has been limited to eukaryotic systems, where native post-translational
glycosylation prevents the protein from aggregating, or expression in prokaryotic system utilizing
certain fusion proteins that either demonstrate improved protein solubility or promote protein
folding!76-178,

Fusion protein tags have demonstrated great efficacy in promoting protein expression in E.
coli, improving protein purification, and enabling characterization. Maltose binding protein (MBP)
is a well-expressing E. coli protein that functions to improve protein expression yield and solubility
and able to prevent the formation of inclusion bodies!”18!, This has been exploited to great effect
for a wide number of targets, including proteins of eukaryotic origins such as antibodies'®?. In
addition to improvements in protein expression and solubility, the use of MBP allows for a facile

purification of the fusion protein through the use of an amylose resin, with capture and elution

occurring under non-denaturing conditions. Oftentimes MBP fusion protein systems contain
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cleavage sites after the MBP sequence, allowing of the cleavage of the target protein from the
MBP once the fusion protein has been sufficiently purified. Currently MBP fusion protein systems
are commercially available for expressing MBP fusion proteins.

Herein the expression and characterization of an EK-G-CSF is described. G-CSF was
chosen since it has been shown that N-terminal modification of G-CSF does not strongly reduce
bioactivity. Additionally, G-CSF, at 19kDa, is relatively small and the conjugation of 20kDa PEG
has been shown to significantly increase circulation half-life. 30 kDa EK ((EK)120) appended
appended to the N-terminus of G-CSF to generate the EK-G-CSF fusion protein. Previous EK
fusion proteins have been expressed into the periplasm primarily to increase cell viability and have
not greatly focused on optimizing expression yields. The EK-G-CSF sequence will contain a
cleavable MBP sequence at the N-terminus in order to increase protein yield, increase protein
solubility, and simplify the purification protocol. The primary goal will be to characterize the
effects of EK on EK-G-CSF in vivo, necessitating the need for a system that enhances protein
expression of EK fusion proteins. This system will the first to demonstrate in vivo properties of
EK fusion proteins. While the size of the EK is not significantly larger compared to that of G-CSF,
the immunogenicity of the unmodified G-CSF is not of great concern, considering that G-CSF is

currently available on the marketplace and widely used in the clinic.

4.2 Results and discussion

Currently this work is in progress, with expression and purification of G-CSF and EK-G-
CSF achieved and plans for an upcoming in vivo study. The wild-type G-CSF (filgrastim) had
demonstrated expression in E. coli as an insoluble inclusion body without the use of an inducing

155,183

agent and instead relies on the leaky expression inherent in pET systems . However

expression as an inclusion body can lead to reduced yield, as recovering active protein from the
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inclusion body can be extremely challenging and inefficient'®*. While recovered yields of
approximately 2-3 mg/L are acceptable for in vivo studies for unmodified EK-G-CSF, it would be
extremely undesirable if EK-G-CSF would express as an inclusion body given how thus far it has
been demonstrated that using the exact same expression strategy for both wild-type and EK-
modified protein has resulted in the EK-modified variants demonstrating significantly reduced
expression.

For EK-G-CSF expression, the initial approach was to express it as a standalone protein in
an attempt to see if that it could be expressed as a soluble protein with sufficient yield without
exhibiting inefficiencies caused by inclusion body recovery. However, while the expressed protein
was soluble, once again expression yields of any useful quantity were not achieved. Thus EK-G-
CSF was placed in a pMAL-c5e expression vector, generating an MBP-EK-G-CSF fusion protein,
as shown in Figure 4.1. This MBP fusion protein demonstrated much improved expression of a
soluble protein, with yields of up to 8 mg/L. Thus the use of MBP demonstrates improved
expression of EK fusion proteins and strongly mitigates expression loss when compared to the
expression of wild-type protein. As noted, this expression yield is significantly more compared to
the expression of a non-useful amount of unmodified EK-G-CSF. Additionally, given that the
pMAL-c5e expression vector builds in an enterokinase cleavage site after the MBP sequence,
isolating the EK-G-CSF post-cleavage can be readily accessible. Standard cleavage protocols are
not viable, as EK-G-CSF does exhibit a non-trivial amount of aggregation. That, coupled with the
potential ultra low-fouling properties of EK, prevents the enterokinase from cleaving MBP from
the EK-G-CSF. This can be resolved by supplementing the buffer conditions with 3M urea to
reduce protein interactions, which allows for accessibility to the cleavage site while not denaturing

enterokinase'®®. The cleavage of MBP using these modified conditions is achievable as shown in
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Figure 4.2, though for this particular system the cleavage efficacy of enterokinase is demonstrably
reduced when compared to the cleavage efficacy against the substrate where the activity of
enterokinase is defined. The cleavage has only been demonstrated at small scales, and if complete
cleavage of all of the MBP from EK-G-CSF expressed in a 1L liquid culture is achievable,
expression yields for EK-G-CSF under current expression conditions of Smg/L are accessible.

Following the generation of EK-G-CSF it is planned to begin in vivo experiments
demonstrating the effects of EK on the efficacy and blood circulation of G-CSF. Standard Sprague
Dawley rats will be used, with efficacy being tested by measuring white blood cell count and blood
circulation being calculated using ELISA. Due to the increase in size, it is expected that blood
circulation will increase due to reduced renal filtration. It will be intriguing to see how EK affects
the biological activity of G-CSF, as it has been previously demonstrated that polymer conjugates
of receptor-binding proteins exhibit reduced biological activity, and if it exhibits any similar trade-
off between reduced activity and increased circulation.

This work is being done in parallel with other studies concerning the expression and
properties of EK. These other EK sequences contain low quantities of glycine and proline spaced
in a non-repeated manner. Initially these other peptide sequences were explored to improve the
expression yield of EK fusion proteins by “diluting” the sequence such that E and K occurred less
frequently in the sequence, as that has been an obstacle throughout the exploration of these EK
fusion proteins'®. Glycine and proline were considered for these EK modifications since glycine
and proline are generally known to have a low propensity for forming alpha helices'®’. Especially
given how proline exhibits an unusual shape due to its cyclic side chain, it is also interesting to

explore how these EKG/EKP/EKGP sequences exhibit different behavior compared to EK. A
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variety of these modified EK sequences are currently being explored to determine which

demonstrates the most promise.

4.3 Conclusions

This work is in the process of demonstrating the in vivo properties of EK fusion proteins
through the generation of EK-G-CSF. G-CSF was selected due to its poor circulation and a known
pathway to improve its in vivo properties. A 30kDa EK was appended to the N-terminus of G-CSF
and the protein was expressed as a MBP fusion, with EK-G-CSF being isolated after cleaving the
MBP portion. While some optimization of the EK-G-CSF cleavage and purification remains, in
vivo studies will be able to be carried out using EK-G-CSF. These in vivo studies will be able to
demonstrate the effects of EK on blood circulation of G-CSF and whether or not it affects the
bioactivity of the drug. These studies will be able to shed light onto how promising EK can be for
in vivo applications.
4.4 Methods and materials
All materials were purchased commercially unless otherwise noted and were used without further
purification. All buffers were made from commercially available products and Milli-Q® water
(EMD Millipore).
4.4.1 Cloning
E. coli strain DH10B was used for cloning. The gene encoding for G-CSF was synthesized
(GenScript) with Ndel and Xhol restriction sites and was inserted into a pET-20b(+) expression
vector. An additional gene encoding for G-CSF for use in the EK fusion protein system was
synthesized (GenScript) with HindIIl and Xhol restriction sites. A gene encoding EK-G-CSF

sequence with the EK sequence comprising (EK)i20 was synthesized (GenScript) with Ndel and
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EcoRlI restriction sites and was inserted into a pMAL-c5e expression vector to generate an MBP-
EK-GCSF gene. All sequences were verified by a third party (Genewiz).

4.4.2 Expression, resolublizing, and purification of G-CSF

E. coli strain BL21 (DE3) (Life Technologies) was used for protein expression. All cultures were
grown at 37°C unless otherwise noted. 4 cultures of SmL of TB supplemented with ampicillin were
each inoculated with a colony for 16 hours. The overnight cultures were added to 1L TB
supplemented with ampicillin and allowed to express without an inducing agent for 24 hours. The
culture was harvested and resuspended in 10mL 100mM Tris 20mM EDTA, pH 7.9 per gram of
wet cell mass. The cells underwent three freeze-thaw cycles and were lysed using a probe sonicator
(Fisher Scientific) and underwent centrifugation. The pellet was washed twice with 30mL 20mM
Tris SmM EDTA .5% TritonX-100, pH 8 before being solubilized in 60mL 8M urea 50m glycine
80uM B-mercaptoethanol, pH 8 for one hour. After centrifugation, the supernatant was collected
and dialyzed against 800mM urea S0mM glycine 8uM B-mercaptoethanol pH 8 and refolded for
16 hours at room temperature. The pH was then reduced to 5.5 using phosphoric acid to precipitate
contaminants, with the target protein product purified on an NGC Quest 10 FPLC system (Bio-
Rad) using a Capto S cation exchange column (GE Healthcare) equilibrated with 800mM urea
50mM glycine 8uM B-mercaptoethanol pH 5.5 with a linearly increasing NaCl gradient from 0-
IM.

4.4.3 G-CSF ELISA detection assay

All wash steps were performed in triplicate. 100pL of desired sample was added to wells of a 96-
well high binding plate for 1 hour at 37°C and washed with 1x PBS. Wells were blocked with
Img/mL BSA in 1x PBS .02% Tween® 20 at 37°C for 45 minutes and washed with 1x PBS .02%

Tween® 20. Spg/mL mouse IgG anti-G-CSF was added to wells and incubated at 37°C for 30
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minutes and washed with 1x PBS .02% Tween® 20. Goat anti-mouse IgG conjugated to
horseradish peroxidase diluted 2,500-fold was added to wells and incubated at 37°C for 25 minutes
and washed with 1x PBS. 50uL 3,3°,5,5’-tettramethylbenzidine (TMB) was added and incubated
at 37°C for 10 minutes. Absorbance of the wells was read at 652nm using a Cytation3 microplate
reader (BioTek).

4.4.4 Expression and purification of EK-G-CSF

E. coli strain BL21 (DE3) (Life Technologies) was used for protein expression. All cultures were
grown at 37°C unless otherwise noted. 4 cultures of SmL of TB supplemented with ampicillin were
each inoculated with a colony for 16 hours. The overnight cultures were added to 1L TB
supplemented with ampicillin and .3% glucose and grown at 30 °C. At OD600 .5 100uM was
added and allowed to express for 24 hours. Alternatively the overnight cultures can be added to
IL TB supplemented with ampicillin and an Overnight Express™ Autoinduction System 1
(Novagen) and allowed to express for 24 hours. The culture was harvested and resuspended in
10mL 20mM Tris 200mM NaCl pH 7.4 per gram of wet cell weight. The cells underwent three
freeze-thaw cycles and were lysed using a probe sonicator (Fisher Scientific) and underwent
centrifugation. The supernatant was purified on an NGC Quest 10 FPLC system (Bio-Rad) using
an MBP Trap HP column (GE Healthcare) equilibrated with 20mM Tris 200mM NaCl pH 7.4 with
the elution buffer being supplemented with 10mM maltose. The eluted product was buffer
exchanged with 20mM Tris 50mM NaCl 2mM CaClz 3M urea pH 7.4 and concentrated to 4mL,
after which 900U enterokinase was added and the mixture was placed in the dark at room
temperature for 2 days. The mixture is then purified on an NGC Quest 10 FPLC system (Bio-Rad)
using a HiLoad 16/600 Superdex 200pg size exclusion chromatography column (GE Healtcase)

equilibrated with 20mM Tris 200mM NaCl pH 7.4 and an MBP Trap HP column (GE Healthcare)
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equilibrated with 20mM Tris 200mM NaCl pH 7.4 with the elution bugger being supplemented
with 10mM maltose. The resulting EK-G-CSF product was equilibrated with 8M urea 50mM

glycine 80uM B-mercaptoethanol pH 8 for an hour and dialyzed against 800mM urea 50mM

glycine 8uM B-mercaptoethanol pH 8and refolded for 16 hours at room temperature.

4.5 Current and Future work

4.5.1 in vivo studies

Sprague Dawley rats weighing between 75 and 100 grams will be used as the animal model for in
Vivo pharmacokinetic studies. Studies for both G-CSF and EK-G-CSF will be performed in
triplicate. G-CSF and EK-G-CSF will be injected intravenously through the tail vein at a dosage
of .5mg/kg and . ImL blood samples will be collected 0 minutes, 5 minutes, 15 minutes, 30 minutes,
2, hours, 4 hours, 8 hours, 12 hours, 24 hours, 48 hours, and 72 hours post-injection. Blood samples
will be analyzed for blood neutrophil count and remaining administered protein in the bloodstream.
The blood neutrophil count will demonstrate the efficacy of G-CSF and EK-G-CSF. ELISA will
be used to quantify the amount of target protein remaining in the blood to indicate blood circulation
and how EK affects the circulation profile. Target proteins will be administered weekly over the
course of three weeks with one week interval time between injections to demonstrate whether there
is any change in the response to the administered compounds. Pharmacokinetic properties will be
calculated using PKSolver'®®. Five weeks after the first injection SmL of blood will be drawn and
prepared for antibody detection. ELISA will also be used to determine if there are any anti-protein

present against G-CSF and EK-G-CSF and if there are any antibodies present against EK.
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4.6 Figures

2 Enterokinase
([ wmBP ]L\[ EK }— GCSF| ——
( EK  }— G-CSF |

Figure 4.1. Schematic of MBP-EK-G-CSF fusion protein expression system.
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Figure 4.2. Demonstration of cleavage of MBP-EK-G-CSF using enterokinase. Increased
enterokinase results in increased cleavage of MBP.
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Chapter 5
Expression of standalone EK for protein conjugation

EK has been primarily used as part of a fusion protein to protect and stabilize proteins.
However, it is still worthwhile to pursue a chemical conjugation techniques, which would open up
additional ways to modify proteins with EK. Protein modification by EK conjugation is studied
using both chemical peptide synthesis and recombinant protein expression to generate standalone
EK polypeptides. Given the restrictions in chemical peptide synthesis, peptides synthesized using
peptide synthesis were demonstrated to not sufficiently improve properties of the target protein,
thus necessitating the use of recombinant techniques to generate sufficiently large EK to afford
protein protection. Herein systems describing chemical peptide synthesis and recombinant protein
expression are described for applications relating to protein conjugation.

5.1 Introduction

While the EK system, like many polypeptide systems, has acted primarily as part of a
fusion protein, the conjugation of polymers to proteins has proven extremely useful over a long
period of time’®14%:18%190 This has allowed for the modification of proteins with materials that
impart different types of properties on proteins. While PEGylation has been the gold standard,
various other polymers such as polyglycerol and polysaccharides such as hyaluronic acid have
been conjugated to the surface of proteins'®!"1,

The use of polymer conjugation allows for a wide range of chemistries for targeting protein
surfaces. The targeting of surface primary amines is relatively facile, however specificity is
difficult due to the abundance of surface primary amines’**!*>, However the N-terminal amine
can be selected due to differing pKa values between the N-terminal amine and the primary amine

on the lysine side chain'®!**, The terminus of polymers can be modified to contain one of a variety
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of reactive groups such as an N-hydroxysuccinimide (NHS) ester, isocyanate, or carbonyl group
to target primary amines'®’.

There are several other reactive groups on the protein surface that may be targeted, which
often results in more specific conjugation location. Thiol chemistry has been used to great effect
especially with antibody drug conjugates, particularly since the presence of thiols on the protein
surface is rare'”>17. Oftentimes mutagenesis is performed on the target protein to generate an
exposed cysteine residue, though this approach does carry the risk of misfolding and thus
inactivating the target protein'*®!, Additionally there are many other chemistries available that
rely on either enzymatic or chemical modification of the protein surface or the expression of non-
canonical amino acids to generate unique functional groups®°%-2%%,

For therapeutic usage polymers are used in relatively large quantities compared to the target
protein that is being modified. PEGylated proteins demonstrate this in Table 1.1, with proteins
being modified with many smaller PEG chains or fewer PEG chains of significantly larger
molecular weight. Proteins that have been modified by other polymers that have reached clinical
trials also demonstrate the use of significant quantity of polymers compared to the target protein
as well’”81:2% Many of these recent efforts include usage of longer and/or branched polymers,
thereby reducing the conjugation sites necessary to either increase the hydrodynamic size or to
protect proteins from deleterious interactions. This allows for more selective targeting to better
retain bioactivity and increased accuracy in describing protein-polymer conjugate formulations for
FDA approval>-297:2%8,

Chemical peptide synthesis involves the repetition of reactions to append amino acids to
lengthen the polypeptide. Use of solid-phase peptide synthesis greatly simplifies the synthesis and

purification when compared to solution phase peptide synthesis?”. Peptide synthesis relies on the
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use of excess reagents to generate accurate sequences. Peptides are synthesized from a residue
anchored to the solid support, with the sequence being synthesized from the C-terminus to N-
terminus. The a-amine and side chain of amino acids are protected in order to control coupling
and prevent undesired side reactions. At each step, the N-terminal amine is deprotected from the
peptide and the next amino acid is coupled to the existing peptide chain. However, given that the
process of peptide synthesis is essentially a series of chemical reactions, the nonquantitative
coupling efficiency generally limits the length of routinely chemically synthesized peptides to
about 50 residues, though chemical ligation of peptide fragments is able to achieve polypeptides
and proteins over 200 residues in length!'%%192,

Like previously-described MBP, small ubiquitin-related modifier (SUMO) is one of many
peptides and proteins used to enhance protein expression and solubility through the generation of
fusion proteins?!2!3. At approximately 11.5kDa, it is significantly smaller in size than most other
systems that are used for similar applications®!*. It is one a number of fusion protein tags that is
cleavable to leave a relatively unmodified target protein. SUMO protease is used to cleave the
SUMO sequence without leaving any extra residues or non-canonical amino acids, and has been
used in combination with a large variety of protein types?!%'4, In addition to recognizing a specific
cleavage sequence, SUMO protease also recognizes the structure of SUMO itself, thereby reducing

potential incidences where the target protein itself is cleaved by the protease®!?

. Additionally, most
SUMO fusion protein systems are designed such that both the SUMO sequence and the SUMO
protease contain a 6xHis sequence at the N-terminus, further simplifying the purification of the
target protein by only requiring immobilized metal ion affinity chromatography (IMAC), since the

cleaved target protein is the only component that does not demonstrate IMAC affinity?'®.,
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Herein systems for the generation of standalone EK for peptide synthesis are described.
EK has demonstrated zwitterionic protecting properties when modifying protein in vitro and an in
Vivo system has been proposed as previously described'®. All of these systems thus far have
utilized EK as part of a fusion protein, and the many benefits of using a fusion protein system have
been previously described. Expanding the capabilities of EK to include chemical conjugation
would greatly increase the ways in which EK can be used to modify proteins. This will allow for
the modification of larger proteins than previously used and immunogenic proteins due to the
ability to modify proteins with multiple EK chains. It is desirable to synthesize EK polypeptides
for this application, thus allowing for the use of chemical peptide synthesis for shorter length EK
and use recombinant techniques to express longer EK. For shorter EK a 2.5kDa peptide was
targeted. As 30kDa EK has been expressed as part of fusion proteins, it is the target size for longer
EK. The prevalence of primary amines on the lysine residues will necessitate that the conjugation
of EK to proteins will requiring targeting other functional groups. Thus the sequence will contain
a solitary cysteine residue in order to utilize thiol chemistry for protein conjugation.
5.2 Results and discussion

A short 2.5kDa (EK)10C polypeptide was synthesized using solid phase peptide synthesis
and used for conjugation to chymotrypsin, as using peptide synthesis is a relatively straightforward
method to achieve short peptides. A bifunctional crosslinker was used to conjugate EK to
chymotrypsin. The NHS ester of the crosslinker was first conjugated to the surface lysine residues
of chymotrypsin, with the maleimide-functionalized end of the cross-linker subsequently reacted
to the cysteine residue of the EK peptide. Of the 12 lysine residues on chymotrypsin, an average
of 9 residues were modified by EK per protein. While the resulting protein conjugates

demonstrated the retention of bioactivity, the addition of EK had an almost negligible zwitterionic
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protecting effect upon conjugation even though on average 9 peptides were conjugated to each
chymotrypsin, as shown in Figure 5.1. The minimal protecting effects demonstrates that longer
EK sequences are necessary in order to confer good protein protection properties, and thus
recombinant strategies would be necessary to express sufficiently longer EK. In the instance of
CB it was also demonstrated that longer CB, when conjugated to the same protein, was able to
demonstrate improved protection properties®.

This recombinant EK system is utilizing multiple approaches for achieving a 30kDa EK.
The (EK)120C sequence is appended to the C-termini of both MBP and SUMO proteins to generate
MBP-EK and SUMO-EK. The SUMO-EK variant was studied first as it allowed for the study of
both SUMO and MBP systems concurrently with the MBP system described in Chapter 4. The
cysteine residue exists to aid in protein conjugation, as the significant portion of lysine prevents
the use of amine-target chemistry involving EK. Currently the SUMO-EK construct has
demonstrated expression at the test expression level, with current efforts studying large-scale
expression of the construct. Expressed at a larger scale, the SUMO-EK is isolated using IMAC;
the EK will then be cleaved using a SUMO protease and the EK will be isolated through IMAC
again, as shown in Figure 5.2. However the cleavage of SUMO from EK has thus far proved
challenging even in the presence of urea, demonstrating that the SUMO system to be less ideal
than the MBP system?!?. The relative small size of SUMO (11.5kDa) could indicate that 30kDa
EK is better able to protect SUMO from cleavage, particularly since the SUMO protease requires
both recognition of the cleavage sequence and the structure of the SUMO protein. The MBP-EK
system is in the exploratory phase, as it has recently been demonstrated that EK can be cleaved
from MBP as described in Chapter 4. The purification of EK from the other products will most

likely have to be achieved through reverse-phase chromatography, particularly since standalone
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EK does not absorb at 280nm. Once the longer EK sequences has been generated it will be used
for protein conjugation applications.

As previously discussed in Chapter 4, other EK sequences will also be explored. Once
other studies identify the most promising EK sequences that contain one or both of glycine and
proline, those sequences will also be expressed as a standalone peptide in whichever of SUMO or
MBP demonstrates to be the better-expressing system for standalone EK. Once these modified EK
and base EK sequences are achieved, they can all be used for protein conjugation applications to
determine the in vivo properties of each of their respective protein conjugates.

5.3 Conclusions

The generation of EK peptides for protein conjugation applications is described in order to
increase the number of systems where EK can be used. The EK peptide systems contain a single
cysteine residue allows for the use of thiol chemistry as the presence of lysine does not allow for
amine-targeting chemistry. Peptide synthesis was used to generate short 2.5kDa EK and
conjugated to chymotrypsin. However the limited size of EK achievable wasn’t able to sufficiently
protect the protein and thus recombinant techniques were required to be able to express longer EK
sequences. Initial experiments the expression of a SUMO-EK protein at the test expression level,
with current efforts aiming to achieve large-scale expression of SUMO-EK. An MBP-EK system
is also under study as an alternate approach to generate long EK. Once expressed, purified, and
isolated, the EK can be used in protein conjugation applications to modify proteins that otherwise
could not be feasibly modified using an EK fusion protein system. In addition to unmodified EK,

other related EK sequences will also be explored.
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5.4 Materials and methods

All materials were purchased commercially unless otherwise noted and were used without further
purification. All buffers were made from commercially available products and Milli-Q® water
(EMD Millipore). All error bars represent one standard deviation from the mean.

5.4.1 Peptide synthesis

Peptide synthesis of (EK)i10C was performed using a Titan 357 Peptide Synthesis Machine
(AAPPTec). Rink-Amide AM and Rink-Amide MBHA resins (.51mmol/g, 100-200 mesh) were
used as the solid phase supports for Fmoc synthesis. All reagents were dissolved in
dimethylforamide. Protected residues used were Fmoc-Cys(Trt), Fmoc-Lys(Boc), and Fmoc-
Glu(OtBu). 130mg of resin was swelled in 4.5mL 50% dichloromethane for 60 minutes. The
addition of each amino acid consisted of a deprotection step, a wash 1 step, two coupling steps,
and a wash 2 step. A deprotection step consisted of 2 cycles of resin agitation in 4mL 20%
piperadine for 15 minutes. A wash 1 step consisted of 5 cycles of resin agitation in 4.5mL 50%
dichloromethane for 3 minutes. A coupling step consisted of resin agitation in 3.6mL 4x excess
amino acid with the ratio of amino acid:hexafluorphosphate benzotriazole tetramethyl uranium:
hydroxybenzotriazole:N,N-diisopropylethylamine being 1.1:1:1:.5. A wash 2 step consisted of 3
cycles of resin agitation in 4.5mL 50% dichloromethane. After the final amino acid was added, an
additional deprotection step was performed to remove the N-terminal Fmoc protecting group
before a final wash 1 step.

5.4.2 Peptide purification

The side chain protection groups were cleaved from the peptide and the peptide was cleaved from
the solid phase support using a deprotection cocktail of 77.5% trifluoroacetic acid, 15%

dichloromethane, 2.5% water, 2.5% triisopropylsilane, 2.5% ethane dithiol and reacted for two
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hours at room temperature. The reaction was filtered and the liquid was evaporated using a
SpeedVac vacuum concentrator (Fisher Scientific) and dissolved in trifluoroacetic acid. Diethyl
ether chilled to -20°C was added dropwise until the EK peptide crashes out of solution. The solid
is then washed three times with -20°C ether and dried under high vacuum. The dried pellet was
dissolved in 99% water 1% acetonitrile and purified using a 2695 Separations Module (Waters)
using a 250x10mm 4uM Jupiter column (Phenomenex) with an increasing acetonitrile gradient.

Peptide mass and purity were evaluated using an Autoflex-II (Bruker) and the 2695 Separations

Module.

5.4.3 Protein conjugation

The linker shown in Figure 5.3, prepared by Priyesh Jain, was used as the heterobifunctional
crosslinker. The crosslinker was reacted to chymotrypsin at a 100-fold molar excess in 1xPBS pH
7.4. Unreacted linker was removed and a buffer exchange was performed using a 10kDa desalting
column equilibrated with water. The protein-linker complexes were dialyzed against 1.5mM
EDTA and water before being lyophilized. 10-fold excess of (EK)i0C were reacted with the
protein-linker complexes for 24 hours at room temperature in 1x PBS pH 7.4. The unreacted
peptide was removed using a 10kDa desalting column equilibrated in water and lyophilized.
Conjugation rates were determined using a bicinchoninic acid protein assay coupled with a 2,4,6-

trinitrobenzene sulfonic acid amine detection assay.

5.4.4 Conjugate activity and stability assay

Activity assays were performed in .Img/mL BSA 100mM Tris pH 8. Assays reacted 10nM of
chymotrypsin or chymotrypsin conjugates with Img/mL N-succinyl Ala-Ala-Pro-Phe p-
nitroanilide at varying temperatures. Initial linear changes in absorbance at 412nm were used as a

proxy for substrate hydrolysis. All samples were run in triplicate.
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5.4.5 Cloning of SUMO-EK

E. coli strain DH10B (Life Technologies) was used for cloning. A 6xHis-SUMO-(EK)120C gene
was synthesized with the Ncol and HindIII restriction sites (Genscript). The target gene was
inserted into a pET-20b(+) expression vector at the Ncol and HindIIl restriction sites. All
sequences were verified by a third party (Genewiz).

5.4.5 Expression and purification of SUMO-EK

E. coli strain BL21 (DE3) (Life Technologies) was used for protein expression. All cultures were
grown at 37°C unless otherwise noted. 4 cultures each containing SmL of LB supplemented with
ampicillin were inoculated with a colony each for 16 hours. The overnight cultures were added to
1L of TB supplemented with ampicillin and grown. Once the culture reached ODsoo .5, the culture
was supplemented with 1mM IPTG and allowed to express for 24 hours. The culture was harvested
and resuspended in 10mL 20mM sodium phosphate 500mM NaCl 20mM imidazole pH 7.4 per
gram of wet cell pellet. The cells underwent three freeze-thaw cycles and were lysed using a probe
sonicator (Fisher Scientific) and underwent centrifugation at 4°C. The target protein was purified
from the supernatant on an NGC Quest 10 FPLC system (Bio-Rad) using a HisTrap HP column
(GE Healthcare) equilibrated with 20mM sodium phosphate 500mM CaCl 20mM imidazole pH
7.4 with an increasing imidazole gradient.

5.5 Current and Future work

5.5.1 Isolation of EK from SUMO-EK

The isolated SUMO-EK will be buffer exchanged to S0mM Tris 150mM NaCl 20mM imidazole
pH 7.4. 10U 6x-His-SUMO protease will be added in order to cleave the SUMO from the EK. The

EK will be purified from the rest of the reaction by using an NGC Quest 10 FPLC system (Bio-
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Rad) using a HisTrap HP column (GE Healthcare) equilibrated with 50mM Tris 150mM NaCl
20mM imidazole pH 7.4 with an increasing imidazole gradient.

5.5.2 Cloning of MBP-EK

E. coli strain DH10B (Life Technologies) will be used for cloning. A SSSN10LGDDDK(EK)120C
gene is being synthesized (Genscript) with Sacl and HindlIII restriction sites such that the EK
sequence is immediately downstream of the enterokinase cleavage site. The target gene will be
inserted into a pMAL-c5e expression vector resulting in an MBP-EK construct.

5.5.3 Expression and purification of MBP-EK

E. coli strain BL21 (DE3) (Life Technologies) will be used for protein expression. All cultures
will be grown at 37°C unless otherwise noted. 4 cultures each containing SmL of LB supplemented
with ampicillin will be inoculated with a colony each for 16 hours. The overnight cultures will be
added to 1L of TB supplemented with ampicillin and .3% glucose and grown at 30°C. Once the
culture reaches ODeoo .5, the culture will be supplemented with 100uM IPTG and allowed to
express for 24 hours at 30°C. The culture will be harvested and resuspended in 10mL 20mM Tris
200mM NaCl pH 7.4 per gram of wet cell weight. The cells will undergo three freeze-thaw cycles
and will be lysed using a probe sonicator (Fisher Scientific) and undergo centrifugation. The
supernatant will be purified on an NGC Quest 10 FPLC system (Bio-Rad) using an MBP Trap HP
column (GE Healthcase) equilibrated with 20mM Tris 200mM NaCl pH 7.4 with the elution buffer
being supplemented with 10mM maltose.

5.5.4 Isolation of EK from MBP-EK

The eluted MBP-EK product will be buffer exchanged with 20mM Tris 50mM NaCl 2mM CaClz
3M urea pH 7.4, after which 900U enterokinase will be added and the mixture will be placed in

the dark at room temperature for 2 days. The mixture will then be buffer exchanged with 1%
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acetonitrile in water and purified using a 2695 Separations Module (Waters) using a 250x10mm

4uM Jupiter column (Phenomenex) with an increasing acetonitrile gradient.
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5.6 Figures
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Figure 5.1. Chymotrypsin and chymotrypsin EK stability.
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Figure 5.2. Schematic of SUMO-EK purification scheme.
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Figure 5.3. A heterobifunctional crosslinker.
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Chapter 6
Conclusions

This body of work has demonstrated the ability of EK when used to modify proteins. EK
was rationally designed as a polypeptide analogue of low-fouling zwitterionic pCB, which has
demonstrated superior properties compared to other polymers when chemically conjugated to
proteins. The use of the EK polypeptide further allows for the use of recombinant protein
expression techniques to generate products of uniform products in a repeatable fashion, allowing
for the creation of EK fusion proteins. EK fusion proteins were successfully expressed and
characterized.

The generation of EK fusion proteins was first demonstrated using a model -lactamase
system. The fusion proteins were successfully expressed and purified. These EK fusion proteins
demonstrated similar gains in their stability and kinetics compared to proteins that had been
modified by pCB, demonstrating that EK is able to mimic pCB. Additionally it was demonstrated
that EK sequences of different lengths affected the stability and kinetics of the target proteins
differently.

The zwitterionic capabilities of EK were further demonstrated using the OPH system. The
generation of OPH-EK fusion proteins was able to successfully disrupt the OPH dimer formation
by protecting the monomer from foreign interaction. The resulting monomer was able to
demonstrate significantly improved kinetics, possibly due to reduced steric hindrance near the
active site.

An EK fusion protein system containing G-CSF is described. G-CSF is a protein plagued
by low blood circulation times, requiring frequent injections for treatment. This EK-G-CSF system

will be used to elucidate how EK affects the properties of the target protein in vivo, with particular
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focus on pharmacokinetics and immunogenicity. The goal is to demonstrate improvements in
blood circulation through the addition of EK while monitoring the overall efficacy.

Additional work is focusing on the recombinant expression of standalone EK, allowing for
the use of long EK polypeptides for other applications including protein conjugation. The
continued development of EK for protein modification can lead to significant advancements in

protein therapeutics by increasing the number of proteins that can be modified with EK.
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