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ABSTRACT

For tissue regeneration and drug delivery applications, various architectures
are explored to serve as biomaterial tools. Via de novo design, functional peptide
hydrogel materials have been developed as scaffolds for biomedical applications. The
objective of this study is to investigate bacterial expression as an alternative method to
chemical synthesis for the recombinant production of self-assembling peptides that
can form rigid hydrogels under physiological conditions. The Schneider and Pochan
Labs have designed and characterized a 20 amino acid B-hairpin forming amphiphilic
peptide containing a D-residue in its turn region (MAXI1). As a result, this peptide
must be prepared chemically. Peptide engineering, using the sequence of MAX1 as a
template, afforded a small family of peptides for expression (EX peptides) that have
different turn sequences consisting of natural amino acids and amenable to bacterial
expression. Each sequence was initially chemically synthesized to quickly assess the
material properties of its corresponding gel. One model peptide EX1, was chosen to
start the bacterial expression studies. DNA constructs facilitating the expression of
EX1 were designed in such that the peptide could be expressed with different fusion
partners and subsequently cleaved by enzymatic or chemical means to afford the free
peptide. Optimization studies were performed to increase the yield of pure peptide that
ultimately allowed 50 mg of pure peptide to be harvested from one liter of culture,
providing an alternate means to produce this hydrogel-forming peptide. Recombinant

production of other self-assembling hairpins with different turn sequences was also

X1V



successful using this optimized protocol. The studies demonstrate that new B-hairpin
self-assembling peptides that are amenable to bacterial production and form rigid
hydrogels at physiological conditions can be designed and produced by fermentation

in good yield at significantly reduced cost when compared to chemical synthesis.
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Chapter 1

INTRODUCTION

1.1 Peptide Materials in Tissue Engineering and Drug Delivery

In nature, proteins are the main building blocks of living organisms. The vast
diversity of life is a result of the variety in the amino acid sequence and composition
and the consequent 3-dimensional structures which dictate the biological functions of
proteins. The influence of protein structure on biological function was substantially
impacted by Pauling and Corey's papers in 1951 detailing a-helix and (3-sheet protein

secondary structures [1, 2].

Since this early work, mimicking and altering natural protein conformations
have become a corner-stone of modern pharmaceutical and biotechnology research
endeavors. The biotechnology field explores these varying architectures to develop
tools for tissue engineering and drug delivery applications. Biomaterials are promising
candidates for such therapies and combine various approaches at the level of design,
structure and function. The structural elements of proteins, particularly peptides can
serve as an inspiration for developing biomimetic molecules. Peptides are short chains

of amino acids that are chemically accessible (through solid phase peptide synthesis),



functionally diverse (cell binding, proteolytic susceptibility, self-assembly) and
amenable to de novo design [3]. Peptide-based biomaterials have been fabricated by a
bottom-up approach in which individual components build up supramolecular self-
assemblies [4]. When rationally designed, peptide self-assembly results in a diverse
range of architectures like fibers, tapes, sheets and tubes. Although weak non-covalent
bonds are utilized for individual intermolecular interactions, supramolecular stability
can be achieved into the self-assembled state [5]. Furthermore, various functionalities
can be incorporated into the material by including design elements at the level of the
monomer. As a result, peptide-based hydrogels are promising materials for tissue
engineering as they offer tunable tissue-like characteristics that allow cells to adhere,

grow, proliferate, migrate or differentiate [6].

1.2 Overview of Peptide-based Hydrogel Systems

One particularly interesting application of peptide-based hydrogels is as
extracellular matrix (ECM) mimetics in tissue engineering. The ECM supports cells
and allows diffusion of molecules in a highly hydrated environment by forming 3
dimensional porous networks. Some peptide-based hydrogels mimic the natural ECM
through the formation of physically rigid porous networks allowing nutrient, drug and
waste diffusion [7]. As a result, these hydrogels have been used as scaffolds to offer
mechanical support for encapsulated cells and as a depot for the release of loaded

drugs [8]. Extracellular matrix derived peptides and proteins can be immobilized into



the material scaffolds to facilitate cell binding, division, differentiation and movement

[9].

Distinct nanostructures with desired mechanical properties as well as the
presentation of biochemical cues can be generated by using hydrogel-forming self-
assembling peptides. Peptides can be tailored to self-assemble and form gels in
response to various environmental cues such as temperature, pH and ionic strength
[10]. This level of control over gelation allows one to change the properties (e.g.
stiffness, gelation kinetics) of hydrogels for desired applications. By using non-
covalent electrostatic interactions, hydrophobic effects and hydrogen bonding between
the components of physical hydrogels, injectable gels can be generated for minimally

invasive applications [11].

1.2.1 Peptide hydrogels formed from a-helix and (-sheet motifs

o-helix and B-sheet secondary structures are the main components in the
construction of self-assembling peptides that form hydrogels. a-helices are
characterized by a backbone spiral conformation in which every 3.6 residues make one
a-helical turn extending about 5.4 A. Helices are stabilized by hydrogen bonding
between the carbonyl oxygen of i™ residues and the amine hydrogen of (i+4)"

residues. Peptides can also adopt a -sheet conformation, which is defined by an



extended structure where hydrogen bonds are formed between neighboring strands
that are either parallel or antiparallel. By using the characteristics of these two
secondary structural elements, many different peptide-based hydrogel systems have

been reported [10, 12-19].

Peptides having alternating hydrophobic and hydrophilic amino acid residues
tend to form [B-sheet structure in which one face is hydrophobic and the other face is
hydrophilic. For example, Brack et. al. showed that poly(Val-Lys), poly(Glu-Ala),
poly(Tyr-Glu), poly(Lys-Phe), poly(Lys-Leu) formed B-sheet structure in a pH and
salt dependent manner [20]. In another study, the repetitive sequence (AEAEAKAK),
(EAK16) containing alternating hydrophobic and hydrophilic residues was identified
in the yeast protein zuotin and characterized by Zhang et. al. [21]. Complementary
ionic interactions between negatively charged glutamate residues and the positively
charged lysine residues facilitated self-assembly resulting in the formation of a
mechanically stable macroscopic membrane that displayed enhanced proteolytic
stability against various proteases [21]. A similar peptide sequence, Ac-(RADA)s—
NH, (RADA16-I), containing alternating arginine and aspartate residues in the
hydrophilic face was designed. RADA16-I was able to disassemble mechanically by
sonication and reassemble upon cessation of sonication. When dissolved in water and
sonicated, RADA16-1 forms ordered nanofiber scaffolds and it was shown that 3-sheet

content of the fibrils does not change with repetitive sonication steps [22]. Caplan et.



al. studied sequence variations for similar peptide sequences with alternating
hydrophobic and charged residues whose charges are also alternating on the
hydrophilic face. Salt concentrations required to form gels for the peptide sequences
Ac-(FKFE),—NH, were compared for n=2,3 and 4. Ac-(FKFE);—NH,; required the
lowest salt concentration due to an increase in intermolecular attraction which
outweighed a decrease in the chain entropy as the peptide assembled [23]. In the same
study, variation of hydrophobic residues on the sequence Ac-(XKXE);—NH,, where X
is phenylalanine, isoleucine or valine, was investigated and it was shown that the more

hydrophobic peptides require less salt in order to assemble.

Aggeli et. al. studied the membrane protein IsK with a single transmembrane
domain from which shorter peptides that adopt B-sheet conformation were generated
and characterized [24]. The results of these experiments lead to the de novo design of
the 11-residue peptide P;;-2 (Ac-QQRFQWQFEQQ-NH;) that forms self-supporting
gels at 15 mg/mL concentration in water. P;-2 is a glutamine rich sequence with
alternating polar and aromatic residues that forms -sheet structure. Self-assembly of
the peptide was promoted by the methylene groups on the glutamine side chains that
provided hydrophobic interactions along with phenylalanine and tryptophan residues,
which also could form n-m interactions. Arginine and glutamic acid residues form
ionic interactions that favored antiparallel alignment of the neighboring strands during
assembly [25]. P;;-2 displays a concentration dependent higher order structure

formation in which B-sheet monomers self-assemble and form tapes over a critical



concentration and as the concentration increases, ribbons are formed from paired
tapes, then ultimately fibrils and fibers are formed [26, 27]. In other work Collier at.
al. designed Q11 (Ac-QQKFQFQFEQQ- NH;) based on the P;;-2 sequence and
appended a 17-residue peptide epitope from chicken egg ovalbumin N-terminal to Py;-
2 [28]. As the peptide assembles into fibrils, epitopes are displayed along the long-axis
of the fibrils. The assemblies were assessed as vaccines. The authors showed that high
antibody titers were achieved in mice studies without the use of adjuvants. To afford
more rigid hydrogels, Q11 was modified for enabling native chemical ligation
between the N-terminal cysteine and C-terminal thioester moiety. Such modification
afforded gels having five times greater storage moduli [29]. In a separate study, an
RGD motif was appended to Q11, improving cell adhesion and spreading of HUVECs

[30]; this peptide may find use in cell-based applications.

In other work, hydrogel formation of the dipeptide Fmoc-Leu-Asp was shown
by Vegners et. al. where gelation was observed upon cooling of a <lwt% aqueous
peptide solution [31]. In the same study, the gel was employed as a carrier for antigen
presentation. Inherently non-antigenic adamantanamine derivatives were incorporated
into these gels during the cooling process and the gels were injected into rabbits
without adjuvants to induce antigen presentation. High titers of specific antibodies
were obtained with the use of this hydrogel. For tissue engineering applications,
Jayawarna et. al. studied gelation of Fmoc-dipeptides by dissolving them in water and

then increasing the pH to deprotonate the C-terminal carboxylic acid and solubilize the



peptide. Next, the pH was decreased slowly until a gel was formed. It was shown that
different Fmoc-dipeptides gelled at different values of pH; Fmoc-Gly-Gly, Fmoc-Ala-
Gly, Fmoc-Ala-Ala, Fmoc-Leu-Gly, Fmoc-Phe-Gly gelled below pH 4 whereas
Fmoc-Phe-Phe gelled below pH 8 [32]. Gelation pH could then be tuned to
physiological pH by combining these dipeptides to form self-supporting fibrous gels
used for chondrocyte seeding and proliferation. Xu et. al. appended naphthalene to one
of these Fmoc-dipeptides that self-assembled to form super helical nanofiber
structures [33]. At low (0.07 wt%) concentrations, gel formation occurred with the
resulting material shown to be biocompatible. When the naphthyl moiety was placed
on the C-terminus of Phe-Phe dipeptides, gelation occured in a narrow pH range (pH
5-6). These gels showed a selective inhibition of cancer cell (HeLa) growth over non-
cancerous cells [34]. The possible reasons were speculated due to the poor
permeability of non-cancerous cells and/or interaction of essential serum proteins in

the medium of HeLa cells to these dipeptides and subsequently inhibit cell growth.

Inducing amphiphilicity through the addition of an alkyl moiety to short
peptides is an alternative way to produce peptides capable of gelling. Such molecules,
called peptide amphiphiles (PA), combine hydrophobic alkyl chains and hydrophilic
peptides to produce molecules that assemble into 3 dimensional networks of fibrils
having high-aspect-ratios. PAs are typically 4 component systems; an alkyl chain, a
short hydrophobic peptide sequence, a segment of charged amino acids (to help

solubility and direct self-assembly) and a bioactive moiety to interact with cells and



proteins [35]. Alkyl chain length and the nature of the amino acids in each segment
can be varied to control the mechanical properties, morphologies, self-assembly
characteristics and the ultimate function of the PA [36]. Specifically, different
resulting morphologies can be generated by changing the interaction of residues on the
peptide portion of the PA. An alkyl chain followed by a VVEE peptide sequence
results in cylindrical fiber morphology, whereas alternating valine and glutamate
residues (VEVE) result in a bilayer-like structure that ultimately forms nanobelts that
are wide and flat structures [37]. Encapsulated cells in PA matrices were viable and
proliferate for weeks without cell-cycle arrest indicating biocompatibility. In addition,
the hydrogelation kinetics of the PA gels were tuned by incorporating larger
hydrophobic residues together with the existing hydrophilic residues (SLSLGGG vs.
AAAAGGG). These amphiphiles can be injected as liquids in vivo where they gel
very fast. Epitopes like IKVAV for neural attachment, migration and outgrowth, and
RGDS for cell adhesion were also appended to PA gels to enhance their cellular

activity [35].

Peptide quaternary structure can also be used for material formation. Coiled-
coils, where two or more a-helices form a self-assembled supercoil, were designed
according to the heptad repeat (abcdefg), of coiled-coils. Positions a and d on the same
face of one helix forms a hydrophobic strip that drives peptide folding via coiled-coil
formation. Positions e and g interact (e.g. charge-charge interactions) at the coiled-coil

interface and positions b, ¢ and f are solvent exposed [38]. The stability and the



multimerization state of coiled coils can be controlled by varying the residues within
the heptad repeat. In these systems, oligomeric a-helices wrap around each other to
bury the hydrophobic surfaces efficiently affording coiled-coils that can be very long.
For example, fibrin and keratin are natural examples of coiled coil structures. Gel
formation by using coiled coils can be achieved in various ways. Linking coiled coil
forming o-helices to polymers results in peptide-polymer-peptide triblock
macromolecules that ultimately self-assemble into extended structures forming a
competent hydrogel [39]. A similar strategy is to cap the ends of unstructured
hydrophilic sequences with coiled-coil forming peptides to promote gelation [40]. By
rational peptide design, temperature responsiveness, swelling and viscoelastic
behaviors can be modulated [11]. Networks composed entirely of coiled coils can also
be generated by designing sticky ended coiled coils, a strategy made popular by the
Woolfson Group. Here, heptad extension at the C- and N-termini of distinct peptides

drives oligomerization and fibril formation [38].

The ECM structural protein elastin, found in many elastic organs like lungs,
skin and arteries, has inspired the development of elastin-based materials [41-44].
Polymers compose of repeating units of the native pentapeptide repeat VPGXG, where
X is any amino acid except proline, showed tunable physical properties by
incorporating various amino acids in the X position [45]. Elastin-like polypeptides
(ELP) present temperature dependent sol-gel phase transitions when they are heated

over a transition temperature, which is defined by peptide hydrophobic content,



polymer size and concentration. Random coil conformation at low temperatures gives
way to the formation of B-turn spiral conformations of the backbone where the
hydrophobic residues are buried as the temperature increases. At the inverse phase
transition temperature, the spiral folded peptides go through coacervation observed by
the turbidity of the solution due to aggregation [46, 47]. The inverse temperature
transition behavior can be adjusted between 0-100°C by genetically engineering the
sequence so that desired characteristics can be tailored that enable drug delivery and

tissue engineering applications [48, 49].

1.2.2 B-hairpin forming peptide hydrogels

The rational design of peptides by the Schneider and Pochan laboratories have
produced a family of B-hairpin peptides capable of folding and self-assemble upon
addition of an environmental trigger to form hydrogels [50, 51]. The de novo designed
parent peptide MAX1 has the sequence of VKVKVKVK-V’P'PT-KVKVKVKYV-
CONH,, in which two strands containing alternating hydrophobic valine and
hydrophilic lysine residues flank a tetrapeptide sequence -V°PPT- designed to adopt
type II' B-turn. At low pH and ionic strength the lysine side chains are protonated
resulting in intrastrand charge repulsion keeping the peptide in an unfolded state.
Upon addition of a folding trigger (e.g. pH change, salt, temperature) MAX1 folds and
self-assembles into a fibrillar network (Figure 1.1). The transition from random coil to

B-hairpin conformation can be triggered by either addition of salt which screens the
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positive charges or increasing the pH which deprotonates some of the lysine residues
[52, 53]. In addition, increasing the temperature promotes the desolvation of
hydrophobic residues and subsequent hydrophobic collapse. Once such an external
stimulus is introduced, the peptide folds into an amphiphilic B-hairpin molecule
characterized by a lysine-rich hydrophilic face and a valine-rich hydrophobic face.
The folded hairpin structure subsequently facially associates via hydrophobic collapse
of the valine-rich face resulting in a bilayer-like structure. Lateral association of the
hairpins also occurs via intermolecular hydrogen bonds and side chain hydrophobic
contacts formed between neighboring hairpin molecules, resulting in the formation of
fibrils. The smooth hydrophobic surface of the hairpin is susceptible to mispacking
during fibril growth. The sites along a growing fibril where mispacking occurs are
nucleation sites where new fibrils can begin to grow. Nascent fibrils can grow in a
new direction in 3 dimensions. Overall, this results in the formation of branching
points resulting in interfibril cross-links [54]. Ultimately, mechanically rigid hydrogels
are formed via the contribution of these interfibril cross-links as well as simple

fibrillar entanglements.
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Figure 1.1 Folding and self-assembling mechanism of MAXI1.

Rajagopal et. al. showed that the pH responsiveness of -hairpin peptides can
be tuned by decreasing the overall charge state of the peptide, leading to folding and
self-assembly of the peptides triggered at lower pH values as compared to MAX1
[53]. It was also found that when the net positive charge of the peptide is decreased,
the side chains are screened more effectively resulting in more peptide being
incorporated into the hydrogel network, leading to a greater number of cross-links
formed creating a more rigid gel [55, 56]. Based on this principle, MAXS8 was
designed through the substitution of Lysine 15 of MAX1 with a glutamic acid. This
substitution decreased the net charge of the peptide from +9 to +7, leading to more
rigid hydrogels (<40 Pa vs. 550 Pa for 0.5wt% gels after 1 h at 37°C) at
physiologically relevant pH and ionic strength conditions compared to MAXI

hydrogels [55].
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As a result of the non-covalent nature of the gel cross-links, [-hairpin
hydrogels show shear-thin and recovery capabilities. Specifically, these hydrogels go
through transition from a visco-elastic solid to liquid-like under shear stress allowing
them to act as an injectable scaffold or depot. During syringe delivery, the B-hairpin
hydrogel flows like a viscous solution but upon the cessation of shear, it recovers its
bulk properties at the site of delivery. It was proposed that the physical network
fractures into domains during the application of shear and the gel flows as detached
fibrils between the gel domains. Upon cessation of shear stress, the gel domains relax
at the boundaries and interpenetrate into each other to percolate the whole volume
again [57]. This shear-thinning and recovery property allows for the delivery of viable
encapsulated cells homogenously distributed in the gel, with material properties

similar to that before syringe delivery [58].

The syringe delivery of biocompatible hydrogels for cell encapsulation has
been extensively studied in the lab. For example, gelation of MAXI1 triggered by the
addition of DMEM cell culture media resulted in rigid hydrogels whose surfaces
presented cytocompatibility when model fibroblast cells (NIH 3T3) were tested [59].
In addition, MAXS gels have been prepared containing a homogenous distribution of
cells, which could shear-thin and recover without compromising cell viability [55, 57,

58].
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1.3 Overview of Recombinant Peptide Production

While the chemical synthesis has been optimized for many peptides produced
in the Schneider Lab, there is the opportunity for a more cost effective method of
production through bacterial expression. Commonly, solid phase peptide synthesis is
employed for small scale batches. While this method is rapid, it is limited by cost and
yields during scale-up. Recombinant production is an alternative method that employs
a host organism’s machinery for peptide synthesis. Antimicrobial peptides represent a
class of peptides whose recombinant production has been investigated intensively. E.
coli is the most employed organism among other host organisms like yeast, fungi,
insect and plant for the production of antimicrobial peptides. There are many hurdles
to overcome when engineering a system for efficient peptide production. One hurdle is
the possible rapid degradation of the translated peptide by the host organism. To
circumvent bacterial degradation pathways peptides are typically expressed as a fusion
with a larger partner protein. Often times a tag (e.g. hexaHistidine/Histag) for
purification is included in the design of the fusion protein. To free the peptide from its
fusion partner following expression, a cleavage site is also incorporated in the
sequence. In the case of antimicrobial peptide expression in bacteria, the peptides are
generally fused to protein fusion partners that can mask the antimicrobial activity of
the peptide or promote inclusion body formation in the cell to sequester the active
peptide. Another hurdle is that highly repetitive sequences of target genes may result

in poor expression levels and susceptibility to undesired mutations [60, 61]. Below,
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precedent is given for the expression of antimicrobial and self-assembling peptides
with corresponding yields to serve as a theoretical basis for the work presented in this
thesis. The work published to date serves to validate the hypothesis that expression
systems can be designed that allow efficient production of self-assembling peptides as
well as peptides whose native function is to kill the very organism in which they are

being produced.

ABP-CM4 is a 35-residue antimicrobial peptide from the cecropin family
identified in insects and when secreted from P. pastoris, a yield of 15 mg/L was
achieved [62]. A Thioredoxin (Trx) fusion of the ABP-CM4 peptide expressed in E.
coli yielded 1.2 mg/L [63]. However, when expressed as a Glutathione S-transferase
(GST) fusion in E.coli, the peptide could not be recovered. A chitin-binding domain
(CBD) and intein fusion yielded 2.1 mg/L [64]. Although the yields were low, the
work nicely demonstrated that bacterial expression is possible for this class of

peptides.

Trx-Histag fusion of another cecropin (Mdmcec) expressed in E. coli resulted
in a yield of 11.2 mg/L [65]. In other work, cathelicidins derived from the LL-37
peptide, which is a 37-residue peptide with two N-terminal leucines, were expressed in
E. coli as a Trx fusion and the yields of the peptides were as follows; LL-23 5.4 mg/L,
LL-29 2.1 mg/L, KR-20 0.7 mg/L, SK-29 1.7 mg/L [66]. The 22-residue peptide

piscidin-1, identified in fish (hyrid-striped bass), was expressed in E. coli as a Histag-
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ubiquitin fusion yielding 1.5 mg/L peptide [67]. A tandem repeat expression strategy
for indolicidin derivative where 15 repeats of short anionic peptides with methionine
at their N- and C-termini were interspersed between a cationic peptide fused to
cellulose binding protein A (CBP33.123), yielded 100 mg/L peptide functionalized with
a C-terminal homoserine lactone moiety [68]. Another example of tandem expression
is the expression of histonin repeats (2-32) fused to PurF protein. An endogenous furin
cleavage site (RLKR) at the C-terminus was employed for cleavage and ultimately a
yield of 167 mg/L peptide was achieved [69]. Table 1.1 lists the peptides and their
corresponding yields. Generally, the yields are less than 10 mg/L with a few

exceptions of relatively higher yields.
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Table 1.1 Antimicrobial peptides expressed in bacteria. Peptide sequences, host
organisms, fusion partner proteins and yields are shown.

| Peptide | Host | Partner | Yield |

ABP-CM4 P, pastoris - 15 mg/L
MEDFQEDREGRSKHQRRYRQGWSSCRC

RRSSCYY

ABP-CM4 E. coli Trx 1.2 mg/L
ABP-CM4 E. coli  CBD-intein 2.1 mg/L
Mdmecec E. coli Trx-Histag 11.2mg/L
MKKIGKKIERVGQHTRDATIQTIGVAQQ

AANVAATLKG

LL-23 E. coli Trx 5.4 mg/L
LLGDFFRKSKEKIGKEFKRIVQR

LL-29 E. coli Trx 2.1 mg/L
LLGDFFRKSKEKIGKEFKRIVQRIKDFLR

KR-20 E. coli Trx 0.7 mg/L
KRIVQRIKDFLRNLVPRTES

SK-29 E. coli Trx 1.7 mg/L
KRIVQRIKDFLRNLVPRTES

Piscidin-1 E. coli Histag- 1.5 mg/L
FFHHIFRGIVHVGKTIHRLVTG Ubiquitin
Indolicidin* E. coli CBD 100 mg/L
ILRWPWWPWRRKMAEAEPEAEPIM derivative

Histonin E. coli PurF 167 mg/L
RAGLQFPVGKLLKKLLKRILKR

*Indolicidin sequence is underlined and anionic spacer sequence is between
methionines shown in bold.

Pertinent to the work described in this thesis is the production of self-
assembling peptides. The yields of recombinantly produced self-assembling peptides
in the literature are summarized in Table 1.2. Tandem repeats (3) of AP;i6 Were
expressed as a ketosteroid isomerase (KSI) fusion in E.coli and following CNBr
cleavage, a yield of 10 mg/LL was achieved [70]. RAD16 was expressed as tandem

repeats fused to CBD in R. eutropha with an additional glutamate at the C-terminus of
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the repeats for endoproteinase-Glu cleavage and 10.1 mg of peptide was recovered
from a liter of culture [71]. SA2 and SA7 peptides were expressed by using small
ubiquitin-related modifier (SUMO) protein as a fusion partner and cleavage was
performed by SUMO protease. The overall yield of the peptides was 6 mg/L [72]. The
21-residue peptide from lac repressor called mLac21 was produced in E.coli as a KSI
fusion and cleavage at the cysteine residues by using Il-cyano-4-
dimethylaminopyridinium tetrafluoroborate (CDAP) afforded the peptide with a final
yield of 2.9 mg/L [73]. The P;;-2 peptide was fused to Trx with a tobacco etch virus
(TEV) protease cleavage site N-terminal to P;;-2 and the ultimate yield was 13 mg/L
[74]. Much higher yields around 90 mg/L. were achieved by the McPherson laboratory
for the P-4 peptide when 3 repeats of the peptide were fused to KSI and auto-
induction media was employed [75]. CNBr cleavage and purification afforded a 90
mg/L yield, which was further improved to 203 mg/L when a modified version of
auto-induction media was used [76]. In another study, the P;;-4 peptide and the
complementary P;;-13 and P;;-14 peptides which are able to form hydrogel only when
combined together, were expressed as SUMO fusion proteins and the yields were 35.3
mg/mL, 51.5 mg/mL and 17.8 mg/mL, respectively [77]. Although the yields of
recombinant production of most self-assembling peptides are around 10 mg/L, the
results of McPherson are outstanding and demonstrate that careful modification and

optimization of the expression system can lead to excellent yields.
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Table 1.2 Self-assembling peptides expressed in bacteria. Peptide sequences, host
organisms, fusion partner proteins and yields are shown.

| Peptide | Host | Partner | Yield

AB1126 E. coli KSI-Histag 10 mg/L
(EVHHQKLVFFAEDVGM);,

RADI16 R. eutropha CBD 10.1 mg/L
(RADARADARADARADAE),

SA2 E. coli SUMO 6 mg/L
AAVVLLLWEE

SA7 E. coli SUMO 6 mg/L
AAVVLLLWEEEEEEE

mLac21 E. coli KSI 2.9 mg/L
CKQLADSLMQLARQVSRLESA

P2 E. coli Trx 13 mg/L
QQRFQWQFEQQ

P-4 E. coli KSI-Histag 90 mg/L
(QQRFEWEFEQQM),

P-4 E. coli KSI 203 mg/L
QQRFEWEFEQQ

P-4 E. coli SUMO 353 mg/L
QQRFEWEFEQQ

P,-13 E. coli SUMO  51.5mgL
EQEFEWEFEQE

Py-14(K) E. coli SUMO 17.8 mg/L
QQKFKWKFKQQ

1.4 Research Objective and Organization of Thesis

The primary focus of this thesis is the investigation of bacterial expression of
B-hairpin peptides as an alternative to production by chemical synthesis. Because each
step that defines the methodology for bacterial expression can influence the overall
yield, bacterial peptide production is challenging and requires careful consideration.

For example, fusion protein and cleavage method selection, cloning strategy and
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culturing method selection and downstream processing all need to be optimized to

produce efficient yields.

The comprehensively studied B-hairpin peptide MAX1 contains a D-amino
acid residue in its turn region and an amide functionality at its C-terminus which are
not found in natural peptides, hence MAX1 cannot be produced in bacteria. Therefore,
the first objective is to design novel B-hairpin sequences amenable for bacterial
expression. However, these same peptides must also be capable a well-controlled self-
assembly leading to the formation of rigid hydrogels at physiological conditions (pH
7.4, 50 mM BTP, 150 mM NaCl, 37°C). The strategy followed here is to make
changes to the MAXI1 sequence affording new sequences amenable to bacterial
production. Chemical synthesis of the new sequences will first be performed to
quickly assess their folding and assembly properties and the material properties of
their corresponding gels. The MAX1 derivatives which retained the ability to afford
self-supporting hydrogels at physiological conditions will be selected for bacterial
expression. In Chapter 2, the design and characterization of novel self-assembling
peptides amenable to bacterial expression is presented. The new designs are first

prepared by chemical synthesis as outlined in Chapter 2.

After selection of candidate peptides capable of efficient gel formation, my

second objective was to establish an initial bacterial expression strategy as outlined in

Chapter 3. This includes DNA construct design for alternative routes of peptide
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expression and selection of expression and downstream processing methods. One
model peptide, EX1, was chosen for the initial pilot expression studies. Pilot
expression studies were performed to determine which strategies were successful.
Scale-up and the established preliminary downstream processing methods afforded
recombinantly produced peptide. These pilot studies, using the peptide EX1 are

presented in Chapter 3.

In these pilot experiments, the overall yield was low; therefore my third
objective was method refinement to improve the yield of pure recombinant -hairpin
peptide. If successful, this would result in a low-cost alternative to chemical synthesis.
As will be shown in Chapter 4, optimization resulted in an increase in harvested
biomass, as well as enhanced the recovery of the peptide. Solubility characteristics of
the P-hairpin peptide were exploited during the downstream processing, which
allowed extra purification steps to be eliminated. Once the final method was
established, it was employed for two additional sequences, namely, EX2 and EX3
which were designed in Chapter 2. The yields of EX2 and EX3 were 31, and 15 mg/L
which was slightly lower compared to 50 mg/L for EX1. Overall the work outlined in
Chapters 2, 3 and 4 indicate that gel-forming B-hairpin peptides can be produced in

bacteria.
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Lastly in Chapter 5, problems encountered during the chemical synthesis of the
peptides, namely succinimide formation and lysine deletion in different target peptides
are discussed together with their consequences on the material properties of their
corresponding gels. Synthetic methods that prevent succinimide formation are
presented. In separate work, the consequences of lysine deletions specific positions
within the hairpin on the elastic properties of their corresponding gels are also

presented.
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Chapter 2

DESIGN OF SELF-ASSEMBLING PEPTIDES THAT CAN BE PREPARED BY
FERMENTATION

2.1 Introduction

The extensively studied beta-hairpin peptide MAX1 contains a D-residue in its
turn region and C-terminal amide which are functionalities not found in natural
peptides. In bacteria, D-amino acids are synthesized by racemization, epimerization or
stereospecific amination of a-ketoacids and they are mostly found in biomolecules
such as peptidoglycan, teichoic acids and poly-y-glutamate in extracellular or
periplasmic space [1]. D-amino acids are not used in translation but can be
incorporated into peptides for antibiotic synthesis by non-ribosomal peptide
synthetases (NRPS). Bacteria produce nonribosomal peptides in the secondary
metabolism by employing large multimodular NRPSs [2, 3]. During this process, not
only 20 standard amino acids are used but also non-standard amino acids including
methylated, hydroxylated or D-amino acids as well as lipids and carbohydrates can be
incorporated to the peptides that can be in linear, branched, cyclic or poly-cyclic forms
[4, 5]. The modular composition of NRPSs includes discrete enzymes each of which
facilitates the addition of a specific monomer unit [6]. During recombinant production,

bacterial ribosomal synthesis machinery is employed and MAX1 cannot be expressed
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by this machinery due to having a D-proline in its sequence. Therefore, MAX1 must

be prepared chemically.

The sequence of MAX1 was used as a design template and, the sequence
changes to be performed on MAXI1 to afford peptides amenable to bacterial
expression and able to afford self-supporting hydrogels at physiological conditions
(pH 7.4, 50 mM BTP, 150 mM NaCl, 37°C), are depicted in Figure 2.1. First, turn
regions containing L-amino acids were incorporated into the MAX1 template. Next,
the C-terminal carboxyl functionality found in natural peptides was incorporated,
replacing the C-terminal amide of MAXI1. Further change by substitution of lysine at
position 15 on MAXI1 to glutamic acid to better facilitate folding and self-assembly
leading to stiffer hydrogels was implemented. New sequences were chemically
synthesized to quickly assess their folding, assembly and material forming properties

before initiating bacterial expression studies.

HsN*- V. K V KV KV K

MAX1
V KV KYV V K
turn regions
change to change to with natural
carboxyl group Glutamate (E) amino acids

Figure 2.1 Peptide engineering on MAXI1. Changes were performed on the turn
region, C-terminus and lysine at position 15.
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Natural L-amino acid containing turn structures used to replace the unnatural
D-amino acid containing MAXI1 turn structure are shown in Figure 2.2A with their
putative turn types and hydrogen bonding patterns. The classification of turn types are
mainly due to the backbone dihedral angles (® and W) of turn residues at the i+/ and
i+2 positions of the turn [7-11]. The new peptide sequences compared with the MAX1
sequence are shown in Figure 2.2B. The i+1 position of the MAX1 turn VPPPT has a
D-Proline whose dihedral angles are restricted due to the covalent constraints of
pyrrolidine ring formation and any L-amino acid in the i+2 position. These constrains
strongly favor the formation of a stable type II' turn [12-15]. Figure 2.2A shows the
stabilizing hydrogen bonding between the amide hydrogen and carbonyl oxygen of
Valine and Threonine at the i and i+3 positions of the type II' turn, respectively.
Previously, a former Schneider Lab member, Karthikan Rajagopal studied natural L-
amino acid containing turn sequences where VPDGT and YNGT sequences were used
to replace the VPPPT turn of MAXI. The resulting peptides were characterized at
alkaline and high temperature conditions (pH 9 and 60°C) with respect to their folding
and self-assembly [16]. The turn sequence VPDGT was adapted from modification of
an isolated native ubiquitin N-terminal sequence that forms a stable monomeric [3-
hairpin that was reported to adopt a type I + G1 bulged turn (NPDGT) [17]. The PDG
sequence contained within this 5-residue turn was also shown to strongly promote a
type I + G1 bulged turn in other reports [18-21]. Figure 2.2A shows the stabilizing

hydrogen bonding formed between the amide hydrogen of Valine at position i and
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carbonyl oxygen of Threonine at position i+4 as well as carbonyl oxygen of Valine at

position i and amide hydrogen of Glycine at position i+3.

The YNGT turn sequence contains an Asn-Gly dipeptide at its central position
and facilitates the formation of a type I' B-turn [22-25]. The hydrogen bonding pattern
between Tyrosine at position i and Threonine at position i+3 is also shown in Figure
2.2A. For the third turn sequence VPIGT, the aspartate of VPDGT was replaced with
isoleucine making the turn region more hydrophobic compared to the negatively
charged hydrophilic aspartate containing sequence. The VPIGT turn is also expected
to have a similar hydrogen bonding pattern to that of VPDGT that should stabilize the

turn.
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|
T/ 6
VPPPT VPDGT VPIGT
i i .
i+1 - i+1
+2
. . i+2
j+3 2 i+4 +3 i+3
Type II’ turn Type I + G1 bulge turn Type I’ turn
(2:2) 3:5) (2:2)
(B)
MAX1 H;N* - VKVKVKVK VPPPT KVKVKVKV - NH,
MAX1(VPDGT) H;N* - VKVKVKVK VPDGT KVKVKVKYV - NH,
MAX1(VPIGT) Hs;N* - VKVKVKVK VPIGT KVKVKVKYV - NH,
MAX1(YNGT) H;N* - VKVKVKVK YNGT KVKVKVKYV - NH,

MAX1(VPDGT)-C

EX1 H;N* - VKVKVKVK VPDGT KVEVKVKYV - COO-
EX2 H;N* - VKVKVKVK VPIGT KVEVKVKYV - COO-
EX3 H;N* - VKVKVKVK YNGT KVEVKVKYV - COO-

H;N* - VKVKVKVK VPDGT KVKVKVKYV - COO-

Figure 2.2 Structures of MAXI1 turn variants and peptide sequences. (A) Turn
structures, turn backbone structures with residue numbers and turn types are shown in
addition to turn region hydrogen bonding patterns. (B) Peptide sequences generated in
this study.

Ultimately, a peptide amenable to bacterial expression must contain all L-

residues and a free carboxy-terminus. The design strategy employed in this chapter is
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to first replace the turn sequence of MAXI1 with turns containing all L-residues.
Initially, the replacement of the turn sequence was done strictly in the context of
MAXI,; that is, in the first generation of sequences, the C-terminal amide of MAXI
was left intact to assess the effect of altering the turn structure only. After studying
these peptides (MAX1(VPDGT); MAX1(VPIGT); and MAX1(YNGT), Figure 2.2B),
the effect of changing the carboxy amide to a free carboxylate was assessed on the
MAXI1(VPDGT) peptide alone. After this, I also studied the effect of changing the
lysine at position 16, to a glutamate resulting in peptide EX1 based on the rational

given below.

MAXI1 was designed to form a rigid hydrogel in a pH dependent manner in
which alkaline solution conditions are used as a folding trigger [26]. At near neutral
pH (pH 7.4) and low ionic strength, the lysines of MAX1 (pK, ~10.5) are protonated
keeping the peptide in its unfolded state due to side chain charge repulsion. However,
increasing the ionic strength of the solution using NaCl (150 mM) [27] can function as
a folding trigger by screening the positive charges. In fact, increasing the
concentration of NaCl beyond 150 mM results in an increase in the rate of folding,
self-assembly and fibril network evolution. An alternative way to increase the folding
kinetics is to design peptides with less positive net charge, which needs to be screened
in order to initiate folding. Previously, it was shown that modification of MAX1's net
charge by substituting lysine with a glutamic acid lead to faster rates of folding and

assembly, and hydrogels with enhanced mechanical rigidity at a specific pH [28]. In
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fact, this substitution enabled hydrogelation to take place at pH 7.4 and 150 mM NaCl,

conditions allowing physiological applications of the gel [29].

Finally, this lysine-to-glutamic acid substitution was also made in the context
of the other two turn types resulting in peptides EX2 and EX3, Figure 2.2. For all the
peptides, folding and assembly was assessed by circular dichroism following the
evolution of [B-sheet structure. Oscillatory rheology was used to investigate the

mechanical properties of their resulting gels.

2.2 Varying the Turn Sequence in the Context of MAX1

The turn sequences consisting of L-amino acids (VPDGT, VPIGT and YNGT)
were incorporated into sequence of MAXI, ultimately to derive sequences amenable
to bacterial expression. These peptides were initially chemically synthesized to
quickly assess their propensity to fold and assemble. The rheological properties of
their corresponding gels at physiologically relevant conditions (50 mM BTP, 150 mM

NaCl, pH 7.4, 37°C) was also studied.

2.2.1 Characterization of MAXI1 turn variants at physiological buffer
conditions

The transition from random coil structure to beta-sheet structure was

investigated via CD spectroscopy using dilute concentrations of peptides (150 uM).
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MAXI(VPDGT), MAXI(VPIGT) and MAXI(YNGT) with C-terminal amidation
were first studied to assess their potential to fold at physiologically relevant pH and
NaCl concentrations. Figure 2.3A shows the mean residue ellipticity of the three
peptides in addition to comparison with that of MAX1 at 216 nm, which is the
characteristic wavelength indicative of [-sheet formation, as a function of
temperature. The peptide concentration used in panel A was 150 uM. At this low
concentration, if the sequence permits, the peptide will fold and self-assemble into 3-
sheet rich soluble fibrils, but not gel. As can be seen in the Figure, all peptides exist in
the random coil conformation and don’t exhibit any structural transformation into beta
sheet conformation even at higher temperatures. The slight change at the 216 nm
signal from 5°C to 80°C in Figure 2.3A might be associated with slight conformational
changes of the turn region amino acids as the temperature increases. However, the data

clearly show that these peptides remain unfolded under these conditions.

Due to the co-operativity between folding and self-assembly proceeding to
hydrogel formation, B-sheet formation is concentration dependent [30]. Thus, the
secondary structure of the peptides was also investigated at 1 wt% concentration at
37°C using the same buffer conditions. Figure 2.3B shows that even at higher
concentration, these peptides are incapable of folding and self-assembling at 37°C.
However, 0.5 wt% of MAXI1 at 35°C (pH 7.4, 50 mM BTP, 150 mM NaCl) is able to

fold into beta sheet structure shown by the characteristic minima at 216 nm in
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wavelength spectrum in Figure 2.3C. This lack of hairpin formation of the MAX1 turn

variants could be likely due to the lower turn propensities of the VPDGT, VPIGT and

YNGT sequences compared to the MAX1 VPPPT turn. As will be shown later, other

design changes can be made to accommodate these lower propensity turns to produce

peptides capable of folding and self-assembling.
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Figure 2.3 Temperature dependent CD spectroscopy. (A) Temperature dependent
B-sheet formation of 150 uM MAX1(VPDGT), MAX1(VPIGT), MAX1(YNGT) and
MAXI1 by monitoring mean residue ellipticity at 216nm from 5°C to 80°C. (B)
Wavelength spectra of 1 wt% MAXI1(VPDGT), MAX1(VPIGT) and MAXI(YNGT)
at 37°C after 1 hour. (C) Wavelength spectra of 0.5 wt% MAXI1 at 35°C. (pH 7.4, 50
mM BTP, 150 mM NaCl).
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MAXI1(VPDGT), MAX1(VPIGT) and MAX1(YNGT) were expected not to
form rigid hydrogels at 1 wt% concentration since the CD data at the same
concentration (1 wt%) in the same buffer showed that the peptides do not fold (Figure
2.3B). The dynamic time sweep experiment shown in Figure 2.4, confirmed that the
MAXI turn variants do not form rigid hydrogels and remained viscous at 1 wt%
concentration at physiologically relevant conditions. All three peptides form viscous
solutions having very low storage moduli around 25 Pa which did not increase as a

function of time.

100 -
4 MAX1(VPDGT) G'
MAX1(VPDGT) G
. 80 - + MAX1(VPIGT) G°
© MAX1(VPIGT) G
Q 60 - MAX1(YNGT) G*
z NGT) G™
i MAX1(YNGT)
) 40

0 20 40 60
Time (min)

Figure 2.4 Mechanical properties of MAXI1 turn variants by oscillatory rheology.
Dynamic time sweep experiment showing the evolution of storage (G") and loss (G™")
moduli of 1 wt% peptides at pH 7.4, 50 mM BTP, 150 mM NaCl, 37°C .
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2.3 Change of Carboxyl C-terminus on MAX1(VPDGT)

Bacterial expression of these peptides will yield sequences having free C-
terminal carboxy groups as opposed to the C-terminal amides derived from solid phase
peptide synthesis employing PAL-based resins. Changing the C-terminal amide to a
C-terminal carboxyl group on MAXI1(VPDGT) not only mimics the recombinant
peptide that would be produced by bacterial culturing but also decreases the net
positive charge by 1 unit (Figure 2.5). The net charge of the peptide changes from +8
to +7 when the carboxy terminus is considered. The change in overall peptide charge
might affect the characteristics of the peptide as discussed before. This change in C-
terminal functionality was studied in the context of the MAXI1(VPDGT) peptide,

Figure 2.5.

MAX1(VPDGT)  H;N*- VKVKVKVK VPDGT KVKVKVKV - NH,
MAX1(VPDGT)-C H;N*- VKVKVKVK VPDGT KVKVKVKYV - COO-

Figure 2.5 Comparison of MAX1(VPDGT) and MAXI1(VPDGT)-C sequences.
The C-terminal amide of MAX1(VPDGT) was changed to a C-terminal carboxyl on
MAXI1(VPDGT)-C.
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2.3.1 Characterization of MAX1(VPDGT)-C

The decrease in the net charge of the peptide did not alter its inability to fold at

physiological conditions at 1wt % concentration (Figure 2.6). The wavelength spectra

in Figure 2.6 clearly indicate that peptide remains unfolded at 37°C.
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Figure 2.6 Wavelength CD spectra. 1 wt% MAX1(VPDGT) and MAX1(VPDGT)-C
at 37°C after 1 hour (pH 7.4, 50 mM BTP, 150 mM NaCl).

Although MAX1(VPDGT)-C remains unfolded at 1 wt% concentration at

physiological conditions shown by Figure 2.6, rheology data given in Figure 2.7

showed that it was able to form a weak hydrogel. The storage modulus of the

MAXI1(VPDGT)-C gel was approximately 100 Pa while MAX1(VPDGT) remained a

viscous solution at the end of 1 hour (Figure 2.7). This indicates that some form of

cross-linked network was formed. The negative charges introduced at the turn region
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aspartate and C-terminal carboxyl of the peptide could be forming intermolecular salt
bridges with both the positively charged lysine residues as well as the amine group at
the N-terminus resulting in the formation of an extended network of associated
peptides capable of gelling the solution at high peptide concentrations. Because there
was no P-sheet formation detected by CD, the mechanism of MAXI1(VPDGT)-C
hydrogel formation did not support the proposed hydrogelation mechanism explained

in Chapter 1 and was not studied further.

200
MAX1(VPDGT)-C G*

MAX1(VPDGT)-C G
150 «MAX1(VPDGT) G'

© MAX1(VPDGT) G~
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0 W
0 20 40 60
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Figure 2.7 Mechanical properties by oscillatory rheology. Dynamic time sweep
experiment showing the evolution of storage (G") and loss (G'") moduli of 1wt%
peptides at pH 7.4, 50 mM BTP, 150 mM NacCl, 37°C .
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2.4 Change of Lysine to Glutamic Acid at the Hydrophilic Face of
MAX1(VPDGT)-C

In previous studies, the lysine at position 15 of MAX1 was replaced with a
glutamate and the gels formed from the resulting peptide MAXI(KI15E) were
characterized and studied extensively for its use in cellular and protein encapsulation
and injectable delivery [28, 29, 31]. Correspondingly, the lysine at position 16 of
MAXI(VPDGT)-C was changed to glutamate and a peptide suitable for expression,

EX1, was obtained (Figure 2.8).

MAX1(VPDGT)-C H;N*- VKVKVKVK VPDGT KVKVKVKV - COO-
EX1 H;N* - VKVKVKVK VPDGT KVEVKVKYV - COO-

Figure 2.8 Comparison of MAX1(VPDGT)-C and EX1 sequences. EX1 was
derived from MAX1(VPDGT)-C by replacing the lysine at position 16 with glutamate.

2.4.1 Characterization of EX1

Further decrease in net charge by changing the lysine to glutamate yielded
EX1 that can fold and self-assemble into B-sheet beyond 30°C as characterized by
temperature dependent CD at 150 uM concentration as shown in Figure 2.9A where

the mean residue ellipticity was given as a function of temperature with comparison to

MAXI(VPDGT) and MAX1(VPDGT)-C. At physiological conditions, 1 wt% EXI
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was also characterized and the wavelength CD spectrum showed a minima at 216 nm

confirming the formation of B-sheet structure (Figure 2.9B).
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Figure 2.9 Temperature dependent CD spectroscopy (A) Temperature dependent
-sheet formation of 150 uM peptide solutions by monitoring mean residue ellipticity
at 216 nm from 5°C to 80°C (pH 7.4, 50 mM BTP, 150 mM NaCl). (B) Wavelength
spectra of 1 wt% EX1 at 37°C after 1 hour (pH 7.4, 50 mM BTP, 150 mM NacCl).
Substitution of glutamic acid in the peptide sequence significantly enhanced
the self-supporting hydrogel forming properties of EX1. The gel formed from the
peptide has a storage modulus around 1 kPA after 1 hour at physiologically relevant
conditions (Figure 2.10A). This considerable difference in mechanical rigidity
between EX1 and MAX1(VPDGT)-C may be due to the formation of cross-strand salt
bridges between lysine and glutamate residues and a higher number of cross-links and
fibril entanglements as a consequence of its faster assembling rate. Similar differences

in gel mechanical properties were reported for gels prepared from MAXI1 and

MAXI(K15E) [29]. Figure 2.10B shows the shear-thinning and recovery properties of
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EX1. During high strain (1000%), the hydrogel became completely viscous observed
by the immediate decrease in G* and when the strain was reduced to 0.2%, the gel
recovered it's storage modulus by ~50% in a short time. When physical (non-covalent)
cross-links are broken, the hydrogel shows liquid-like behavior and as the strain is
decreased, physical cross-links are reformed. In the case of EX1 hydrogel recovery,
the gel was not capable of restoring its rigidity to that of the original gel. The reason
for this is not known. At any rate, the gel does not recover substantially to allow
syringe based delivery. Dynamic frequency and strain sweep experiments (Figure 2.10
C and D) after 1 hour of gelation shows that the storage modulus of EXI1 is not
frequency dependent in the range of 0.1-100 rad/sec and a 1 wt% gel yields around 6%

strain.
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Figure 2.10 Mechanical properties by oscillatory rheology (A) Dynamic time
sweep experiment showing the evolution of G* (storage modulus) of 1wt% peptides at
pH 7.4, 50 mM BTP, 150 mM NaCl, 37°C . (B) Shear-thinning and recovery behavior
of EX1. After 20 min of gelation, strain was increased to 1000% for 30 sec and back
to 0.2% for another 20 min. Partial recovery of the elastic properties was observed.
Linear viscoelastic regime of EX1 hydrogel shown by (C) dynamic frequency sweep
and (D) dynamic strain sweep experiments.

2.5 C-terminal Carboxyl and K to E Change on MAX1(VPIGT) and
MAX1(YNGT)

Peptide engineering on MAX1 yielded EX1, a peptide that is amenable to
bacterial production that can fold and self-assemble into B-sheet structure and form a

self-supporting hydrogel at physiological conditions. Although changing the C-
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terminus of MAX1(VPDGT) to include a carboxyl group decreased the net charge of
the peptide by 1 unit, the resulting peptide MAX1(VPDGT)-C was unable to fold and
assemble and form a rigid hydrogel. Further reduction in the net change of the peptide
by replacing a lysine residue with a glutamate, and the possibility of forming network
stabilizing electrostatic interactions between glutamate and lysine residues, for the
peptide EX1 resulted in a mechanically rigid, self-supporting hydrogel rich in -sheet
structure. Thus, both of these changes(e.g. c-terminal amide — carboxyl and Lys —
Glu) were incorporated in the context of MAX1(VPIGT) and MAX1(YNGT) resulting

in the peptides EX2 and EX3, respectively.

MAX1(VPIGT) H;N*-VKVKVKVK VPIGT KVKVKVKV - NH,

EX2 H3;N* - VKVKVKVK VPIGT KVEVKVKV - COO-
MAX1(YNGT) H;N*-VKVKVKVK YNGT KVKVKVKV - NH,
EX3 H;N* - VKVKVKVK YNGT KVEVKVKV - COO-

Figure 2.11 Comparison of EX2 and EX3 peptide sequences. EX2 was derived
from MAXI1(VPIGT) and EX3 was derived from MAXI1(YNGT) by changing the C-
terminal amide to a carboxyl as well as changing the second lysine after the turn to
glutamic acid.

2.5.1 Characterization of EX2 and EX3

Temperature dependent CD spectra of 150 uM EX2 and EX3 at 216 nm
showed that at 5°C, EX2 remained random coil whereas EX3 was partially folded

(Figure 2.12A). As the temperature increases, EX3 folded into 3-sheet structure at low
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temperatures and retained its folded structure as the temperature increased. On the
other hand, EX2 did not show any significant folding at dilute concentrations and
stayed mostly unstructured even at higher temperatures (Figure 3.11A). Wavelength
CD spectra of both peptides at 1 wt% at physiological conditions showed that the
peptides folded in B-sheet structure by the observation of characteristic minima at 216
nm (Figure 3.11B). This result shows that higher concentrations of EX2 are needed to

facilitate folding while EX3 adopts the folded state even at dilute concentrations.
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Figure 2.12 Temperature dependent CD spectroscopy (A) Temperature dependent
-sheet formation of 150 uM EX2 and EX3 by monitoring mean residue ellipticity at
216 nm from 5°C to 50°C (pH 7.4, 50 mM BTP, 150 mM NaCl). (B) Wavelength
spectra of 1wt% EX2 and EX3 at 37°C after 1 hour (pH 7.4, 50 mM BTP, 150 mM
NaCl).

The mechanical rheological properties of gels formed from EX2 and EX3 are
shown in Figure 2.13 and are notably different when compared to gels formed from
MAXI(VPIGT) and MAX1(YNGT). Storage moduli of 1 wt% EX2 and EX3 gels at

37°C at physiologically relevant conditions are more than an order of magnitude
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greater (~1000 Pa vs. ~25 Pa) than gels formed by MAXI(VPIGT) and
MAXI(YNGT). C.D. spectroscopy shows that EX3 has a greater propensity to fold
and assemble as compared to EX2 (Figure 2.12A) and correspondingly, the time-
sweep rheological experiments (Figure 2.13A) show that EX3 forms gels more
quickly. The short lag time in the evolution of storage modulus at the beginning of
rheology experiment shown in Figure 2.13A corresponds to the temperature ramp
from 5°C to 37°C in the first 100 sec of the experiment. The greater lag time evident
for EX2 is likely due to the requirement of a higher temperature needed to initiate
gelation for this peptide compared to EX3. Although the turn region of EX2 (VPIGT)
is more hydrophobic than the turn region of EX3 (YNGT), the turn propensity, rate of
folding, and assembly for EX3 is faster than that of EX2. Figure 2.13B shows that 1
wt% EX2 recovers its elastic properties around 80% after it was shear-thinned
whereas EX3 at the same conditions recovered more than 90% of its storage modulus.
In figure 2.13C and D, dynamic frequency sweep experiments show that the storage
moduli (G") of the EX2 and EX3 gels are independent of the changes in the frequency

and both hydrogels at 1 wt% concentration yield at more than 10% strain.
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Figure 2.13 Mechanical properties of 1 wt% EX2 and EX3 by oscillatory
rheology (A) Dynamic time sweep experiment showing the evolution of storage (G")
and loss (G"") moduli of 1 wt% peptides at pH 7.4, 50 mM BTP, 150 mM NacCl, 37°C.
(B) Shear-thin and recovery experiment with 1000% strain for 30 sec after 20 min of
gelation followed by another 20min for recovery. (C) Dynamic frequency sweep and
(D) Dynamic strain sweep experiments of 1 wt% peptide in pH 7.4, 50 mM BTP, 150
mM NacCl, 37°C.

Local fibril morphologies of EX1, EX2 and EX3 were investigated by
transmission electron microscopy (TEM) (Figure 2.14). Individual fibril widths were
measured and monodispersity around 3.5 nm was observed. Fibril widths are in good
agreement with the width of a folded hairpin in the self-assembled state as assessed by
modeling. A slight degree of lamination was observed for EX1 fibrils and some fibril

bundling was observed for EX2 and EX3. Interactions between the fibrils might be

facilitated by residue-residue interactions in the self-assembled state. For example, the
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negatively charged aspartate in the turn region of one EX1 molecule may be forming
electrostatic interactions with the positively charged N-terminus or the hydrophilic
lysine rich face of another folded hairpin molecule. Isoleucines displayed on the fibril
edges due to their presence in the turn region of EX2 might also form hydrophobic
contacts between two fibrils and such an interaction might result in fibril bundling.
Another possibility is that asparagines originating from distinct turns could facilitate
hydrogen bonding between their side chains facilitating interaction between two fibril
edges which could result in bundling. The TEM data suggests that the variety of amino
acids that can be incorporated into the turn region affects not only the turn propensity

but also interfibrillar interactions.
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Figure 2.14 Local morphology of EX fibrils assessed by TEM. 1 wt% peptides
were gelled at 37°C for 1 hour. (A) Gels were diluted and deposited for TEM
interrogation. (B) Individual fibril width distributions. TEM images were taken by
Katelyn Nagy.
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2.6 Conclusions

Peptide engineering performed on the parent peptide MAXI1 afforded beta-
hairpin peptides that can form rigid hydrogels rich in beta sheet structure at
physiological conditions as well as amenable for bacterial production. Candidate
peptides were characterized for their secondary structure and all EX peptides were
found to fold into B-sheet structure evidenced by the wavelength CD spectra giving
the characteristic minima at 216 nm at physiologically relevant conditions. The
mechanical properties of the peptides’ resultant gels were characterized by oscillatory
rheology and the storage moduli of EX1, EX2 and EX3 were found to be greater than
1 kPa after 1 hour at 37°C showing that each peptide formed self-supporting
hydrogels. All three EX peptide gels can recover to some degree after being shear-
thinned. The morphology of the fibrils formed by the self-assembling peptides was
characterized by TEM. This data suggests that the EX peptides undergo similar
folding and self-assembling mechanisms resulting in the formation of a fibril network
that constitutes the formation of mechanically rigid gels. Individual fibril widths were
measured and correspond to the measured width of a folded hairpin (3.5 nm) in the
self-assembled state. Overall, three new sequences were generated and shown to be

good candidates for bacterial expression studies.
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2.7 Experimental Section

2.7.1 Solid phase peptide synthesis and purification

An automated ABI 433A peptide synthesizer was used to synthesize the
peptides. Fmoc-based solid peptide chemistry with HCTU activation was performed.
A trifluoroacetic acid: thioanisole: 1,2-ethanedithiol: anisole (90:5:3:2) cocktail under
Argon atmosphere for 2 h was used to cleave the dried resin-bound peptides from the
resin and for simultaneous side-chain deprotection. Precipitation by cold diethyl ether
and lyophilization of crude peptides were followed by peptide purification that was
carried out by reverse phase-HPLC at 40°C equipped with a semi-preparative Vydac
C18 column. HPLC solvents A and B were 0.1% TFA in water and 0.1% TFA in 9:1
acetonitrile: water, respectively. For MAX1(VPDGT) purification, linear gradients
were employed as 0% solvent B over 1 min, 0-11% solvent B over 6 min, 11-18%
solvent B over 14 min and then 18-33% solvent B over 60 min. For MAX1(VPIGT)
purification, linear gradients were employed as 0% solvent B over 2 min, 0-13%
solvent B over 13 min and then 13-33% solvent B over 40 min. For MAX1(YNGT)
and MAX1(VPDGT)-C purifications, linear gradients were employed as 0% solvent B
over 1 min, 0-11% solvent B over 11 min and then 11-41% solvent B over 60 min. For
EX1 purification, linear gradients were employed as 0% solvent B over 2 min, 0-10%
solvent B over 10 min, 10-27% solvent B over 34 min and then 27-37% solvent B

over 40 min. For EX2 purification, linear gradients were employed as 0% solvent B
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over 2 min, 0-15% solvent B over 13 min and then 15-35% solvent B over 40 min. For
EX3 purification, linear gradients were employed as 0% solvent B over 1 min, 0-12%
solvent B over 11 min, 12-25% solvent B over 26 min and then 25-35% solvent B
over 40 min. Analytical HPLC and electrospray ionization (ESI-positive mode) were

performed to verify the purity of the lyophilized peptides.

2.7.2 Circular dichroism

An Aviv model 410 circular dichroism spectrometer was employed to
determine the secondary structure of the peptides at 150 uM or 1 wt% concentrations.
Concentrations of peptide solutions were determined by using a small volume of stock
solutions in UV spectroscopy by absorbance at 220 nm in a 1cm path length cell (e =
15750 cm ' M for 20 amino acid peptides and € = 16537 cm ' M for 21 amino acid

peptides).

To prepare 150 uM peptide samples in 50 mM BTP, 150 mM NaCl pH 7.4
buffer, 300 uM stock solutions were prepared by UV spectroscopy. Lyophilized
peptides were dissolved in chilled water and kept on ice until used. A chilled stock
buffer of 100 mM BTP, 300 mM NaCl pH 7.4 was mixed with the peptide stock
solution by inversion at equal volumes (~150 pL) in a I mm quartz cell to yield a final
concentration of 150 uM peptide in 50 mM BTP, 150 mM NaCl pH 7.4 buffer. The

cell was immediately placed into a 5°C pre-equilibrated chamber. Temperature-
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dependent wavelength scans from 260 to 200 nm were collected every 5°C from 5 to

80°C, with a 10 min equilibration time at each temperature interval.

For CD of 1 wt% samples, lyophilized peptides were dissolved in chilled water
to make 2 wt% solutions and mixed with chilled stock buffer of 100 mM BTP, 300
mM NaCl pH 7.4 at equal volumes to yield a final concentration of 1 wt% peptide in
50 mM BTP, 150 mM NaCl pH 7.4 buffer. The resulting solution was immediately
transferred to a 0.1 mm quartz cell. The cell was immediately placed into a 37°C pre-
equilibrated chamber. Wavelength scans from 260 to 200 nm were collected after 1

hour at 37°C.

Mean residue ellipticity [0] was calculated from the equation [0] = 0,,s/(10/cr),
where Oys is the measured ellipticity in millidegrees, / is the path length of the cell
(centimeters), ¢ is the concentration (molar), and 7 is the number of residues in the

sequence.

2.7.3 Oscillatory rheology

An AR-G2 Magnetic Bearing Rheometer (TA Instruments) with 25 mm or 8
mm diameter parallel plate geometry at a gap height of 0.5 mm was employed for
dynamic time, frequency and strain sweep rheology experiments. A 2 wt% peptide

stock solution was prepared by dissolving the lyophilized peptide in chilled water and
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mixed with an equal volume of chilled stock buffer of 100 mM BTP, 300 mM NaCl
pH 7.4 to yield a final concentration of 1 wt% peptide in 50 mM BTP, 150 mM NaCl
pH 7.4 buffer. It was immediately transferred to the rheometer peltier plate at 5°C. The
temperature was ramped from 5°C to 37°C in 100 sec. The dynamic time sweep
experiment, which measures the evolution of storage (G') and loss modulus (G") with
time, was performed for 1 hour at constant strain (0.2%) and frequency (6 rad/s).
Independent dynamic frequency sweep (0.1—100 rad/s at 0.2% strain) and strain sweep
(0.1-100% strain at 6 rad/s) experiments were performed to confirm that the time
sweep measurements were executed within the linear viscoelastic regime. To test the
recovery of elastic properties of 1 wt% hydrogels, shear-thinning and recovery
experiments were performed. 1 wt% samples were prepared the same way. Following
the temperature ramp from 5°C to 37 °C in 100 s and 20 min at 37°C with constant
frequency and strain, the strain was increased to 1000% for 30 sec and reduced back to
0.2%. Over the next 20 min, the recovery of the hydrogel was monitored by measuring

G’ and G as a function of time.

2.7.4 Electron microscopy

1 wt% peptide samples in 50 mM BTP, 150 mM NaCl pH 7.4 buffer were
prepared ~50 uL volume by mixing chilled 2 wt% peptide solution in water and

chilled stock buffer of 100 mM BTP, 300 mM NaCl pH 7.4. Samples were placed in
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37°C incubator for 1 hour and left at room temperature until the TEM experiments

were performed.

A small amount of hydrogel was diluted in water 100X and mixed intensely.
Then, 5 uL was transferred onto 400 mesh carbon coated copper grid S6 and filter
paper was used to dry remaining liquid on the grid. As a negative stain, 1% uranyl
acetate was transferred onto the grid and filter paper was used to soak up extra stain.
Imaging was performed immediately by using Hitachi H-7650 transmission electron

microscopy at a voltage of 80 kV. ImageJ was used to measure the fibril widths.

57



10.

11.

REFERENCES

Radkov, A.D. and L.A. Moe, Bacterial synthesis of D-amino acids. Appl
Microbiol Biotechnol, 2014.

Walsh, C.T., The chemical versatility of natural-product assembly lines.
Accounts of Chemical Research, 2008. 41(1): p. 4-10.

Finking, R. and M.A. Marahiel, Biosynthesis of nonribosomal peptides.
Annual Review of Microbiology, 2004. 58: p. 453-488.

Caboche, S., et al., NORINE: a database of nonribosomal peptides. Nucleic
Acids Research, 2008. 36: p. D326-D331.

Caboche, S., et al., Diversity of Monomers in Nonribosomal Peptides: towards
the Prediction of Origin and Biological Activity. Journal of Bacteriology, 2010.
192(19): p. 5143-5150.

Strieker, M., A. Tanovic, and M.A. Marahiel, Nonribosomal peptide
synthetases: structures and dynamics. Curr Opin Struct Biol, 2010. 20(2): p.
234-40.

Milnerwhite, E.J., Beta-Bulges within Loops as Recurring Features of Protein-
Structure. Biochimica Et Biophysica Acta, 1987. 911(2): p. 261-265.

Milnerwhite, E.J. and R. Poet, Loops, Bulges, Turns and Hairpins in Proteins.
Trends in Biochemical Sciences, 1987. 12(5): p. 189-192.

Wilmot, C.M. and J.M. Thomton, Beta-Turns and Their Distortions - a
Proposed New Nomenclature. Protein Engineering, 1990. 3(6): p. 479-493.

Sibanda, B.L. and J.M. Thornton, Conformation of beta hairpins in protein
structures. classification and diversity in homologous structures. Methods
Enzymol, 1991. 202: p. 59-82.

Gunasekaran, K., C. Ramakrishnan, and P. Balaram, beta-hairpins in proteins

revisited: lessons for de novo design. Protein Engineering, 1997. 10(10): p.
1131-1141.

58



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Nair, C.M., et al., X-Ray Crystal-Structure of Pivaloyl-D-Pro-L-Pro-L-Ala-N-
Methylamide - Observation of a Consecutive Beta-Turn Conformation. Journal
of the Chemical Society-Chemical Communications, 1979(24): p. 1183-1184.

Aravinda, S., et al., Analysis of designed beta-hairpin peptides: molecular
conformation and packing in crystals. Organic & Biomolecular Chemistry,
2013. 11(25): p. 4220-4231.

Chalmers, D.K. and G.R. Marshall, Pro-D-Nme-Amino Acid and D-Pro-Nme-
Amino Acid - Simple, Efficient Reverse-Turn Constraints. Journal of the
American Chemical Society, 1995. 117(22): p. 5927-5937.

Haque, T.S., J.C. Little, and S.H. Gellman, Stereochemical requirements for
beta-hairpin formation: Model studies with four-residue peptides and
depsipeptides. Journal of the American Chemical Society, 1996. 118(29): p.
6975-6985.

Rajagopal, K., Ph.D., Rational peptide design for functional materials via
molecular self-assembly. 2007: University Of Delaware. p. 235.

Searle, M.S., D.H. Williams, and L.C. Packman, 4 Short Linear Peptide
Derived from the N-Terminal Sequence of Ubiquitin Folds into a Water-Stable
Nonnative Beta-Hairpin. Nature Structural Biology, 1995. 2(11): p. 999-1006.

de Alba, E., et al., Conformational investigation of designed short linear
peptides able to fold into beta-hairpin structures in aqueous solution. Fold

Des, 1996. 1(2): p. 133-44.

Blandl, T., A.G. Cochran, and N.J. Skelton, Turn stability in beta-hairpin
peptides: Investigation of peptides containing 3:5 type I GI bulge turns.
Protein Sci, 2003. 12(2): p. 237-47.

de Alba, E., M. Rico, and M. A. Jimenez, The turn sequence directs beta-strand
alignment in designed beta-hairpins. Protein Sci, 1999. 8(11): p. 2234-44.

Haque, T.S. and S.H. Gellman, Insights on beta-hairpin stability in aqueous
solution from peptides with enforced type I' and type II' beta-turns. Journal of
the American Chemical Society, 1997. 119(9): p. 2303-2304.

Griffiths-Jones, S.R., et al., NMR evidence for the nucleation of a beta-hairpin

peptide conformation in water by an Asn-Gly type I ' beta-turn sequence.
Chemical Communications, 1998(7): p. 789-790.

59



23.

24.

25.

26.

27.

28.

29.

30.

31.

Sharman, G.J. and M.S. Searle, Dissecting the effects of cooperativity on the
stabilisation of a de novo designed three stranded anti-parallel beta-sheet.
Chemical Communications, 1997(20): p. 1955-1956.

RamirezAlvarado, M., et al.,, Role of beta-turn residues in beta-hairpin
formation and stability in designed peptides. Journal of Molecular Biology,
1997. 273(4): p. 898-912.

Menach, E., K. Yasukawa, and K. Inouye, Effects of site-directed mutagenesis
of Asnll6 in the beta-hairpin of the N-terminal domain of thermolysin on its
activity and stability. Journal of Biochemistry, 2012. 152(3): p. 231-239.

Schneider, J.P., et al., Responsive hydrogels from the intramolecular folding
and self-assembly of a designed peptide. Journal of the American Chemical
Society, 2002. 124(50): p. 15030-15037.

Ozbas, B., et al., Salt-triggered peptide folding and consequent self-assembly
into hydrogels with tunable modulus. Macromolecules, 2004. 37(19): p. 7331-
7337.

Rajagopal, K., et al., Tuning the pH Responsiveness of beta-Hairpin Peptide
Folding, Self-Assembly, and  Hydrogel  Material  Formation.
Biomacromolecules, 2009. 10(9): p. 2619-2625.

Haines-Butterick, L., et al., Controlling hydrogelation kinetics by peptide
design for three-dimensional encapsulation and injectable delivery of cells.
Proceedings of the National Academy of Sciences of the United States of
America, 2007. 104(19): p. 7791-7796.

Veerman, C., et al., Gelation kinetics of beta-hairpin peptide hydrogel
networks. Macromolecules, 2006. 39(19): p. 6608-6614.

Branco, M.C., et al., Macromolecular diffusion and release from self-

assembled beta-hairpin peptide hydrogels. Biomaterials, 2009. 30(7): p. 1339-
1347.

60



Chapter 3

BACTERIAL EXPRESSION OF EX1 PEPTIDE

3.1 Introduction

Commonly, in a lab setting, peptides are obtained chemically by Fmoc-based
or Boc-based solid phase peptide synthesis (SPPS) [1-3] which is efficient at small
scale but scaling-up for industrial manufacturing presents challenges such as
optimization, cost and waste management [4-7]. For ultimate translational studies,
developing biological production methods as an alternative to chemical synthesis
might allow relatively inexpensive mass production of peptides [8, 9]. Although
chemical synthesis of hairpin peptides has been optimized [10], the synthesis of new
and longer sequences or potentially bioactive protein-peptide fusions in large
quantities may require additional optimization studies as well as higher raw material
amounts and waste stream costs. On the other hand, recombinant peptide production is
notoriously difficult especially for peptides prone to self-assembly. Yields are
generally below 30 mg of pure peptide harvested from a liter of culture [11-13].
Recent studies by the McPherson group however, showed that high yield production
of self-assembling peptides is achievable by optimizing culture conditions and

downstream procedures [14].
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Peptide production in bacteria has potential drawbacks such as susceptibility to
proteolytic degradation due to their small size and potential toxicity if amphiphilic
[15-17]. In E. coli, proteolytic degradation of proteins to peptide fragments are
facilitated by ATP-dependent Clp and Lon proteases, and further digestion of peptide
fragments into smaller peptides and amino acids is enabled by dipeptidases, amino and
carbxypeptidases such as imidodipeptidase, oligopeptidase A and aminopeptidase N
[18-21]. The general approach against degradation is to employ fusion partners to
increase the size of the peptide [22, 23]. Another way of escaping from the bacterial
degradation system is to promote aggregation so that enzymes cannot act on the
aggregated target proteins [24, 25]. Such a strategy is also useful for expression of
potentially toxic peptides. Fusion partners that are known to be insoluble when
expressed in bacteria can be employed to prevent toxicity-related bacterial growth
problems [26, 27]. For the expression of the 21-residue hydrogel forming B-hairpin
peptide EX1, direct and fusion expression strategies were both considered. In the
context of the fusion approach, in which the peptide is expressed on either termini of

the fusion partner, fusion proteins are required to be cleaved to free the target peptide.

The possible alternative routes for recombinant EX1 (rEX1) production are
outlined in Figure 3.1. DNA sequences (inserts) encoding EX1 peptide were designed
for (i) native peptide expression that only yields EX1 peptide or (ii) fusion protein
expression that enables the production of EX1 on the C-termini of various partner

proteins. These constructs contain a cleavage site in-between the peptide and the
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protein for further isolation of EX1. EX1 encoding oligonucleotide inserts for fusion
protein expression were designed that enable either enzymatic cleavage or chemical
cleavage of the peptide from its fusion partner. For enzymatic cleavage, a TEV
protease cleavage site was incorporated and for chemical cleavage, a methionine
residue was incorporated allowing cleavage to be enacted by cyanogen bromide. Both

of these strategies will be discussed in more detail within this chapter.

Native peptide EX1
expression
Insert .
design Partner — ec — EX1 % EX1
Fusion protein
expression _
Partner — cc— EX1 —oremical , pyq
cleavage

Figure 3.1 Insert design for EX1 expression. Inserts (DNA sequences) encoding
EX1 were designed to investigate both native peptide expression and fusion protein
expression with a partner protein. For soluble expression, an enzymatic cleavage site
(ec) was incorporated, and for insoluble expression, a chemical cleavage site (cc) was
incorporated into the insert design.

The overall method for rEX1 production is summarized in Figure 3.2. First,
through cloning, EX1 inserts were transferred into an expression vector that had the
genes to facilitate the inducible production of EX1 in bacteria. After transformation of
the plasmid into the bacteria, the transformants were introduced into cell culture media
for propagation and when the cells were at optimal metabolic activity, expression was
induced over a period of time. Lastly the bacterial cells were harvested and lysed to

analyze the extent of expression.
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Figure 3.2 Overview of the EXI1 expression method. The EXI1 encoding
oligonucleotide sequence was cloned and inserted into an appropriate plasmid. After
sequence confirmation, the plasmid was transformed into a bacterial expression strain
(E. coli Rosetta 2), and eventually inoculated into cell culture media for propagation
and protein production. Bacterial cells were later harvested, lysed and analyzed for
target protein expression.

3.2 Selection of the Cloning Method

For recombinant production, the bacteria E. coli is considered first among host
organisms because expression in E. coli is fast, economical, scalable, and extremely
well studied [28, 29]. There are many cloning methods available to insert a gene of
interest into a vector to be transformed into bacteria. Cloning methods differ by
cloning sites, size of cloning site, presence of compatible vectors, labor, time and cost
[30]. Traditional cloning methods use restriction enzyme digestion and ligation which
is inexpensive and compatible with numerous available vectors. On the other hand,
these methods require extra steps such as gel purification to isolate the digested
polymerase chain reaction (PCR) product and the digested vector. In addition,
traditional methods involve screening a high number of colonies after transformation

and performing more plasmid isolations until the correct sequence is encountered.
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Alternative cloning methods include homologous recombination and site-specific
recombination, which are highly reliable and easy to perform. Homologous
recombination requires vector linearization prior to cloning. Site specific
recombination is advantageous when subcloning an insert into multiple expression
vectors is desired [30]. In this study, the Gateway cloning system which employs site-
specific recombination was used. Gateway vectors with various fusion protein partners
were kindly provided by Dominic Esposito (Protein Expression Lab, ATRF, NCI).
Here, different proteins were investigated as fusion partners to assess which would

afford the highest yields of peptide product.

Cloning by the Gateway system is summarized in Figure 3.3A. Entry clones
enable subcloning of any insert (or gene) into multiple expression vectors that can be
used for multiple downstream applications. For example, multiple expression vectors
are useful if expression in different host organisms (e.g. E. coli, yeast, insect, or
mammalian) is desired, or expression with different fusion partners (solubility
enhancing or fluorescent) is desired, or if one wishes to incorporate epitopes (antibody
detection) or tags (affinity purification). Site-specific recombination between certain
attachment (att) sites where recombination is facilitated enables the transfer of the
gene during cloning and subcloning [31]. Compatibility with the Gateway system is
acquired by implementing attachment sites (attB1 and attB2) to the ends of the gene
(insert) of interest. AttB flanking genes can be generated either by PCR or by adding

the att sites in the sequence before DNA synthesis. Next, the donor vector containing
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attP sites is used to make an entry clone in which the attL sites flank the gene, as
shown in Figure 3.3B. This is accomplished through recombination between attB and
attP sites by a BP clonase enzyme kit containing integrase (Int) and integration host
factor (IHF) proteins. Once the entry clone is obtained, one additional step is needed
to obtain any expression clone containing the desired gene. The recombination
between attL sites (in the entry clone) and attR sites (in the expression clone) is
effected by a LR clonase enzyme mix containing Int, excisionase (Xis) and IHF. This
results in the gene of interest being inserted into the expression clone. Finally,
transformants are selected through a combination of antibiotic resistance and growth

inhibition protein encoded by the ccdB gene for the specific E.coli strain used [32].
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Figure 3.3 Gateway cloning system. (A) Overview of site-specific recombination
cloning. An entry clone is first generated for parallel subcloning of a gene into various
expression clones. Purple circle signifies different DNA constructs to enable a desired
function. For example, different fusion protein partners could be incorporated. (B) The
recombination sites (B, P, L, R) are shown in these cloning and subcloning steps. B
and P sites generate L and R sites through a BP clonase reaction, and L and R sites
generate B and P sites through a LR clonase reaction. (Sp: Spectinomycin, Am:
Ampicillin, black arrows represent hypothetical promoters, X represents
recombination between the specific sites).
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3.3 Insert Design

Gateway compatible inserts for bacterial production of the EX1 peptide were
designed to investigate both native expression, which would yield the exact amino
acid sequence of EXI1, and fusion expression, which would afford EX1 fused to a
partner protein to be cleaved later. The cleavage site between the fusion partner and
EX1 was also designed for either enzymatic or chemical cleavage of the fusion
proteins. As will be shown, native expression of EX1 proved difficult, resulting in
relatively poor yields. This could be due to the peptide being degraded or being toxic
to the cell causing poor growth [33-35]. Next, peptide-protein fusions containing TEV
protease cleavage sites were explored. Here, although the protein fusions were chosen
to solubilize the peptide, production of the peptide-protein fusions were limited to
inclusion bodies. Attempting to cleave the peptide from its fusion partner using TEV
protease proved difficult due to the insoluble nature of the peptide-protein fusion.
Finally, the TEV protease site was replaced with a methionine residue, which allowed
the solubilization of the peptide-protein fusion with formic acid and its cleavage with

CNBr [36].

3.3.1 [Insert design for native peptide expression

In prokaryotic protein synthesis, the 3° end of 16S rRNA in the small

ribosomal subunit 30S binds to the complementary sequence (Shine-Dalgarno /
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ribosome binding site) located upstream (5° end) of the start codon during translation
initiation [37]. In the design for expression of the native peptide (NatPep), shown in
Table 3.1, the attB1 site-specific recombination site was followed by a ribosome
binding site and a start codon (ATG). An oligonucleotide sequence encoding EX1 was
placed between the start codon and the stop codon so that there would be no additional
amino acids expressed with the peptide. Although protein synthesis in bacteria begins
with methionine or N-formylmethionine, deformylases cleave N-formyl functionality
and methionine aminopeptidases (MAP) cleave amino terminal methionine in the
majority of proteins [38]. The stop codon was followed by an attB2 site-specific
recombination site. The DNA sequence of the NatPep insert design and the expected

amino acid sequence of the gene product are given in Table 3.1.

Table 3.1 NatPep insert design for native peptide expression. The DNA construct,
DNA sequence and corresponding peptide sequence are shown.

DNA construct attB1 - - — EX1 Peptide — stop — attB2

DNA sequence 5'- GGGGACCACGCTGTATAAAAAAGTTGGC-

GTGAAAGTTAAAGTGAAAGTTAAAGTGCCGGA
TGGCACGAAAGTTGAAGTGAAAGTTAAAGTG -
TAA - CCAACTTTCTTGTACAAAGTTGTCCCC-3’

Amino acid VKVKVKVKVPDGTKVEVKVKV

sequence
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3.3.2 Insert design for protein-peptide fusions contain a TEV protease cleavage
site

Gateway destination vectors having different fusion partners upstream of the
recombination region were initially selected. The ribosome binding site and start
codon were already included upstream of the fusion protein genes. Destination vectors
that have only a hexahistidine (6His) or a 6Histag followed by a fusion protein were
used. The destination vector containing only the 6Histag and no other fusion protein
was prepared to investigate whether or not a simple hexaHis tag could solubilize the
peptide and enable efficient expression. For the constructs employing proteins, the
fusion proteins that were employed included protein G Bl domain (GB1), KSI,
thioredoxin (Trx) or glutathione-S-transferase (GST). Vectors were constructed such
that the synthetic EX1 oligonucleotide sequence is downstream (3 end) of the fusion
partner genes. Following expression, EX1 would be on the C-terminus of the fusion
partners.

The specific fusion proteins were chosen based on their known ability to
promote high-yield expression. The Bl domain of protein G (GB1) from
Streptococcus 1s a 56-residue, highly soluble and stable protein that has been used for
NMR spectroscopic analysis of fusion proteins [39-41] E. coli thioredoxin (TrxA)
protein (~12 kDa, pl 4.7) as a fusion partner has been successfully employed for the
recombinant production of many proteins due to its highly soluble nature and high
thermal stability as well as having its N- and C-termini exposed at its surface [42].

Bacterial KSI protein (~13.4 kDa, pl 5.3) is a 125-residue long protein expressed as
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inclusion bodies. It is used as a fusion partner for expression of peptides toxic for the
bacteria [26, 36]. GST is a highly soluble 26 kDa protein (pl 5.3) that can facilitate

affinity purification by using immobilized glutathione [23, 43].

With the exception of the KSI fusion, I envisioned these proteins to impart
solubility to the peptide. Thus, a TevPep insert was designed as shown in Table 3.2 in
such a way that an enzymatic Tobacco Etch Virus (TEV) cleavage site was included
before the EX1 sequence for further enzymatic release of the peptide. The TEV site
was also used for the hexaHis construct. TEV protease is capable of cleaving at the C-
terminus of a sequence containing ENLYFQ. Enzymatic cleavage occurs between the
glutamine and any following residue except Proline [44]. The TEV protease site is
highly specific and the enzyme can be easily expressed and purified in a cost effective
way [45].

Table 3.2 TevPep insert design for soluble fusion expression with an enzymatic

(TEV) cleavage site. The DNA construct, DNA sequence and corresponding peptide
sequence are shown.

DNA construct attB1 - TEV cleavage site — EX1 Peptide — stop — attB2

DNA sequence 5’- GGGGACCACGCTGTATAAAAAAGTTGGC-
GAAAACCTGTATTTTCAG-
GTGAAAGTTAAAGTGAAAGTTAAAGTGCCGGA
TGGCACGAAAGTTGAAGTGAAAGTTAAAGTG -
TAA - CCAACTTTCTTGTACAAAGTTGTCCCC-3'

Aminoacd | TSLYKKVGENLYFQVKVKVKVKVPDGTKVEVKVKY

sequence
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The 6Histag-EX1 shown in Table 3.3 is the corresponding translation of the
DNA sequences for the TevPep insert on the C-terminus of 6Histag with the attB1
site. The arrow after the glutamine (Q) shows the amide bond which is cleaved by

TEV protease to release the free peptide.

Table 3.3 6Histag-EX1 fusion and its corresponding amino acid sequence. The
DNA construct and the corresponding peptide sequence are shown. The green arrow
shows where the TEV protease cleaves the fusion protein.

DNA construct | Histag — attB1 — TEV site — EX1 Peptide — stop

Amino acid MRSGSHHHHHHRSDITSLYKKVGENLYFQVKVKVKVKVPDGTK
sequence VEVKVKV

For the constructs containing the fusion proteins, the proteins of interest are
shown in Figure 3.4. The destination vector and entry clones used to prepare the final
expression clones are also shown. Although the KSI fusion is expected to be insoluble,
it was included in this set of fusion proteins to compare its expression level with the

other soluble fusion proteins.
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Destination vector Entry clone Final fusion protein _in expression clone

His — GB1 + TEV-Pep —)‘ ' His — GB1 —attB1 — TEV — Pep
His — KSI + TEV-Pep —>< ’ His — KSI — attB1 — TEV — Pep

His — Trx + TEV-Pep — ‘ ’ His — Trx — attB1 — TEV — Pep

0000

His — GST + TEV-Pep —>‘ ’ His — GST — attB1 — TEV — Pep

Figure 3.4 Generation of expression clones for soluble fusions. Subcloning of the
TevPep insert into destination vectors with fusion partners to be cleaved by TEV
protease are listed. TEV (green) represents the TEV cleavage site.

3.3.3 Insert design for peptide-protein fusions containing a Met chemical
cleavage site

As will be shown, the originally designed TEV-containing protein fusion
constructs proved to produce insoluble protein whose susceptibility to TEV protease
was limited. This was surprising given the fact that the family of fusion protein
partners were chosen for their solubilizing characteristics. This observation indicates
that EX1 drives aggregation in the cell and expression is driven to the inclusion
bodies. As such, new clones were designed where the TEV site was replaced with a
Methionine residue. This allows the isolation of the EXI-protein fusion from the
insoluble fraction of the cell lysate, solubilization of the fusion with formic acid and

subsequent cleavage of the peptide from its fusion partner with CNBr.
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Thus, a clone was generated that places a met-residue N-terminal to that first
Valine residue of EX1 (Table 3.4). Chemical cleavage by CNBr in 70% formic acid,

should release EX1.

Table 3.4 Generation of MetPep insert for insoluble fusion expression. The codon
for glutamine was changed to methionine codon ATG and the fusion product is
amenable to CNBr cleavage to free EX1.

DNA construct attB1l — TEV cleavage site — EX1 Peptide — stop — attB2

Amino acid TSLYKKVGENLYFQVKVKVKVKVPDGTKVEVKVKV

sequence I

MetPep ‘b
insert product | TSLYKKVGENLYFMVKVKVKVKVPDGTKVEVKVKV

3.4 Pilot Expression of Native EX1 and EX1 in Fusion

In bacteria, the /ac operon is important for the use of lactose as a carbon source
and its regulatory region (promoter and operator sequences) serves as a control for the
expression of target proteins (Figure 3.5). The /acl gene (upstream of the /ac operon)
is translated to give the lac repressor protein. In the absence of an inducer (lactose),
the repressor binds to the /ac operator region, preventing RNA polymerase from
binding to the promoter region, and subsequently inhibits transcription of the lac genes

[46].
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’ lacl | Promoter,,_. | Operator,,. ’ lacZ ’ lacY ’ lacA

Figure 3.5 The lacl, lac operon and control elements in bacterial chromosome.
The lacl is located upstream of the /ac operon and is transcribed independent of the
lac operon. The promoter and operator are lac operon control elements upstream of
the lac operon genes lacZ, lacY and lacA. Blue arrows represent the start and the
direction of transcription for each gene.

For the control of target protein expression, the lac operator is coupled with the
use of bacteriophage T7 RNA polymerase. This enzyme is highly selective for its
promoter region and highly efficient for its transcription. T7 RNA polymerase
inducible overexpression of target proteins can constitute more than half of all
bacterial proteins in three hours [47]. Figure 3.6 shows how the lac operator,
controlled by T7 RNA polymerase (RNAP) transcription, facilitates the transcription
of the target gene upon induction. Bacterial chromosomes of E. coli DE3 strains
contain T7 RNAP gene downstream of the lac promoter and operator region where
lacl transcriptional repressor occupies and prevents the RNAP from binding to the
promoter and starting transcription. When lacl repressor protein binds to
isopropylthio-f-galactoside (IPTG, a non-hydrolyzable allolactose analog), it no
longer stays bound to the operator region and T7 RNAP transcription starts.
Production of T7 RNAP which is very specific for its promoter region upstream of the
gene of interest, orchestrates the translational machinery for the target protein's
production. In the plasmid, the lac operator placed in-between the T7 promoter and
gene of interest serves as an additional way to inhibit leaky expression of T7 RNAP.

When IPTG is introduced to the cells, it binds not only to the lacl repressor protein
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residing upstream of the DNA encoding T7 RNAP but also to binds the lacl repressor
downstream of the T7 promoter region and allows T7 RNAP to initiate the

transcription of the gene of interest [48].

Bacterial
chromosome

Promoter,,. Operator,,. ’ T7 RNA polymerase

lacl — |—>
T mRNA

IPTG

Plasmid lacl ‘ Promoter;;, Operator,,. ’ Gene of interest

facl T' |—>mRNA

IPTG

Figure 3.6 Schematic diagram of inducible over-expression of target proteins.
Bacterial strain DE3 contains the T7 RNA polymerase (RNAP) under the control of
lac regulatory elements. The transformed plasmid has a T7 promoter upstream of gene
of interest. An additional lac operator downstream of the T7 promoter and a lacl
upstream of T7 promoter serves as extra inhibition control of target gene transcription
against basal T7 RNAP expression. Upon induction by IPTG, the lacl repressor
protein is released from both lac operators on the bacterial chromosome and the
plasmid, and T7 RNAP is produced which binds to the T7 RNAP promoter region
(free of repressor protein) and starts the transcription of the target gene.

The NatPep insert and the inserts containing the TEV cleavage site were used
for EX1 expression with the method shown in Figure 3.2. Bacteria containing the
appropriate plasmid was grown in standard Luria Bertani (LB) medium in an orbital
shaker (250 rpm) at 37°C until an ODgoy of ~0.6 (logarithmic growth phase) was

reached. Expression was induced with 1 mM IPTG at 37°C (250 rpm) for 4 hours.

Cells were harvested and lysed, and Sodium Dodecyl Sulfate Poly-Acrylamide Gel
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Electrophoresis (SDS-PAGE) analysis was performed on soluble and insoluble

fractions of the lysate.

In Figure 3.7, SDS-PAGE analysis shows that there was no native peptide
expression observed in neither the soluble nor insoluble fractions. However, all the
fusion proteins starting from the 5.7 kDa 6Histag-EX1 to the GST-EX1 were
successfully expressed (highlighted by the red rectangles in Figure 3.7). The expected
molecular weights for each protein (noted below the protein bands) were extrapolated
from the protein standards in the first lane, and corresponded nicely against each other.
The 6Histag-EX1 fusion has a relatively small size and the relatively low band
intensity suggests that its expression might have been affected by its possible poor
stability due to its small size. Of note is the fact that, all of the fusions were found in
the insoluble fraction. This indicates that, although the fusion proteins were designed
to impart solubility, the EX1 peptide drives aggregation, shunting expressed protein-
fusions to inclusion bodies. Even though the fusions were characterized by limited
solubility, I next assessed whether or not enzymatic cleavage by TEV protease would
be a viable option to release the peptide. Given the propensity of the EX1-protein

fusions to aggregate, enzymatic cleavage seemed unlikely, but still worth a try.
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Figure 3.7 SDS-PAGE showing the pilot expression results. Following 4h of
expression of fusion proteins containing enzymatic cleavage site at 37°C, cells were
lysed and centrifuged. Soluble (S) and insoluble (I) fractions for each experiment, and
a protein molecular weight standard (M) was loaded into the respective wells and
separated by gel electrophoresis (18% gel, 200V, 60 min). Expressed fusion protein
bands are shown in red squares with their expected molecular weights in Da.

3.5 Expression and Purification of Fusion Proteins with Enzymatic Cleavage
Site

Once the SDS-PAGE analysis confirmed the conditions for the overexpression
of the fusion proteins from the pilot expression, higher volume bacterial culturing at
0.8 L for each fusion protein was performed. For purification, the IMAC method was
used: this method facilitates the purification of fusion proteins through the interaction
between the 6Histag on the fusions and a metal cation fixed on a resin in the
chromatography column [49]. Denaturing conditions were employed during

purification to solubilize insoluble aggregates, including each respective EX1-protein
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fusion, recovered after bacterial lysis. In figure 3.8, SDS-PAGE analysis shows that all
the fusion proteins were successfully purified and exhibited single bands at the
expected molecular weights. To recover the free EX1 peptide, fusion proteins must be
cleavaed by TEV protease. In order to attempt enzymatic cleavage, the denaturing
buffer in which the EX1-protein fusions were solubilized, had to be removed; TEV
protease doesn’t function under denaturing conditions. Upon dialysis to remove the
denaturant, the fusion proteins precipitated and TEV protease was unable to efficiently
cleave the fusion proteins. For this reason, no further studies were performed on fusion
proteins with an enzymatic cleavage site. I then turned my attention to EX1-fusions

containing a chemical cleavage site.
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Figure 3.8 SDS-PAGE of the purified fusion proteins (enzymatic cleavage site).
Fusion proteins with the enzymatic cleavage site were purified by metal affinity resin
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under denaturing conditions, and analyzed by gel electrophoresis (4-12% gel, 200V,
35 min). samples from distinct gels were collected and collated for this figure.

3.6 Pilot Expression of Fusion Proteins with a Chemical Cleavage Site

For production of fusion proteins containing methionine on the N-terminus of
EX1 (to facilitate CNBr cleavage under denaturing conditions), the TevPep insert was
mutated by changing the glutamine codon to a methionine codon to yield the MetPep
insert (Table 3.4). The expression method shown in Figure 3.2 was repeated with the
MetPep insert for all the fusion proteins with the exception of GST since its molecular
weight is relatively high compared to the other fusion proteins. Large molecular
weight proteins result in a large protein:peptide ratio, diminishing yields of the final
cleaved peptide. Following cloning, transformation, and pilot expression, SDS-PAGE
analysis (Figure 3.9) showed that all the fusion proteins were successfully expressed
and their corresponding molecular weights are in good aggrement with the protein
weight standards except for the 6Histag fusion. It is unclear if the 6Histag fusion was
expressed since precipitation was seen at the bottom of the gel-well suggesting that
this sample could not enter the gel for separation, and neither its presence nor its
molecular weight could be confirmed. The GB1-EX1 fusion alone was selected for
further cleavage studies due to: (i) the relatively low molecular weight of GBI
resulting in a higher ratio of target peptide EX1 following cleavage and (ii) the
relatively higher band intensity seen for GB1-EX1 suggesting higher expression for

this fusion when compared to the other fusion proteins.
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Figure 3.9 SDS-PAGE showing the pilot expression results of fusion proteins
(chemical cleavage site). Following 4h expression (37°C, 250 rpm) of fusion proteins
containing the chemical cleavage site, cells were lysed and centrifuged. Soluble (S)
and insoluble (I) fractions as well as a molecular weight standards (M) was loaded into
the respective wells and separated (4-12% gel, 200V, 35 min). The expressed fusion
proteins are highlighted within red boxes with expected molecular weights in kDa.

3.7 Expression of GB1-EX1 Fusion and rEX1 Purification

Bacterial culturing of the GB1-EX1 fusion was performed in a higher volume
(0.8 L). After which, the cells were harvested and lysed. The resulting insoluble cell
pellet was washed to remove remaining soluble proteins, dissolved in 8 M urea, 0.1%
TFA, dialyzed in 0.1% TFA and finally lyophilized. After cell lysis, pellet washing

and dialysis, small aliquots were saved for SDS-PAGE analysis (Figure 3.10). This
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analysis showed that the majority of bacterial proteins were removed in the soluble
fraction and the subsequent pellet washing steps helped the removal of remaining
bacterial proteins. The insoluble fraction contained most of the GB1-EX1 fusion as
confirmed by the presence of a large protein band at the expected size in Figure 3.10.
During dialysis, some protein precipitation was observed and the fusion was found in
both soluble and insoluble fractions of the dialysis. Low pH conditions during dialysis
probably helped a portion of the fusion protein to stay in solution due to the fact that
the EX1 peptide is unfolded and highly protonated at acidic conditions. Following
dialysis, the soluble and insoluble fractions were combined, lyophilized, reconstituted
in 0.1% TFA and analyzed by analytical reversed-phase high-performance liquid

chromatographic (RP-HPLC).
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Figure 3.10 SDS-PAGE analysis of GB1-EX1 following cell lysis, pellet washing
and dialysis. From left to right, lane 1: soluble fraction (S) after cell lysis, lane 2-4:
fractions after pellet wash (W1-3), lane 5: insoluble fraction (I) after pellet wash, lane
6: soluble fraction after dialysis (DS), lane 7: insoluble fraction after dialysis (DI), and
lane 8: protein molecular weight marker.

The analytical HPLC trace shows a large, predominant peak eluting around 45
min that corresponds to the GB1-EX1 fusion (Figure 3.11A). This shows that without
using IMAC purification under denaturing conditions, the GB1-EX1 fusion protein
can be recovered from the cell lysate with a relatively high purity. The fusion protein
was later subjected to chemical cleavage by CNBr in 70% formic acid, which has the
ability to solubilize the cell pellet and facilitate the cleavage at the C-terminus of

methionine, freeing EX1 from GBI1. In Figure 3.11B, an analytical RP-HPLC

chromatogram shows that chemical cleavage affords rEX1, which has the same elution
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time (~29 min) as chemically synthesized EX1. To purify the rEX1, RP-HPLC was
employed. Figure 3.11C shows a chromatogram of purified rEX1. The molecular
weight of rEX1 was confirmed by electrospray ionization mass spectrometry (ESI-
MS), and the calculated and observed ion masses corresponded well, confirming that

the purified rEX1 is of the correct mass.
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Figure 3.11 RP-HPLC and MS analysis of the fusion protein and rEX1. RP-HPLC
chromatogram of (A) GB1-EX1 fusion, (B) crude material after CNBr cleavage of
GBI1-EX1 fusion and (C) purified rEX1. Absorbance at 220 nm was monitored as a
function of retention time. 0-100% Std B in 100 min at 40°C, Std A: 0.1 % TFA in
water, Std B: 90% Acetonitrile, 9.9% water, 0.1 % TFA. (D) ESI-MS of pure rEX1.
The inset is the comparison of calculated and observed ion masses.
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3.8 Yield and Cost Analysis

The expression strategy employed in this chapter yielded 100 mg crude fusion
protein and 4.6 mg pure rEX1 from a liter of bacterial culture at first attempt when the
following steps were performed: culturing in LB media, cell lysis, insoluble cell pellet
recovery and wash, dissolving in urea and dialysis, lyophilization, CNBr cleavage of
GB1-EX1 fusion and HPLC purification of rEX1. The overall low yield of rEX1 could
be related to inefficiencies and loss during chemical cleavage. Studies to improve the

yield are discussed in the next chapter (Chapter 4).

A cost analysis was performed to compare the cost of chemical synthesis of
EX1 and the cost of the bacterial production according to the yields obtained from this
study. In the lab, the chemical synthesis of peptides is generally performed on an
automated batch peptide synthesizer where a 0.25 mmol scale synthesis yields ~400
mg crude peptide material and ~150 mg pure peptide after semi-preparative HPLC
purification. Total cost of obtaining 150 mg pure peptide is ~$530 with the
consideration of the solvents used for synthesis and purification as well as synthesizer
expenses: ~75% of the cost relates to synthesis and the remaining ~25% relates to
peptide purification. On the other hand, the cost of production of pure recombinant
peptide of the same amount (~150 mg) in a bacterial system (calculated with a yield
of 4.6 mg peptide from a liter of culture within this study), is $953. When the

theoretical yield, which is 15.6 mg peptide from a liter of culture, is considered, the
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cost is reduced from $953 to $298 which is well below the cost of chemical synthesis.

Thus, efforts towards improving the yield of bacterial production are worthwhile.

3.9 Conclusion

For the investigation of bacterial production of EXI, an expression method
was developed starting from the cloning of the oligonucleotide sequence of EX1 into
plasmids designed for various approaches towards expression such as native or fusion
protein expression. This was followed by transformation of the clones into a bacterial
strain in which expression of the target gene was induced by the concerted operation
of genes on the bacterial chromosome and plasmid. Once the transformants containing
the plasmids that carry the desired DNA constructs were obtained and cultured in
media in small scale, the expression profiles of each of the transformants were

analyzed.

Firstly, expression of the native EX1 sequence did not afford any peptide
detectable by SDS-PAGE analysis whereas all the fusion proteins with an enzymatic
cleavage site were expressed successfully in the insoluble fraction. These fusion
proteins were purified by IMAC from the insoluble fraction of the cell lysate under
denaturing conditions. Purified EX1 protein fusions were only soluble under
denaturing conditions. These conditions prevented the use of TEV protease, which is

necessary to cleave EX1 from its fusion partner. The focus of the study was therefore
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redirected to the expression of fusion proteins having a chemical cleavage site that can
be accommodated under denaturing conditions that permit protein solubility. The same
expression method was repeated starting from the cloning of the oligonucleotide
sequence containing a methionine codon which translates to methionine that can be
cleaved at its C-terminus by CNBr in 70% formic acid. Formic acid acts to solubilize
the insoluble fraction of the cell lysate which contains the EX1-protein fusions. Pilot
expression resulted in fusion proteins occurring in the insoluble fraction as expected.
Although all the fusion proteins enable expression of EXI1, the GB1-EX1 fusion
protein was selected for further evaluation because the relative expression level was
highest and the ratio of the molecular weights of EX1 to fusion was highest for GBI
when compared to the KSI and Trx fusions. The fact that the GB1-EXl1fusion is
shunted to inclusion bodies is beneficial. The advantage of working with the insoluble
cell pellet is that no purification is required since by washing the insoluble fraction a
few times, highly pure fusion proteins can be obtained. Thus, instead of IMAC
purification, the insoluble fraction was washed with Triton-X and dissolved in 8 M
urea and 0.1% TFA. This low pH buffer is efficient in solubilizing the GB1-EX1
fusion. After centrifugation and dialysis to remove the cell debris and urea
respectively, the protein sample was lyophilized in preparation for CNBr cleavage and
subsequent HPLC purification to afford rEX1. Mass spectrometry confirmed the mass
of rEX1 and a cost analysis was performed to investigate whether bacterial production
provides a feasible alternative to chemical synthesis. The first attempt to prepare

rEX1, resulted in a relatively low yield. Thus, the approximated cost of bacterial
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expression was higher than that of chemical synthesis. It is therefore worthwhile to
investigate whether or not the yield can be improved. If so, the cost could be
substantially lower for bacterial expression as compared to synthesis. Overall, rEX1
was produced successfully in a bacterial expression system and yield improvement

studies will be performed in the following chapter.

3.10 Experimental Section

3.10.1 Oligonucleotide sequences designed for cloning

Inserts were designed accordingly to be compatible with the Gateway cloning
system by flanking attB sites at either ends. Oligonucleotides were ordered from

Genscript and were provided cloned in a pUCS57 vector.

DNA sequence of NatPep is 5°-
GGGGACCACGCTGTATAAAAAAGTTGGCGAAGGTGATCGTACCATGGTGA
AAGTTAAAGTGAAAGTTAAAGTGCCGGATGGCACGAAAGTTGAAGTGAAA

GTTAAAGTGTAACCAACTTTCTTGTACAAAGTTGTCCCC -3’

DNA sequence of TevPep is 5°-
GGGGACAACTTTGTACAAAAAAGTTGGCGAAAACCTGTACTTCCAGGTGA
AAGTTAAAGTGAAAGTTAAAGTGCCGGATGGCACCAAAGTTGAAGTGAAA

GTTAAAGTGTAACCAACTTTCTTGTACAAAGTTGTCCCC -3’
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DNA sequence of MetPep gene is 5°-
GGGACAACTTTGTACAAAAAAGTTGGCGAAAACCTGTACTTCATGGTGAA
AGTTAAAGTGAAAGTTAAAGTGCCGGATGGCACCAAAGTTGAAGTGAAAG

TTAAAGTGTAACCAACTTTCTTGTACAAAGTTGTCCCC -3’

3.10.2 DNA cloning and transformation

Inserts were supplied with 4 pg of lyophilized pUC57 plasmid DNA dissolved
in 20 pL of water. For BP and LR reactions, the manufacturer’s protocols were
followed (Invitrogen). The following vectors were kindly provided by Dominic
Esposito: donor vector pDONR253, destination vector pDEST521 for inserts with
RBS (for NatPep insert), destination vectors with RBS and fusion partners (for TevPep
and MetPep inserts), pDEST527 (6Histag), pDEST532 (6His-GB1), pDEST533
(6His-KSI), pDEST546 (6His-Trx), pDESTS565 (6His-GST). Briefly, 0.5 puL of 200
ng/uL pUCS7 containing NatPep and TevPep insert, 1 uL of 120 ng/uL of
pDONR253, 4.5 uL of TE buffer and 2 pL of BP clonase were mixed and left at room
temperature for at least 1 h to generate the entry clones. Escherichia coli DH5a strain
was used for cloning, and 1 pL of BP clonase reaction was transferred into 20 puL of
pre-aliquoted subcloning efficiency DH5a cells thawed on ice. After 30 min
incubation on ice, 30 sec at 42°C in a water bath and 2 min incubation on ice, 60 pL of

SOC medium was added and cells were cultured in a shaker incubator at 250 rpm,
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37°C for 1 h. From this culture, 50 pL was spread onto a LB agar plate with
Spectinomycin (50 pg/mL) and incubated overnight at 37°C. Single colonies were
picked and inoculated in 10 mL of LB media supplemented with Spectinomycin (50
ug/mL) and incubated overnight at 37°C (250 rpm), followed by plasmid DNA
isolation using the Qiagen spin miniprep kit according to the manual. Plasmid DNA
samples were submitted for sequencing and upon verification of the expected

sequences, they were used for the LR cloning reaction.

For a 10 uL LR reaction, 50 ng of entry clone, 150 ng of destination vector that
had the fusion partner of interest, 2 uL. LR Clonase II and TE buffer pH 8 were mixed
and left at room temperature for at least 1 h to generate the expression clones. From
this LR clonase reaction, 1 uL was transferred into 20 uL of pre-aliquoted subcloning
efficiency DH5a cells thawed on ice. Transformation, cell spreading on LB agar
plates with ampicillin (100 pg/mL), single colony inoculation into 10 mL LB media
with ampicillin (100 pg/mL), miniprep plasmid DNA isolation and sequence
verification were performed as indicated before in the previous paragraph, followed by
transformation into the expression strain Rossetta 2 cells and cell spreading onto LB
agar plates with ampicillin (100 pg/mL) and chloramphenicol (34 pg/mL). Glycerol
stocks (8% glycerol) of Rossetta 2 cells with expression clones were prepared from

overnight LB cultures inoculated with single colonies from LB agar plates.
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3.10.3 Bacterial culturing

For Rossetta 2 cell cultures, 100 pg/mL carbenicilin and 34 pg/mL
chloramphenicol were used in the media. For pilot expression experiments, 30 mL of
media was used in a 250 mL baffled flask. For larger scale experiments, 800 mL of

LB media was used in 2.8 L baffled flasks.

LB media was prepared by dissolving 20 g/ LB broth media (Sigma) in
distilled water followed by autoclaving. For culturing in 30 mL LB media, 10 mL
starter media with antibiotics was inoculated with the glycerol stock of Rossetta 2 cell
(with plasmid of interest) and incubated on an orbital shaker at 37°C (250 rpm)
overnight. Fresh 30 mL LB media with antibiotics was then inoculated with 0.3 mL
(1%) overnight culture and left on orbital shaker at 37°C (250 rpm) until the ODggo
reached 0.7-0.8. For culturing in 0.8 L LB media, 30 mL starter media with
antibiotics was inoculated with the glycerol stock of Rossetta 2 cell (with plasmid of
interest) and incubated at 37°C (250 rpm) overnight. To 800 mL LB media with
antibiotics, 8 mL (1%) of overnight culture was added and incubated at 37°C (250
rpm) until the ODggo reached 0.7-0.8. A final concentration of 1 mM IPTG was used to
induce the expression for 4h at 37°C (250 rpm). After culturing, wet cell pellets
obtained by centrifugation at 12000 x g for 10 min were stored at -80°C prior to

processing.
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3.10.4 Cell lysis after pilot expression

For NatPep and TevPep fusions, an amount of culture normalized at ODgo:3
were centrifuged in a 1.5 mL tube at 13000 rpm for 5 min and the supernatant was
discarded. Cell pellets were resuspended in 100 pL of lysis buffer A (50 mM Tris-HCI
pH 7.5, 50 mM Dextrose, | mM EDTA, 1 mM MgCl,, 30 U/uL Ready-Lyse
(Epicentre) lysozyme solution) with 5 U Benzonase nuclease (Novagen) and incubated
for 5 min at room temperature. To this, 100 pL of lysis buffer B (10 mM Tris-HCI pH
7.5, 50 mM KCI, 1 mM EDTA, 0.1% deoxycholate) was then added and incubated for
5 min at room temperature. Following centrifugation, soluble fractions were separated
into new tubes and insoluble pellets were solubilized in 100 uL of 8 M urea. For pre-
induction samples, 1 mL pre-induction cultures were centrifuged and cell pellets were
resuspended in 20 pL Lysis buffer A for 5 min, then 20 pL. Lysis buffer B was then

added and vortexed.

For MetPep fusions, an amount of culture normalized at ODgpp:3 was
centrifuged in a 1.5 mL tube at 13000 rpm for 5 min and the supernatant was
discarded. Cell pellets were resuspended in 250 pL of Lysis buffer C (50 mM Tris-
HCI pH 7.5, 0.5x Bugbuster (Novagen), | mM EDTA, 1.5 mg Lysozyme (Sigma), 5
mM MgCl,) with 2.5 U Bezonase nuclease (Novagen) and incubated for 5 min at

room temperature. The cell lysate was then centrifuged for 5 min at 13000 rpm and the
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soluble fraction was transferred into a new tube. To the insoluble fraction, 250 pL of 8

M Urea was added and vortexed as before.

3.10.5 SDS-PAGE analysis

For SDS-PAGE analysis of the pilot expression of NatPep and TevPep fusions,
10 uL pre-induction, soluble and insoluble samples were mixed with 10 uL Laemmli
sample buffer with 0.35 M DTT before being heated at 95°C for 3 min. In addition to
the samples, 10 uL Polypeptide Standard diluted 20 times in Laemmli sample buffer
with 0.35 M DTT, were loaded onto a Criterion 18% Tris-HCI precast gel and

electrophoresed (200 V for 60 min).

For SDS-PAGE analysis of TevPep and MetPep fusion expressions, 20 pL of
soluble and insoluble samples were mixed with 10 uL. NuPAGE LDS sample buffer
(3x) with 0.35 M DTT and heated as above. The samples as well as 10 uL of SeeBlue
Plus2 pre-stained standard were loaded onto a NuPAGE 4-12% Bis-Tris gel and
electrophoresed (200 V for 35 min). Gels were stained with a solution of 50 mg/L

Coomassie Brilliant Blue G-250 and 3 mL/L glacial acetic acid in water.
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3.10.6 Affinity (IMAC) purification of TevPep Fusions

Cell pellets (~2 g) stored at -80°C were thawed and 6 mL lysis buffer A and
125 U benzonase (Novagen) was added. Cells were resuspended by vortexing and
incubation on a rocking shaker for 15 min before 6 mL lysis buffer B was added and
left on a rocking shaker for 20 min. The sample was centrifuged at 15000 g for 10 min
and the soluble fraction was removed. To the insoluble fraction, 7 mL of wash buffer
(lysis buffer A with 0.1% Triton-X100) was added, vortexed and centrifugation was
performed as before. This pellet wash was repeated one more time before the cell
pellet was resuspended in 15 mL denaturing equilibration buffer (eq. buf.) (50 mM,
NaH,PO4, 6 M GuHCI, 300 mM NacCl, pH 7.5) and vortexed. After centrifugation at
12000g for 10 min, ~15 mL supernatant was mixed with 10 mL of Talon metal
affinity resin (5 mL bed volume) in a gravity column on a rocking shaker for 20 min.
The column was then drained to elute unbound proteins and50 mL eq. buf. was passed
through the column. For elution, 40 mL of elution buffer (50 mM NaH,PO,4, 6 M Gdn-
HCI, 300 mM NaCl, 150 mM imidazole, pH 7.5) was used and the eluate was
collected and later analyzed by SDS-PAGE. The resin was regenerated with 20 mM

MES, 300 mM NaCl, pH 5 buffer according to the manufacturer’s manual.

3.10.7 Purification of rEX1 from insoluble GB1-EX1 fusion by CNBr cleavage

Cell pellets (~2 g) stored at -80°C were thawed and 9 mL lysis buffer A and

200U benzonase was added. Cells were resuspended as outlined before and 9 mL of
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lysis buffer B was added and left on rocking shaker for 20 min. The sample was
centrifuged at 15000 g for 15 min and the soluble fraction was removed. The insoluble
fraction was treated with 10 mL wash buffer (50 mM Tris-HCI, 50 mM dextrose) and
1% TritonX-100 twice and then with just 10 mL wash buffer once, with vortexing and
centrifugation steps in between each step. The washed cell pellet was dissolved in 8 M
urea and 0.1% TFA, vortexed and centrifuged as before to separate the cell debris. The
soluble fraction (in 8 M urea, 0.1% TFA) was transferred into a dialysis tube (3500
MWCO) and dialyzed againstl L 0.1% TFA in water at 4°C overnight. The dialysis
was repeated with fresh dialysis solution and the dialyzed protein sample was later
lyophilized, reconstituted in 0.1% TFA and analyzed by reverse phase analytical

HPLC.

Cleavage of GB1-EXI1 fusion by CNBr was performed by adding 15 mg/mL
CNBr in 70% formic acid to the protein sample to a final concentration of 3.5 mg/mL.
The flask was purged with Argon and kept in the dark for 24 h before being diluted 7x

in 0.1% TFA and lyophilized.

The lyophilized sample was dissolved in 0.1% TFA and centrifuged. A small
amount of soluble fraction was analyzed by RP-HPLC and the rest of the peptide was
purified by RP-HPLC (semi-preparative Vydac protein/peptide C18 column) at 40°C
employing an isocratic gradient for 1 min with 100% solvent A, then linear solvent B

gradients from 0 - 13% B over 13 min, 13 - 27% over 28 min and finally from 27-
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37% over 40 min where solvent A is 0.1% TFA in water and solvent B is 0.1% TFA in
9:1 acetonitrile:water. The corresponding peak for EX1 was collected and lyophilized.
Analytical RP-HPLC and ESI-MS were performed to analyze the purity and the

molecular weight of rEX1 peptide.
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Chapter 4

BACTERIAL EXPRESSION OF EX PEPTIDES WITH HIGH YIELD

4.1 Introduction

The self-assembling B-hairpin peptide EX1, designed to form rigid hydrogels
at physiological conditions, was successfully produced in a bacterial expression
system as highlighted in Chapter 3. The 4.6 mg/L yield obtained however was not
cost-competitive when compared to the chemical synthesis, and thus, alternative
strategies to increase the yield of rEX1 were investigated. General strategies for
increasing the yield encompass gene optimization for bacteria, promoter selection,
bacterial strain screening, tandem repeat expression, fusion partner selection,
optimization of culture media and optimization of downstream processing [1-7]. These
strategies are evaluated below to identify those that may be improved the production

of rEX1 in bacteria.

Gene optimization includes modulating parameters such as codon usage bias,
guanine-cytosine (GC) content, DNA polymerase slippage sites and mRNA secondary
structure to improve the expression of the target protein [8-11]. Codons are composed
of three nucleotides and encode for a specific amino acid in addition to encoding for

translation initiation (start-) and termination (stop-codons). Considering there are 20
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amino acids and 64 possible codons, some amino acids are encoded by more than one
codon and there are differences in the frequency of specific codon usage [12, 13].
Furthermore, even the frequency of codon usage for a specific amino acid changes
among organisms from different species [14, 15]. Thus, a heterologous gene should be
designed according to the codon usage of the expression host [16]. The expression
system developed in Chapter 3 was already optimized with respect to codon usage for
the production of EX1. Gene optimization also includes ensuring for optimum GC
content which ultimately affects gene stability due to the number of hydrogen bonds
formed between guanine and cytosine nucleotides [17]. During transcription, repeated
sequences on the DNA can cause DNA slippage in which the addition or deletion of
repeating units can occur, and following replication, longer or shorter sequences as
well as frameshift mutations, which translate to undesired products, can be generated
[18]. After transcription, mRNA can form undesired secondary structures and
expression can be greatly reduced [19-22]. A common example is hairpin loop
formation which renders the initiation codon inaccessible to the translation machinery
and this eventually results in poor expression of the respective protein [23-25]. All the
above parameters were already considered during optimization and design of the
oligonucleotide sequences for the EXI1 peptide, as well as for the respective
destination vectors as described in the previous chapter. Thus, in view of increasing

the yield of EX1 expression, gene optimization was already performed in Chapter 3.
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The bacteriophage T7 promoter system, which recruits T7 RNA polymerase
for mRNA production of downstream genes, stands out among other promoter systems
since the T7 RNA polymerase is very specific and efficient [26-29]. The elongation
rate of T7 RNA polymerase (200 nucleotide/sec) is around 8 times faster than that of
E. coli RNA polymerase (25 nucleotide/sec) [30]. The Lacl/Pr7,. system which
contains the strong T7 promoter, generates high amounts of transcript that results in
high amounts of protein production [31]. The destination vectors used in chapter 3
for the expression of the EX1 peptide also contains the Lacl/Pr7,. promoter system,

and thus this strategy for maximizing protein yield was implemented in Chapter 3.

Bacterial strains are generally chosen according to the protein that needs to be
expressed. In cases where poor bacterial growth and viability are noted, a bacterial
strain containing the T7 lysozyme gene can be used since it is a natural inhibitor of the
T7 RNA polymerase and thus suppresses the basal expression of the polymerase
before induction is initiated [32, 33]. In this way, cells can grow to reach a high cell

density before they are induced for expression of the target protein [33].

When the genes to be expressed have rare codons that are produced in low
amounts by bacteria, bacterial strains that express tRNAs of such rare codons are used
[34, 35]. The strain used in Chapter 3 (Rosetta 2) for EX1 peptide expression is able to

express rare tRNAs. Thus, with respect to fine-tuning the overall genetic strategy for
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the production of EX1, all of the considerations discussed above were implemented in

Chapter 3.

However, one approach to increase the yield of the EX1 peptide is to use
tandem repeat expression in which a number of EX1 encoding sequences are placed
on the same gene with a cleavage site in between them, and once the expression starts,
more than one copy of EX1 peptide can be expressed from one gene transcript [36-
41]. Such a tandem repeat expression approach may afford a higher production of

EX1. This possibility was explored and is described in this chapter.

Yet another way to increase the yield of rEX1 is to decrease the fusion partner
size, i.e. to increase the ratio of the EX1 peptide with respect to its fusion partner by
making the fusion partner smaller in size. The fusion partner however should not be
too small in size: results from chapter 3 showed that the 6His-EX1 was poorly
expressed. Here the 6Histag can be considered a small fusion partner. The inability of
6His-EX1 to express well may be because its small size leads to poor cellular stability.
All the larger fusion proteins (GB1-EX1, KSI-EX1, Trx-EX1 and GST-EX1) were
expressed at relatively higher levels than that of 6His-EX1. An alternative EX1 fusion
could be designed in such a way that the fusion size would be in between that of 6His-

EX1 and GB1-EXI. This strategy is also explored in this chapter.
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Culture media has a very important effect on the overall yield of recombinant
proteins. Regular LB media is used in most experiments. Following the inoculation of
the transformants into the media, the ODgg is generally monitored. At an ODgyy of
0.6-0.8, the expression is induced by the addition of IPTG and after 4-6 hours of
culturing, the cells are harvested [42]. Studier et. al. developed a different media:
auto-induction media in which induction occurs according to a change in the carbon
source use in the growth environment [43, 44]. Bacteria prefer to use glucose first as a
carbon source and when glucose is depleted, lactose is utilized from the surrounding
environment [45]. Auto induction media takes advantage of this switching in carbon
source preference by including both glucose and lactose in the media. Cells grow until
all the glucose is consumed. After which, the cell density is normally very high. At
this time, lactose starts being metabolized and the “auto” induction of expression
begins. The subsequent expression of T7 RNA polymerase is followed by target gene
expression downstream of the T7 promoter region. The cell density monitored by
ODgoo at the end of culturing, can reach very high numbers compared to that obtained
with the use of LB media. The use of auto-induction media will also be explored in

this chapter.

Lastly, downstream processing starting from cell harvesting to the final
recovery of pure peptide is an important set of steps that could have a significant effect
on the overall peptide yield. Hence, the conditions under which the solubility of the

EX1 peptide is controlled were modulated to optimize the downstream processing of
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EX1-protein fusions especially for the pellet wash and solubilization steps which are

integral parts of the isolation procedure.

4.2 Tandem Repeat Expression

In a tandem repeat expression approach, there is no ideal repeat number
affording the highest yield, and different repeat numbers may result in different yields
for different target peptides. So the general approach is to incorporate a different
number of repeating units interspersed by a methionine codon, and screen for the best
combination that gives the highest expression/yield. Riley ef al. studied the expression
of KSI fusion constructs that contained tandem repeats (1-6) of the P;;-4 peptide: the
highest yield was achieved with a construct having 3 repeats, however the yield
decreased when the number of repeats were increased to 4-6 [37]. Met residues are
employed at the end of each peptide unit to enable CNBr cleavage which yields the
individual peptides. A consequence of Met cleavage is that homoserine lactone (HSL)
moiety is generated at the C-terminus of each peptide following the cleavage reaction.
Thus, one must decide if this alteration in sequence can be tolerated for the intended

use of the peptide.

For tandem repeat expression of the EX1 peptide in this study, 2, 3 and 6

repeats were chosen for investigation and the DNA constructs (EX1),, (EX1); and

(EX1)¢ were designed respectively as shown in Figure 4.1. These sequences will
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eventually be cloned into a destination vector that starts with a hexahistidine tag
(6Histag). Although this purification tag is not ultimately used to purify the peptide, I
found that having the 6His gene upstream of the peptide genes helped in efficient
transcription. In addition to these constructs, an alternative entry clone was
constructed that has a ribosome binding site, 3 repeats of the EX1 oligonucleotide
sequence followed by a 6Histag at the C-terminus as a fusion partner. This alternative
sequence was prepared to investigate the effect of a positional difference when the
gene starts with 3 repeats of EX1 instead of a 6Histag. Although not necessary, the C-
terminus of the last EX1 of the repeat was followed by a Met-Gly so that CNBr
cleavage could yield a rEX1-HSL unit. If this Met-Gly unit was not included, CNBr
would yield both rEX1-HSL and rEX1 peptides and resolution of the two peptides

could be problematic during the HPLC purification.

(EX1), attB1-(Met-EX1),-MetGly-stop-attB2
(EX1), attB1-(Met-EX1),-MetGly-stop-attB2
(EX1)q attB1-(Met-EX1),-MetGly-stop-attB2
(EX1),-6His attB1-RBS-(Met-EX1),-MetGly-6His-stop-attB2

Figure 4.1 Design of oligonucleotides for tandem repeat expression. Different
number of repeats were placed in between att sites. RBS: ribosome binding site.

The (EX1),, (EX1); and EX1)e inserts were cloned into the destination vector
pDESTS527 containing an upstream 6Histag fusion partner. The (EX1);-6His construct

was cloned into the destination vector pDEST521. The resulting expression clones:
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6His-(EX1),, 6His-(EX1)s, 6His-(EX1)¢ and (EX1);-6His are shown in Figure 4.2.

After transformation and inoculation, pilot expression studies were performed.

Destination vector Entry clone Final fusion protein in expression clone

+ (EX1), — O 6His — attB1-(Met-EX1), — MetGly
+ (EX1), —_— O 6His — attB1-(Met-EX1);, — MetGly

(EX1), _— O 6His — attB1-(Met-EX1), — MetGly

O0O0O0O

+ (EX1);-6His i O (Met-EX1);-MetGly-6His

Figure 4.2 Generation of expression clones for EX1 tandem repeats. Subcloning of
the (EX1),, (EX1); and (EX1)g inserts into destination vector pDEST527 containing
RBS-6Histag and subcloning of the (EX1);-6His insert into destination vector
pDESTS521 containing no RBS and tag. Green portion is RBS, red portion is 6Histag,
blue portion is tandem repeats and purple portions are att sites.

For the first pilot expression study, 25 mL LB media was inoculated with 250
pL (1%) starter overnight culture and the cells were grown until the ODgop was ~0.6
for about 3 h before being induced with 1 mM IPTG. Culturing at 37°C for 4.5 h after
induction resulted in poor growth as evaluated by measuring the OD at 600 nm. The
final ODgg of 6His-(EX1); and (EX1);-6His containing cultures were ~1.2 and that of
the 6His-(EX1), and 6His-(EX1)¢ containing cultures were ~2.2. Typically an ODgg
of ~3-4 is seen with bacterial cultures grown at 37°C for 4.5 h post induction. The

poor growth could be attributed to the EX1 peptide being toxic to the cells when

expressed as tandem repeats. Previous studies (Chapter 3) with the 6His-EX1 fusion,
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which only contains one EX1 unit also showed poor growth following induction. This

may suggest that EX1, itself; is highly toxic to the bacteria.

A second pilot expression study was performed in a similar way and after
IPTG induction, the culture was grown at a lower temperature of 25°C for 11 h to
reduce the rate of expression. The final cell density of the 6His-(EX1); and (EX1)s3-
6His containing cultures were once again low with ODggo values of ~1.3. Thus, the
6His-(EX1); and (EX1);-6His containing cultures were unable to grow at either 25°C
or 37°C following induction. On the other hand, the final cell density of cultures

containing the 6His-(EX1); and the 6His-(EX1)s had ODgg values of ~3.6.

Cells were harvested from cultures grown at 25°C and lysed. The soluble and
insoluble fractions were separated and analyzed by SDS-PAGE (Figure 4.3). Among
the 4 different constructs, only the one containing two repeats was expressed and
observed at the top of the gel due to precipitation. For the other three constructs; 6His-
(EX1)3, (EX1)3-6His and 6His-(EX1)s, no bands corresponding to the desired products
were observed. Although normal growth was observed for the culture containing 6His-
(EX1)s, the gene was not transcribed/translated to protein. This might be due to its

highly repetitive nature.
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Figure 4.3 SDS-PAGE analysis after pilot expression of tandem repeats (25°C).
After cell lysis, the separation of the soluble (S) and insoluble (I) fractions are
analyzed. Expected MWs are shown above the tandem repeat names. P: Pre-induction
sample, red arrow shows the precipitated protein containing 2 repeats.

A larger scale production, using 0.8 L of media was used to produce the 6His-
(EX1), containing transformants in order to purify and characterize the rEX1-HSL
peptide. After the cell lysis and insoluble pellet wash, 8 M guanidine-HCI (0.5% TFA)
was used to solubilize the pellet. Cell debris was then removed by centrifugation. The
soluble fraction was filtered and injected onto an RP-HPLC column to purify the 6His-
(EX1), fusion and the eluted sample was then lyophilized in preparation for CNBr

cleavage.
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Previous studies in chapter 3 in which the washed cell pellet was directly
cleaved in 70% formic acid containing CNBr resulted in a sticky precipitate after
lyophilization. Due to very poor solubility of this precipitate purification and peptide
recovery was very inefficient. Isolating the fusion protein by HPLC and lyophilization
prior to chemical cleavage resulted in a powder that was easily solubilized in formic
acid. Subsequent cleavage using CNBr and purification by HPLC afforded pure
peptide. From one liter of LB media, the yield of pure rEX1-HSL was 14 mg. This low
yield is most likely due to the fact that when the solubilized pellet (in 8 M guanidine-
HCI) was injected onto the C18 RP-HPLC column, some of the peptide remained
stuck on the column and did not elute. This highly adsorbed fraction could only be
eluted with extensive column washings. Although not optimal, this isolation strategy
yielded enough rEX1-HSL for further characterization. Figure 4.4A and B show the
analytical HPLC chromatogram and corresponding mass spectral data for pure rEX1-

HSL.

4.2.1 Characterization of rEX1-HSL

Temperature dependent CD spectra of 150 uM solutions of rEX1-HSL at 216
nm from 5°C to 80°C (pH 7.4, 50 mM BTP, 150 mM NacCl) is compared with that of
chemically synthesized EX1 in Figure 4.4A. At temperatures greater than 20°C, rEX1-
HSL begins to fold into a B-sheet structure and at around 40°C, it is mostly folded.

Under these solution conditions, rEX1-HSL folds at slightly lower temperatures when
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compared to EX1. Hairpin folding and assembly is partly driven by the hydrophobic
effect. More hydrophobic peptides fold and assemble at lower temperatures when
compared to more hydrophilic sequences. The folding of rEX1-HSL at lower
temperatures can be attributed to its more hydrophobic nature when compared to EX1.
Its more hydrophobic nature was also validated by its observed later elution time

during analytical HPLC when compared to EX1.

Next, the gel forming properties of rEX1-HSL and EX1 were compared.
Dynamic time sweep experiments in Figure 4.4B show the evolution of storage
modulus as a function of time for rEX1-HSL at physiological conditions. At the end of
one hour, rEX1-HSL storage modulus reached around 1.7 kPa which was greater than
the storage modulus of EX1 (~1 kPa). In the time sweep experiment, the temperature
is ramped from 5°C to 37°C in 100 sec to initiate folding and assembly of the peptides.
A short lag time in the evolution of storage modulus was observed for rEX1-HSL.
Because rEX1-HSL folds and assembles at a lower temperature compared to rEX1, it
was expected that the evolution of G should be faster for rEX1-HSL. This unexpected
result can be due to the C-terminal HSL ring trying find a conformation that allows the
formation of additional hydrogen bonds between N-terminal amine and the oxygen
atoms of the HSL ring as depicted in Figure 4.5. Once such hydrogen bonds form, the
hydrophobic face of the folded hairpin can be extended over the B and y carbons of the
HSL ring and this ‘increased hydrophobic surface’ can facilitate the formation of more

branch points in the fibril network by acting as a surface from which additional fibrils

113



can grow. Frequency sweep experiments of rEX1-HSL and EX1 are shown in Figure
4.4C. These experiments show that both peptides provide gels whose storage and loss
moduli are invariant with frequency. Panel F shows strain sweep experiments for those
two gels. The rEX1-HSL gel yields at a higher % strain than the EX1 gel. The
frequency and strain sweep experiments validate that the time-sweep experiments
were performed in the linear regimes of strain and frequency. In conclusion, although
the rEX1-HSL peptide and its corresponding gel have interesting folding, assembly
and gel rheological properties, its relatively low expression level precluded further

study.
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Figure 4.4 Temperature dependent B-sheet formation and mechanical properties
of rEX1-HSL and EX1. (A) HPLC (analytical) of rEX1-HSL. (B) Mass spectrum of
rEX1-HSL. (C) Mean residue ellipticity of 150 uM peptide solutions at 216 nm from
5°C to 80°C. (D) Dynamic time sweep experiment of 1 wt% peptides. (E) Dynamic
frequency sweep and (F) dynamic strain sweep experiments after 1 h of gelation.
Mechanical properties assessed at 37°C, pH 7.4, 50 mM BTP, 150 mM NaCl.
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Figure 4.5 Comparison of EX1-HSL and EX1 termini. Stick representations and
solvent accessibility surfaces of EX1-HSL and EX1. Red arrow shows the HSL ring
that extends the surface of hydrophobic face of the peptide.

4.3 Design of a Low Molecular Weight Fusion Partner

The theoretical yield of rEX1 in a fusion construct is partly based on the
relative molecular weight of its protein fusion partner. A smaller fusion partner yields
more rEX1 but on the other hand, if the overall size of the fusion is too small, limited
stability or degradation could be problematic. 6His-EX1 (5.7 kDa), which can be
thought of as a construct having an extremely small fusion partner, namely the
6Histag, was shown to express but only in small amounts. GB1-EX1 (15 kDa), a
construct having a large fusion partner was expressed at a higher level as indicated in
Chapter 3. Hence, a fusion partner with a molecular weight intermediate of these two

extremes was sought. The BH3 domain of the proapoptotic BAD (Bcl-2 Associated
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Death) protein is a small a-helical peptide (BAD-BH3, 3.2 kDa, pl 8.6) that is small
but structured [46]. After cloning into the 6Histag containing destination vector, the
molecular weight of the fusion was 9.2 kDa which is expected to express relatively
better than 6His-EX1. Figure 4.6 shows the oligonucleotide design of the BAD-EX1
insert to be cloned into the 6Histag containing destination vector. The fusion protein
starting with 6Histag and followed by Bad-BH3, Met and EX1 was named 6His-BAD-

EXI1.

A) | attB1 — BAD-BH3 - — EX1 — Stop - attB2

B) 6His — attB1 — BAD-BH3 - - EX1

Figure 4.6 (A) Design of oligonucleotide insert with BAD-BH3. (B) The ultimate
cloning vector

Cloning, transformation and inoculation into the culture media was performed
for a pilot expression study. Figure 4.7 shows the soluble and insoluble fractions after
cell lysis. The fusion protein was found in the insoluble fraction as expected and
expressed at a relatively good level, taking into consideration that some precipitated

protein could not enter the gel and remained at the top of the gel.
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Figure 4.7 SDS-PAGE analysis of 6His-BAD-EX1 expression. Cell lysate was
centrifuged and soluble (S) and insoluble (I) fractions were loaded onto the 4-12% gel.
M: Marker

Given the favorable expression level in this pilot study, the 6His-BAD-EX1

system was further optimized.

4.4 Optimization of Bacterial Culture Media

Bacterial cultures typically employ standard LB medium, which has carbon
and nitrogen sources originating from the yeast extract and tryptone. Following
inoculations, the bacteria start to divide and propagate. When the metabolic activity is
optimum during the logarithmic growth phase, expression of the desired protein is
induced by the introduction of IPTG to the media. IPTG allows the production of T7
RNA polymerase, which binds to the T7 promoter region upstream of the gene of

interest and facilitates its transcription. After induction, nearly all the bacterial

118



machinery works towards expressing the target protein and as a result, up to 50% of
all bacterial protein will constitute the target protein [26]. This efficient system can be
also employed with the auto induction media developed by Studier et. al. [43]. When
auto-induction media is used, the bacteria preference for carbon source determines the
induction time. When there is glucose in the environment, it is the bacteria’s first
choice as a carbon source until it is depleted. Once there is no more glucose available,
lactose is the bacteria’s next choice. Lactose is the natural inducer of the [3-
galactosidase gene in the /ac operon in which the target gene is inserted. Hence,
lactose intake from the surrounding environment is not only used as a carbon source,
but also as the trigger for target gene expression. Exploring alterations to the culture

media may be an avenue to realize better yields of peptide.

Figure 4.8A lists the final culture densities (monitored at ODggg) in LB, auto-
induction (Al) and a modified version of the auto-induction (mAI) media. The LB
media yielded relatively low density cultures after 4 hours post induction. With the
auto-induction media, the cell density was 4 times higher at the end of 44 hours of
culturing due to the spontaneous induction at the saturation density. The presence of
glucose as an early energy source and glycerol as a late energy source provides
additional energy to the cells when compared to LB media. Modified auto-induction
media includes 8 times more of yeast extract and tryptone than that of regular auto-
induction media. In addition, the modified media contains 4 times more glucose,

glycerol and lactose. This increase in nutrients, in addition to the increase of carbon
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source, promotes cell growth resulting in extremely high cell densities before the
induction is triggered. Although it takes a longer time to reach these high cell
densities, more cell mass and more protein per cell mass can be harvested. Figure 4.8B
shows the SDS-PAGE analysis of the 6His-BAD-EX1 obtained from the same amount
of bacteria cultured in LB, Al and mAI media. The band corresponding to the target
protein (shown by the red arrow) obtained from the mAIl media was significantly
larger than the band obtained from the AI media, suggesting that extra glucose,
glycerol and lactose in the mAI media increases target protein expression. Having

optimized the media, I next set my attention to optimizing the purification protocol.

6His-BAD-EX1
LB Al mAl
h—-) — A
A)
Media | max ODg,
LB 2.5
Al 10.8
mAl 18.7 Cl
26
S et B 14
6

Figure 4.8 6His-BAD-EX1 expression in different media. (A) Cell density
monitored at ODggg at the end of culturing in each media. (B) SDS-PAGE analysis of
His-Bad-EX1 expression in LB, auto-induction (AI) and modified Al media (mAlI).
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4.5 Optimization of Purification

The isolation of the 6His-BAD-EX1 fusion, its chemical cleavage and the
purification of the resulting rEX1 was performed by a process dependent on the
folding and self-assembly characteristics of the parent EX1 peptide. By changing the
environmental conditions of the EX1 containing fusion protein, the solubility of the
fusion protein can be controlled. The charge repulsion between the lysine residues of
the EX1 peptide in the fusion protein can keep the fusion soluble. However, these
charge interactions can be screened with salt to induce precipitation of the fusion
during the cell pelleting step directly after the cells are harvested. The pellet can then
be washed to remove residual bacterial proteins. Once the cell pellet that contains
insoluble fusion protein is mostly free of bacterial proteins, it can be suspended in low
pH, low ionic strength buffer to promote the solubilization of the fusion protein. The
solubilized fusion protein can be separated after sedimenting insoluble by-products.
The resulting supernatant can be lyophilized for subsequent chemical cleavage and

HPLC purification of the rEX1 peptide.

Figure 4.9 summarizes the overall downstream processing method. Inclusion
bodies have relatively higher densities than that of bacterial proteins, and thus by
centrifugation, they can be easily isolated. Sonicating and washing the pellet mass
with detergent allows the separation of bacterial proteins from the insoluble fraction

containing the desired peptide fusion. The washing step included 100 mM NaCl which
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kept the peptide in an aggregated state. Thus, the washing step which includes
sonication in the presence of detergent did not result in loss of fusion peptide.
Additional washing steps were performed without detergent carried over into the
insoluble fraction. The next step was to dissolve the fusion protein using a low pH and
low salt buffer. Sonication aided the dissolution of the fusion. In this step, a 0.1% TFA
solution was used to protonate the lysine residues of EXI, resulting in the
solubilization of the fusion construct. Under these solution conditions, most of the
fusion construct becomes soluble. The supernatant containing the soluble fusion was
then separated by centrifugation from the insoluble fraction that was mostly composed
of cell debris. The soluble fraction was then lyophilized to afford a crude powder that
could be chemically cleaved by CNBr in small batches. After the rEX1 was cleaved
from the fusion partner, it was purified by RP-HPLC. By using the method
summarized in Figure 4.9, affinity purification of the fusion protein was avoided, and

a straightforward path to pure rEX1 could be realized.

Bacteria culturing Pellet wash Fusion protein Prep
(mAIl media) (with salt) (soluble) HPLC
Cell pellet Solubilization CNBr Cleavage Pure
recovery by sonication peptide
(low pH and low salt)

Figure 4.9 Schematic of downstream processing.
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4.5.1 Final yield of rEX1 and cost analysis

After culturing the transformant bacteria containing the 6His-BAD-EX1 fusion
(9.2 kDa) in modified auto-induction media, and following the downstream processing
explained above, the overall yield was ~50 mg pure rEX1 obtained from 1 L of culture
media. The first set of experiments yielded 4.6 mg rEX1 and the alternative studies
investigated in this chapter succeeded in increasing the overall yield to more than 10

times the original yield.

A cost comparison was performed between chemical synthesis and bacterial
production. The chemical synthesis yields ~150 mg pure peptide after semi-
preparative HPLC purification from a 0.25 mmol scale synthesis with Fmoc chemistry
on an automated peptide synthesizer and the cost is ~$530 including the cost of
solvents used for synthesis and purification as well as synthesizer expenses. Synthesis
of the crude peptide is ~75% of the cost and peptide purification is the remaining
~25% of the cost. On the other hand, the bacterial production cost of the same amount
of peptide (150 mg) is ~$344. Just ~10% of this cost is due to the auto-induction
media and the remaining 90% is for RP-HPLC purification. Thus, the majority of the
cost associated with bacterial production is the cost of final purification. At any rate,

bacterial production of EX1 proved cost effective.
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The bacterial production of rEX1 was successful affording a high yield of
peptide using the optimized conditions determined in this chapter. I next sought to
determine if this optimized methodology could be extended to other -hairpin peptide
sequences. The sequence of rEX1 contains a five residue turn, namely —VPDGT-. In
the next sections of this chapter, I applied optimized bacterial production methods to
the production of two additional peptides, namely EX2 and EX3, peptides that contain

different turn sequences.

4.6 Bacterial Production and Final Yields of EX2 and EX3

The EX2 peptide contains the five residue turn -VPIGT- in place of EX1's
turn. EX3 is the third peptide and has a four residue turn -YNGT-, replacing the five
residue turns of EX1 and EX2. The expression of EX2 and EX3 begins by first
designing the appropriate oligonucleotide sequences (Figure 4.10). In the original
Bad-BH3 fusion design, there was an internal Met residue in the sequence of the a-
helical Bad-BH3 fusion partner which complicated the chemical cleavage of peptide.
CNBr cleaves at Met residues, thus the CNBr cleavage of 6His-BAD-EX1 was
yielding 3 peptides. Hence the Met residue in the sequence of the a-helical Bad-BH3
was changed to Leu, which has a high propensity to adopt helical dihedral angles,
resulting in a sequence not cleaved by CNBr. The changes to the turn region of EX1
were performed according to the turn region sequences of EX2 and EX3 shown

underlined in Figure 4.10 by the second red arrow.
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6His-BAD-EX1
MRSGSHHHHHHRSDITSLYKKVGAPPNLWAAQRYGRELRRMSDEFEGSFKPGDVENLGGMVKVKVKVKYPDGTKVEVKVKYV

6His-BAD-EX2 * *

MRSGSHHHHHHRSDITSLYKKVGAPPNLWAAQRYGRELRRLSDEFEGSFKPGDVENLGGMVKVKVKVKYPIGTKVEVKVKY

6His-BAD-EX3
MRSGSHHHHHHRSDITSLYKKVYGAPPNLWAAQRYGRELRRLSDEFEGSFKPGDVENLGGMVKVKVKVKY NGTKVEVKVKY

Figure 4.10 Final fusion sequences for rEX2 and rEX3 production. The changes
performed on the sequence of Bad-EXI1 to yield the fusion proteins 6His-BAD-EX2
and 6His-BAD-EX3 are shown by red arrows indicating an internal Met residue
changed to Leu and the EX1 turn region changed to EX2 and EX3 turn regions. Met
residue in red shows the CNBr cleavage site to afford the recombinant peptides.

BAD-EX2 and BAD-EX3 oligonucleotides were individually cloned into
6Histag containing destination vectors. Transformation into bacteria was followed by
culturing in modified auto-induction media as previously outlined. At the end of
culturing, cells were harvested by centrifugation and lysed to recover the insoluble
pellet containing the fusion proteins. Pellet washes were followed by sonication at
low pH (0.1% TFA) and low salt. However, this solution was unable to dissolve the
majority of the inclusion bodies. Therefore, the TFA content was then increased to 1%
and most of the inclusion bodies dissolved. The resulting solutions were lyophilized.
CNBr cleavage was performed by dissolving the lyophilized 6His-BAD-EX2 and
6His-BAD-EX3 fusions in 70% formic acid. Isolation of the pure rEX2 and rEX3

peptides was enabled by RP-HPLC.

The final yields of pure rEX2 and rEX3 were 31 mg and 15 mg peptide from

one liter of culture media, respectively. These yields are comparable, but lower when

125



compared to the rEX1 yield (50 mg/L). The relatively lower yields of rEX2 and rEX3
might be due to the higher propensity of EX2 and EX3 fusion proteins to aggregate
resulting in lower solubility, which would detrimentally effect their resolubilization
during their isolation. The change of methionine residue to a more hydrophobic
leucine residue in the BAD fusion partner certainly increased the overall
hydrophobicity of the EX2 and EX3 fusion proteins. In fact, after washing the pelleted
inclusion bodies of the 6His-BAD-EX1 fusion, 0.1% TFA was able to fully solubilize
the pellet. In contrast, EX2 and EX3 fusions required a higher concentration of TFA
(1%). Even in 1% TFA, insufficient solubilization might explain the lower yields of
rEX2 and rEX3. This suggests that more soluble fusion partners, which may have a
positive impact on the recovery of the fusion proteins and lead to higher yields of the

recombinant EX peptides, may be needed.

4.7 Comparison of Recombinant Peptides with Chemically Synthesized
Peptides
Characterization of chemically synthesized (chem) and recombinant rEX
peptides and their corresponding gels was performed by CD, rheology and
transmission electron microscopy to assess their secondary structure, elastic properties
and local fibril morphologies, respectively. The properties of chemically versus
recombinantly-made peptides (and their gels) should be similar since their

characteristics should be independent of the method of production.
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4.7.1 Secondary structure characterization

Figure 4.11 shows the wavelength CD spectra of 1wt% EX peptide gels from
chemical synthesis and bacterial production at physiological conditions after 1 h
equilibration time. All the EX peptides contained in the gelled state have characteristic
minima around 216 nm indicating that the peptides fold into B-sheet structure.
Moreover, the spectra for each distinct peptide, whether produced chemically or by
fermentation, are similar. For example, bacterially produced EX2 produces a gel
having a similar CD spectrum to that of a gel prepared from chemically synthesized

EX2, (red and orange data).
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Figure 4.11 Wavelength CD spectra of EX peptides. Wavelength spectra of 1 wt%
EX peptides obtained by chemical synthesis (chem) and bacterial production (bac) at
37°C after 1 hour (pH 7.4, 50 mM BTP, 150 mM NaCl).
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4.7.2 Mechanical properties characterization

The elastic properties of the gels from the EX peptides were assessed by
oscillatory rheology at physiological conditions by dynamic time, frequency and strain
sweep experiments (Figure 4.12). EX peptide solutions (1 wt%) in buffer were
prepared on ice and immediately transferred to a rheometer plate at 5°C. The
temperature was ramped to 37°C in 100 sec to initiate folding and self-assembly and
the evolution of storage moduli were monitored during the temperature ramp and the
following 1 h (Figure 4.12A). The data show that after 1 hour of gelation, the storage
moduli of the EX peptides reached around 1 kPa and each of the EX peptides showed
a similar trend in the evolution of storage moduli as a function of time, independent of
the method used to prepare the peptide (e.g. chemically vs. recombinantly). Then
angular frequency sweep experiments shown in Figure 4.12C and D were performed
by using chemically synthesized peptides and recombinant peptides, respectively. The
data show that the storage moduli of the EX peptides were independent of the
frequency from 0.1 to 100 rad/sec. The strain sweep experiments of chemically
synthesized peptides and recombinant peptides are shown in Figure 4.12E and F,
respectively. EX peptides yield between 5 and 30% strain. Independent shear-thinning
and recovery experiments were performed to investigate the recovery of the elastic
properties of the hydrogels after being subjected to shear-thinning (Figure 4.12B). The
peptide solutions were prepared the same way and after 20 min of gelation, the strain

was increased from 0.2% strain to 1000% for 30 sec to thin the gels. The immediate
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decrease of G" is evident in Figure 4.11B. After thinning, the strain was reduced to
0.2% over 30 sec, and the storage moduli of the EX peptides was monitored as a
function of time. The data show that each peptide gel was capable of recovering their
solid-like properties after being thinned. EX2 and EX3 gels recovered 80% of their G
while EX1 recovered 50% of its original G'. Importantly, with respect to each
individual peptide, its corresponding gel behaved similarly independent of the method

of production of its parent peptide.
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Figure 4.12 Comparison of mechanical properties of EX peptides by oscillatory
rheology. Peptides characterized at 1 wt% concentration at 37°C, pH 7.4, 50 mM
BTP, 150 mM NaCl. (A) Evolution of storage moduli of EX peptides as a function of
time. (B) Shear-thin and recovery experiments with 1000% strain for 30 sec after 20
min of gelation followed by another 20 min for recovery. Dynamic frequency sweep
experiments of (C) chemically synthesized EX peptides and (cont.)
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(D) recombinant EX peptides after 1 hour of gelation. Dynamic strain sweep
experiments of (E) chemically synthesized EX peptides and (F) recombinant EX
peptides after 1 hour of gelation.

4.7.3 Characterization of the local morphology of fibrils produced by

recombinantly expressed peptides

By transmission electron microscopy (TEM), local fibril morphologies of the
EX peptides recovered from bacterial production were investigated and compared with
chemically synthesized EX peptides in Figure 4.13. In Figure 4.13A, a slight degree of
lamination for chemically synthesized EX1 and some fibril bundling for chemically
synthesized EX2 and EX3 were observed, and in Figure 4.13C, similar morphologies
were noted for the fibrils formed by the corresponding recombinant EX peptides.
Thus, transmission electron microscopy images showed that the rEX peptides afforded
similar fibril morphologies when compared to fibrils formed by the chemically
synthesized EX peptides. Figure 4.13B and D shows the fibril width distributions for
each EX peptide. The majority of fibrils had a width around 3.5 nm which corresponds

well with the width of a folded hairpin peptide in the self-assembled state.
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Figure 4.13 Local morphology of EX fibrils assessed by TEM. 1 wt% peptides
were gelled at 37°C for 1 hour. Gels were diluted and deposited for TEM examination.
TEM images show fibrils formed by EX peptides obtained by (A) chemical synthesis
and (C) bacterial production together with their corresponding (B and D, respectively)
individual fibril width distributions. Images were taken by Katelyn Nagy.

Therefore, the TEM investigation showed that the fibrils formed by each of EX

peptides have similar morphologies independent of how they were produced.
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4.8 Conclusions

Steps toward improving the yield of recombinantly expressed EX1 were taken.
The optimization described in this chapter includes: 1) Assessing whether using
tandem repeats is a viable option to increase yields of expressed peptide. 2)
Optimizing the size of the fusion partner in the peptide-fusion construct, and 3)

optimizing the culture media.

The tandem repeat expression approach was successful for a two-repeat
containing construct (6His-(EX1),). However, the yield was only 14 mg from a liter of
LB media. In addition, the tandem repeat method produces peptide having a
homoserine lactone at its C-terminus. This additional functionality is not necessarily

desirable.

Characterization studies of 1 wt% rEX1-HSL gels at physiological conditions
afforded stiffer gels when compared to EX1 gels formed under the same conditions.
This might be due to an increase in hydrophobicity of the peptide due to the HSL at
the C-terminus. The HSL moiety might also form additional hydrogen bonds and
extend the hydrophobic surface at the termini of the folded hairpin, which can lead to
an increase in fibril branch during the evolution of the gel network. 1 wt% rEX1-HSL
gels had a G* of 1700 Pa after 1 h of gelation. Dynamic frequency experiments shows

that the storage modulus of rEX1-HSL is not frequency dependent in the range of 0.1-
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100 rad/sec and strain sweep experiments show that a 1 wt% rEX1-HSL gel yields

around 25% strain which is higher than that of EX1 (6% strain).

Although, the tandem repeat peptides proved interesting, their bacterial
production proved inefficient. I next explored using smaller fusion partners as a viable
means to increase the yield of bacterially produced peptide. A smaller fusion partner
protein was designed and the new fusion 6His-BAD-EX1 was used for expression in
modified auto-induction media. Together with the optimization in downstream
processing, the overall yield of rEX1 was increased more than ten times from 4.6 mg
to 50 mg pure peptide from a liter of culture. The ratio of the EX1 peptide in the
overall fusion was increased by using a smaller size fusion partner, and the cell density
at the end of culturing in modified auto-induction media was increased to around 7
times. Optimized downstream processing eliminated the HPLC purification step for
the fusion proteins and facilitated the easier solubilization of the fusion protein by
sonication at low pH. This step increased the recovery of the rEX1 peptide after CNBr
cleavage and lyophilization. The overall method decreased the cost of producing EX1
in a bacterial system and is significantly competitive with the cost of chemical

synthesis.

The same optimized culturing and isolation methods were applied for bacterial

production of the EX2 and EX3 peptides. These two peptides have similar sequences

as EX1 except that their turn sequences vary. The bacterial production of these two
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peptides was investigated to determine if the optimized production methodology could
be extended to other sequences. The yields of rEX2 and rEX3 from 1 liter of culture
were 31 mg and 15 mg, which are a little lower, but still very good for the bacterial-

based production of the peptides.

Lastly, the folding, self-assembly and material forming properties of rEX1,
rEX2 and rEX3 were investigated and found to be similar to those of the

corresponding peptides (and their gels) prepared by chemical synthesis.

Altogether, the data show that B-hairpin self-assembling peptides can be
produced by fermentation in good yield at significantly reduced cost when compared

to chemical synthesis.

4.9 Experimental Section

4.9.1 Oligonucleotide sequences designed for cloning

Inserts were designed accordingly to be compatible with the Gateway cloning
system by flanking the attB sites at either ends. Oligonucleotides were ordered from

Genscript and were provided cloned in a pUCS57 vector.
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DNA sequence of (EX1); construct is: 5’-

GGGGACAACTTTGTACAAAAAAGTTGGCATGGCACCAAAGTTGAAGTGAA
AGTTAAAGTGATGGTGAAAGTTAAAGTGAAAGTTAAAGTGCCGGATGGCA
CCAAAGTTGAAGTGAAAGTTAAAGTGATGGTGAAAGTTAAAGTGAAAGTT
AAAGTGCCGGATGGCACCAAAGTTGAAGTGAAAGTTAAAGTGATGGGCTA

ATAGCCAACTTTCTTGTACAAAGTTGTCCCC -3’

DNA sequence of (EX1)3 construct is: 5°-

GGGGACAACTTTGTACAAAAAAGTTGGCATGGTGAAAGTTAAAGTGAAAG
TTAAAGTGCCGGATGGCACCAAAGTTGAAGTGAAAGTTAAAGTGATGGTG
AAAGTTAAAGTGAAAGTTAAAGTGCCGGATGGCACCAAAGTTGAAGTGAA
AGTTAAAGTGATGGTGAAAGTTAAAGTGAAAGTTAAAGTGCCGGATGGCA
CCAAAGTTGAAGTGAAAGTTAAAGTGATGGGCTAATAGCCAACTTTCTTGT

ACAAAGTTGTCCCC -3’

DNA sequence of (EX1);-6His gene is: 5°-

GGGGACAACTTTGTACAAAAAAGTTGGCTTAAGAAGGAGATATACATATG
GTGAAAGTTAAAGTGAAAGTTAAAGTGCCGGATGGCACCAAAGTTGAAGT
GAAAGTTAAAGTGATGGTGAAAGTTAAAGTGAAAGTTAAAGTGCCGGATG
GCACCAAAGTTGAAGTGAAAGTTAAAGTGATGGTGAAAGTTAAAGTGAAA

GTTAAAGTGCCGGATGGCACCAAAGTTGAAGTGAAAGTTAAAGTGATGGG
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CCACCATCACCATCACCATTAATAGCCAACTTTCTTGTACAAAGTTGTCCC

c-3

DNA sequence of (EX1)s construct is: 5°-
GGGGACAACTTTGTACAAAAAAGTTGGCATGGTGAAAGTTAAAGTGAAAG
TTAAAGTGCCGGATGGCACCAAAGTTGAAGTGAAAGTTAAAGTGATGGTG
AAAGTTAAAGTGAAAGTTAAAGTGCCGGATGGCACCAAAGTTGAAGTGAA
AGTTAAAGTGATGGTGAAAGTTAAAGTGAAAGTTAAAGTGCCGGATGGCA
CCAAAGTTGAAGTGAAAGTTAAAGTGATGGTGAAAGTTAAAGTGAAAGTT
AAAGTGCCGGATGGCACCAAAGTTGAAGTGAAAGTTAAAGTGATGGTGAA
AGTTAAAGTGAAAGTTAAAGTGCCGGATGGCACCAAAGTTGAAGTGAAAG
TTAAAGTGATGGTGAAAGTTAAAGTGAAAGTTAAAGTGCCGGATGGCACC
AAAGTTGAAGTGAAAGTTAAAGTGATGGGCTAATAGCCAACTTTCTTGTA

CAAAGTTGTCCCC -3’

DNA sequence of BAD-EX1 construct is: 5°-
GGGGACAACTTTGTACAAAAAAGTTGGCGCTCCGCCGAACCTGTGGGCTG
CTCAACGCTATGGCCGCGAACTGCGCCGTATGTCAGATGAATTTGAAGGCT
CATTTAAACCGGGCGATGTGGAAAACCTGGGCGGCATGGTTAAAGTCAAA
GTCAAAGTCAAAGTCCCGGATGGCACCAAAGTGGAAGTCAAAGTCAAAGT

CTGACCAACTTTCTTGTACAAAGTTGTCCCC -3’
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DNA sequence of BAD-EX2 construct is: 5°-
GGGGACAACTTTGTACAAAAAAGTTGGCGCTCCGCCGAACCTGTGGGCTG
CTCAACGCTATGGCCGCGAACTGCGCCGTCTGTCAGATGAATTTGAAGGCT
CATTTAAACCGGGCGATGTGGAAAACCTGGGCGGCATGGTTAAAGTCAAA
GTCAAAGTCAAAGTCCCGATTGGCACCAAAGTGGAAGTCAAAGTCAAAGT

CTGACCAACTTTCTTGTACAAAGTTGTCCCC -3’

DNA sequence of BAD-EX2 construct is: 5°-

GGGGACAACTTTGTACAAAAAAGTTGGCGCTCCGCCGAACCTGTGGGCTG
CTCAACGCTATGGCCGCGAACTGCGCCGTCTGTCAGATGAATTTGAAGGCT
CATTTAAACCGGGCGATGTGGAAAACCTGGGCGGCATGGTTAAAGTCAAA
GTCAAAGTCAAATATAACGGCACCAAAGTGGAAGTCAAAGTCAAAGTCTG

ACCAACTTTCTTGTACAAAGTTGTCCCC -3’

4.9.2 DNA cloning and transformation

Inserts supplied in 4 pg of lyophilized pUC57 plasmid DNA, were dissolved in
20 uL of water. For BP and LR reactions, the manufacturer’s protocols were followed
(Invitrogen). The following vectors were kindly provided by Dominic Esposito: donor
vector pDONR253, destination vector pDEST521 for inserts with RBS (for (EX1)3-
His insert), destination vector pDEST527 with RBS and 6Histag (for (EX1),, (EX1);

and (EX1)e inserts as well as BAD-EX1, BAD-EX2, BAD-EX3 inserts). Briefly, 0.5
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pL of 200 ng/uL pUCS57 containing the corresponding inserts, 1 uL of 120 ng/uL of
pDONR253, 4.5 uL of TE buffer and 2 puL of BP clonase were mixed and left at room
temperature for at least 1 h to generate the entry clones. Escherichia coli DH5q. strain
was used for cloning, and 1 pL of BP clonase reaction was transferred into 20 uL of
pre-aliquoted subcloning efficiency DH5a cells thawed on ice. After 30 min
incubation on ice, 30 sec at 42°C in a water bath and 2 min incubation on ice, 60 pL of
SOC medium was added and cells were cultured at 37°C (250 rpm) for 1 h. From this
culture, 50 uL was spread onto a LB agar plate with Spectinomycin (50 pg/mL) and
incubated 12-16 h (overnight) at 37°C. Single colonies were picked and inoculated
into 10 mL of LB media supplemented with Spectinomycin (50 pg/mL) and incubated
overnight at 37°C (250 rpm), followed by plasmid DNA isolation using the Qiagen
spin miniprep kit according to the manual. Plasmid DNA samples were submitted for
sequencing and upon verification of the expected sequences, they were used for the

LR cloning reaction.

For the 10 puL LR reaction, 50 ng of entry clone, 150 ng of destination vector
(with the fusion partner of interest), 2 nL LR Clonase II enzyme mix and TE buffer
pH 8 were mixed and left at room temperature for at least 1 h to generate the
expression clones. From this LR clonase reaction, 1 pL was transferred into 20 pL of
pre-aliquoted subcloning efficiency DH5a cells thawed on ice. For the transformation

of (EX1)e containing expression clone, chemically competent E. coli Stb3 cells (kindly
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provided by Dominic Esposito) were used because this strain has a recombination
defective phenotype and is less prone to recombination due to its recAl3 mutant
genotype. RecAl3 plays a role in conjugal recombination and post-replication
recombinational repair [47], and this allowed the successful propagation of the
expression clone since the bacteria is able to divide without any recombinational
change in the number of repeats of (EX1)s construct. Transformation, cell spreading
on LB agar plates with ampicillin (100 pg/mL), single colony inoculation into 10 mL
LB media with ampicillin (100 pg/mL), miniprep plasmid DNA isolation and
sequence verification were performed as indicated in the previous paragraph. This was
followed by transformation into the expression strain Rossetta 2 cells, which were
spread onto LB agar plates with ampicillin (100 pg/mL) and chloramphenicol (34
pg/mL). Glycerol stocks of Rossetta 2 cells with expression clones were prepared with
8% glycerol from overnight LB cultures inoculated with single colonies selected from

LB agar plates.

4.9.3 Bacterial culturing

For Rossetta 2 cell cultures, 100 pg/mL carbenicillin and 34 pg/mL
chloramphenicol were added to the media. For pilot expression experiments, 25 mL of
media was used in a 250 mL baffled flask. For larger scale experiments, 800 mL of
LB media was used in 2.8 L baffled flasks, and 400 mL of AI or mAI media was used

in 2.8 L baffled flasks.
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LB media was prepared by dissolving 20 g/l LB broth media (Sigma) in
distilled water followed by autoclaving. For starter cultures, 10 mL LB media with
antibiotics was inoculated with the glycerol stock of Rossetta 2 cell (with the plasmid
of interest) and incubated at 37°C (250 rpm) overnight. Fresh 25 mL LB media with
antibiotics was then inoculated with 0.25 mL overnight culture and incubated at 37°C
(250 rpm) until the ODgg reached 0.7-0.8. For large scale experiments, 30 mL starter
culture was prepared with the glycerol stock of Rossetta 2 cell (with the plasmid of
interest) as outlined above. To 800 mL LB media with antibiotics, 8 mL of overnight
culture was added and incubated at 37°C (250 rpm) until the ODgg reached 0.7-0.8. A
final concentration of 1 mM IPTG was used to induce the expression for 4 h at 37°C
(250 rpm). After culturing, wet cell pellets obtained by centrifugation at 12000 rpm for

10 min were stored at -80°C overnight prior to processing.

Auto-induction (Al) media was prepared according to Studier’s ZY-5052
media [43]: 5 g/L yeast extract and 10 g/L tryptone (ZY); 0.5% glycerol, 0.05%
glucose and 0.2% a-D-Lactose (5052); 25 mM Na,HPO,, 25 mM KH,PO,4, 50 mM
NH4CI and 5 mM Na,S04 (M), 2 mM MgSO, and 0.2x trace elements. Modified Al
(mAI) media was prepared similar to ZY-5052 media with the exception that it had 8
times of ZY and 4 times of 5052 in addition to same amounts of M, MgSO, and trace
elements. For culturing in Al or mAl media, first 1 ml of LB media was inoculated
with the glycerol stock and vortexed. Then 5 pl of the diluted glycerol stock was

transferred and spread onto a LB agar plate with antibiotics for overnight incubation at
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37°C. Three different colonies from the same plate were then individually inoculated
into tubes with 2 mL LB media supplemented with antibiotics, M, 1% glucose, 2 mM
MgSO4 and 0.2x trace elements, and incubated at 37°C (300 rpm) for 6 h. The most
turbid culture was chosen and 200 pl was inoculated into 400 mL of Al or mAl media
in 2.8 L baffled flasks, and incubated at37°C (300 rpm) for 64 h. After culturing, wet
cell pellets obtained by centrifugation at 12000 rpm for 10 min, were stored at -80°C

overnight prior to processing.

4.9.4 Cell Lysis after pilot tandem repeat expression and SDS-PAGE analysis

For the SDS-PAGE analysis of tandem repeat expression of the EX1 peptide,
an amount of culture normalized at an ODgy of 3 was centrifuged in a 1.5 mL
eppendorf at 13000 rpm for 5 min, and the supernatant was discarded. Cell pellets
were resuspended in 140 pL of lysis buffer A (50mM Tris-HCI pH 7.5, 50 mM
dextrose, 1 mM EDTA, 4 mM MgCl,, 30U/uL Ready-Lyse (Epicentre) lysozyme
solution) with 8U Benzonase nuclease (Novagen) and incubated for 10 min at room
temperature. To this, 140 uL of lysis buffer B (10 mM Tris-HCI pH 7.5, 50 mM KCl,
1 mM EDTA, 0.1% deoxycholate) was then added and incubated for 10 min at room
temperature. Following centrifugation, soluble fractions were transferred to new tubes
and insoluble pellets were solubilized in 300 pL of 8 M urea. For pre-induction

samples, 1 mL pre-induction cultures were centrifuged and cell pellets were

142



resuspended in 40 pL Lysis buffer A with § U Benzonase nuclease for 5 min, and 40

uL Lysis buffer B was then added and vortexed.

For SDS-PAGE analysis of pilot tandem repeat expressions, 12 uL of soluble
or insoluble samples were mixed with 6 uL of 3x NuPAGE LDS sample buffer with
0.35 M DTT and heated at 95°C for 5 min. The samples as well as 10 puL of SeeBlue
Plus2 pre-stained standard were loaded onto a NuPAGE 12% Bis-Tris gel and
electrophoresed (200 V for 35 min). Gels were stained with a solution of 50 mg/L

Coomassie Brilliant Blue G-250 and 3 mL/L glacial acetic acid in water.

4.9.5 Purification of EX1-HSL from 6His-(EX1), Fusion

Cell pellets (~3 g) stored at -80°C were thawed and 30 mL lysis buffer (0.5 M
NaCl, 50 mM Tris-HCI1 pH 7.5, 100 mM MgSO,4, 1 mM PMSF) was added. Cells were
resuspended by sonication (QSonica XL-2000, 1/8” microprobe, 20 W, 4 min) and
kept on ice to prevent overheating. The sample was centrifuged at 15000 rpm for 12
min and the soluble fraction was removed. The insoluble fraction was treated twice
with 15 mL wash buffer (50 mM Tris-HCI pH 7.5) and 2% Triton-X-100, and then
twice with 17 mL wash buffer only, with sonication and centrifugation steps in
between each step. The washed cell pellet (~1.5 g) was dissolved in 12 mL of 8 M
urea and 0.5% TFA, sonicated and centrifuged as before to separate the cell debris.

The soluble fraction (in 8 M urea, 0.5% TFA) was filtered (0.2 pum nylon syringe
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filter) and purified by RP-HPLC (semi-preparative Vydac protein/peptide C18
column) at 40°C employing an isocratic gradient for 1 min with 100% solvent A, then
for 14 min with 15% solvent B and finally for 20 min with 50% solvent B where
solvent A is 0.1% TFA in water and solvent B is 0.1% TFA in 9:1 acetonitrile:water.
The corresponding peak for 6His-(EX1), fusion was collected and lyophilized.
Cleavage of 6His-(EX1), fusion by CNBr was performed by adding 0.3 g/mL
CNBr in 70% formic acid to the sample to a final concentration of 30 mg/mL. The
flask was purged with Argon and kept in the dark for 6 h before being diluted 7x in

0.1% TFA and lyophilized.

The lyophilized sample was dissolved in 0.1% TFA, centrifuged and purified
by RP-HPLC (semi-preparative Vydac protein/peptide C18 column) at 40°C
employing an isocratic gradient for 1 min with 100% solvent A, then linear solvent B
gradients from 0 - 14% B over 14 min, 14 - 27% over 32 min and finally from 27-
37% over 40 min. The corresponding peak for EXI1-HSL was collected and
lyophilized. Analytical RP-HPLC and ESI-MS were performed to analyze the purity

and the molecular weight of rEX1 peptide.

4.9.6 Optimized purification of rEX peptides

Cell pellets (~1 g) stored at -80°C were thawed and 40 mL wash buffer (0.1 M

NaCl, 50 mM Tris-HCI pH 7.5, 1 mM EDTA) and 0.5% Triton-X100 was added.
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Cells were resuspended by sonication (QSonica Q700, 1/2” tip, 60% Amp, 90 sec) and
kept on ice to prevent overheating. The sample was centrifuged at 12000 rpm for 10
min and the soluble fraction was removed. The insoluble fraction was treated with 40
mL wash buffer and 0.5% TritonX-100 once more and then twice with 40 mL wash
buffer only, with sonication and centrifugation steps in between each step. The washed
cell pellet was solubilized by sonication at low pH. For the washed cell pellets of the
BAD-EX1 fusion, 100 mL of 0.1% TFA was used and for that of BAD-EX2 and Bad-
EX3 fusions, 100 mL of 1% TFA was used; cell pellets were sonicated (1/2” tip, 70%
Amp, 3 min) and centrifuged at 15000 rpm for 15 min. Soluble fractions were

lyophilized.

Cleavage of BAD-EX fusions by CNBr was performed by adding 0.1 g/mL
CNBr in 70% formic acid to the sample to a final concentration of 60 mg/mL. The
flask was purged with Argon and kept in the dark for 3 h before being diluted 10x in

0.1% TFA in 1:3 acetonitrile:water and lyophilized.

The lyophilized samples were dissolved in 0.1% TFA (for rEX1) or 1% TFA
(for rfEX2 and rEX3), sonicated, centrifuged and purified by RP-HPLC (semi-
preparative Vydac protein/peptide C18 column) at 40°C. For rEX1 purification, linear
gradients were employed: 0% solvent B over 1 min, 0-12% solvent B over 12 min, 12-
26% solvent B over 28 min and then 26-36% solvent B over 40 min. For rEX2

purification, linear gradients were employed: 0% solvent B over 1 min, 0-14% solvent
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B over 10 min, 14-29% solvent B over 30 min and then 29-39% solvent B over 40
min. For rEX3 purification, linear gradients employed were: 0% solvent B over 1 min,
0-11% solvent B over 7 min, 11-26% solvent B over 30 min and then 26-36% solvent
B over 40 min. Analytical HPLC and electrospray ionization (ESI-positive mode)

were performed to verify the purity of the lyophilized peptides.

4.9.7 Characterization of rEX peptides

Secondary structures, mechanical properties and local fibril morphologies of

rEX peptides were characterized by CD spectroscopy, oscillatory rheology and TEM,

respectively as outlined in Chapter 2.
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Chapter 5

PROBLEMS DURING PEPTIDE SYNTHESIS AND POTENTIAL
OUTCOMES

5.1 Introduction

During solid phase peptide synthesis (SPPS), peptide-resin cleavage and side-
chain deprotection, various side reactions and incomplete reactions may occur. The
unintended variations on the target peptide sequence and structure due to such
problems may result in production of an undesired peptide with significantly different
characteristics [1-5]. In this chapter two different issues will be discussed that
influenced the chemical production of peptides produced in this thesis. The first is
succinimide (aspartimide) formation in the aspartate-containing EX1 peptide (Chapter
2) during synthesis and its effect on the peptide’s material forming characteristics. The
second issue is the generation of a lysine deletion sequence during the synthesis of
another peptide Ac-EX3, which was due to a malfunction of the automated peptide
synthesizer. This unintentionally synthesized peptide was further investigated for its
material forming properties that led to remarkable results. The sequences of peptides

in question of concern are listed in Table 5.1.
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Table 5.1 Intended and unintended peptides that have been investigated.
Succinimide (suc) and isoaspartate (isoD) residues on EX1 sequence and K19 residue
on Ac-EX3 sequence are shown in red and are underlined.

Peptide Sequence
Intended peptide 1 EX1 HiN* - VKVKVKVKVPDGTVKVEVKVK - COO-
Suc containing EX1 EX1(Suc) HiN* - VKVKVKVKVPSucGTVKVEVKVK- COO-
isoD containing EX1 EX1(isoD) HiN* - VKVKVKVKVPisoDGTVKVEVKVK - COO"
Intended peptide 2 Ac-EX3 Ac - VKVKVKVKYNGTKVEVKVKV - COO
Lys19 deletion on Ac-EX3 Ac-EX3-K19del Ac - VKVKVKVKYNGTKVEVKVV - COO"

5.2 Succinimide and Isoaspartate Formation in EX1 Synthesis

In the case of aspartate-containing sequences, spontaneous succinimide
formation can lead to aspartate isomerization at neutral and basic pH (Figure 5.1) [6].
An aspartic acid residue can form a succinimide by an intramolecular reaction
between the protonated carboxyl group of its side chain and the amide nitrogen.
Following this, the succinimide ring can be opened by water at either of its carbonyl
carbons resulting in either the regeneration of the original residue or a newly formed
B-amino acid, isoaspartate [7-9]. Aspartate isomerization is a covalent modification
that is also observed ubiquitously in proteins and monoclonal antibodies [10-16].
Glycine and serine residues located C-terminal to aspartic acid facilitate isoaspartate
formation in many model peptides and proteins [17-21]. In the case of isoaspartate

formation, the backbone chain is extended by one methylene unit and neighboring
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carbonyl carbon and o-carbons are separated by an additional ~1-1.5 A. This
structural change can affect the higher order structure of assemblies if the peptide is

prone to self-assembly.

(0] OH
6]
OH -
Cp O
————
H
N +H,0 N Ty -
N > N
\H o ~ H Cp H
o
Aspartic acid Succinimide Isoaspartic acid

Figure 5.1 Isomerization of aspartate via succinimide formation. Succinimide
hydrolysis yields (1) aspartate and (ii) isoaspartate.

One of the hydrogel forming [-hairpin peptides amenable for bacterial
production, namely EX1 (H;N"-VKVKVKVK-VPDGT-KVEVKVKV-COO") has an
aspartate residue in its turn region -VPDGT-. In the course of my studies, this peptide
was produced by both chemical synthesis and by fermentation. Peptide produced by
these two methods showed significant differences in their folding and assembling
behavior. As discussed in this chapter, the chemically synthesized and recombinant

peptides were subjected to further analysis to assess if isoaspartate formation was at

play.

First, the analysis methods for the detection of succinimide and isoaspartate

residues and their results will be discussed and then, the differences in the
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characteristics due to the succinimide and isoaspartate formation will be presented.
Finally, a strategy to prevent succinimide formation during the chemical synthesis will

be explained.

5.2.1 Detection of succinimide and isoaspartate in EX1 peptides

The purity of recombinant EX1 (rEX1) was analyzed by liquid
chromatography-mass spectrometry (LC-MS) to detect any succinimide containing
peptide. Succinimide formation results in an 18 Da decrease in the molecular weight
due to the loss of water. The reverse phase HPLC (RP-HPLC) chromatogram at 220
nm in Figure 5.2A shows that the rEX1 elutes around 26.9 min and affords a
symmetrical peak. Figure 5.2B shows the total ion chromatogram (TIC) in the time
window that corresponds to rEX1 elution. The TIC time period between 26.8-27.2 min
was divided into four 0.1 min segments, and each period of 0.1 min during the
generation of ions was analyzed individually. In Figure 5.2C, it can be seen that the
calculated and observed m/z correspond well. All the ions generated during
electrospray ionization mass spectrometry (ESI-MS) corresponded to the expected
molecular weight of the EX1 peptide for each 0.1 min time period. Only, in time
segment 4 (Figure 5.2C), a very small amount of succinimide is observed at m/z=573,
m/z=764 and m/z=1146 for z=4, z=3 and z=2, respectively. This suggests that the EX1
peptide produced recombinantly, in large part, does not undergo succinimide

formation. This however, does not exclude the possibility that the peptide could have
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undergone some succinimide formation, which was subsequently hydrolyzed to form
the corresponding isoaspartate, which has the same mass as the aspartate-containing

peptide.
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Figure 5.2 LC-MS analysis of recombinant EX1. (A) RP-HPLC chromatogram of
recombinant EX1. Absorbance at 220 nm was monitored as a function of time.
Gradient of 0-40% solvent B in 40 min at 40°C is indicated by the blue trace. Solvent
A: 0.1 % TFA in water, Solvent B: 90% acetonitrile, 9.9% water, 0.1 % TFA. (B)
Corresponding TIC (m/z 150-2000) for the rEX1 peak aligned for the 0.1 min lag in
detection. (C) Averaged ESI-MS of rEX1 for the indicated 0.1 min segment. The
insert in each time range shows a comparison of calculated and observed ion masses.
Masses indicative of succinimide containing product are indicated by red arrows.
Next, the same analysis was performed for the chemically synthesized EX1
peptide and the results are shown in Figure 5.3. The Analytical HPLC chromatogram
in Figure 5.3A shows the peak corresponding to the EX1 peptide eluting around 26.9
min. When the peak is enlarged, a non-symmetrical peak with a shoulder around 27.05
min is observed. Figure 5.3B shows the total ion chromatogram around 27 min. The
time range between 26.8-27.2 min was analyzed at every 0.1 min (region 1-4) for total
ions that might have corresponded to a different peptide mass (Figure 5.3C). In region
1 and 2, there is a good correlation between the calculated and observed ions that
correspond to the molecular weight of the EX1 peptide (2306.91 Da) whereas in
region 3, there are additional ions that correspond to a MW that is 18 Da less than that
of the EX1 peptide. In region 4, only ions corresponding to the MW of 18 Da less
were observed. The 18 Da mass difference is due to the loss of water when the
aspartate residue forms succinimide. Therefore, the chemically synthesized EXI
peptide contains mixture of aspartate and succinimide-containing peptides. Attempts

to isolate each peptide were made by using different gradients on preparative HPLC

but the two peptides did not resolve and always eluted together.
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Figure 5.3 LC-MS analysis of chemically synthesized EX1. (A) RP-HPLC
chromatogram of chemically synthesized EX1. Absorbance at 220 nm was monitored
as a function of time. Gradient of 0-40% solvent B in 40 min at 40°C is indicated by
the blue trace. Solvent A: 0.1 % TFA in water, Solvent B: 90% acetonitrile, 9.9%
water, 0.1 % TFA. (B) Corresponding TIC (m/z 150-2000) for the rEX1 peak aligned
for the 0.1 min lag in detection. (C) Averaged ESI-MS of rEX1 for the indicated 0.1
min segment. The insert in each time range shows a comparison of calculated and
observed ion masses. Masses indicative of succinimide containing product are
indicated by red arrows.

Hydrolysis of the succinimide can lead to the formation of a mixture of
aspartate and isoaspartate containing peptides. Therefore, the possible presence of
isoaspartate content was investigated for the recombinant and chemically synthesized
EX1 peptides. To identify isoaspartate formation, methods like NMR, Edman-based
sequencing and protein isoaspartyl methyltransferase (PIMT)-mediated detection can
be employed [22-24]. However, these methods can be insensitive and require high
quantities of pure peptide [25]. On the other hand, peptides containing isoaspartate
cannot be differentiated from aspartate by tandem mass spectrometry (LC-MS/MS)
using conventional collision-induced disassociation (CID) methods [26]. With this
technique, the amide bonds that are cleaved to produce ions for standard peptide
sequencing have identical elemental composition and mass for both aspartate- and
isoaspartate-containing peptides (Figure 5.4) [26]. Furthermore, EX1 peptides
containing the different isomers of aspartate could not be resolved by analytical
HPLC. Therefore, a complementary MS fragmentation technique, electron transfer

dissociation (ETD) that primarily cleaves N—C, bonds other than the amide linkage

on the peptide backbone was employed to differentiate aspartic from isoaspartic acid.
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As seen in Figure 5.4, ETD primarily cleaves N—C, bonds in a-amino acid
containing peptides. In the case of isoaspartate (f-amino acid), ETD fragmentation can
also cleave the C,—Czbond. Thus, with isoAsp, an additional set of ¢ and z ions, ¢ +

57 (¢’)and z— 57 (z’) serve as diagnostic ions [27-29].

CID (b/y ions)
ETD (c/z ions)

Vn Vn-l yn yn-l
Aspartate Isoaspartate

Figure 5.4 Comparison of CID and ETD fragmentation of aspartate and
isoaspartate residues. During CID fragmentation, peptide bonds are cleaved and
aspartate isomers cannot be identified by b and y type ions. However, during ETD
fragmentation of peptides, primarily N—C,bonds are cleaved, and ¢ and z type ions
are generated. In the presence of isoaspartate, C,—Cps bonds may additionally be
cleaved to generate ¢’ (c+57) and z' (z-57) ions diagnostic for isoD. (m+n= peptide
length)

In addition to the determination of isoaspartate presence, measurement of
isoaspartate content is also desirable. For this, separation of two isomeric peptides is
required. This can be more readily be achieved by using smaller isomeric peptides

rather than larger ones so that the chemical and the chromatographic differences are

161



accentuated. Furthermore, the investigation of aspartate isomers in intact 21-residue
EX1 peptide isomers by ETD would produce very complicated product ion spectra.
Therefore, recombinant and chemically synthesized EX1 peptides were subjected to
limited trypsin digestion to generate smaller tryptic peptides, among which would be
some aspartate-containing peptides. ETD fragmentation generates fragment ions and it
is most efficient with ions of higher charge. Thus, most abundant ions of highest
charge are chosen to get the most of fragment ions. The peptides generated by limited
trypsin digestion are shown in Figure 5.5C. Trypsin digestion, RP-HPLC of the
trypsin digestion products and the ETD analysis were performed by Dr. James Kelley
and Dr. Christopher Lai (Chemical Biology Lab, National Cancer Institute, Frederick,

MD).

Seven primary tryptic peptides were detected and identified by ESI LC/MS
analysis after limited digestion of recombinant (Figure 5.5A) and chemically
synthesized (Figure 5.5B) EX1 peptides. Figure 5.5C shows the ions and their charge
states obtained from ESI LC-MS analysis. Tryptic peptides 2, 5, 6 and 7 have the
aspartyl residue. The additional peaks in Figure 5.5B with no time indicated are
unidentified and do not correspond to any EX1 trypsin digestion products. The same
tryptic peptides observed for recombinant EX1 are also observed for chemically
synthesized EX1. One additional small peptide observed in Figure 5.5B is §°
(VKVPDGTK) shown by blue arrow and it is detected at 11.09 min which is just

before the detection of small peptide 5 (VKVPDGTK) detected at 11.43 min. Peptides
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5 and §° are good -candidates for detailed examination since they are
chromatographically resolved, which will aid the determination of isoaspartate
content. In addition, generation of triply charged (z=3) ions from octapeptides 5 and 5
allows for a more efficient ETD fragmentation since the charge will be reduced during
the ETD analysis. Therefore, the octapeptide is chosen for further ETD fragmentation
to investigate the presence of isoaspartate by the investigation of ¢* and z' diagnostic
ions. The presence of the diagnostic ions ¢' (¢ + 57) and z* (z — 57) will indicate

which octapeptide has isoaspartate.
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Figure 5.5 Enhanced total ion chromatograms after limited tryptic digest of EX1
peptides. Enhanced TIC of (A) recombinant EX1 and (B) chemically synthesized
EX1 after limited tryptic digest. (C) Tryptic peptides identified after limited digestion
and their corresponding observed molecular species and charge states. The blue arrow
in (B) indicates the elution position of tryptic peptide 5°, which is isomeric to 5 and is
not seen in (A).

The predicted ETD fragmentation pattern for octapeptides VKVPDGTK and
VKVPisoDGTK are shown in Figure 5.6. For these octapeptide, the ¢4 (¢4 + 57) and

z'4 (z4 — 57) 1ons are the diagnostic ions for isoaspartate identification. If these ions are
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present, isoaspartate content will be confirmed. For this octapeptide, m/z for the ¢’

and z'4 ions are 498.316 and 347.192, respectively.

VKVPDGTK
NH,
(117.102 (245.197)
c, c, (441.318)  (556.345) (613.367) (714.414)
<9 <7 C4 OH C5 CG C7
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I H | I o OH
H-oN N (o] (0]
2 N N [ H! | H!
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(728.406)  (600.311) Z, z3 Z
(404.190)  (289.163) (232.142) (131.094)
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NH,
NH,
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Figure 5.6 Predicted ¢ and z fragment ions generated after ETD for VKVPDGTK
and VKVPisoDGTK. The c¢'s (m/z=498.316) and z's (m/z=347.192) ions are
diagnostic for the presence of isoaspartate in the octapeptide.

The separation of the peptides from the limited trypsin digestion of chemically

synthesized EX1 peptide is shown in the enhanced total ion chromatogram in Figure
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5.7A (same as 5.5B). Figure 5.7B is MS/MS total ion chromatogram resulting from
ETD fragmentation of [MH;]™ (m/z=281.84) of the octapeptide VKVPDGTK. As
expected, it is observed at 11.09 min and 11.43 min. Next, to locate isoaspartate-
containing octapeptide VKVPisoDGTK, the diagnostic z'4 and c’4 ions are extracted
from MS/MS TIC shown in Figure 5.7B. Figure 5.7C shows the high resolution
(£0.005 Da) extracted ion chromatogram for z'4 (m/z=347.192) ion and it is observed
at 11.10 min which corresponds to tryptic peptide 5° shown by the blue arrow in
Figure 5.5B. Figure 5.7D shows the high resolution (£0.005 Da) extracted ion
chromatogram for the other diagnostic ion ¢'4 (m/z=498.316). It is also observed at the
same time around 11.10 min. The presence of both diagnostic ions at 11.10 min
confirms that the octapeptide 5° in Figure 5.5B is the isoaspartate containing tryptic
peptide and its content is likely to be ~15% when compared to the aspartate containing

VKVPDGTK peptide 5.
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Figure 5.7 MS and MS2 ion chromatogram spectra generated during detection of
diagnostic ions for VKVPisoDGTK fragment. (A) Enhanced TIC after mass
spectrum of trypsin digested EX1 (chem) (B) MS® TIC for ETD of [M+H;]"
(m/z=281.84). High resolution extracted ion chromatogram for (C) MS* m/z=347.19-
347.20 and (D) MS* m/z=498.31-498.32.

Figure 5.8 shows the full scan-averaged MS? spectra for the two octapeptides 5
and 5’ identified in Figure 5.5. The time ranges selected are tg=11.01-11.16 (Figure
5.8A) and tg=11.30-11.57 (Figure 5.8B). When the time range 11.01-11.16 min was
selected, the diagnostic ions were observed; however, none of the diagnostic ions were
observed when the time range of 11.30-11.57 min was selected. These data also

confirm that the isoaspartate containing VKVPisoDGTK peptide is the one eluting

around 11.09 min and its content is likely to be ~15% when compared to the aspartate
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containing VKVPDGTK peptide eluting around 11.43 min (Figure 5.7B).

Recombinant EX1 was also confirmed for its aspartate content and the absence of

succinimide or isoaspartate residues.
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Figure 5.8 Full scan averaged MS2 spectra of octapeptides for peak (E) tR=11.01-
11.16 and (F) tR=11.30-11.57 at trace B. Blue arrows show the diagnostic ions.
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5.2.2 Characterization and comparison of pure recombinant and chemically

synthesized (succinimide/isoaspartate containing) EX1 peptides

Liquid chromatography and mass spectrometry techniques showed that
recombinant production of EX1 yielded the pure desired peptide nearly void of
succinimide formation, whereas chemical synthesis resulted in EX1 as a mixture of
peptides containing the expected aspartic acid, the succinimide, and the rearranged
isoaspartate [-amino acid in its turn region. In this section, the effects of such

impurities on the characteristics of the EX1 peptide and its gels will be presented.

Characterization of recombinant and chemically synthesized EX1 peptides and
their corresponding gels was performed by circular dichroism (CD), rheology and
transmission electron microscopy to assess peptide secondary structure, the elastic
properties and their corresponding gels, and the local morphologies of the fibrils that
constitute the gel networks. Wavelength CD spectra of 1wt% EX1 peptide gels formed
by using recombinant and chemically synthesized EX1 peptides at physiological
conditions after 1 h equilibration time is shown in Figure 5.9A. Pure recombinant EX1
peptide and chemically synthesized EX1 peptide, which has also succinimide and
isoaspartate residues, in the gelled state have characteristic minima around 216 nm
showing that the peptides fold and assemble into structures having high [(-sheet
content. Although C.D. spectroscopy shows little difference, the elastic properties of

the EX1 peptide gels showed a significant difference. Dynamic time sweep
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experiments assessed by oscillatory rheology at physiological conditions resulted in a
storage modulus of 3.5 kPa at the end of 1 h for the chemically synthesized EX1 gel
(Figure 5.9B). On the other hand, the pure recombinant EX1 peptide gel afforded a
storage modulus of 1 kPa at the same conditions. Such an increase in the storage
modulus might be due to the increased number of crosslinks when there are EX1
peptides containing succinimide or isoaspartate residues. The local morphologies of
fibrils formed by the EXI1 peptides were investigated by transmission electron
microscopy (TEM) (Figure 5.9C). A slight degree of lamination between fibrils for
pure recombinant EX1 was observed but chemically synthesized EX1 also having
some succinimide and isoaspartate content, showed mostly long individual fibrils with
a low degree of fibril bundling. Figure 5.9D shows the fibril width distributions for
each EX1 peptide. Fibril widths of the corresponding EX1 peptides were observed
around 3.5 nm which corresponds well with the width of a folded hairpin peptide in

the self-assembled state.
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Figure 5.9 Comparison of characteristics of the pure recombinant and chemically
synthesized (succinimide/isoaspartate containing) EX1 peptides. Peptides
characterized at 1 wt% concentration at 37°C, pH 7.4, 50 mM BTP, 150 mM NacCl.
(A) Wavelength CD spectra of EX1 peptides after 1 hour. (B) Evolution of storage
moduli of EX1 peptide gels as a function of time. (C) Local morphology of EX1
fibrils assessed by TEM. Peptides were gelled for 1 hour, diluted and deposited for
TEM examination. TEM images were taken by Katelyn Nagy (Schneider Lab). (D)
Individual fibril width distributions underneath the corresponding TEM images.
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The effect of succinimide and isoaspartate formation on the EXI turn and
hairpin structure in comparison with the aspartate containing EX1 hairpin was also
studied. Energy minimized models by using Discovery Studio Suit v3.5 (Accelrys)
and are shown in Figure 5.10. To construct the models, a model of EX1 containing
aspartate at position 11 was first prepared. The turn region and the B-strands were pre-
organized prior to minimization, having dihedral angles of their residues consistent
with canonical B-sheet and type I + G1 turn structures. For the succinimide and
isoaspartate-containing peptides, the aspartic acid of EX1 at position 11 was
computationally replaced with a succinimide functional group or an isoaspartate [3-
amino acid. Small fibrils were formed by docking 4 hairpins in each layer of a bilayer
(8 hairpins total). EX1 hairpins containing different residues at position 11 were not
combined. Figure 5.10A shows the structures of individual aspartate, succinimide and
isoaspartate residues. The succinimide forms a five-membered ring and isoaspartate
formation results in one backbone having one additional methylene residue. Each of
these assemblies was energy minimized by a protocol employing CHARMm force
field and implicit water (dielectric set at 80). On examination of the minimized
structures, it can be seen that the -VPDGT- turn of the EX1 peptide adopts a type I +
G1 bulged turn where a stabilizing hydrogen bonding is formed between the amide
hydrogen of valine at position i and the carbonyl oxygen of threonine at position i+4.
A second bifurcated H bond is formed by the carbonyl oxygen of Valine at position i

and the amide hydrogens of Glycine at position i+3 and the aspartate at position i+2
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(Figure 5.10B). When aspartate is changed to succinimide and isoaspartate, the
hydrogen bonding pattern in the turn region is disrupted due to the increased distance
between the backbone atoms forming hydrogen bonds. When the aspartate residue is
changed to succinimide and then to isoaspartate residues, the backbone around the turn
region loses its regular tight reverse-turn shape and adopts a more rounded shape
whose diameter is larger than the distance between the intramolecular hairpin strands

(Figure 5.10C).
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Figure 5.10 Effect of succinimide and isoaspartate formation on the turn and
hairpin structure of EX1. (A) Structure of aspartate, succinimide and isoaspartate
residues. Energy minimized models of (B) pentapeptide turn structures and (C)
neighboring hairpin structures. Green dotted lines show hydrogen bonds and hairpin
backbones are colored yellow.

The increased storage modulus of chemically synthesized EX1 gels having
succinimide and isoaspartate residues, can be due to such irregular hairpin shapes
promoting the nucleation of more branching points during the fibril growth along the
fibril axis when compared to EX1 gels formed by pure recombinant EX1 peptide.

More branching points result in higher number of cross-links that dictates the increase

in the rigidity of the hydrogel.
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TEM analysis showed that fibrils formed from pure EX1 were laminated
whereas fibrils formed by succinimide- and isoaspartate-containing peptides were not.
The differences observed in the local fibril morphologies might be explained by the
structural changes at the turn region predicted by modelling. A slight degree of
lamination in EX1 gels formed by pure recombinant EX1 peptide could be due to an
ionic interaction between the negatively charged aspartate at the turn region and the
positively charged N-terminus or the hydrophilic lysine rich face of another folded
hairpin molecule in a neighboring fibril (Chapter 2). In the case of succinimide
formation, the negative charge of aspartate is no longer available due to the formation
of the five-membered succinimide ring. In the case of isoaspartate formation, there is
still a negative charge but it is closer to the backbone and it might not be as accessible
as in the case of aspartate residue for an ionic interaction with a positive charge on
another hairpin molecule. Therefore, the absence of lamination for fibrils composed of
chemically synthesized EX1 can be explained by the absence or inability of the

negatively charged carboxylate to form interfibril electrostatic interactions.

5.2.3 Prevention of isoaspartate formation during chemical synthesis

During peptide synthesis, although the aspartate side chain is protected by
tertButyl group, succinimide formation is encountered with loss of the ester protecting
group (Figure 5.11A) [30]. This is promoted by strong bases like piperidine used for

the removal of the Fmoc group during automated peptide synthesis [31]. The Asp-Gly
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sequence is especially susceptible to succinimide formation due to the absence of a
side chain at the glycine residue which can hinder the nucleophilic attack of the
nitrogen with the carbonyl carbon of the side-chain of the preceding residue.
Succinimide formation is also dependent on the exposure time to piperidine so every
deprotection steps that occurs after the aspartic acid residue is incorporated into the
peptide is likely to increase the succinimide formation [32]. For complete protection
against succinimide formation, the glycine nitrogen should be protected to prevent the
ring closure reaction. The Fmoc-Asp(O7Bu)-(Dmb)Gly-OH dipeptide shown in Figure
5.11B has a 2,4-dimethoxy benzyl (Dmb) functionality protecting the glycine nitrogen.
This protected dipeptide can be used in standard Fmoc-based solid phase peptide
synthesis. Another approach can be to use pseudoproline dipeptides that are designed
to disrupt secondary structure formation during peptide synthesis. Pseudoproline
dipeptides have serine or threonine at their C-terminus and are protected as a TFA-
labile oxazolidine which is isostructural with respect to proline. Figure 5.11C shows
the structure of pseudoproline dipeptide Fmoc-Gly-Thr(y™*™°pro)-OH, which can be
used in the chemical synthesis of EX1. Although the nitrogen atom is not formally
protected and still theoretically capable of attacking the carbonyl of the preceding
residue side chain, this reaction can be disfavored by imposing a conformational
constraint in the peptide backbone. The pseudoproline dipeptide imposes this

constraint, making succinimide formation unlikely.
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Figure 5.11 Succinimide formation and Fmoc-dipeptides to prevent succinimide
formation during EX1 peptide synthesis. (A) Base-mediated succinimide formation
(B) Fmoc-Asp(OrBu)-(Dmb)Gly-OH (C) Fmoc-Gly-Thr(y™Mpro)-OH

The chemical synthesis of EX1 was repeated by using the pseudoproline
dipeptide Fmoc-Gly-Thr(y™*M°pro)-OH. The crude material was purified by RP-
HPLC and analyzed by LC-MS. Although, EX1 was obtained as a single symmetrical

peak and afforded just the expected molecular weight by mass spectrometry; trypsin

digestion and EDT was performed for investigating isoaspartate presence. None of the
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diagnostic ions for isoaspartate content were observed. Chemically synthesized pure
EX1 peptide was characterized for secondary structure, elastic properties and local
fibril morphologies (Chapter 2) and the corresponding comparisons with that of
recombinant EX1 (Chapter 4) is explained in previous chapters. The results are in
good agreement suggesting that the use of the pseudoproline dipeptide is successful in
preventing succinimide and isoaspartate formation in the context of EX1. Thus either
chemical synthesis using a pseudoproline dipeptide or bacterial expression affords

EX1 with no succinimide and isoaspartate formation.

5.3 Effect of Lys Deletion at the Termini of Ac-EX3

Due to a malfunction of the automated peptide synthesizer, one of the
preparations of the 20-residue Ac-EX3 peptide (Ac-VKVKVKVK-YNGT-
KVEVKVKV-COQ) resulted in a peptide whose molecular weight was consistent
with the loss of one lysine residue. This deletion resulted in the loss of a positively
charged residue in the peptide’s sequence. Decreasing the net charge of a B-hairpin
amphiphile is known to result in faster peptide folding and self-assembly which
consequently leads to more rigid hydrogels. For example, when a lysine residue on the
solvent exposed hydrophilic face is changed to a glutamate residue, the resulting
peptide, MAXS, folds and assembles quickly forming a more rigid hydrogel at
physiological conditions [33]. When two lysine residues were changed to glutamate,

the peptide rapidly precipitated and did not form a self-supporting hydrogel [34]. Each
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change from a lysine residue to a glutamate residue results in a decrease in net charge
of the peptide by two units. However, deletion of a lysine residue decreases the net
charge by one unit with respect to the parent Ac-EX3 peptide. In addition, for hairpin
peptides that are amphiphilic, having distinct hydrophobic and hydrophilic faces, the
position of the lysine deletion is important since it can disrupt the amphiphilic
character of the folded peptide. For example, a lysine deletion in the middle of the
hairpin would result in a frame shift of hydrophobicity and place a lysine side chain in
the hydrophobic face of the hairpin. Such a change would be highly detrimental to the
formation of the bilayers during self-assembly. However, lysine deletions at the
peptide termini (C- or N-) might better accommodate this change where the
amphiphilic faces would be unaffected. Hence lysine deletions at such positions may

be better compensated for by the rest of the molecule.

The position of the deleted lysine residue was determined by tryptic peptide
mapping and LC-MS. It was found that the C-terminal lysine at position 19 was
deleted. Although this deletion sequence was unintentionally synthesized, it was
worthy of further investigation for the effect the deletion had on the hydrogel forming
characteristics of the peptide. A control peptide with a lysine deletion at the N-
terminus (lysine at position 2) was also chosen to investigate if (i) the characteristics
of the unintentionally synthesized 19-residue Ac-EX3 peptide are due to a change in
the net charge from +5 to +4, or (ii) if there is any positional effects of the lysine

deletion on the Ac-EX3 sequence. The 20-residue Ac-EX3, the Ac-EX3 with no lysine
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at position 19 (Ac-EX3-K19del) and the Ac-EX3 with no lysine at position 2 (Ac-
EX3-K2del) were synthesized and purified for further investigation. The sequence,

structure and net charge of each peptide are listed in Figure 5.12.
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Figure 5.12 Structures of Ac-EX3, Ac-EX3-K2del and Ac-EX3-K19del. Peptide
sequences and their net charges are provided below their respective structures. Deleted

lysine residues on Ac-EX3 are underlined. Dotted lines show intramolecular hydrogen
bonds.

180



5.3.1 Identification of the deleted lysine position

As stated earlier, the position of the deleted lysine residue was determined by
trypsin digestion followed by LCMS. In this section is provided a brief description of
that work. If the lysine deletion is closer to the N- or C-terminus of the peptide, the
amphiphilicity would not be significantly disturbed. On the other hand, a lysine
deletion in the middle of the strands would perturb the facial display of the hydrophilic
and hydrophobic residues and consequently affect the folding and self-assembly
characteristics of the peptide. To find the position of the deleted lysine residue,
trypsin, which cleaves peptides at the C-termini of positively charged residues, was
employed. Both the bonafide 20-residue Ac-EX3 and the 19-residue Ac-EX3
containing the deletion were purified and subjected to trypsin digestion and LC-MS
analysis. When the total ion chromatograms (TIC) are compared in Figure 5.12, major
differences are observed at the C-terminal tryptic fragments. Trypsin digestion of the
20-residue Ac-EX3 yielded a VKV fragment that corresponds to the C-terminal
tripeptide (Figure 5.13A). When the TIC of the trypsin digestion of the 19-residue Ac-
EX3 was analyzed, a VV dipeptide fragment was observed (Figure 5.13B). The results
indicated that the lysine deletion occurred at position 19 of Ac-EX3 since the only
possibility of the presence of the VV dipeptide following trypsin digestion was having
no Lys19. This deletion sequence (Ac-EX3-K19del) was later synthesized

intentionally to verify that the original peptide was indeed the K19 deletion.
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sequences according to the corresponding tryptic peptides identified.

5.3.2 Characterization of Ac-EX3, Ac-EX3-K2del and Ac-EX3-K19del

Temperature dependent CD spectra of 150 uM Ac-EX3 and its lysine deletion
variants at 216 nm (pH 7.4, 50 mM BTP, 150 mM NacCl) are shown in Figure 5.14A.
Ac-EX3 and Ac-EX3-K2del behaved very similarly throughout the experiment in the

temperature range of 5 to 85°C. Around 25-30°C, Ac-EX3 and Ac-EX3-K2del
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peptides start to fold into B-sheet structure and continue folding until around 50-55°C,
and they retained their folded structures as the temperature increased thereafter. On the
other hand, Ac-EX3-K19del showed a different trend, staying in random coil
conformation until around 70°C. At higher temperatures, Ac-EX3-K19del started to
fold into a B-sheet structure but it did not fully fold even at the end of the experiment
at 85°C. At a higher peptide concentration, 1wt% peptide gels of Ac-EX3 and its
lysine deletion variants were formed and characterized for their secondary structures
after 1 h at 37°C (pH 7.4, 50 mM BTP, 150 mM NaCl). Each peptide gel showed a
characteristic minimum at 216 nm (Figure 5.14B). This result shows that higher
concentrations of Ac-EX3-K19del are needed to facilitate folding while Ac-EX3 and
Ac-EX3-K2del adopt the folded state even at dilute concentrations at temperatures of
25-30°C. The results at dilute concentrations suggest that the deletion of Lys2 does not
have a significant effect on folding and assembly when compared to Ac-EX3.
However, deletion of Lys19 notably changes the B-sheet forming characteristics of
Ac-EX3-K19del at the same conditions. The reason that Ac-EX3-K19del folding and
assembly requires higher temperatures might be due to the C-terminal VV portion of
the peptide. This dipeptide is situated next to a negatively charged carboxylate
functionality, which may be preventing hydrophobic collapse of the hairpins during
bilayer formation. If this is the case, higher temperatures may be necessary to drive the
hydrophobic effect, which is observed. On the other hand, at higher concentrations at

physiological conditions, Ac-EX3-K19del folds into a B-sheet structure as Ac-EX3
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and Ac-EX3-K19del do, suggesting that cooperativity in which preformed folded and
self-assembled peptides act as nucleation sites and promote further folding and self-
assembly, compensates for the extra thermal energy required for folding at dilute
concentrations. In addition to the C-terminal carboxylate hindering the hydrophobic
affect, it can also be hindering the association of B-strands during folding. On
inspection of Figure 5.12, it can be seen that in the folded state, the carboxylate must
be positioned directly across from the carbonyl oxygen of the Valinel on the opposing
B-strand. This results in charge-charge repulsion disfavoring the folded state. This
might explain why Ac-EX3-K19del requires higher temperatures around 70°C to start
folding at dilute concentrations when compared to Ac-EX3 and Ac-EX3-K2del
(Figure 5.14A). High temperatures drive the hydrophobic effect which ultimately
overcomes the electrostatic repulsion. Interestingly, the change in the net charge of the
peptide from +5 to +4 can be ruled out to explain the differences in the B-sheet
forming characteristics because two peptides with lysine deletions at different
positions should have behaved similar to each other and different when compared to
Ac-EX3. Thus, the position of the lysine deletion on the peptide sequence is

important.
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Figure 5.14 Wavelength CD spectroscopy of Ac-EX3 and its variants. (A)
Temperature dependent B-sheet formation of 150 uM peptides by monitoring mean

residue ellipticity at 216 nm from 5°C to 85°C (pH 7.4, 50 mM BTP, 150 mM NaCl).
(B) Wavelength spectra of 1wt% gels at 37°C after 1 hour (pH 7.4, 50 mM BTP, 150
mM NacCl).

The mechanical rheological properties of gels formed from 1wt% Ac-EX3 and
its lysine deletion variants at physiological conditions (37°C, pH 7.4, 50 mM BTP,
150 mM NaCl) are shown in Figure 5.15. The time-sweep rheological experiments
where the gelation of a 1wt% peptide solution is monitored by the evolution of storage
moduli as a function of time, for the three peptides are shown in Figure 5.15A. As
observed in the secondary structure characterization by C.D., 1 wt% Ac-EX3 and Ac-
EX3-K2del gels behave similarly and afford a storage modulus (G") of 2 kPa at the
end of 1 h. However, a 1wt% Ac-EX3-K19del gel affords a storage modulus of 4 kPa
which is twice that of the Ac-EX3 and Ac-EX3-K2del gels. The significant increase in

the storage modulus of the Ac-EX3-K19del gel suggests that an increased number of

cross-links formed during the gelation when compared to the other two gels. When the
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folded structures of the three peptides are compared (Figure 5.12), the lengths of the
two strands of each peptide show some differences. The two strands of Ac-EX3 are
almost the same length. The two strands of Ac-EX3-K2del have some differences but
the most different strand lengths are observed for Ac-EX3-KI19EC. During fibril
growth, such a difference might have an effect in promoting fibril branching as lateral
associations are formed during assembly. When the two strands of a hairpin molecule
are at similar lengths, it is more likely to have regular fibril growth along the fibril
axis. On the other hand, when the two strands are at different lengths, it is possible to
mediate intermolecular H-bond formation that could cause irregular fibril growth and
branching into different directions which results in more cross-link points and a more
rigid gel. Independent shear-thinning and recovery experiments were performed to
investigate the recovery of the elastic properties of the 1wt% hydrogels after being
subjected to shear-thinning (Figure 5.15B). After 20 min of gelation in the same way
as in the dynamic time sweep experiments, the strain was increased from 0.2% strain
to 1000% for 30 sec to thin the gels. The immediate decrease of G* by 1000% strain
during the course of thinning was followed by the immediate recovery of G* to almost
the same extent in a few minutes. One minute after the shear ceased, the storage
modulus recovered 90% for all three gels. When the total 40 min of experiment was
analyzed, shear-thinning did not make any difference on the overall evolution of
storage modulus for each peptide gel and excellent recovery properties are observed.
In figure 5.15C and D, dynamic frequency sweep experiments show that the storage

moduli (G") of the Ac-EX3, Ac-EX3-K2del and Ac-EX3-K19del gels are independent
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of the frequency from 0.1 to 100 rad/sec and all hydrogels at 1 wt% concentration

yield around 10% strain.
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Figure 5.15 Mechanical properties of 1wt% Ac-EX3 and its variants by
oscillatory rheology. (A) Dynamic time sweep experiment showing the evolution of
storage (G") and loss (G™") moduli of 1 wt% peptides at pH 7.4, 50 mM BTP, 150 mM
NaCl, 37°C. (B) Shear-thin and recovery experiment with 1000% strain for 30 sec
after 20 min of gelation followed by another 20 min for recovery. (C) Dynamic
frequency sweep. (D) Dynamic strain sweep experiments of 1 wt% peptides in pH 7.4,
50 mM BTP, 150 mM NacCl, 37°C .
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The local morphologies of the fibrils comprising the gels formed by the three
peptides were investigated by transmission electron microscopy (TEM) in Figure 5.16.
A slight degree of fibril bundling for Ac-EX3 and Ac-EX3-K2del was observed. Ac-
EX3-K19del formed relatively larger bundles of fibrils. Again, Ac-EX3 and Ac-EX3-
K2del had very similar fibril morphologies, whereas Ac-EX3-K19del resulted in a
different morphology. The width of single fibrils formed in all three peptides however
were around 3.5 nm which corresponds well with the width of a folded hairpin in the
self-assembled state as assessed by modeling (Figure 5.16B). The bundling observed
for the fibrils of all three peptides might be due to the hydrogen bonding between the
side chains of asparagine residues originating from distinct turns that can facilitate
interaction between two fibril edges. In the folded state, the portion between V3 and
V18 of the Ac-EX3 peptide is common for all three peptides. The difference of the
three hairpin structures are at the N- and C-termini region. Therefore, the interaction
of the N- and C- termini region of Ac-EX3 and its variants might also contribute to
differences in the local morphologies of the fibrils observed in the TEM images. The
similar and low degree of bundling of the Ac-EX3 and Ac-EX3-K2del fibrils suggest
that the interactions of distinct N- and C- terminal regions of two fibril edges are
similar. However, in the case of the Ac-EX3-K19del fibrils, the interactions of distinct
N- and C- terminal regions of fibril edges should be different than that of Ac-EX3 and
Ac-EX3-K2del, and such differences result in a higher degree of bundling of the EX3-
K19del fibrils. Such a difference can be related to the difference in the length of two

strands of the hairpin molecule. As stated earlier, such differences were related to the
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formation of branch points during fibril growth. These same differences can also be

responsible for the interfibrillar interactions that form a higher level of bundling.
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Figure 5.16 Local morphology of fibrils formed by Ac-EX3 and its variants

assessed by TEM. The 1 wt% peptides were gelled at 37°C for 1 hour. (A) Gels were

diluted and deposited for TEM interrogation. (B) Individual fibril width distributions.
TEM images were taken by Katelyn Nagy.

5.4 Conclusions

During peptide synthesis, undesired side reactions can result in changes in the
target peptide sequence and structure and consequently the characteristics of the target
peptide are altered. In this chapter, succinimide and isoaspartate formation, and lysine
deletion in different target peptides are discussed together with their consequences on

the peptide’s gel-forming behavior. Synthetic methods to prevent succinimide

189



formation and the consequence of lysine deletions at specific positions were also

presented.

When the folding, assembly and gel characteristics of chemically synthesized
EX1 were compared with that of recombinant EX1, significant differences were
observed and each peptide was subjected to further investigation to identify the
potential impurities causing such alterations in the peptide characteristics. The RP-
HPLC chromatogram of the recombinant peptide afforded a single symmetrical peak,
and detailed analysis of the peptide by mass spectroscopy showed that very little
succinimide or isoaspartate formation accompanied the peptide’s bacterial production.
However, chemically synthesized EX1 afforded a chromatogram having a shoulder
indicating that an impurity having similar chromatographic behavior exists. Mass
spectroscopy indicated that the shoulder contained a peptide having a molecular
weight of 18 Da less than the target peptide EX1. The difference in the molecular
weight was due to the loss of water indicated succinimide formation. This ring closing
reaction can occur during synthesis and is promoted by piperidine at every
deprotection step during the peptide synthesis. Through hydrolysis, the succinimide
can either regenerate aspartate or form isoaspartate depending on how the ring is
opened by water during hydrolysis. Unfortunately, the masses of the parent peptides
having either aspartate or isoaspartate are the same, making the detection of the
isoaspartate isomer difficult. Therefore, additional mass spectrometry analysis

methods such as electron transfer disassociation (ETD) fragmentation were employed
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to distinguish EX1 containing aspartate and isoaspartate. ETD fragmentation enables
the detection of isoaspartate by cleaving the C,—Czbond of the f-amino acid and
detecting the resulting fragments. The tryptic digestion of EX1 afforded a smaller
portion of the peptide which was easier to analyze (octapeptide). The ETD results
showed that when chemically synthesized EX1 was analyzed, diagnostic ions due to
isoaspartate formation were observed. No diagnostic ion however was observed in the
recombinant EX1 analysis. Furthermore, characterization of the recombinant and
chemically synthesized EX1 peptides and their corresponding 1wt% gels were
performed to assess their secondary structure, the elastic properties of their
corresponding gels and the local fibril morphologies of their networks at physiological
conditions. Both peptides adopt a B-sheet structure at 1 wt%, however there was a
significant difference in the elastic properties of their gels. Pure recombinant EX1 gel
afforded a storage modulus of 1 kPa whereas the chemically synthesized EX1 gel
resulted in a more rigid hydrogel with a storage modulus of 3.5 kPa at the end of 1
hour of gelation at 37°C. Local fibril morphologies imaged by TEM showed that
recombinant EX1 fibrils had a slight degree of lamination and the chemically
synthesized EX1 formed long individual fibrils. Individual fibril widths for both EX1
peptides were assessed around 3.5 nm which corresponds to the length of a folded
hairpin in the self-assembled state. Modeling of the EX1 peptide with aspartate,
succinimide and isoaspartate at position 11 suggested that the turn structure is
perturbed when aspartate is changed to succinimide and isoaspartate. The aspartate

containing turn adopts a regular type I' + G1 bulge turn, but succinimide and
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isoaspartate changes the turn structure as well as the folded hairpin structures. Due to
the presence of succinimide and isoaspartate, these differences might explain the
increase in the storage modulus by forming irregular shapes that can promote
nucleation of fibril branching during fibril growth, which consequently results in more
cross-links and ultimately a more rigid gel. The difference of the turn region probably
resulted in the difference in fibril morphology as well. The use of a pseudoproline
dipeptide during the chemical synthesis of EX1 was successful in preventing
succinimide or isoaspartate formation as confirmed by mass spectrometry. In addition,
chemically synthesized pure EX1 behaved in a similar fashion compared to
recombinant EX1 as shown in Chapter 4. Overall, it was shown that succinimide and
isoaspartate formation during the chemical synthesis of EX1 altered the structure and
the material forming characteristics of the peptide significantly. Bacterial production

of EX1 was successful with very little or no alteration of the aspartate residue.

Following the synthesis of another peptide AcEX3, a lysine deletion sequence
was observed due to a malfunctioning peptide synthesizer. The position of the deletion
was determined by mass spectroscopy and found to occur at position 19. This peptide
formed gels having very high moduli as compared to the parent Ac-EX3 peptide gels.
As a result, the K19 deletion was studied further with the aid of a control peptide
having a lysine deletion at position 2 to investigate if the change in the gel behavior
was due to a decrease in the net charge of Ac-EX3 or due to the position of the

deletion. Ac-EX3, Ac-EX3-K2del and Ac-EX3-K19del and their corresponding gels
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were characterized for their secondary structure, elastic properties and local fibril
morphologies at physiological conditions. The Ac-EX3 and Ac-EX3-K2del peptides
behaved similarly suggesting that the deletion of lysine at position 2 had no significant
effect. At dilute concentrations, Ac-EX3 and Ac-EX3-K2del folded into [B-sheet
structures at much lower temperatures than that of Ac-EX3-K19del. When the C-
termini of the three peptides are compared, Ac-EX3 and Ac-EX3-K2del peptides have
KV-COO" and the Ac-EX3-K19del peptide has VV-COO'". This VV-COO™ portion of
the Ac-EX3-K19del peptide might have a role in preventing the peptide from folding
and assembling at dilute concentrations and low temperatures. At 1wt% concentration,
all the peptides showed similar B-sheet formation at 37°C. Therefore, cooperativity
during the folding and self-assembly process at higher concentrations can overcome
the deleterious effects of the K19 deletion. However, the elastic properties of 1 wt%
Ac-EX3-K19del gel at physiological conditions resulted in twice the storage modulus
of that of the Ac-EX3 and Ac-EX3-K2del gels after 1 h of gelation (4 kPa vs. 2 kPa).
This increased storage modulus may be due to an increase in the number of cross-links
caused by the differences in the hairpin structure. The differences of the peptides are at
the N- and C-termini region. In the case of Ac-EX3-K19del hairpin, the lengths of its
strands are quite different. Such a difference during lateral assembly of hairpin
peptides might promote nucleation of fibril branching that can result in more cross-
links. Shear-thinning and recovery experiments showed that all three peptide gels have
very good recovery properties. Local fibril morphologies of Ac-EX3 and Ac-EX3-

K2del fibrils were similar and a low degree of bundling was observed. Ac-EX3-
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K19del formed fibrils with more interfibrillar interactions and a relatively higher
degree of bundling was observed. Fibril widths of all three peptide-gels were similar
and similar to the length of a folded hairpin (3 nm). The higher degree of bundling
observed for the Ac-EX3-K19del fibrils might arise from inter-fibril interactions that
arise from interactions made between the termini of distinct hairpins across fibrils.
Overall, the investigation of a lysine deletion position on Ac-EX3 due to an
unintentionally synthesized peptide, and its characterization with comparison to
another lysine deletion sequence, lead to new remarkable results: i.e. the changes at
the N- and C-termini region of Ac-EX3 hairpin has an important effect on the elastic

properties and macromolecular characteristics of its corresponding gel.

In conclusion, further investigation of the peptides with an altered structure
either due to changes of a residue, or due to a deletion of a residue, during chemical
synthesis lead to new results suggesting that the changes in hairpin turn region or
hairpin N- and C-termini region has a significant impact on the hydrogel material

properties.

5.5 Experimental Section

Production of EX1 peptides by chemical synthesis (Chapter 2) and by bacterial
expression (Chapter 3-4) was outlined in previous chapters. Chemical synthesis of Ac-

EX3 and its variants were synthesized the same way as outlined in Chapter 2.

194



Secondary structures, mechanical properties and local fibril morphologies of
peptides were characterized by CD spectroscopy, oscillatory rheology and TEM,

respectively as outlined in Chapter 2.

5.5.1 Purification of Ac-EX3, Ac-EX3-K2del and Ac-EX3-K19del

Peptide purification was carried out by reverse phase-HPLC at 40°C equipped
with a semi-preparative Vydac C18 column. HPLC solvents A and B were 0.1% TFA
in water and 0.1% TFA in 9:1 acetonitrile: water, respectively. For Ac-EX3 and Ac-
EX3-K19del purification, linear gradients were employed as 0% solvent B over 1 min,
0-15% solvent B over 8 min, 15-29% solvent B over 28 min and then 29-39% solvent
B over 40 min. For Ac-EX3-K2del purification, linear gradients were employed as 0%
solvent B over 1 min, 0-10% solvent B over 9 min, 10-25% solvent B over 30 min and
then 25-35% solvent B over 40 min. Analytical HPLC and electrospray ionization

(ESI-positive mode) were performed to verify the purity of the lyophilized peptides.

5.5.2 Limited tryptic digestion of EX1

A 100 pg aliquot of EX1 in aqueous solution was diluted with an equal volume
of 10 mM NH4HCO; (pH 7.8) before being added to 2 pg of specially purified trypsin
(Thermo In-Solution Tryptic Digestion Kit) in a screw-cap Eppendorff vial. The
resulting solution was then incubated at 37°C for 4 h with periodic vortexing. A 50 pg

aliquot of this digestion solution was then quenched by adding an equal volume of 2%
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CH3;CN/H,O containing 0.1% formic acid. The quenched digestion solution was
further diluted to 1.00 ml with 2% CH3;CN/H,0 before analysis by LC/MS/MS (see
below). The remaining tryptic digest solution was incubated overnight at 37° C before

being quenched and treated in the same manner as above.

5.5.3 Mass spectrometry

Intact EX1 samples and their corresponding tryptic digests were analyzed by
ESI LC/MS/MS on a Thermo-Fisher LTQ-Orbitrap-XL system in positive ion mode.
A small-particle, C;g reversed phase, narrow-bore column was used with a shallow
CH3;CN/H,0O gradient to separate the mixture of tryptic peptides. Primary ESI mass
spectra were obtained at a resolution of 30,000 and were used to tentatively identify
tryptic digest peptides. The sequence of these peptides was further confirmed by high
resolution (15,000) MS/MS with ETD fragmentation utilizing data dependent
selection of appropriate precursor ions. Fragmentation in the resulting ETD product
ion mass spectrum was then related to structure on the basis of chemistry,

chromatography, and accurate mass measurement.

5.5.4 Trypsin digestion of the 20-residue Ac-EX3 and 19-residue Ac-EX3

0.2 mg peptides were dissolved in 100 uL buffer (50 mM BTP, pH 7.4)

including 2.5 uM trypsin. After 20 h at 37°C, 50 uL of reaction solution was diluted
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by the addition of 80 puL of 0.1% TFA in water and analyzed by LC-MS for tryptic

peptides cleaved at the lysine C-terminus.
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