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ABSTRACT

Instability of bioactive peptides represents a major challenge to the development of these
molecules as drugs. The purpose of this study was the investigation of protein-based motifs and
their potential for protecting peptides from enzymatic degradation. A novel, highly regulable
expression vector, pLACI11, was constructed so that potent inhibitory peptides could be isolated
from an in vivo genetic screen designed to generate randomized bioactive peptides that inhibit
the growth of bacteria. Compared to other commonly utilized expression vectors that are known
not to be tightly regulable, pLAC11 was demonstrated to possess the ability to regulate potent
inhibitor peptides which could prove lethal to the cells generating them. The three protein-based
motifs that were examined by this screen were the fusion of randomized peptides to the highly
stable Rop protein, the generation of a-helical peptides via the random incorporation of a set of
hydrophilic helix-forming amino acids, and the use of oppositely charged residues at the termini
of randomized peptides. All three methods were observed to yield an increase in the frequency
at which potent inhibitors were isolated during the in vivo screen as compared to unprotected
peptides, presumably due to greater stability. To further investigate the possible role of

secondary structure in peptide stability, a group of a-helical peptides based on Rop and other



helical proteins as well as putative helical peptides designed de novo were examined by
secondary structure prediction algorithms, CD spectroscopy, and in vitro plasma degradation
assays. Two highly stable helical peptides were identified and found to have half-lives much

greater than other representative peptides and similar to that of small stable proteins.
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CHAPTER 1
INTRODUCTION

Peptides are sequence- and length-specific oligomers composed of between 2-50 amino
acids. These important biomolecules are ubiquitous in living systems where they assume a
myriad of roles. They are signal molecules that are involved in the control of critical biological
functions such as cell division, mating, chemotaxis, pain perception, growth and immunity.
They are transport molecules that facilitate the passage of ions through cell membranes. They
are protective agents that function as antibiotics which protect eukaryotic organisms as diverse as
mold and man from their common enemy, the bacterium. They are important digestive
intermediates and play a crucial role in nutrition of both cells and intact organisms. Peptides
have become an increasingly important class of molecules in biochemistry, medicinal chemistry,
and physiology. Many naturally occurring bioactive peptides function as hormones,
neurotransmitters, cytokines, and growth factors. Peptide substrates of proteases, kinases,
phosphatases, and aminoacyl or glycosyl transferases are used to study enzyme kinetics,
mechanism of action, biochemical and physiological roles and to aid in the isolation of enzymes
and the design of inhibitors. Peptides are also used as synthetic antigens for the preparation of
polyclonal or monoclonal antibodies targeted to specific sequences. Epitope mapping with
synthetic peptides can be used to identify specific antigenic peptides for the preparation of
synthetic vaccines, to determine protein sequence regions that are important for biological

activity, and to design small molecule peptide mimetics of protein structure or function.



Application of bioactive peptides

It is clear that at the beginning of the 21% century peptide therapeutics have enormous
potential in such diverse areas as growth control, blood pressure management,
neurotransmission, hormone action, pain management, digestion, reproduction, antimicrobial,
and so forth. Human disease states for which peptide-based drug therapies currently exist
include diabetes (insulin and glucagon), osteoporosis (calcitonin), prostate cancer and
endometriosis (gonadotropin-releasing hormone), acromegaly and ulcers (somatostatin), and
hypothyroidism (thyrotropin-releasing hormone) (Lien and Lowman, 2003). Through millions
of years of evolution nature has discovered that it can control nearly all biological processes by
various types of molecular recognition, and that proteins and peptides are ideally suited for this
role due to their almost limitless potential for diversity and their unique biochemical and
biophysical properties. This can be readily understood if one considers that given only the 20
normal amino acids, the number of unique chemical forms for a hexapeptide is 64,000,000 (206),
for a heptapeptide 1,280,000,000 (207), and so on. From this perspective, perhaps it is not so
unexpected that nature has discovered that peptides and proteins can indeed do it all, from
providing structure and motion, to catalysis, to information transduction, to growth and
maturation, and more. The immune system's ability to recognize literally millions of foreign
materials, both natural and man-made, and to neutralize them as part of its survival strategy is
just one example illustrating the vast potential inherent to peptide-based therapeutics.

Over the past decade, levels of bacterial resistance to antibiotics have risen dramatically
and "superbugs" resistant to most or all available agents have appeared in hospitals worldwide.
Antimicrobial peptides represent ancient host defense effector molecules present in all species of

life, ranging from plants and insects to animals, including mollusks, crustaceans, amphibians,



birds, fish, and mammals, including humans (Hancock and Lehrer, 1998; Hancock and Chapple,
1999). Fundamental differences exist between prokaryotic and eukaryotic cells that may
represent targets for antimicrobial peptides (Hancock, 2001). These significant distinctions
include membrane composition and architecture, energetics such as transmembrane potential and
polarization, and structural features including sterols, lipopolysaccharide and peptidoglycan
(Devine and Hancock, 2002). In general, although more than 500 antimicrobial peptides have
now been characterized as having widely diverse sequences, these molecules have been
classified into relatively few conformational structures. Most are cationic amphipathic
molecules due mainly to the presence of arginine and lysine residues and can be grouped into
four or five different structural categories (Hwang and Vogel, 1998; Epand and Vogel, 1999).
These include: (a) amphipathic a-helical peptides without cystine, such as magainins, cecropins
and buforin (Zasloff, 1987; Gudmundsson et al., 1991; Yi et al., 1996); (b) cystine-rich, -sheet
peptides with internal disulfide bonding, such as a- and B-defensins, protegrins and tachyplesins
(Lehrer et al., 1993; Kokryakov et al., 1993; Kawano et al., 1990); (c) cystine—disulfide loop
peptides with or without amphiphilic tails, such as brevinins and thanatin (Morikawa et al., 1992;
Mandard et al., 1998); and (d) extended linear peptides with one or two predominant amino
acids, such as histatin, indolicidin and tritrpticin (Brewer et al., 1998; Selsted et al., 1992;
Lawyer et al., 1996). The primary target of action for the majority of antimicrobial peptides has
been assumed to be the bacterial cytoplasmic membrane. They all have affinity for membrane
lipids and their specificity for microbial membranes has been demonstrated in many cases to be
related to the positive charge on the peptide interacting with the exposed anionic lipids of
microorganisms. However, the exact mechanism by which these peptides exert their

bacteriocidal effect is not well understood. The amphipathic a-helical peptides may form pores



in the membrane allowing for leakage of ions and other materials from the cell (Powers and
Hancock, 2003). Alternatively, the B-sheet peptides may disrupt membranes by a "carpet-like"
mechanism, in which the aggregation and association of the peptides with lipid head groups
leads to an overall destabilization of the membrane, as peptides align across the surface of the
negatively charged membrane and once a high enough local concentration (a "carpet") is
achieved, an electrostatically-driven collapse of the cytoplasmic membrane occurs (Shai, 1995;
Wu et al., 1999). Regardless of which model is correct, the net result of membrane disruption
would be the rapid depolarization of the bacterial cell leading to rapid cell death, with total
killing occurring within 5 minutes for the most potent peptides (Friedrich et al., 1999). In
addition, alternative mechanisms have been proposed to explain the cytotoxic action of these
peptides, including their stimulation of autolytic enzymes, interference with DNA and/or protein
synthesis (Subbalakshmi and Sitaram, 1998; Patrzykat et al., 2002), or their binding to DNA
(Park et al., 1998).

Synthesis of peptides

In 1902, Emil Fischer published the first paper in which the term "peptide" was used
(Fischer, 1902). In the century since that initiation, the field of scientific endeavor has grown
enormously. Fischer himself gave birth to the study of peptide chemistry a year earlier when he
prepared the first unprotected synthetic peptide, glycylglycine (Fischer and Fourneau, 1901). In
fact, his initial approaches highlighted strategies that remain in place to this day. The Nobel
laureate's efforts culminated in the preparation of an octadecapeptide, Leu-Glys-Leu-Glys-Leu-
Glyo (Fischer, 1907). Even though it consisted of only two different amino acids, this was an
important accomplishment, as peptides of a given sequence with similar lengths were not

synthesized again until the 1950s. The nagging problem of chain elongation at the amino



terminus was successfully addressed by the development of the easily removable
benzyloxycarbonyl (Boc) protecting group (Bergmann and Zervas, 1932). This led to a new era
of peptide chemistry by opening the way to the incorporation of multifunctional amino acids in
synthesis. As a result of this discovery, the synthesis of small naturally occurring peptides such
as carnosine (Sifferd and du Vigneaud, 1935) and glutathione (Harrington and Mead, 1935) were
soon achieved. During the same period that Watson and Crick were elucidating the structure of
the DNA double helix, Frederick Sanger developed a method for the determination of the
primary sequence of polypeptides and was awarded the Nobel Prize for using this technique to
sequence insulin (Sanger, 1952; Watson and Crick, 1953). This new knowledge created the
driving force for peptide chemists to develop methods to synthesize peptides more efficiently for
comparison with natural products and as models to gain a better understanding of biochemical
and biophysical properties. In 1953, a milestone was achieved with the structural determination
and synthesis of an active peptide hormone, oxytocin (du Vigneaud et al., 1953). This began a
new era in which bioactive peptides were synthesized for use in structure-activity studies, and
these target molecules increased the need for improved synthetic methods. The months of work
that were needed to accomplish the synthesis of oxytocin achieved a yield of less than 1%, but
nonetheless earned du Vigneaud the Nobel Prize. In 1963, Bruce Merrifield published a
landmark paper describing the development of solid-phase peptide synthesis (SPPS), in which
peptides attached to copolymer resins are chemically lengthened from the carboxyl terminus by
the addition of one protected one amino acid residue at a time (Merrifield, 1963). This technique
was responsible more than anything else for opening the way to widespread use of synthetic
peptides as reagents in chemical and biomedical investigations, and Merrifield was awarded the

Nobel Prize for this revolutionary work. Indeed, shortly after the introduction of this procedure,



it was used to synthesize insulin successfully (Marglin and Merrifield, 1966). The use of high
performance liquid chromatography in the 1970s provided peptide researchers with an important
and powerful tool which was sensitive enough to distinguish among the impurities that were
expected from SPPS, and allowed mixtures to be purified to homogeneity. In the late 1970s, the
search for a stable protecting group which could be removed by base rather than the strong acids
(hydrofluoric and trifluoromethanesulfonic) that were predominantly used at the time, led to the
discovery of the 9-fluorenylmethoxycarbonyl (Fmoc) group which was rapidly cleaved under
basic conditions and readily incorporated into solid phase synthetic strategies (Meienhofer,
1979). By the beginning of the 1980s, the impact of molecular biology was beginning to be felt
by the field of peptide chemistry, as reports of the efficient synthesis of peptides and small
proteins were appearing. It is rather ironic that during most of the 20" century peptide
researchers exerted tremendous effort to isolate pure, bioactive peptides from synthesis mixtures,
while beginning in the 1990s many scientists developed what are now termed combinatorial
methods to create peptide libraries containing hundreds to billions of molecules. One of the first
approaches, the multipin method, involves the rapid parallel solid phase synthesis of microgram
quantities of hundreds of peptides bound to the tips of polypropylene pins, and was quickly
adapted to 96-well plates (Geysen et al., 1984). Biological screening was performed by an
enzyme-linked immunosorbant assay (ELISA) on the pins. In the "tea bag" method, the solid
support consists of resin beads separated into polypropylene bags which are then immersed in a
reaction mixture containing a single or multiple activated amino acids, ultimately yielding 10-20
milligrams of each peptide (Houghten, 1985; Houghten et al., 1991). Another version of
multiple solid-phase peptide synthesis is the split-couple-mix method in which the resin-bound

peptide is divided into equal fractions before each new coupling reaction, each fraction is



coupled with a different amino acid, the fractions are then mixed together and the cycle is
repeated (Furka ef al., 1991). This method was further refined into the "one-bead, one-peptide"
which can be utilized for the generation of very large random libraries of 10°-10° peptides (Lam
etal., 1991). A combinatorial approach which utilized recombinant DNA technology involved
the use of filamentous phage to display a random oligopeptide at the amino terminus of the viral
coat protein, plII (Parmley and Smith, 1989; Scott and Smith, 1990). This "phage-display"
method was accomplished by the insertion of a sequence of randomized DNA into the pIIl gene
of the fd phage (Cwirla et al., 1990). The major advantage of this molecular biological approach
is that the size of the molecules is not limited by the constraints of synthetic peptide chemistry.
Furthermore, the biological approach enables researchers to take advantage of known protein
secondary structures, such as the immunoglobulin fold or the Rop helix, by fusing random
oligopeptides to such structures.

As more and more bioactive peptides began to be targeted as lead compounds, it became
apparent that the serum stability, membrane permeability, and bioavailability of the final
molecule were of primary importance for drug design. Natural bioactive peptides began to be
extensively modified to take these factors into account. It was also during the latter half of the
20™ century that impressive advances in understanding the three-dimensional structure of
peptides, due largely to the development of X-ray crystallography and nuclear magnetic
resonance (NMR) spectroscopy, were achieved. In addition to the a-helical and (3-sheet
structures discovered by Pauling and Corey, peptides were shown to assume specific turn
structures as well as a variety of other helices (Pauling et al., 1951; Pauling and Corey 1951). As
a result, the concept that the most potent drugs mimic the three-dimensional structure of the

native bioactive peptide bound to its receptor, became an important driving force in the field of



peptide chemistry. Stabilization of these structures would result in increased potency and more
effective pharmaceuticals.

Stability and protection of peptides

As already discussed, peptides play important roles in many diverse biochemical
processes. With the convergence of molecular biology and biotechnology, many of these
bioactive molecules can be produced today on a mass scale. Most of these peptides have
therapeutic potential, and considerable interest exists in designing systems to achieve effective
delivery of these molecules to various in vivo targets. One of the major obstacles to this goal is
the large number of endogenous peptidases and proteases that are present in most cells, tissues,
organs, and circulating fluids which can rapidly degrade these bioactive molecules. Peptidases
and proteases play essential roles in protein activation, cell regulation and signaling, as well as in
the generation of amino acids for protein synthesis or utilization in other metabolic pathways.
Peptidases can cleave either specific amide bonds (limited proteolysis), depending on the amino
acid sequence of a polypeptide, or completely degrade a polypeptide to its constituent amino
acids (unlimited proteolysis). Although peptide degradation by peptidases is important for
producing bioactive molecules and for inactivating them after their function has been performed,
this highly efficient metabolic process represents a major challenge to the therapeutic use of
peptides.

Regardless of their source organism, peptidases can be categorized into two main groups,
exopeptidases and endopeptidases, and these groups can be further subdivided into additional
classes based on their substrate specificity and catalytic mechanism. Exopeptidases that
hydrolyze peptides from their amino terminus are termed aminopeptidases, an example of which

is aminopeptidase N which removes the amino terminal amino acid from dipeptides, tripeptides



and a variety of oligopeptides (McDonald and Barrett, 1986). Exopeptidases that hydrolyze
peptides from their carboxyl terminus are called carboxypeptidases, an example of which is
carboxypeptidase P which removes the carboxyl terminal amino acid from peptides where this
residue is proline, alanine, or glycine (Erickson et al., 1989). Endopeptidases are defined as
those that hydrolyze the interior peptide bonds of peptides, and endopeptidase-24.11 (Endo-1)
which was identified by its ability to hydrolyze the insulin § chain is one example (Kerr and
Kenny, 1974). Beyond these basic categories, peptidases and proteases are classified according
to their catalytic mechanism into four groups: serine proteinases, cysteine proteinases, aspartic
proteinases, and metallo proteinases (Rawlings and Barrett, 1993).

The class of serine proteinases comprises two distinct families. The chymotrypsin family
which includes the mammalian enzymes such as chymotrypsin, trypsin, and elastase, and the
substilisin family which includes bacterial enzymes such as subtilisin. The cysteine proteinase
family includes the plant proteases papain, actinidin and bromelain, several mammalian
lysosomal cathepsins, the cytosolic calpains, as well as several parasitic proteases. Most of the
aspartic proteinases belong to the pepsin family. The pepsin family includes the digestive
enzymes pepsin and chymosin, lysosomal cathepsins D, processing enzymes such as renin, and
certain fungal proteases including penicillopepsin, rhizopuspepsin and endothiapepsin. A second
family of aspartic proteinases is comprised of viral proteinases such as the protease from HIV-1,
which is also called retropepsin. The metallo proteinases may be one of the oldest classes of
proteinases and are found in bacteria and fungi, as well as in higher organisms. They differ
widely in their sequences and their structures but the great majority of enzymes contain a zinc
atom as part of the catalytic site. In some cases, zinc may be replaced by other metals such as

cobalt or nickel without loss of the activity.
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For most naturally occurring bioactive peptides, the serum half-life and biological
activity is often limited by the rapid proteolytic hydrolysis of susceptible amide bonds, which
result in typical half-life values for peptides in the seconds-to-minutes time frame (Table 1.1).
To make these peptides physiologically or pharmacologically useful it is necessary to increase
their serum half-life by increasing their resistance to enzymatic degradation. Protection from
proteolysis, therefore, has become the predominant focus for research directed at the design of
peptide drugs. The use of amide bond replacements has been successful on occasion, but the
products frequently suffer from decreased potency due to the loss of critical binding interactions
or altered ligand conformation (Fincham et al., 1992). Multiple replacement strategies have been
used to avoid the susceptibility of the peptide amide bond to cleavage by peptidases and
proteases. For example, D-amino acid substitution, N-terminal acetylation, C-terminal
amidation, cyclization, amide bond reduction, and unnatural amino acid substitution have all
shown promise in increasing peptide half-lives, as in the case of amino-terminally substituted
analogs of glucagon-like peptide 1 (GLP-1). GLP-1 is a 29-amino acid peptide with great
potential as a therapeutic agent in the treatment of diabetes, but its 2-minute half-life due
primarily to rapid degradation by dipeptidyl peptidase IV severely limits its usefulness.
Following a seemingly inconsequential substitution at position 8 with glycine, serine, or
threonine, GLP-1 analogs were found to have plasma half-lives of 159, 174 and 197 minutes,
respectively (Deacon ef al., 1998). Five-amino acid 3-sheet breaker peptides have shown
promise in the inhibition of amyloid plaque deposition, which characterizes Alzheimer's disease,
but are hindered by 5-minute half-lives in human plasma. However, end-protected derivatives
that incorporate both acetylation of the amino terminus and amidation of the carboxyl terminus

exhibit in vivo half-lives of 37 minutes (Permanne et al., 2002). Likewise, the in vivo half-life of
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a somatostatin analogue increased from 3 minutes for the unmodified peptide to over 400
minutes following N-terminal acetylation (Benuck and Marks, 1976). Although terminal
protection has been widely used to improve peptide stability it rarely prevents degradation
completely, and often the increased stability is accompanied by a reduction in bioactivity. For
example, when the pentapeptide analogue of the 49-amino acid hormone thymopoietin,
thymopentin, is modified by either amino-terminal acetylation or carboxyl-terminal amidation, a
complete loss of biological activity is observed (Heavner et al., 1986).

Another classical approach to circumventing enzymatic degradation and increasing
plasma half-life of bioactive peptides has been the covalent attachment of polyethylene glycol
(PEG) to polypeptide amino groups (Abuchowski et al., 1977; Chen et al., 1981; Davis et al.,
1981). Polyethylene glycol conjugation (PEGylation) to biomolecules has been a long exploited
strategy to improve the properties of many drugs. It was in fact often found to improve physical
and chemical stability, to increase aqueous solubility, to provide protection against enzymatic
degradation by steric hindrance, to prolong in vivo half-life, and to decrease clearance of
conjugated drugs when compared to the unmodified parent molecules. Reduced antigenicity,
immunogenicity and toxicity are other positive properties often observed with PEGylated
molecules. PEGylated calcitonin has demonstrated strong resistance against enzymatic
degradation in rat nasal mucosa, with a 56-fold increase in half-life compared to unmodified
peptide (Na et al., 2004). However, modifications such as these that reduce susceptibility to
proteolytic cleavage can have a profound effect on the in vivo potency of bioactive peptides. In
some cases in vitro bioactivity is reduced but is nevertheless accompanied by an increase in the
biological activity in vivo, such as in the case of human growth hormone-releasing factor

(hGRF). hGRF is a 29-amino acid peptide involved in the regulation of the expression and
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release of growth hormone from the anterior pituitary gland that has been clinically used for the
therapeutic treatment of growth hormone deficiency in children as an alternative treatment to
growth hormone therapy (Low, 1993). However, one of the major limitations in hGRF clinical
use is related to its 10-20 minute in vivo half-life, due mainly to rapid cleavage by dipeptidyl
peptidase IV (Frohman et al., 1986). PEGylated analogs of hGRF were demonstrated to have in
vitro plasma half-lives of from 4-10 hours, versus unmodified hGRF peptide which had a half-
life of ~30 minutes, and were also found to be highly bioactive, with a potency range 12 to 55-
fold higher than that of native hGRF (Campbell et al., 1997).

Transport of peptides and drug delivery

The concept of transmembrane transport of peptides has been implicit in cell physiology
for nearly a century, and its history has been the subject of extensive reviews (Matthews, 1977;
Matthews, 1987). Peptide transport has been recognized not only in mammalian species, but
also in fungi (Naider and Becker, 1987), plants (Walker-Smith and Payne, 1984), and bacteria
(Payne and Smith, 1994). Efficient delivery of therapeutic and diagnostic agents across the
plasma membrane of cells is crucial in developing novel therapies. Only compounds within a
narrow range of molecular size, net charge, and polarity are able to diffuse effectively through
the lipid bilayers of cell membranes and thus reach their pharmacological targets (Lipinski ef al.,
2001). By their very nature, infective organisms such as bacteria and viruses possess proteins
endowed with properties to penetrate living cells indiscriminately (Pugsley, 1996). For example,
the HBV VP22 protein and pore-forming toxins such as tetanus toxin, anthrax toxin, cytolysins
and diphtheria toxin can gain entry into cells in essentially receptor-independent fashion (Boquet
and Duflot, 1982; Stenmark et al., 1991; Ballard et al., 1996; Rossjohn et al., 1997). Membrane

permeating peptides derived from such proteins, in particular HIV-1 tat peptide and its
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derivatives, have enabled the intracellular delivery of molecules of various sizes and
physicochemical properties (Frankel and Pabo, 1988). HIV-tat peptide and its derivatives have
recently received much attention, primarily because of their efficiency of transport and short
sequence. The 12-amino acid Tat peptide was originally derived from the HIV-1 tat protein, an
86-amino acid transactivation protein involved in the replication of HIV-1 virus (Fawell et al.,
1994).

Recent studies have confirmed the ability of the insect-derived antimicrobial peptide
pyrrhocoricin to enter various bacterial, fungal and mammalian cell types, suggesting that the
proline-rich, cationic peptide might be used as a drug-delivery vehicle (Kragol et al., 2002).
Researchers are also exploring the ability of pyrrhocoricin to deliver antigen to immune cells in
an effort to explore whether the peptide could be used in a novel vaccine approach. Both
pyrrhocoricin in its native state and synthetic analogs have demonstrated the capability of
entering and killing a number of strains of bacteria by binding to the 70-kD heat shock protein
DnaK and inhibiting protein folding, including antibiotic-resistant strains of Gram-type negative
bacteria such as Escherichia coli and Salmonella enterica serovar Typhimurium (Cudic et al.,
2002). Initially interested in pyrrhocoricin and its derivatives because of their antimicrobial
properties, researchers are now exploring whether these peptides could be employed as delivery
vehicles for other peptide or peptide-based drugs that would not normally be able to penetrate
mammalian cell membranes and tissues.

Research has also focused on new delivery methods to complement the development of
novel bioactive peptides. Some of these include transdermal patches, transdermal iontophoresis,
aerosol inhalation and oral formulations (Henry et al., 1998; Suzuki et al., 2002; Bot et al., 2001,

Still, 2002)
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Purpose of study

Bioactive peptides such as calcitonin, glucagon, and insulin are widely utilized in the
field of medicine and show great promise for the design of new therapeutic agents. Undesirable
pharmaceutical and biopharmaceutical properties, which include low aqueous solubility, poor
stability, and low permeability through biological membrane barriers, often hinder the clinical
development of potential drug candidates. This is particularly true with peptide and
peptidomimetic compounds. Finding solutions to these problems is a very contemporary and
complex issue in the clinical development of the potentially vast number of biologically active
peptides and peptidomimetics as potential new drugs. Based on what has been learned about
peptide function there is also increasing interest in using novel synthetic peptides developed
through combinatorial synthesis or phage display to generate new therapeutic agents. However,
while often promising during in vitro trials, many lead compounds are usually inherently
unstable and rapidly degraded by endogenous proteases and peptidases upon introduction to their
target organisms, with in vivo half-lives typically on the order of minutes.

The purpose of this thesis was to study the problem of peptide degradation and
investigate alternative methods by which bioactive peptides might be stabilized. A molecular
genetic approach was devised in E. coli to study the problem of peptide instability, and relied on
the use of a novel highly regulable expression vector. Using this in vivo approach, protein-based
motifs which could be used to stabilize peptides were identified and characterized. Because
peptidases and proteases are highly conserved across species what has been learned from these

bacterial studies is directly relevant to therapeutic applications in humans.
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Name

Size (aa) Plasma half-life Reference

Thyrotropin releasing hormone (TRH)
Enkephalin

Thymopentin (TP5)

Angiotensin II

Bradykinin

Oxytocin

Vasopressin

Gonadotropin releasing hormone (GnRH)
Melanotropin

Neurotensin

Somatostatin

Gastrin

Secretin

Atrial natriuretic peptide (ANP)
Vasoactive intestinal peptide (VIP)
Glucagon

Galanin

Glucagon-like peptide 1 (GLP-1)
[-endorphin

Brain natriuretic peptide (BNP)
Calcitonin

Parathyroid hormone (PTH 1-34)
Adrenocorticotropic hormone (ACTH)
Corticotropin releasing hormone (CRH)

Insulin (a/f chains)

3

O O O o0 W W

10
13
13
14
17
27
28
28
29
30
30
31
32
32
34
39
41
51

4 min
1-2 min
30 sec
30 sec
30 sec
1-5 min
10-20 min
2-4 min
5 min
30 sec
2 min
5-6 min
3-4 min
2-5 min
1 min
5-6 min
4 min
1-2 min
5 min
3 min
9 min
5 min
10-15 min
4 min

4-6 min

Iversen, 1988

Boarder & McArdle, 1986
Heavner et al, 1986

Danser et al, 1992

Cyr et al, 2001

Fuchs & Dawood, 1980
Share, 1962

Rosenblum and Schlaff, 1976
Pezalla et al, 1978

Aronin et al, 1982
Rens-Domiano & Reisine, 1996
Walsh et al, 1976

Kolts and McGuigan, 1977
Rosenzweig & Seidman, 1991
Domschke et al, 1978
Pontiroli et al, 1993

Holst et al, 1993

Deacon et al, 1995

Pezalla et al, 1978

McGregor et al, 1990
Ardaillou et al, 1970
Goltzman et al, 1986

Liotta et al, 1978
Schurmeyer et al, 1984
Sodoyez-Goffaux et al, 1988
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CHAPTER 2
CONSTRUCTION AND CHARACTERIZATION OF A HIGHLY REGULABLE
EXPRESSION VECTOR, pLAC11, AND ITS MULTIPURPOSE DERIVATIVES, pLAC22

AND pLAC33'

'Warren, J.W., J.R.Walker, J.R. Roth, and E. Altman. (2000). Plasmid 44:138-151.

Reprinted here with permission of publisher.
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Abstract

A number of different expression vectors have been developed to facilitate the regulated
overproduction of proteins in Escherichia coli and related bacteria. Some of the more popular
ones include pKK?223-3, pKK233-2, pTrc99A, and the pET family of expression vectors. These
vectors were designed to be regulable and can be grown under conditions that repress protein
production or under conditions that induce protein production. Unfortunately, however,
numerous researchers have found that these vectors produce significant amounts of protein even
when grown under repressed conditions. This study describes a new expression vector, pLACI11,
which was designed to be more regulable and thus more tightly repressible when grown under
repressed conditions. The tight regulation of pPLACI11 was achieved by utilizing the O3 auxiliary
operator, CAP binding site, promoter, and O1 operator that occur in the wild-type /ac control
region. The pLACI11 vector can be used to conduct physiologically relevant studies in which the
cloned gene is expressed at levels comparable to that obtainable from the chromosomal copy of
the gene in question. In experiments in which a bacterial cell contained both a null allele in the
chromosome and a second copy of the wild-type allele on pLACI11, it was observed that cells
grown under repressed conditions exhibited the null phenotype while cells grown under induced
conditions exhibited the wild-type phenotype. Two multipurpose derivatives of pLACI11,

pLAC22 and pLAC33, have also been constructed to fulfill different experimental needs.
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Introduction

Most of the routinely employed expression vectors rely on /ac control in order to
overproduce a gene of choice (Brosius, 1988; Balbas and Bolivar, 1990). With the wild-type lac
promoter/operator, induction ratios of up to 1000X have been observed between repressed versus
induced growth conditions (Beckwith and Zipser, 1970). The /ac promoter/operator functions as
it does due to the interplay of three main components (the wild-type lac control region is shown
in Figure 2.1; for general reviews, see Glass, 1982 and Miiller-Hill, 1996). First, the wild-type
lac —10 region (TATGTT) is very weak. c-AMP-activated CAP protein is able to bind to the
CAP site just upstream of the —35 region which stimulates binding of RNA polymerase to the
promoter. Repression of the /ac promoter is observed when glucose is the main carbon source
because very little c-AMP is present and thus low amounts of c-AMP-activated CAP protein are
available. When poor carbon sources such as lactose or glycerol are used, c-AMP levels rise,
large amounts of c-AMP-activated CAP protein become available, and thus induction of the /ac
promoter can occur. Second, Lac repressor binds to the /ac operator, which prevents
transcription of the lac operon. Lac repressor can be overcome by allolactose, which is a natural
by-product of lactose utilization in the cell or by the gratuitous inducer IPTG. Third, the /ac
operator can form stable loop structures which prevent the initiation of transcription due to the
interaction of the Lac repressor with the /ac operator (O1) and one of two auxiliary operators, O2
which is located downstream in the coding region of the /acZ gene or O3 which is located just
upstream of the CAP binding site.

While binding of Lac repressor to the /ac operator is the major effector of /ac regulation,
the other two components are not dispensable. Unfortunately, most of the routinely used /ac-

regulable vectors contain either mutations or deletions that alter the effect of the other two
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components. The pKK?223-3 (Brosius and Holy, 1984), pKK233-2 (Amann and Brosius, 1985),
pTrc99A (Amann et al., 1988), and pET family of vectors (Studier et al., 1990) contain only the
lac operator (O1) and lack both the CAP binding site and the O3 auxilliary operator. pKK?223-3,
pKK233-2, and pTrc99A use a trp-lac hybrid promoter that contains the #7p —35 region and the
lacUV5 —10 region which contains a strong TATAAT site instead of the weak TATGTT site.
The pET family of vectors uses the strong T7 promoter. Given this information, perhaps it is not
surprising that researchers have found it is not possible to tightly shut off genes that are cloned
into these vectors. The promoter/operator control regions utilized by these vectors are shown in
Figure 2.2.

The purpose of this study was to design a vector that would allow researchers to be able
to better regulate their cloned genes in order to conduct physiological experiments. The novel
expression vectors described here were designed utilizing the wild-type lac promoter/operator to
accomplish this purpose and include all of the /ac control region that is contained between the
start of the O3 auxiliary operator through the end of the O1 operator (Figure 2.1). As with all
lac-based vectors, expression from the pLAC11, pLAC22, and pLAC33 vectors that have been
constructed can be turned on or off by the presence or absence of the gratuitous inducer IPTG.

Materials and Methods

Media

Minimal M9 and rich Luria-Bertani media used in this study were prepared as described
by Miller (1972). The antibiotics ampicillin, kanamycin, streptomycin, and tetracycline were
used in rich media at final concentrations of 100, 40, 200 and 20 ug/mL, respectively. When
used in minimal media, tetracycline was added at a final concentration of 10 ug/mL. XGal was

added to media at a final concentration of 40 ug/mL, glucose was added to media at a final
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concentration of 0.2%, and unless otherwise noted IPTG was added to media at a final
concentration of 1 mM.
Bacterial strains and plasmids

The bacterial strains and plasmids that were used in this study are listed in Table 2.1. To
construct ALS225, ALS224 was mated with ALS216 and streptomycin-resistant, blue
recombinants were selected on a rich LB plate that contained streptomycin, XGal and IPTG. To
construct ALS226, ALS224 was mated with ALS217 and streptomycin-resistant, kanamycin-
resistant recombinants were selected on a rich LB plate that contained streptomycin and
kanamycin. To construct ALS515, ALS514 was mated with ALS216 and streptomycin-resistant,
blue recombinants were selected on a rich LB plate that contained streptomycin, XGal and IPTG.
To construct ALS527, ALS524 was mated with ALS224 and streptomycin-resistant,
tetracycline-resistant recombinants were selected on a rich LB plate that contained streptomycin
and tetracycline. To construct ALS533, a P1 lysate prepared from ALS213 was used to
transduce ALS224 and tetracycline-resistant transductants were selected. To construct ALS535,
ALS533 was mated with ALS498 and tetracycline-resistant recombinants were selected on a
minimal M9 glucose plate that contained tetracycline, leucine and thiamine (B;). To construct
ALS611, a P1 lysate prepared from ALS420 was used to transduce ALS410 and tetracycline-
resistant white transductants were selected on a rich LB plate that contained tetracycline, XGal
and IPTG. To construct ALS749, a P1 lysate prepared from ALS611 was used to transduce
ALS221 and tetracycline-resistant white transductants were selected on a rich LB plate that

contained tetracycline, XGal and IPTG.
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Construction of the pLACI1 1, pLAC22, and pLAC33 expression vectors

To construct pLACI11, primers 1 and 2 (Table 2.2) were used to PCR amplify a 953-bp
fragment from the plasmid pBH20, which contains the wild-type /ac operon. Primer 2
introduced two different base-pair mutations into the seven-base spacer region between the
Shine-Dalgarno site and the ATG start site of the lacZ gene that converted it from AACAGCT to
AAGATCT, thus placing a Bg/II site between the Shine-Dalgarno and the start codon of the /acZ
gene. The resulting fragment was gel isolated, digested with Ps¢I and EcoRI, and then ligated
into the 3613-bp fragment from the plasmid pBR322AAval (described below) that had been
digested with the same two restriction enzymes. To construct pBR322AA4val, pBR322 was
digested with Aval, filled in using Klenow, and then religated.

To construct pLAC22, a 1291-bp Ncol-EcoRI fragment was gel isolated from pLAC21
(described below) and ligated to a 4361-bp Ncol-EcoRI fragment that was gel isolated from
pBR322/Ncol (described below). To construct pLAC21, primers 2 and 3 (Table 2.2) were used
to PCR amplify a 1310-bp fragment from the plasmid pMS421 which contains the wild-type lac
operon as well as the lacI? repressor. The resulting fragment was gel isolated, digested with
EcoRl1, and then ligated into pBR322 that had also been digested with EcoRI. To construct
pBR322/Ncol, primers 4 and 5 (Table 2.2) were used to PCR amplify a 789-bp fragment from
the plasmid pBR322. The resulting fragment was gel isolated, digested with Ps¢l and EcoRI, and
then ligated into the 3609-bp fragment from the plasmid pBR322 that had been digested with the
same two restriction enzymes. The pBR322/Ncol vector also contains added Kpnl and Smal
sites in addition to the new Ncol site.

To construct pLAC33, a 2778-bp fragment was gel isolated from pLAC12 (described

below) that had been digested with BsaBI and Bsal and ligated to a 960-bp fragment from pUCS8
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that had been digested with Af/111, filled in with Klenow, and then digested with Bsal. To
construct pLAC12, a 1311-bp PstI-BamHI fragment was gel isolated from pLACI11 and ligated
to a 3232-bp PstI-BamHI fragment that was gel isolated from pBR322.
Compilation of the DNA sequences for the pLACI 1, pLAC22, and pLAC33 expression vectors

All of the DNA that is contained in the pLAC11, pLAC22, and pLAC33 vectors has been
sequenced. The sequence for the pLACI11 vector which is 4547-bp can be compiled as follows:
bp 1-15 is AGATCTTATGAATTC from primer 2 (Table 2.2); bp 16-1434 is bp 4-1422 from
pBR322 (Accession No. J01749); bp 1435-1442 is TCGGTCGG, caused by filling in the Aval
site in pPBR322AAval; bp 1443-4375 is bp 1427-4359 from pBR322 (Accession No. J01749); and
bp 4376-4547 is bp 1106-1277 from the wild-type Escherichia coli lac operon (Accession No.
J01636).

The sequence for the pLAC22 vector which is 5652-bp can be compiled as follows: bp 1-
15 is AGATCTTATGAATTC from primer 2 (Table 2.2); bp 16-4370 is bp 4-4358 from pBR322
(Accession No. J01749); bp 4371-4376 is CCATGG which is the Ncol site from pBR322/Ncol,
and bp 4377-5652 is bp 2-1277 from the wild-type E. coli lac operon (Accession No. J01636),
except that bp 4391 of the pLAC22 sequence or bp 16 from the wild-type E. coli lac operon
sequence has been changed from a C to a T to reflect the presence of the lac/® mutation (Calos,
1978).

The sequence for the pLAC33 vector which is 3742-bp can be compiled as follows: bp 1-
15 is AGATCTTATGAATTC from primer 2 (Table 2.2); bp 16-1684 is bp 4-1672 from pBR322
(Accession No. J01749); bp 1685-2638 is bp 786-1739 from pUCS8 (Accession No. L09132); bp
2639-3570 is bp 3428-4359 from pBR322 (Accession No. J01749); and bp 3571-3742 is bp

1106-1277 from the wild-type E. coli lac operon (Accession No. J01636). In the maps for these
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vectors the ori is identified as per Balbas et al. (1986), while the lacPO is indicated starting with
the O3 auxiliary operator and ending with the O1 operator as per Miiller-Hill (1996).
Construction of the pLACI11-, pLAC22-, pLAC33-, pKK223-3-, pKK233-2-, pTrc994-, and pET-
21(+)-lacZ plasmids

To construct pLACI11-lacZ, pLAC22-lacZ, and pLAC33-lacZ, primers 6 and 7 (Table
2.2) were used to PCR amplify a 3116-bp fragment from the plasmid pTer7 which contains the
wild-type lacZ gene. The resulting fragment was gel isolated, digested with Bg/II and HindIII,
and then ligated into the pLAC11, pLAC22, or pLAC33 vectors which had been digested with
the same two restriction enzymes. To construct pKK223-3-lacZ and pKK233-2-/lacZ, primers 8
and 9 (Table 2.2) were used to PCR amplify a 3138-bp fragment from the plasmid pTer7. The
resulting fragment was gel isolated, digested with PstI and HindIll, and then ligated into the
pKK223-2 or pKK233-2 vectors which had been digested with the same two restriction enzymes.
To construct pTrc99A-lacZ and pET-21(+)-lacZ, primers 9 and 10 (see Table 2.2) were used to
PCR amplify a 3138-bp fragment from the plasmid pTer7. The resulting fragment was gel
isolated, digested with BamHI and HindlIll, and then ligated into the pTrc99A or pET-21(+)
vectors which had been digested with the same two restriction enzymes.
Construction of the pLACI 1-recA and -xylE plasmids

To construct pLACI11-recd, primers 11 and 12 (Table 2.2) were used to PCR amplify a
1086-bp fragment from the plasmid pGE226, which contains the wild-type rec4 gene. The
resulting fragment was gel isolated, digested with Bg/Il and Hindlll, and then ligated into the
pLACI11 vector that had been digested with the same two restriction enzymes. To construct
pKK223-3-recA and pKK233-2-recA, primers 13 and 14 (Table 2.2) were used to PCR amplify a

1104-bp fragment from the plasmid pGE226. The resulting fragment was gel isolated, digested
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with HindlIll, and then ligated into either the pKK223-3 or pKK233-2 vector, which had been
digested with HindIII and dephosphorylated with alkaline phosphatase. To construct pLAC11-
xylE, primers 15 and 16 (Table 2.2) were used to PCR amplify a 980-bp fragment from the
plasmid pXE60 which contains the wild-type Pseudomonas putida xylE gene isolated from the
TOL pWWO plasmid. The resulting fragment was gel isolated, digested with Bg/Il and EcoRI,
and then ligated into the pLAC11 vector that had been digested with the same two restriction
enzymes.
B-Galactosidase and catechol 2,3-dioxygenase assays

B-Galactosidase (LacZ) assays were performed as described by Miller (1972), while
catechol 2,3-dioxygenase (XylE) assays were performed as described by Zukowski et al. (1983).
P1 transduction assay

Overnight cultures were prepared from each of the strains to be tested using either rich
medium to which glucose was added at a final concentration of 0.2% (repressed conditions) or
rich medium to which IPTG was added at a final concentration of 1 mM (induced conditions).
The overnights were diluted 1:10 into the same medium that contained calcium chloride added to
a final concentration of 10 mM and aerated for 2 h to render them competent for transduction
with P1 phage. A 0.1 mL volume of cells at an ODssy of 1.0 was transduced with either 0.1 mL
of P1 lysate that had been adjusted to yield a maximal number of tranductants or 0.1 mL of a 10~
dilution of the lysate. After a 25-min incubation at 37°C, 0.2 mL of 0.1 M sodium citrate was
added to the cell/phage mixtures and 0.2 mL of the final mixtures was plated onto rich
kanamycin plates and incubated overnight at 37°C. The total number of kanamycin-resistant
colonies was then counted. As reported in Table 2.4, ALS225 recA" data points were taken from

the transductions which used the 107 diluted phage, while ALS225 recA” data points were taken
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from the transductions which used the concentrated phage. The data points for ALS515 recA”
strains containing a recA” plasmid were taken from transductions that used the concentrated
phage when cells were grown under repressed conditions and transductions that used the 10
diluted phage when cells were grown under induced conditions.
Chemicals and reagents

When amplified DNA was used to construct the plasmids that were generated in the
study, the PCR was carried out using native Pfu polymerase from Stratagene (La Jolla, CA,
USA). 5-bromo-4-chloro-3-indolyl-f-D-galactopyranoside (XGal) and isopropyl -D-
thiogalactoside (IPTG) were purchased from Diagnostic Chemicals Limited (Prince Edward
Island, Canada).
Results
Construction and features of pLACI1, pLAC22, and pLAC33

The construction of pLAC11, pLAC22, and pLAC33 is described under Materials and
Methods and plasmid maps which indicate the unique restriction sites, drug resistances, origins
of replication, and other relevant regions that are contained in these vectors are shown in Figure
2.3. Sequences of these three vectors can be compiled as described under Materials and
Methods. pLACI11 utilizes the ColE1 origin of replication from pBR322 and Lac repressor is
provided in trans from either an episome or another compatible plasmid. pLAC22 is very
similar to pLAC11; however, it also contains lacI? and thus a source of Lac repressor does not
have to be provided in trans. pLAC33 is a derivative of pLAC11 which utilizes the mutated
ColE1 origin of replication from pUCS8 (Lin-Chao et al., 1992) and thus the pLAC33 copy
number is significantly higher than pLAC11 and is comparable to that of other pUC vectors.

Because the cloning regions of these three vectors are identical, cloned genes can be easily
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shuffled between the three vectors depending on the expression demands of the experiment in
question.

To clone into pLAC11, pLAC22, or pLAC33, PCR amplification is performed with
primers that are designed to introduce unique restriction sites just upstream and downstream of
the gene of interest (Figure 2.4). Usually a Bg/II site is introduced immediately in front of the
ATG start codon and an EcoRI site is introduced immediately following the stop codon. After
amplification, the dsDNA is restricted with the same two enzymes. If the gene of interest
contains a Bgl/lI site, then BamHI or Bcll can be used instead since they generate overhangs
which are compatible with Bg/II. If the gene of interest contains an EcoRI site, then a site
downstream of EcoRI in the vector (such as HindIII) can be substituted. As shown in Figure 2.4,
an additional six bases was included at both ends of the oligonucleotide in order to ensure that
complete digestion occurs.

Comparison of pLACI 1, pLAC22, and pLAC33 to other expression vectors

In order to demonstrate how regulable the pLACI11, pLAC22, and pLAC33 expression
vectors were, the wild-type lacZ gene was cloned into pLACI11, pLAC22, pLAC33, pKK223-3,
pKK233-2, pTrc99A, and pET-21(+). Constructs that required an extraneous source of Lacl for
their repression were transformed into strain ALS226, while constructs that contained a source of
Lacl on the vector were transformed into strain ALS224. pET-21(+) constructs were
transformed into strain ALS749 because they require T7 RNA polymerase for their expression.
Four independent /acZ clones were chosen from each vector. The plasmids pLysE and pLysS
which make T7 lysozyme and thus lower the amount of available T7 polymerase were also
transformed into each of the four pET-21(+)-lacZ clones. LB + ampicillin overnights were

diluted 1:200 in either LB + ampicillin + glucose medium (repressed conditions) or LB +
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ampicillin + IPTG medium (induced conditions) and grown until they reached mid-log (ODsso =
0.5). Cell extracts were prepared and f-galactosidase assays were performed as per Miller
(1972). Table 2.3 shows the results of these studies and also lists the induction ratio that was
determined for each of the expression vectors. As the data clearly indicate, pLACI11 is the most
regulable of these expression vectors and its induction ratio is close to that which can be
achieved with the wild-type /ac operon. The vector that yielded the lowest level of expression
under repressed conditions was pLAC11, while the vector that yielded the highest level of
expression under induced conditions was pLAC33.
Demonstrating that pLACI11 constructs can be tightly regulated

To further demonstrate the utility of pPLACI11 for physiological experiments, the recA4
gene was cloned into the pLACI11, pKK223-3, and pKK233-2 vectors and transformed into cells
that contained a null rec4 allele in the chromosome. The pKK223-3 and pKK233-2 vectors were
chosen as controls because aside from pLACI11, they were the most tightly regulable of all the
vectors that were examined in the experiments with /acZ shown in Table 2.2. As the data in
Table 2.4 clearly show, recombination cannot occur in a host strain which contains a
nonfunctional RecA protein and thus P1 lysates which provide a Tn10dKan transposon cannot be
used to transduce the strain to kanamycin resistance at a high frequency. A recA strain which
also contains the pLAC11-recA construct can be transduced to kanamycin resistance at a high
frequency when grown under induced conditions but cannot be transduced to kanamycin
resistance when grown under repressed conditions. This is not the case for the pKK223-3-rec4
and pKK233-2-recA constructs as a significant number of transductants above background can

be obtained under repressed conditions.
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pLACI11 was designed to provide researchers with an expression vector that could be
utilized to conduct physiological experiments in which a cloned gene is studied under completely
repressed conditions where it is off or partially induced conditions where it is expressed at
physiologically relevant levels. Figure 2.5 demonstrates how a pLAC11-lacZ construct can be
utilized to mimic chromosomally expressed lacZ that occurs under various physiological
conditions by varying the amount of IPTG inducer added.
Testing various sources of Lacl for trans repression of pLACI 1

Because pLAC11 was designed to be used with an extraneous source of Lac repressor,
different episomal or plasmid sources of Lacl that are routinely employed by researchers were
tested. Since one of the Lacl sources also contained the /acZ gene, a reporter construct other
than pLAC11-lacZ was required and thus a pLAC11-xy/E construct was engineered. Table 2.5
shows the results of this study. All of the Lacl sources that were tested proved to be adequate to
repress expression from pLACI11; however, some were better than others. The basal level of
expression that was observed with F's which provided lacI?’ or with the plasmid pMS421 which
provided lacl® at approximately six copies per cell was lower than the basal level of expression
that was observed with F's which provided lac/€ all three times that the assay was performed.
Unfortunately, however, the xyIE gene could not be induced as high when lacI?’ on an F' or lacI?
on a plasmid was used as the source of Lac repressor.
Discussion

Most of the routinely employed expression vectors rely on elements of the /ac control
region for their regulation. While these vectors allow for the overexpression of the gene product
of interest, they are leaky due to changes that have been introduced into the /ac control region

and gene expression cannot be completely turned off under repressed conditions. Numerous
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researchers have noticed this problem with the more popular expression vectors pKK223-3
(Postai et al, 1986; Scrutton et al, 1987), pKK233-2 (Beremand et al, 1987; Ooki et al, 1994),
and pTrc99A (Ranie et al, 1993; Ghosh and Singh, 1997), as well as the pET series (Eren and
Swenson, 1989; Godson, 1991). Described here is a new vector, pLAC11, which relies on the
wild-type lac control region from the auxiliary /ac O3 operator through the lac O1 operator and
thus can be more tightly regulated than the other available expression vectors. In direct
comparison studies with pKK223-3, pKK233-2, pTrc99A, and pET-21(+), it was found that the
lowest level of expression under repressed conditions was achievable with the pLACI11
expression vector. Under fully induced conditions, pLACI11 expressed LacZ protein at levels
that were comparable to what could be achieved with the other expression vectors.

Induction ratios of 1000X have been observed with the wild-type lac operon. Of all the
expression vectors that were tested, only pLAC11 yielded induction ratios that were comparable
to what has been observed with the wild-type lac operon. It should be noted that the regulation
achievable by pLACI11 is actually better than the data indicated in Table 2.3. Because lacZ was
used in this test, the auxiliary /ac O2 operator that resides in the coding region of the lacZ gene
was provided to the pKK223-3, pKK233-2, pTrc99A, and pET-21(+) vectors which do not
normally contain either the O2 or O3 auxiliary operators. Thus the repressed states that were
observed in the study in Table 2.3 are lower than what is normally obtainable with the pKK223-
3, pKK233-2, pTrc99A, and pET-21(+) vectors. The studies with RecA in Table 2.4
demonstrate this as RecA protein expression could only be completely shut off under repressed
conditions using pLACI11. Significant expression of the RecA protein occurred in the pKK223-3

and pKK233-2 vectors under repressed conditions.
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To meet the expression needs required under different experimental circumstances, two
additional expression vectors that are derivatives of pLAC11 were designed and constructed.
pLAC22 provides lacI® on the vector and thus, unlike pLAC11, does not require an extraneous
source of Lacl for its repression. pLAC33 contains the mutated ColE1 replicon from pUC8 and
thus allows proteins to be expressed at much higher levels due to the increase in the copy number
of the vector. Of all the expression vectors that were evaluated in direct comparison studies, the
highest level of protein expression under fully induced conditions was achieved using the
pLAC33 vector. Because the cloning regions are identical in pLAC11, pLAC22, and pLAC33,
genes that are cloned into one of these vectors can be subcloned into one of the other two vectors
depending on experimental circumstances. For physiological studies, pLACI11 is the best suited
of the three vectors. If however, the bacterial strain of choice cannot be modified to introduce
elevated levels of Lac repressor protein that can be achieved by F's or compatible plasmids that
provide lacI® or lacI?’, the pLAC22 vector can be utilized. If maximal overexpression of a gene
product is the goal, then the pLAC33 vector should be utilized.

Numerous experiments call for expression of a cloned gene product at physiological
levels, i.e., at expression levels that are equivalent to the expression levels observed for the
chromosomal copy of the gene. While this is not easily achievable with any of the commonly
utilized expression vectors, these kinds of experiments can be done with the pLAC11 expression
vector. By varying the IPTG concentrations, expression from the pLAC11 vector can be
adjusted to match the expression levels that occur under different physiological conditions for
the chromosomal copy of the gene.

Because the use of Lac repressor is an essential component of any expression vector that

utilizes the lac operon for its regulation, the ability of different sources of Lacl to repress the
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pLAC11 vector was also investigated. Researchers have historically utilized either lac/?
constructs that make 10-fold more Lac repressor than wild-type lacl, or lacI°! constructs that
make 100-fold more Lac repressor than wild-type lac/ (Miiller-Hill, 1975). It was found that the
greatest level of repression of pLAC11 constructs could be achieved using F's that provided
approximately one copy of the lacI®’ gene or a multicopy compatible plasmid that provided
approximately six copies of the lacI® gene. However, the induction that was achievable using
these Lacl sources was significantly lower than the induction that could be achieved when F's
that provided approximately one copy of the lacI? gene were used to repress the pLAC11
constructs. Thus if physiological studies are the goal of an investigation, then F's that provide
approximately one copy of the lacI®’ gene or a multicopy compatible plasmid that provides
approximately six copies of the lacI® gene should be used to regulate the pLAC11 vector.
However, if maximal expression is desired, then F's that provide approximately one copy of the
lacI® gene should be utilized. Alternatively, if a bacterial strain can tolerate prolonged
overexpression of an expressed gene and overexpression of a gene product is the desired goal,
then maximal expression under induced conditions is obtained when a bacterial strain lacks any

source of Lac repressor.
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lacl
stop

GGCAGTGAGCGCMCGCMT'ﬂMTGTGAGTTAGCTCACTCALTTAGGCACCCCAGG CTTTACACTTTA
(OX) CAP -35

lacZ
+1 SD start

TGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATG
-10 Ol

Figure 2.1  Control region of the wild-type lac operon. The region from the O3 auxiliary
operator through the translational start of the /acZ gene is shown. DNA binding sites are
indicated below the DNA sequence while important RNA sites are shown above the DNA

sequence. The Shine-Dalgarno ribosome binding site for /acZ is indicated by SD.
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pKK223-3 .
+
TTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATT
-35 tac promoter -10 (0]
pKK233-2
+1
TTGACAATTAATCATCCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATT
-35 trc promoter -10 Ol
pTrc99A .
J’_
TTGACAATTAATCATCCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATT
-35 trc promoter -10 Ol
pET-21(+)

+1
TAATACGACTCAC TATP4GGGGAATTGTGAGCGGATAACAATT

T7 promoter (0]}
Figure 2.2  Control regions of routinely employed expression vectors. The region from
the promoter through the /ac O1 operator for the pKK223-3, pKK233-2, pTrc99A, and pET-
21(+) vectors is shown. DNA binding sites are indicated below the DNA sequence while
important RNA sites are shown above the DNA sequence. The pET-21(+) control region is
typical of the control region that is found in other pET expression vectors. Note that the
pKK223-3, pKK233-2, pTrc99A, and pET-21(+) expression vectors do not contain a CAP

binding site and lack an auxiliary /ac operator.
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Pvu 13749
Pst 13623 ag 1951

pLACI11
4547 bp

Bspl2015011 BamH I 387
Apals011 SgrA 1421
BStE I1 4985 spH 1574
Bel 14818 ph 715527441 .
sp
Milu 14804 coN 1 634
Acc 1663
Nco 14371 al 1663
Aat 114296 pLAC22 ) pLAC33 shA 1724
5652 bp Aval 1437 3742 bp Eag 1951
Ssp 14180
P \\Msc 11456 Nru 1984
BspM 11 1676 Bsa I 2644 BspM 1 1075
Sca 13856 BspE 11676 Ahd 2572
Pvu 13745 saB 1 1680
Pst 13619
) N\ Tth1 1112229 »;sml 1365
Bsa 13445 BsaA 12237 HgiE 11 2265 ty 11381
Ahd 13373 Aval 1437
Xeal2256 Msc I 1456
Snal 2256

Bsg 11662
BspM II 1676
spE 11676

de 12307
ap 12362
Drd 11786

Figure 2.3  Map of plasmids pLAC11, pLAC22, and pLAC33. The unique restriction sites
and the base pair at which they cut are indicated. Key sites of interest on these plasmids are also
shown: pLACI11; Tet (98-1288), Rop (1931-2122), ori (2551-3138), Amp (3309-4169), and

lacPO (4424-4536), pLAC22; Tet (98-1288), Rop (1927-2118), ori (2547-3134), Amp (3305-

4165), lacl® (4452-5536), and lacPO (5529-5641), pLAC33; Tet (98-1288), ori (1746-2333),

Amp (2504-3364), and lacPO (3619-3731).
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AGATCT|ATG -GeneX - TAA[GAATTC]|

Bglll EcoR1

6 extra bases are included so that Bg/II will digest efficiently

Bglll
XXXXXXAGATCT |ATG XXXXXXXXXXXXXXXXX Primer#1 —Pp»
5' ATGXXXXXXXXXXXXXXXXX ceccccecccncn XXXXXXXXXXXXXXXXX TAA 3
Coding sequence for GeneX (dsDNA is shown)
3" TACXXXXXXXXXXXXXXXXX eccceccccccns XXXXXXXXXXXXXXXXXATT 5'
— Primer #2 XXXXXXXXXXXXXXXXX ATTCTTAAGXXXXXX

EcoRI

6 extra bases are included so that EcoRI will digest efficiently

The end result is a gene which is regulated by the wild-type lac promoter/operator

lacPO—|AGGANAGATCT, ATG - GeneX - TAA GAATTC
SD 7 bp

spacer
Figure 2.4  Cloning into pLAC11, pLAC22, or pLAC33. This figure shows how the
coding region of interest can be PCR amplified, cloned into pLAC11, pLAC22, or pLAC33, and

placed under /ac control.
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Figure 2.5  Response of the pLAC11-lacZ construct to varying amounts of IPTG.
ALS226 cells containing pLAC11-lacZ were grown to mid-log in rich media that contained
varying amounts of IPTG and then [-galactosidase activity was assayed. These data points are
indicated by open circles. Also indicated in the graph are the average f-galactosidase activities
obtained for strains with a single chromosomal copy of the wild-type /acZ gene that were grown
under different conditions. A filled square indicates the $-galactosidase activity that was
obtained when MG1655 or CSH27 cells were grown in rich media induced with 1 mM IPTG,
while a filled diamond indicates the -galactosidase activity that was obtained when MG1655 or

CSH27 cells were grown in M9 minimal lactose media.
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Bacterial strains and plasmids used in this work
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Bacterial strains (E. coli)

Laboratory Original Genotype Reference or
name name source
ALS213 K5096 proAB::Tnl0 Miller and
Friedman, 1980
ALS216 SE9100 araD139 A(lac)U169 thi f1bB5301 deoC7 Altman et al., 1990
ptsF25 rpsE / F'lacIQI Ztyt At
ALS217 SE9100.1  araD139 A(lac)U169 thi f1bB5301 deoC7 S. Emr
ptsF25 rpsk | F' lalel Z::Tn5 Y+ A+
ALS221 BL21(DE3) ompT hsdS(b) (R-M-) gal dem (DE3) Studier and
Moffatt, 1986
ALS224 MC1061 araD139 A(araABOIC-leu)7679 A(lac)X74 Casadaban and
galU galK rpsL hsr- hsm+ Cohen, 1980
ALS225 MC1061 / Flacl® Z+ v+ 4T This work
ALS226 MC1061 / Flacl® Z::Tn5 ¥+ AT This work
ALS269 CSH27 F-trpA33 thi Miller, 1972
ALS410 CSHI1 F- trp lacZ rpsL thi Miller, 1972
ALS413 MG1655 E. coli wild-type F- 1- Guyer et al., 1980
ALS420 RS1071 leuB6 fhuA2 zah-281::Tn10 glnV44(AS) gal-6 R. Simons
lambda- trp-31 hisG1(Fs) argG6 rpsL104
malTI(lambda res) xylA7 mtlA2 metB1
ALS498  JMI01 supE thi A(lac-proAB) | F' traD36 proA*B* Yanisch-Perron,
lacIQ A(lacZ)M15 1985
ALS514  NMS554 MC1061 recAl3 Raleigh et al., 1988
ALSS515 MC1061 recA13 | Flacl” Z+ v+ 4" This work
ALSS524 XL1-Blue  recAl endAl gyrA96 thi-1 hsdR17 supE44 Stratagene
relAl lac /| F' proAB lacIQ A(lacZ)M15 Tnl0
ALS527 MC1061 / F' prodB lacl® A(lacZ)M15 Tnlo ~ This work
ALS533 MC1061 proAB::Tnl0 This work
ALS535 MC1061 prodB:Tnl10 / Flacl® Adacz)mi15 ~ This work
proA+B+
ALS598 CAGI18615 zjb-3179::Tn10dKan lambda- rph-1 Singer et al., 1989
ALS611 CSH1 zah-281::Tn10 This work
ALS749 BL21(DE3) lacZ zah-281::Tn10 This work
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Table 2.1b  Bacterial strains and plasmids used in this work
Plasmids
Plasmid Relevant characteristics Reference or
name source
pBH20 wild-type lac promoter / operator, AmpR, TetR, ColE1 replicon Ilt;kura etal,
77
pBR322 AmpR, TetR, ColE1 replicon ?9olivar etal,
77
PET-21(+)  T7 promoter / lac operator, lac, AmpR, ColE1 replicon Novagen
pGE226 wild-type recA gene, AmpR Weisemann and
Weinstock, 1985
R .
pPKK223-3  44¢ promoter / operator, Amp , ColE1 replicon Brosius and
Holly, 1984
R
PKK233-2  4y¢ promoter / operator, Amp , ColE1 replicon Amann and
Brosius, 1985
R .
pLysE T7 lysozyme, Cam , P15A replicon Studier, 1991
pLysS T7 lysozyme, CamR, P15A replicon Studier, 1991
pPMS421  wild-type lac promoter / operator, lacl® , StrepR, SpecR, sclo1 Granaetal.,
replicon 1988
R
pTer7 wild-type lacZ coding region, Amp R. Young
PTrc99A  4y¢ promoter / operator, lac[Q, AmpR, ColE1 replicon Amann et al.,
1988
pUC8 lac promoter / operator, AmpR, ColE1 replicon Vieira and
Messing, 1982
R .
pXE60 wild-type TOL pWWO xy/E gene, Amp J. Westpheling




Table 2.2

construction of the various plasmids described in this study
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Primers employed to PCR amplify DNA fragments that were used in the

pLACI11 and pLAC22

1 (for) GIT GCC _ATT
2 (rev) ATT GAA TTC
3 (for) ATT GAA TTC
pBR322/Ncol

4 (for) GTT GTT GCC
5 (rev) TGT ATG AAT
Bglll - lacZ - HindIll

6 (for) TAC TAT AGA
7 (rev) TAC ATA AAG
Pstl - lacZ - HindIll

8 (for) TAT CAT CTG
9 (rev) TAC ATA CTC

TCT
CTT

CAG
GAG

ATC CGC

TGG

GGG _CCT_C

AGG
CAG

GaA

CAG
AGC

BamH]1 - lacZ - HindlIlI (also uses primer #9)
AGG AAA CAG

10 (for) TAT CAT GGA
Bglll - recA - HindIll
11 (for) TAC TAT

12 (rev) ATA TAT

AGA
AAG

Hind 11 - recA - HindIll
13 (for) TAC TAT
14 (rev) ATA TAT

AAG
CcC

BamH]1 - xylE - EcoRI
15 (for) TAC TAT
16 (rev) ATT AGT

AGA
GAA

TCC

TCT
CTT

CTT
GGG

TCT
TTC

CGG ATT CAC TG

The regions of the primers that are homologous to the DNA target template are indicated with a

dotted underline, while the relevant restriction sites are indicated with a solid underline. All

primers are listed in the 5' to 3' orientation.
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Table 2.3 B-Galactosidase levels obtained in different expression vectors grown under

either repressed or induced conditions

Host Vector Source No. of Miller units observed Fold

strain of Lacl Repressed conditions Induced conditions induction
ALS224 none none 3 6 ---
ALS226 none F' 4 7 -
ALS226 pLACI1 F' 19 11209 590X
ALS224 pLAC22 plasmid 152 13315 88X
ALS226 pLAC33 F' 322 23443 73X
ALS226 pKK223-3 F' 92 11037 120X
ALS226 pKK233-2 F' 85 10371 122X
ALS224  pTrc99A plasmid 261 21381 82X
ALS749 none none 3 4 -
ALS749 pET-21(+) plasmid 2929 16803 6X
ALS749 pET-21(+) /pLysE  plasmid 4085 19558 5X
ALS749 pET-21(+) /pLysS plasmid 1598 20268 13X

The average values obtained for the four clones that were tested from each vector in two
different experiments are listed in the table. Standard deviation is not shown but was less than
5% in each case. Induction ratios are expressed as the ratio of enzymatic activity observed at
fully induced conditions versus fully repressed conditions. Because pLysE yielded unexpected
results, we restriction mapped both of the pLysE and pLysS plasmids to make sure that they

were correct.
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Table 2.4 The phenotype of a recA null mutant strain can be preserved with a

pLAC11-recA (wild-type) construct under repressed conditions

Repressed Conditions Induced Conditions
Strain Number of Kan" Number of Kan"
Transductants Transductants

ALS225 (recA™) 178,000 182,000
ALS515 (recd”) 5 4

ALSS515 (recA~ pLAC11-recA) 4 174,000
ALSS515 (recA™ pKK223-3-recA) 146 179,000
ALSS515 (recA” pKK233-2-recA) 143 158,000

The data presented in the table are the number of kanamycin resistant (KanR) transductants that
were obtained from the different isogenic strains when they were transduced with a P1 lysate
prepared from strain ALS598 which harbored a Tn10dKan transposon insertion. Cells were
grown in rich media under either repressed or induced conditions, transduced with equal amounts
of the P1 lysate, plated onto LB + kanamycin plates and incubated overnight at 37°C as
described in the Materials and Methods section. The total number of kanamycin resistant

colonies were then counted.
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Table 2.5 Catechol 2,3-dioxygenase levels obtained for a pLAC11-xy/E construct when

Lac repressor is provided by various sources

Catechol 2,3-dioxygenase activity
in milliunits/mg

Host Plasmid Repressed conditions  Induced conditions

strain  present Source of Lacl (rich glucose) (rich IPTG)
ALS224 No none 0.2 0.2
ALS224 Yes none 32.7 432.8
ALS535  Yes  Fiacl’ AflacZ)MI5 proA+B+ Tnl0 0.3 204.4
ALS527  Yes  Fiacl’ AflacZ)MI5 proA+B+ 0.3 2433
ALS227 Yes  pMS421 Zac[Q 0.2 90.9
ALS225  Yes  Flacl’ 7V Y* AT 0.2 107.4
ALS226  Yes  Flacl’ Z:TnS Y™ AT 0.2 85.1

The pLAC11-xylE construct was transformed into each of the MC1061 derivative strains listed
in the table. ALS224, the parental MC1061 strain, without the pLAC11-xy/E construct served as
a control. Rich overnights were diluted 1:200 in either rich glucose or rich IPTG media and
grown until they reached mid-log (OD.,, = 0.5). Cell extracts were then prepared and catechol
2,3-dioxygenase assays were performed as described by Zukowski et al., 1983. The average
values obtained in three different experiments are listed in the table. Standard deviation is not
shown but was less than 10% in each case. It should be noted that some repression is achieved in
ALS224 pLACI11-xylE under repressed conditions, because the addition of glucose prevents the

accumulation of high levels of c-AMP.



CHAPTER 3

USING PROTEIN-BASED MOTIFS TO STABILIZE PEPTIDES'

'The research presented in this chapter was published in Walker, J.R., R.K. Altman, J.W.

Warren, and E. Altman. (2003). J Peptide Res 62:214-226.
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Abstract

While the use of synthetically derived novel bioactive peptides as a source of new therapeutics
for medicine remains incredibly promising, there is a major problem with implementing this
technology, since many synthetic peptides have proven to be unstable and are degraded by
peptidases in the host cell. This study investigated whether randomized inhibitor peptides can be
stabilized via fusion to the highly stable Rop protein in order to prevent the action of peptidases.
Using an in vivo genetic approach developed to screen for synthetic peptides that can inhibit the
growth of Escherichia coli, it was found that protecting the amino or carboxyl terminus of the
peptides via fusion to the Rop protein dramatically increased the frequency at which potent

inhibitor peptides could be isolated.
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Introduction

Over the past several years there has been an increasing interest in using novel synthetic
peptides as a means to generate new therapeutic agents for the pharmaceutical industry (Eichler
et al., 1995; Lam, 1997; Lowman, 1997). The premise behind this new area of research stems
from what has been learned from studying naturally occurring peptides which possess biological
activities. These bioactive peptides for the large part appear to act by binding to a specific
protein target (Siddle and Hutton, 1990) and in many cases it has been shown that the peptides
inactivate the protein target with incredible specificity. Binding constants for the naturally
occurring bioactive peptides that have been studied tend to be in the nM range (Rivier and
Marshall, 1990; Smith and Rivier, 1992) with binding constants as high as 10"*M having been
reported (Bozou et al., 1986; Le-Nguyen et al., 1990).

Two major strategies have been employed by researchers that have been trying to
engineer novel synthetic peptides. The first involves the use of chemically synthesized
combinatorial peptide libraries of up to 10 amino acids in length (Eichler et al., 1995; Lam,
1997; Lebl and Krchnak, 1997). The second strategy involves the use of fusion phage libraries
where randomly encoded peptides, which can be much longer in length, are fused to a coat
protein of a filamentous phage that allows the randomized peptide to be displayed on the outside
surface of the phage (Smith and Scott, 1993; Lowman, 1997). The libraries that are generated
via either chemical synthesis or as fusion phage are then usually mixed with a matrix-bound
protein target and peptides which can bind tightly to the protein target are selected. New
peptides are generated, either based on individual peptide sequence data or collective consensus

data from multiple peptides, and tested for their inhibitory potential. Peptides are initially tested
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in vitro by measuring their ability to inhibit the enzymatic activity of the protein target and then
promising peptides are tested further in clinical trials.

Although there is enormous potential for the development of synthetic inhibitor peptides
using the approaches described above, this technology has not become a mainstay in the
pharmaceutical industry due to the problem of peptide stability and the unwanted degradation of
the potential peptide drug by peptidases in the host cells (Lauta, 2000). Approaches to solve this
problem have included acetylating the amino terminus of the peptide, amidating the carboxyl
terminus of the peptide, the use of D-amino acids or modified amino acids as opposed to the
naturally occurring L-amino acids, cyclized peptides, as well as the development of enhanced
delivery systems which protect the peptides from premature degradation (Sanders, 1990; Pinilla
et al., 1995; Hruby and Balse, 2000). The purpose of this study was to investigate whether
modifying peptides through the use of protein-based stabilizing motifs could circumvent the
problem of peptide degradation.

There are three major classes of peptidases that can degrade peptides, the amino and
carboxy exopeptidases which act at either the amino or the carboxyl terminus of the peptide,
respectively, and the endopeptidases which act on the internal peptide. Aminopeptidases,
carboxypeptidases, and endopeptidases have been identified in both prokaryotic and eukaryotic
cells, and where they have been extensively characterized, most of these peptidases have been
found to function similarly in all cell types (Rawlings and Barrett, 1993). Interestingly, when the
abundance of exopeptidases has been examined in either prokaryotic or eukaryotic systems,
more aminopeptidases have been identified than carboxypeptidases (Ryan, 1989; Bai and

Amidon, 1992; Brownlees and Williams, 1993; Bai et al., 1995; Miller, 1996).



63

In previous work an in vivo genetic approach was developed by which novel bioactive
peptides that inhibit the growth of Escherichia coli can be isolated and identified. In the initial
study, two potential protein-based stabilizing motifs were discovered that could increase the
stability of peptides (Walker ef al., 2001). The first motif involved the use of a small stable
protein anchor while the second motif involved the use of proline residues which have been
argued by numerous researchers to be more resistant to degradation by peptidases (Walter et al.,
1980; Yaron and Naider, 1993; Vanhoof ef al., 1995; Cunningham and O'Connor, 1997). In this
study, the in vivo system was utilized to investigate whether these protein-based stabilizing
motifs can be used to more effectively create inhibitor peptides.

Materials and Methods

Bacterial strains and plasmids

ALS225 which is MC1061/F'lacI?' Z+Y+A+ was the E. coli strain used in this study.
The genotype for MC1061 is araD139 A(araABOIC-leu)7679 A(lac)X74 galU galK rpsL hsr-
hsm+ (Casadaban and Cohen, 1980). The highly regulable pLAC11 expression vector was used
to make the p-Rop(C) and p(N)Rop- fusion vectors (Warren et al., 2000).
Media for the in vivo studies

Rich Luria-Bertani and minimal M9 media were prepared as described by Miller (1972).
Ampicillin was used in rich media at a final concentration of 100 ug/mL and in minimal media at
a final concentration of 50 ug/mL. IPTG was added to media at a final concentration of 1 mM.
Construction of the p-Rop(C) fusion vector

The forward primer 5' TAC TAT AGA TCT ATG ACC AAA CAG GAA AAA ACC
GCC 3'and the reverse primer 5' TAT ACG TAT TCA GTT GCT CAC ATG TTC TTT CCT

GCG 3' were used to PCR amplify a 558-bp DNA fragment using pBR322 as a template. This
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fragment contained a Bg/II restriction site which was incorporated into the forward primer
followed by an ATG start codon and the Rop coding region. The fragment extended beyond the
Rop stop codon through the Af/I1I restriction site in pPBR322. The amplified dsSDNA was gel
isolated, restricted with Bg/Il and Af111, and then ligated into the pLAC11 expression vector
which had been digested with the same two restriction enzymes. The resulting p-Rop(C) fusion
vector is 2623 bp in size.
Construction of the p(N)Rop- fusion vector

The forward primer 5' AAT TCA TAC TAT AGA TCT ATG ACC AAA CAG GAA
AAA ACC GC 3' and the reverse primer 5' TAT ATA ATA CAT GTC AGA ATT CGA GGT
TTT CAC CGT CAT CAC 3' were used to PCR amplify a 201-bp DNA fragment using pBR322
as a template. This fragment contained a Bg/II restriction site which was incorporated into the
forward primer followed by an ATG start codon and the Rop coding region. The reverse primer
placed an EcoRI restriction site just before the Rop TGA stop codon and an Af/1II restriction site
immediately after the Rop TGA stop codon. The amplified dsDNA was gel isolated, restricted
with Bg/II and AfII11, and then ligated into the pLACI11 expression vector which had been
digested with the same two restriction enzymes. The resulting p(N)Rop- fusion vector is 2262
bp in size.
Generating the randomized peptide libraries

All of the peptide libraries used in this study were constructed as described by Walker et
al. (2001). To construct the randomized peptide libraries for use with the p-Rop(C) fusion
vector, the oligonucleotides 5' TAC TAT AGA TCT ATG (XXX)20 CAT AGA TCT GCG TGC
TGT GAT 3'and 5' ATC ACA GCA CGC AGA TCT ATG 3' were used. After extension, the

resulting dsDNA was digested with Bg/II and ligated into the p-Rop(C) fusion vector which had
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been digested with the same restriction enzyme and subsequently dephosphorylated using
alkaline phosphatase. To construct the randomized peptide libraries for use with the p(N)Rop-
fusion vector, the oligonucleotides 5' TAC TAT GAA TTC (XXX)20 GAA TTC TGC CAC
CAC TAC TAT 3'and 5' ATA GTA GTG GTG GCA GAA TTC 3' were used. After extension,
the resulting dsDNA was digested with EcoRI and ligated into the p(N)Rop- fusion vector which
had been digested with the same restriction enzyme and subsequently dephosphorylated using
alkaline phosphatase. To construct randomized 20-amino acid peptide libraries which contained
two proline residues at the amino and carboxyl termini of the peptides, the oligonucleotides 5'
TAC TAT AGA TCT ATG CCG CCG (XXX)16 CCG CCG TAA TAA GAA TTC GTA CAT
3'and 5' ATG TAC GAA TTC TTA TTA CGG CGG 3' were used. After extension, the
resulting dsDNA was digested with Bg/Il and EcoRI and ligated into the pLAC11 expression
vector which had been digested with the same two restriction enzymes. In the randomized
oligonucleotides an X denotes that an equimolar mixture of the nucleotides A, C, G, or T was
used.
Chemicals and reagents

Extension reactions were carried out using Klenow from New England Biolabs (Beverly,
MA, USA) while ligation reactions were performed using T4 DNA ligase from Invitrogen
(Carlsbad, CA, USA). Alkaline phosphatase (calf intestinal mucosa) from Pharmacia
(Piscataway, NJ, USA) was used for dephosphorylation. Isopropyl $-D-thiogalactoside (IPTG)

was obtained from Diagnostic Chemicals Limited (Prince Edward Island, Canada).
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Results
Isolation and characterization of inhibitor peptides that are protected at the carboxyl terminus
via fusion to the Rop protein

In initial studies with inhibitor peptides, a completely randomized oligonucleotide library
was used to direct the synthesis of up to 20-amino acid peptides in the highly regulable
expression vector, pLAC11 (Walker et al., 2001). In a screen of 20,000 peptides, 21 were found
that could inhibit the growth of E. coli. While most of the inhibitors encoded up to 20-amino
acid peptides as expected, two of the most potent inhibitors turned out to be fusion peptides in
which the carboxyl terminus of the peptide had become fused to the amino terminus of the Rop
protein (the rop gene is located downstream from where the oligonucleotides are inserted into the
pLACI11 expression vector). Because the Rop protein is known to form a very stable structure
(Eberle et al., 1991; Steif et al., 1993), it was postulated that the Rop protein was likely serving
as a stable protein anchor which protected the carboxyl terminus of the two inhibitor peptides.
Rop is a small 63-amino acid dimeric four-helix-bundle protein whose monomer consists of two
antiparallel o-helices that are connected by a sharp hairpin loop. It is a dispensable part of the
ColE1 replicon that is used by plasmids such as pBR322 and it can be deleted without causing
any ill effect on the replication, partitioning, or copy number of plasmids that contain a ColE1
ori (Soberon et al., 1980).

To test whether peptides could be stabilized by fusing the carboxyl terminus of the
peptides to the amino terminus of the Rop protein, the p-Rop(C) fusion vector, which is a
derivative of pLAC11, was constructed as described in Materials and Methods. In order to
isolate potential inhibitor peptides which were protected at the carboxyl terminus, a totally

randomized oligonucleotide library that encoded up to 20-amino acid peptides was cloned into
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the p-Rop(C) fusion vector as shown in Figure 3.1A and transformed into E. coli under repressed
conditions. In earlier studies of 20,000 anchorless peptides, only one turned out to be a potent
inhibitor that could inhibit the growth of E. coli for two days on plates. This frequency was used
as the basis by which to judge whether protecting the carboxyl terminus of peptides with the Rop
protein would increase the number of inhibitor peptides that could be isolated.

10,000 peptides that were protected at the carboxyl terminus were screened using the
previously described grid-patching technique and 16 potent two-day inhibitors were isolated. To
verify that all of the inhibitors were legitimate, plasmid DNA from each inhibitory clone was
prepped, transformed into a fresh background, and then checked that they were still inhibitory on
plates and that their inhibition was dependent on the presence of the inducer, IPTG. In order to
make a more accurate assessment of how potent the inhibitors were, the first ten inhibitors were
subjected to a growth rate analysis in liquid media. Cultures containing either the inhibitor to be
tested or p-Rop(C) as a control were diluted 1:100 into new media and induced with I mM

IPTG. OD,,, readings were then taken hourly until the control culture had passed log phase.
Growth rates were determined as the spectrophotometric change in OD., per unit time within

the logarithmic phase of growth. The inhibition of the growth rate was then calculated for the
inhibitors using p-Rop(C) as a control. As indicated in Table 3.1, the peptides inhibited the
bacterial growth rate at an average of 92%.
Isolation and characterization of inhibitor peptides that are protected at the amino terminus via
fusion to the Rop protein

Based on the success in isolating potent inhibitor peptides that were protected at the
carboxyl terminus by the Rop protein, it was decided to examine whether protecting the amino

terminus of the peptides would increase the frequency of potent two-day inhibitors that could be
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isolated. Additionally, when exopeptidases have been characterized in either prokaryotic or
eukaryotic systems, more aminopeptidases have been identified than carboxypeptidases (Ryan,
1989; Bai and Amidon, 1992; Brownlees and Williams, 1993; Bai et al., 1995; Miller, 1996) and
thus an argument could be made that stabilizing the amino terminus of a peptide would be more
effective at preventing degradation by peptidases than stabilizing the carboxyl terminus of the
peptide.

To test whether peptides could be stabilized by fusing the amino terminus of the peptides
to the carboxyl terminus of the Rop protein, the p(N)Rop- fusion vector, which is a derivative of
pLACI11, was constructed as described in Materials and Methods. In order to isolate potential
inhibitor peptides which were protected at the amino terminus, a totally randomized
oligonucleotide library that encoded up to 20-amino acid peptides was cloned into the p(N)Rop-
fusion vector as shown in Figure 3.1B and transformed into E. coli under repressed conditions.
6,000 of these Rop fusion peptides were screened using the grid-patching technique and 14 two-
day inhibitors were isolated. The inhibitors were verified as described in the previous section
and the first 10 inhibitors were subjected to growth rate analysis using p(N)Rop- as a control in
order to determine their potency. As indicated in Table 3.1, the peptides inhibited the bacterial
growth rate at an average of 93%.

Discussion

In the initial studies of novel bioactive peptides that inhibited the growth of E. coli, two
protective motifs were discovered that might enhance the stability of peptides, a small stable
protein anchor such as Rop, or the incorporation of terminal proline residues (Walker ef al.,
2001). In this study it was observed that if either the amino or carboxyl terminus of the peptide

was protected by fusing the peptide to the highly stable Rop protein anchor, the frequency at
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which potent inhibitors could be isolated increased by as much as 47-fold (Table 3.2). In Walker
et al. 2003 it was shown that the incorporation of two proline residues at the termini of the
peptides also significantly increased the frequency at which potent inhibitor peptides could be
isolated, however, the resulting peptides were not as potent as those that could be isolated using
the Rop protein anchor. The simplest explanation for why the protection of the termini of
peptides via fusion to a small stable protein or the incorporation of two proline residues increases
the frequency and potency of the resulting bioactive peptides is that this prevents the action of
exopeptidases which degrade the termini of peptides. The fact that Rop appears to be a better
stabilizing anchor than two proline residues could be explained simply by their size difference.
The significantly larger Rop protein may very well act by hindering the ability of peptidases to
gain access to the protected peptide.

The use of APP or a small stable protein anchor such as Rop represents unique
possibilities for the design of more effective peptide drugs that are not as susceptible to
degradation by peptidases. Because the amino and carboxypeptidases that have been
characterized appear to function quite similarly in all cell types (Rawlings and Barrett, 1993),
incorporating protein-based stabilizing anchors into peptide drugs should significantly decrease
the action of exopeptidases in the host cell. Additionally, the use of protein-based anchors has
another distinct advantage over existing technologies that can be used to increase peptide
stability such as amidation, acetylation, or the use of modified or D-amino acids that can only be
utilized using chemical synthesis. Peptide drugs that are stabilized using APP or a small stable

protein anchor could be produced using recombinant protein synthesis in E. coli or human cells.
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A. p-Rop(C) Inhibitors

Randomized Oligonucleotide (total length = 96 bases)

5' TAC TAT AGA TCT |ATG (XXX) 9 CAT AGA TCT GCG TGC TGT GAT 3

Bglll Bgl 1l
- - - - - - - - — - = 3’ TCT AGA CGC ACG ACA CTA 5'

21 base primer

The resulting ds-DNA is digested with Bg/ II and ligated into the
p-Rop(C) fusion vector which has also been digested with Bg/ II.

v

lacPO - (SD) - AGA TCT --- Rop protein —-- -—=
Bgl I
p-Rop(C) fusion vector

B. p(N)Rop- Inhibitors

Randomized Oligonucleotide (total length = 93 bases)

5' TAC TAT GAA TTC (XXX)oo9 GAA TTC TGC CAC CAC TAC TAT 3

EcoR 1 EcoR 1
- — — — — - = — — 3' CTT AAG ACG GTG GTG ATG ATA 5'

21 base primer

The resulting ds-DNA is digested with EcoR I and ligated into the
p(N)Rop- fusion vector which has also been digested with EcoR L.

v

lacPO - (SD) - AGA TCT ATG --- Rop protein ——- GAA TTC |TAA ---
Bgl 1l EcoR 1
p(N)Rop- fusion vector

Figure 3.1 Scheme for generating p-Rop(C) and p(N)Rop- inhibitor peptide libraries.
Wherever an X occurs in the oligonucleotide, a random mixture of all four of the nucleotides, A,
C, G, and T, was used. (A) p-Rop(C) peptide library where the carboxyl terminus of the
peptides are fused to the amino terminus of the Rop protein. Because of the way the
oligonucleotide library has been engineered, either orientation of the incoming digested dsSDNA
fragment results in a fusion product. (B) p(N)Rop- peptide library where the amino terminus of
the peptides are fused to the carboxyl terminus of the Rop protein. Because of the way the
oligonucleotide library has been engineered, either orientation of the incoming digested dsSDNA

fragment results in a fusion product.



Table 3.1 Inhibitory effects of the p-Rop(C) and p(N)Rop- peptide inhibitors
Inhibitor % Inhibition of the growth rate
p-Rop(O)1 87
p-Rop(C)2 99
p-Rop(C)3 85
p-Rop(C)4 98
p-Rop(C)5 95
p-Rop(C)6 99
p-Rop(C)7 91
p-Rop(C)8 86
p-Rop(C)9 93
p-Rop(C)10 91
p(N)Rop-1 81
p(N)Rop-2 96
p(N)Rop-3 95
p(N)Rop-4 92
p(N)Rop-5 99
p(N)Rop-6 93
p(N)Rop-7 87
p(N)Rop-8 91
p(N)Rop-9 95
p(N)Rop-10 96

p-Rop(C) inhibitors are stabilized by fusing the carboxyl terminus of the peptide to the amino

75

terminus of the Rop protein. p(N)Rop- inhibitors are stabilized by fusing the amino terminus of

the peptide to the carboxyl terminus of the Rop protein. The inhibitory effects were determined

as described in the text using p-Rop(C) or p(N)Rop- as a control. The data is the average of

duplicate experiments.
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Table 3.2 Summary of the frequency and potency at which the different types of

inhibitor peptides can be isolated

Frequency at which a potent Average Average

Type of inhibitor peptide 2-day inhibitor peptide can  inhibition potency
be isolated (%) (%)*
anchorless 1 in 20,000 25 65
protected at the C-terminus via Rop 1 in 625 92 98
protected at the N-terminus via Rop 1 in 429 93 98

“The average potency was calculated as previously described by Walker et al., 2001.
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CHAPTER 4

USE OF CHARGED AND HELICAL MOTIFS TO STABILIZE BIOACTIVE INHIBITOR

PEPTIDES IN VIVO
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Abstract

Using an in vivo genetic approach which we developed to screen for novel bioactive peptides
that can inhibit the growth of Escherichia coli, we found that protecting randomized peptides via
a terminal opposite charge motif, or the incorporation of hydrophilic a-helix-forming amino
acids, increased the frequency at which potent bioactive inhibitor peptides could be isolated.
Secondary structure predictive algorithms and CD spectroscopy were used to examine the

structural nature of the putative a-helical inhibitor peptides.



79

Introduction

The completion of the human genome project has revitalized interest in the utilization of
polypeptides for the treatment of previously incurable diseases. The discovery of bioactive
peptides implicated in various biological functions has also increased interest in the potential
therapeutic use of these 2 to 50-amino acid molecules. Peptides have a broad range of potential
clinical benefits, with possible applications in some of the most prevalent public health
categories such as bacterial, fungal or viral infections (Lawless et al., 1996; Bulet et al., 2004),
cardiovascular disease (Boerrigter and Burnett, 2004), neurological disorders (Permanne et al.,
2002; Adessi et al., 2003), and cancer (Hetian ef al., 2002; Liu et al., 2004). Indeed, peptides of
various size and derivation are already in wide use as drugs and a number of promising novel
candidates for therapeutic use are currently in development for diseases such as AIDS,
Alzheimer's, malaria, and various forms of cancer (Lien and Lowman, 2003).

Over the past two decades, novel synthetic bioactive peptides have been primarily
engineered by two in vitro approaches. In the first approach a randomized library of 6-10 amino
acid peptides is prepared by one of several combinatorial synthetic techniques (Eichler ef al.,
1995; Schultz and Schultz, 1996; Al-Obeidi et al., 1998). The second approach involves the
cloning of a randomized oligonucleotide library into a coat protein gene of a filamentous phage
that allows peptides 6-38 amino acids in length to be expressed on the surface of the phage
particles (Cwirla et al., 1990; Devlin et al., 1990; Smith and Scott, 1993; Sidhu et al., 2000).
The peptide libraries obtained via these methods are typically mixed with a matrix-bound protein
target, and bound peptides are subsequently eluted and sequenced.

An in vivo genetic system for screening and isolating novel bioactive peptides that inhibit

the growth of Escherichia coli has been developed. Two different motifs were characterized
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which seem to offer protection from enzymatic degradation by endogenous proteases and
peptidases, as evidenced by the fact that peptides with these motifs incorporated into their
structure are isolated much more frequently from the in vivo screen than those with no stabilizing
motif (Walker et al., 2001; Walker et al., 2003). The high degree of success observed when the
highly stable helix-turn-helix Rop protein was used as a protective anchor for inhibitor peptides,
led to the question: Are there other peptides that exhibit stable secondary structures that might be
adapted to serve as protective motifs? Upon examination of the structures of the hundreds of
naturally occurring bioactive peptides, it was determined that there were some common motifs
that could be utilized in the in vivo system. Antimicrobial peptides are found in many different
organisms across the taxonomic kingdoms of life, but one thing most of these molecules have in
common is a cationic amphipathic a-helical structure. Peptides such as maganin, mastoparan
and melittin exhibit this secondary structure and are potent antibacterial compounds (Bechinger
et al., 1993; Cachia et al., 1986; Terwilliger and Eisenberg, 1982). A number of peptide
hormones utilized therapeutically also possess observed a-helical structure, including glucagon,
endorphin and secretin (Bedarkar et al., 1977; Blanc et al., 1983; Bodanszky and Bodansky,
1986). Another intriguing structure is the terminal opposite charge motif which is utilized in
nature by the conantokin subfamily of the conotoxins which exhibits a looped structure stabilized
by amino acid residues of opposite charge at their termini (Olivera et al., 1991).

It was decided to attempt to incorporate a randomized a-helical structure into the in vivo
genetic screen through the use of a specific subset of amino acids that have helix-forming
tendencies and are hydrophilic to allow for high solubility in aqueous solutions. An attempt was

also made to mimic the terminal opposite charge motif in our genetic system by deliberately
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designing oligonucleotides that would encode for negative amino acids at the amino terminus,
and positive residues at the carboxyl terminus of an otherwise randomized peptide (Figure 4.1).

Materials and Methods

Media for the in vivo studies

Rich Luria-Bertani and minimal M9 media used in this study were prepared as described
by Miller (1972). Ampicillin was used in rich media at a final concentration of 100 ug/mL and
in minimal media at a final concentration of 50 ug/mL. Isopropyl f-D-thiogalactoside (IPTG)
was added to media at a final concentration of 1 mM.
Bacterial strains and plasmids

ALS225 which is MC1061/F'lacI?' Z+Y+A+ was the E. coli strain used in this study.
The genotype for MC1061 is araD139 A(araABOIC-leu)7679 A(lac)X74 galU galK rpsL hsr-
hsm+ (Casadaban and Cohen, 1980). pLACI1 is the highly regulable expression vector that was
used in this work (Warren et al., 2000).
Generating the randomized opposite charge peptide library

To construct randomized 24-amino acid peptides based on the opposite charge motif, the
oligonucleotides 5'-TAC TAT AGA TCT ATG GAA GAC GAA GAC (XXX);s CGT AAA
CGT AAA TAA TAA GAA TTC GTA CAT-3"'and 5'-GCA TTT GCA TTT ATT ATT CTT
AAG CAT GTA-3" were used. After extension the resulting dsSDNA was digested with Bg/II and
EcoRI and ligated into the pLAC11 expression vector that had been digested with the same two
restriction enzymes.
Generating the randomized hydrophilic a-helical peptide library

To construct randomized 18-amino acid peptide libraries based on the a-helical motif, the

oligonucleotides 5'-TAC TAT AGA TCT ATG (VAN);7 TAA TAA GAA TTC TGC CAG CAC
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TAT-3"and 5'-ATA GTG CTG GCA GAA TTC TTA TTA-3" were used. After extension the
resulting dsDNA was digested with Bg/Il and EcoRI and ligated into the pLAC11 expression
vector that had been digested with the same two restriction enzymes. In the randomized
oligonucleotides an N denotes that an equimolar mixture of the nucleotides A, C, G, or T was
used, while a V denotes that an equimolar mixture of the nucleotides A, C, or G was used.
Sequencing the coding regions of the inhibitor peptide clones

The forward primer 5'-TCA TTA ATG CAG CTG GCA CG-3' and the reverse primer 5'-
TTC ATA CAC GGT GCC TGA CT-3' were used to sequence both strands of the inhibitor
peptide clones from plasmid DNA isolated via midiprep. If an error-free consensus sequence
could not be obtained from these two sequencing runs, both strands of the inhibitor peptide clone
in question were resequenced using the forward primer 5-TAG CTC ACT CAT TAG GCA CC-
3' and the reverse primer 5'-GAT GAC GAT GAG CGC ATT GT-3'. The second set of primers
were designed to anneal downstream of the first set in the pLACI11 vector.
Secondary structure prediction

The propensity of the putative helical inhibitory peptides to form a-helices was initially
analyzed using prediction algorithms including those developed by Chou and Fasman and
Garnier, Osguthorpe, and Robson. Peptide sequences were also analyzed using the multiple
algorithms of the NPS(@ Consensus Secondary Structure Prediction website (Combet ef al.,
2000).
Circular dichroism

CD measurements were made using a Jasco-710 spectropolarimeter interfaced and
controlled by a computer. The measurements were made using a circular quartz cell of 0.1-cm

path length. All peptide samples were at a concentration of 100 uM in 20 mM sodium phosphate
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buffer (pH 6.0) with 2,2,2-trifluoroethanol (TFE) added to 50%. Measurements were made over
a range of 250-190 nm, a scan speed of 20 nm/min with a sensitivity of 50 millidegrees, a
resolution of 0.2 nm, and a band width of 1.0 nm. Five scans were accumulated and averaged,
and all dichroic spectra were corrected by subtraction of the background and then smoothed via
an internal algorithm in the Jasco software package, J-710 for Windows. The CD spectra are
reported as the mean residue molar ellipticity ([0]) in degreesscm®sdmol™. Secondary structure
was estimated by utilizing the MRE value at 222 nm. Taking peptide length into account,
percent a-helix = 100[MRE]/39,500(1 — 2.57/n), where n is the number of amino acid residues
(Scholtz et al., 1991).
Synthetic peptides

Synthetic peptides (2B and 115B) were obtained from Sigma-Genosys (The Woodlands,
TX, USA) based on the primary sequences determined from the five putative helical clones and
the data from the secondary structure prediction.
Chemicals and reagents

Extension reactions were carried out using Klenow polymerase from New England
Biolabs (Beverly, MA, USA) while ligation reactions were performed using T4 DNA ligase from
Invitrogen (Carlsbad, CA, USA). Isopropyl B-D-thiogalactoside (IPTG) was obtained from
Diagnostic Chemicals Limited (Prince Edward Island, Canada). 2,2,2-trifluoroethanol (TFE)
was obtained from Sigma-Aldrich Company (St. Louis, MO, USA).
Results
Isolation and characterization of inhibitor peptides that are protected by a terminal opposite

charge motif
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In order to isolate potential inhibitor peptides with an opposite charge motif consisting of
four negatively charged amino acid residues at the amino terminus and four positively charged
residues at the carboxyl terminus, a randomized oligonucleotide library that encoded up to 24-
amino acid peptides was cloned into the pLACI11 vector as shown in Figure 4.2A and
transformed into E. coli under repressed conditions. Since most of the routinely employed
expression vectors produce significant amounts of protein from cloned genes even when grown
under repressed conditions, there was concern that it might not be possible to clone potent
inhibitor peptides unless they could be isolated under completely repressed conditions. For this
reason, the highly regulable pLACI11 expression vector was used in these studies (Warren ef al.,
2000). Since encoded peptides that are expressed using pLACI11 are under the control of the
wild-type lac operon, their expression can be turned on or off by the presence or absence of the
gratuitous inducer IPTG. Using the grid-patching technique described in Walker ef al., 2001, in
which the clones are patched onto both rich repressing plates and minimal inducer plates, 20,000
potential candidates were screened. Six potent IPTG-dependent inhibitors were isolated in this
screen. The inhibitors were verified by preparing plasmid DNA from the clones and
retransforming into ALS225 to verify that they still demonstrated inhibition. The potency of the
inhibitors was then determined via growth rate analysis as described in Walker et al., 2001. As
indicated in Table 4.1, the terminal opposite charge peptides inhibited the bacterial growth rate at
an average of 50% with an average potency of 88% (Table 4.7).

In order to continue analysis of the inhibitors, we next wanted to verify that all of the
inhibitor candidates contained 78-bp inserts as expected (Figure 4.2A). Although, five out of the
six did, one of the most potent clones was found to have been terminated before the double

TAATAA termination site that was incorporated into the oligonucleotide (Table 4.2).
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Interestingly, this truncated peptide is negatively charged over the first half of its length and
contains two positively charged amino acids at its carboxyl terminus, and is the second best
inhibitor of the group.
Isolation and characterization of inhibitor peptides that are protected by an overall a-helical
motif

The a-helical structure is used by many of the naturally occurring bioactive peptides in
order to achieve a stable structure. It was rationalized that because of the nature of the genetic
code and the arrangement of its codons, it should be possible to create a motif that would yield
randomized 18-amino acid hydrophilic peptide libraries with a propensity to form a-helices.
Since in most a-helices there are 3.6 amino acid residues per complete turn, the 18-amino acid
length was chosen in order to generate a-helical peptides which contained five complete turns
(Creighton, 1993). The use of hydrophilic amino acids would yield peptides that should be
soluble in the cellular cytosol. As shown in Table 4.3, the use of a [([CAG)A(TCAG)] codon
mixture yields the hydrophilic amino acids histidine, glutamine, lysine, aspartic acid, and
glutamic acid which are a-helix formers, as well as asparagine which is a weak a-helix breaker.
If this codon mixture were used to randomly build an a-helical peptide, asparagine would be
expected to occur no more than every sixth position which is acceptable in an a-helical structure
according to either Chou-Fasman or Garnier-Osguthorpe-Robson prediction rules. Additionally,
several well-characterized proteins have been observed to contain up to three weak a-helical
breaker amino acids within a similarly sized a-helical region of the protein (Creighton, 1993).

In order to isolate potential inhibitor peptides with an overall a-helical motif, a
randomized oligonucleotide library that encoded up to 18-amino acid peptides was cloned into

the pLAC11 vector as shown in Figure 4.2B and transformed into E. coli under repressed
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conditions. Using the grid-patching technique, 12,000 potential candidates were screened. Five
potent IPTG-dependent inhibitors were isolated in this screen and verified as described above.
As indicated in Table 4.4, the peptides inhibited bacterial growth at levels that averaged 42% and
had an overall potency of 83% (Table 4.7). Sequence analysis of the coding regions for the five
inhibitors is shown in Table 4.5.
Secondary structure prediction and analysis of putative a-helical inhibitor peptides

Predictive information on the structure and function of a polypeptide of known sequence
can be obtained through use of appropriate algorithms. We employed several of the most
commonly used secondary structure prediction algorithms to examine the sequences of our five
putative a-helical peptides as well as sequences of seven representative peptides whose 3D
structures have been solved via X-ray crystallography or NMR (Table 4.6). Based on the
consensus predictions of our five putative helical peptides, we chose to examine two of them
further via the use of circular dichroism spectroscopy in an attempt to determine the a-helical
content relative to the algorithmic predictions. Peptides 2B and 115B were synthesized and CD
spectra was obtained as described in Materials and Methods (Figure 4.4). Although consensus
algorithms predicted helical content of 50% and 40.9% for peptides 2B and 115B, respectively,
the CD spectra of these peptides demonstrated just over 1% and 2% helical content, respectively.
Interestingly, the peptide (2B) with the highest predicted helical content was also the one that
demonstrated the greatest inhibition of bacterial growth.
Discussion

In previous studies of novel bioactive peptides that inhibited the growth of E. coli, two
highly protective motifs were discovered that dramatically increased the frequency at which

inhibitor peptides were isolated versus the "anchorless" approach; a proline dipeptide cap at
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either the amino or carboxyl terminus of the peptide, or a fusion of the highly stable, small
protein Rop at either terminus (Walker et al., 2003). In this study, the implementation of two
new motifs in the in vivo genetic screen was investigated, a terminal opposite charge motif
consisting of four negatively-charged amino terminal residues and four positively-charged
carboxyl terminal residues bracketing a randomized 16-amino acid region, and an overall
hydrophilic a-helical structure based on the random incorporation of His, Gln, Asn, Lys, Asp,
and Glu residues into an 18-amino acid peptide. As shown in Table 4.7, both of these strategies
demonstrated positive results by allowing the isolation of inhibitor peptides at a frequency 6 to 8
times higher than that of the unprotected peptide screen. And while the frequency at which
inhibitors were isolated was not nearly as great as when the Rop and proline motifs were used in
the screen, the inhibitors that were isolated had a potency that was nearly as effective as the
proline protected peptides.

Despite the fact that the putative a-helical peptide inhibitors did not demonstrate
significant helical content as determined by CD analysis, there must be some mechanism
intrinsic to this particular motif that helped to stabilize peptides or inhibitors of bacterial growth
would not have been isolated at frequencies so far above those of the anchorless peptides. It may
be beneficial to alter the codon selection of the a-helical motif strategy to include T at the second
position, as in [(CAG)(AT)(CAGT)], as this would have the effect of incorporating the strong
helix-forming amino acid, leucine, into the randomized peptides as well as lending them some
hydrophobic character, which may in fact be preferable as the majority of the a-helical

antimicrobial peptides are in fact cationic amphipathic helices (Epand and Vogel, 1999).
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A) Randomized Oligonucleotide (total length = 105 bases)
5' TAC TAT AGA TCT | .I'-l.TG_ GAR GAC GAA GAC {xxx:ll 6 CGT AAA CGT m_ TJ'LK:_ TM_ GAA TTC GTA CAT 3°
Bgl ll EcoR |
= 3'GCA TTT GCA TTT ATT ATT CTT AAG CAT GTAS!'

30-base primer

The complementary strand of the 105-base randomized oligonuclectide is generated by filling-in with
Klenow using the 30-base oligonuclectide primer. The resulting dsDMA is digested with Bgl Il and EcoR |
and then ligated into the pLAC11 vector that has also been digested with the same two enzymes.

N-Glu-Asp-Glu-Asp —— Arg-Lys-Arg-Lys -C
24 aa

peptide
B) Randomized Oligonucleotide (total length = 90 bases)
5' TAC TAT AGA TCT |ATG (VAN),- [TAA/[TAAl GAA TTC TGC CAG CAC TAT 3'
Bgl ll EcoR |
i PR e o b e e 3'ATT ATT CTT AAG ACG GTC GTG ATA 5'

24-base primer

The complementary strand of the 90-base randomized oligonucleotide is generated by filling-in with
Klenow using the 24-base oligonucleotide primer. The resulting dsDNA is digested with Bgl Il and EcoR |
and then ligated into the pLAC11 vector that has also been digested with the same two enzymes.

v

MNe—
18 aa
peptide

Figure 4.2  Scheme for generating p-Rop(C) and p(N)Rop- inhibitor peptide libraries.
Wherever an X or N occurs in the oligonucleotide, a random mixture of all four of the

nucleotides, A, C, G, and T, was used.
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Figure 4.3  CD spectra of top two putative a-helical inhibitor peptides. Peptide

concentration 100 uM in 20 mM sodium phosphate buffer (pH 6.0)/50% TFE.
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Table 4.1 Growth curve results for inhibitor peptides with opposite charge motif
Inhibitor peptide % inhibition in minimal media

18B 29.6

23 36.8

24 43.1
36A 58.1
45A 51.1
55A 81.8

Growth rates for cells containing the induced inhibitors were determined as described in the text
and percent inhibition was calculated by comparing these values to the growth rate of cells that
contained the induced pLACI11 vector. The averaged values of three independent determinations

are shown.



Table 4.2

Sequence analysis of the insert region from the opposite charge motif

inhibitor clones and the peptides that they are predicted to encode

18B - 25 aa

AGATCT ATG GAA GAC
M E D
GAATTC

23 -25aa

AGATCT ATG GAA GAC
M E D
GAATTC

24 - 25 aa

AGATCT ATG GAA GAC
M E D
GAATTC

36A -11aa

AGATCT ATG GAA GAC
M E D
GAATTC

45A - 25 aa

AGATCT ATG GAA GAC
M E D
GAATTC

55A - 25aa

AGATCT ATG GAA GAC
M E D

GAA

GAA
E

GAC

D

GAC

GAC

GAC

GAC

GAC
D

GAG
E

GGT

GGG

GAC

GGG

+

AAG
K

GGT

CTA

GAG

AGG

GGG

+

CGT
R

GCG

GGC

AGG

GGG

GCC

+

CGC
R

TCA

ATG

ATC

CGT

GGG

GAG
E

GCG

GGG

CAG

GGG

AGG

+

AGG
R

TGG

GGT

GGG

CGG

AGG

AGT
S

GGA

GGG

GCC

TAG
*

GCC

GCA
A

GCA

TTG

CGC

CTT

TGT

+

AAA
K

GTC

TGT

TAA

CTT

GGG
G

CTT

+
AGG

cca

GTT

TGT

+

CGT
R

TGG

CTC

GTA

GCG

TCC

CAT
H

TCG

ACT

GCG

CTA

GCG

GTC
v

TGG

TTA

CTG

AGT

CTT

GGT
G

CAG

TTA

GTA

TGC

GTT

CGG
R

TCG

TTC

GAT

GAG

GGG

TCG
S

GTG

TTC

AGA

ATA

ATG
M

+
CGT

+
CGT

CGT

CGT

CGT

+

CGT
R

+

+
AAA
K

+
CGT

+
CGT

CGT

CGT

CGT

+

CGT
R

+
AAA

AAA

AAA

AAA

+
AAA
K

TAA

TAA
*

TAA

GACTGT
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The landmark Bg/Il and EcoRlI restriction sites for the insert region are underlined. Amino acid

charges are noted above the associated codons.



Table 4.3 Codon selection for randomized oa-helical peptide inhibitors
TTT phe hy TCT ser TAT tyr ba TGT cys

TTC phe hy TCC  ser TAC tyr ba TGC cys

TTA leu Hjy TCA  ser TAA OCH TGA OPA
TTG lew Hy TCG ser TAG AMB TGG trp

CTT leu Hjy CCT pro By CAT Hhig hy CGT  arg

CTC leu Hjy CCC pro By CAC s hy CGC  arg

CTA leu Ha CCA pro Ba CAA ghﬂl ha CGA arg

CTG leu Ha CCG pro Ba CAG glm ha CGG arg

ATT ile hg ACT thr AAT gsn  ba AGT  ser

ATC ile hg ACC thr AAC gsn  ba AGC  ser

ATG met Ha ACG thr AAG ly S ha AGG arg

GTT wval hy GCT ala H, GAT gagp ha GGT gly Ba
GTC val ha GCC ala Ha GAC asp ha GGC gly Ba
GTA val hy GCA ala H, GAA gly Ha GGA gly Ba
GTG val ha GCG ala Ha GAG g lu Ha GGG gly Ba

Boldface amino acids are hydrophobic, while outlined amino acids are hydrophilic.

H, designates residues that are strong helix-formers, h, designates residues that are weak helix-

formers.
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B, designates residues that are strong helix-breakers, b, designates residues that are weak helix-

formers.
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Table 4.4 Growth curve results for inhibitor peptides with a-helical motif

Inhibitor peptide % inhibition in minimal media

2B 56.6
18 23.1
115B 44.2
148 44.8
173 42.6

Growth rates for cells containing the induced inhibitors were determined as described in the text
and percent inhibition was calculated by comparing these values to the growth rate of cells that
contained the induced pLACI11 vector. The averaged values of three independent determinations

are shown.



Table 4.5 Sequence analysis of the insert region from the a-helical motif inhibitor
clones and the peptides that they are predicted to encode

2B -18aa

AGATCT ATG CAT GAC GAA CAA GAG GAG GAG CAC AAT AAA AAG GAT AAC GAA AAA GAA CAC TAA TAA GAATTC
M H D E Q E E E H N K K D N E K E H * *

115B - 22 aa

AGATCT ATG CAG CAG GAG CAC GAG CAA GGC AGG ATG AGC AAG AGG ATG AAG AAT AAT AAG AAT TCT CAT GTT TGA
M Q Q E H E Q G R M S K R M K N N K N S H v *

148 - 22 aa

AGATCT ATG AAC CAT CAT AAT GAG GCC ATG ATC AAC ACA ATG AAA ACG AGG AAT AAT AAG AAT TCT CAT GTT TGA
M N H H N E A M I N T M K T R N N K N S H \% *

173 - 18 aa

AGATCT ATG AAC GAC GAC AAT CAG CAA GAG GAT AAT CAT GAT CAG CAT AAG GAT AAC AAA TAA TAA GAATTC
M N D D N Q Q E D N H D Q H K D N K * *

18- 18 aa

AGATCT ATG CAC AAC CAG GAT AAC GAA CAA GAC GAG GAG GAT AAC GAG GAA CAG GAG GAG TAA TAA GAATTC
M H N Q D N E Q D E E D N E E Q E E * *

The landmark Bg/Il and EcoRlI restriction sites for the insert region are underlined.
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Table 4.6 Percent a-helix content of peptides based on predictive algorithms
Published DPM DSC GORI1 GOR2 GOR4 HNNC PHD SOPM SOPMA Consensus
PKI 30 30 0 0 0 0 15 15 30 20 10
Endorphin 40 25.8 51.6 41.9 48.4 41.9 48.4 48.4 29.0 19.4 45.2
Motilin 50 40.9 45.5 59.1 50 40.9 40.9 40.9 45.5 50 40.9
Dermaseptin 70 64.7 94.1 79.4 88.2 61.8 85.3 85.3 82.4 82.4 85.3
Mastoparan 78 71.4 100 100 100 35.7 71.4 92.9 0 0 78.6
Melittin 80 30.8 34.6 50 57.7 26.9 53.9 69.2 57.7 57.7 53.9
Maganin >90 34.8 73.9 100 69.6 17.4 39.1 78.3 95.7 95.7 78.3
2B 22.2 0 100 88.9 33.3 27.8 33.3 83.3 83.3 50
18 11.1 0 77.8 55.6 22.2 0 0 55.6 55.6 333
115B 0 50 68.2 59.1 36.4 45.5 31.8 50.0 50.0 40.9
148 0 40.9 68.2 59.1 31.8 36.4 45.5 45.5 45.5 40.9
173 0 0 72.2 55.6 22.2 5.6 0 22.2 22.2 11.1

Highlighted boxes indicate best prediction method based on NPS@ Consensus Secondary Structure Prediction

website: http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_seccons.html (Combet et al., 2000)
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Table 4.7 Summary of the frequency and potency at which the different types of

inhibitor peptides can be isolated

Frequency at which a potent Average Average

Type of inhibitor peptide 2-day inhibitor peptide can  inhibition potency
be isolated (%) (%)

anchorless” 1 in 20,000 25 65

protected at the C-terminus via Rop® 1 in 625 92 98

protected at the N-terminus via Rop” 1 in 429 93 98

protected at the C-terminus and/or 1 in 625 53 89

N-terminus via proline dipeptide

residues”

protected with a terminal opposite 1 in 3,333 50 88

charge motif

protected with an a-helical structural 1 in 2,400 42 83

motif

*in Walker et al., 2001.
®in Walker et al., 2003.
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CHAPTER 5

EXAMINATION OF ROP-LIKE AND OTHER HIGHLY STABLE HELICES AS

POTENTIAL PEPTIDE-STABILIZING MOTIFS
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Abstract

The highly stable, largely helical Rop protein has been demonstrated to be an effective
stabilizing anchor for preventing the degradation of small bioactive peptides. In this study, a
group of naturally occurring a-helices based on Rop and other helical proteins, as well as
potential helical peptides designed de novo were investigated to determine if they could serve as
potential stabilizing groups. Using a combined approach of secondary structure prediction, CD
spectroscopic calculation of helical content, and in vitro rat serum degradation assays, two highly
stable helices were found that had half-lives which were significantly higher than other peptides

of similar size, and similar to those of other small stable proteins.
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Introduction

Peptides of varying size and derivation have found widespread use as therapeutic and
diagnostic agents. A brief survey of these agents currently being marketed or in clinical trials
shows that the majority has been derived from natural products (Latham, 1999; Lien and
Lowman, 2003). However, combinatorial library screening now plays an increasingly important
role in the lead discovery process. In many cases, peptides isolated by combinatorial techniques
have been incredibly promising during in vitro studies, but have failed during in vivo trials due
mainly to the rapid degradation of peptides by endogenous host peptidases and proteases (Kelley,
1996). For example, the biological stability of glucagon-like peptide 1 (GLP-1), involved in
treatment of type 2 diabetes, initially showed a half-life of only minutes during in vivo studies
(Gallwitz et al., 2000). Likewise, thymopentin, the synthetic pentapeptide that reproduces the
biological effect of the 49 amino acid hormone thymopoietin, exhibits a half-life in plasma of
approximately 30 seconds (Heavner et al., 1986).

To avoid this rapid degradation of peptides, researchers have employed methods such as
conformational constraint via cyclization, use of D-amino acids, or use of unusual amino acids to
stabilize potential therapeutic agents (Hruby and Bonner, 1994). Another method of protection
involves the administration of peptidase/protease inhibitors in concert with the peptide of interest
(Bai and Amidon, 1992). For example, researchers found that the presence of boroleucine
prolonged the half-lives of leucine enkephalins 4.0 to 6.4-fold in rat plasma (Hussain et al.,
1990). The addition of protective motifs such as methyl and amide groups to the ends of
peptides have yielded longer efficacy for peptides such as GLP-1 and anti-HIV peptide T140
(Gallwitz et al., 2000; Tamamura et al., 2001). However, even though this type of terminal

modification may offer protection from degradation of peptides, often the increased stability is
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accompanied by a reduction in bioactivity. When thymopentin is modified by either amino-
terminal acetylation or carboxyl-terminal amidation, a complete loss of biological activity is
observed (Heavner et al., 1986). For this reason, the technique known as PEGylation has
become increasingly utilized in an effort to protect peptides against degradation without
negatively impacting bioactivity. Covalently linking polyethylene glycol (PEG) moieties to
amino groups of polypeptides is a protective method that has been used for over 30 years, and is
currently undergoing a resurgence of popularity as researchers use the strategy to increase the in
vivo stability of numerous peptide and protein drug candidates, such as growth hormone-
releasing hormone (GRF), interleukin-2 (IL-2), and human interferon-a-2b (Campbell et al.,
1997; Katre et al., 1987, Glue et al., 2000).

Many naturally occurring peptides are able to maintain secondary structure or contain
protective groups that are thought to play a role in resisting degradation by peptidases, and
certain peptide therapeutics demonstrate such a stabilized structure. For example, gramicidin S,
polymixin B and bacitracin are antibiotic peptides that have a cyclized structure (Hancock and
Chapple, 1999). Other natural bioactive peptides contain certain structural groups such as o.-
helix, B-sheet and disulfide bond-stabilized loops which may provide peptidase protection
(Epand and Vogel, 1999; Powers and Hancock, 2003). Glucagon and endorphin are examples of
peptides that exhibit a-helical structure, while vasopressin and oxytocin are among those
stabilized by disulfide bonds (Bedarkar et al., 1977; Blanc et al., 1983; Fong et al., 1964; Urry et
al., 1968).

Walker et al. have shown that peptide stability can be dramatically affected by fusing the
small 63-amino acid Rop protein to one terminus of a bioactive peptide. Presumably, the highly

stable helix-turn-helix protein enhances the stability of the peptide that it is linked to by
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protecting it from degradation by exopeptidases (Walker et al., 2003). The possibility of the Rop
protein acting in a protective nature to fused peptides is not surprising in view of the very stable
a-helical secondary structure of this small protein (Banner et al., 1987; Castagnoli et al., 1989).
Rop has already been engineered for use as a carrier molecule for in vivo and in vitro
presentation studies for bioactive molecules by altering the loop region to incorporate short
peptide sequences (Kresse et al., 2001). Since the highly stable structure of Rop is primarily due
to its a-helical composition, the possibility of using small a-helical peptides and protein domains
as protective anchors was investigated in this study.

Materials and Methods

Synthetic peptides

Peptides used in this study were custom synthesized by Sigma-Genosys (The Woodlands,
TX, USA) and the primary sequences are listed in Table 5.1.
Secondary structure prediction

The propensity of the putative helical inhibitory peptides to form a-helices was initially
analyzed using prediction algorithms including those developed by Chou and Fasman and
Garnier, Osguthorpe, and Robson. Peptide sequences were also analyzed using the multiple
algorithms of the NPS(@ Consensus Secondary Structure Prediction website (Combet ef al.,
2000).
Circular dichroism

CD measurements were made using a Jasco-710 spectropolarimeter interfaced and
controlled by a computer. The measurements were made using a circular quartz cell of 0.1-cm
path length. All peptide samples were in 20 mM sodium phosphate buffer (pH 6.0) at a

concentration of 100 uM. Measurements were made over a range of 250-190 nm, a scan speed
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of 20 nm/min with a sensitivity of 50 millidegrees, a resolution of 0.2 nm, and a band width of
1.0 nm. Five scans were accumulated and averaged, and all dichroic spectra were corrected by
subtraction of the background and then smoothed via an internal algorithm in the Jasco software
package, J-710 for Windows. The CD spectra are reported as the mean residue molar ellipticity
([8]) in degreesscm’»dmol ™. Secondary structure was estimated by utilizing the MRE value at
222 nm. Taking peptide length into account, percent a-helix = 100[MRE]/39,500(1 — 2.57/n),
where 7 is the number of amino acid residues (Scholtz et al., 1991).
In vitro degradation studies

810 uL of rat serum was mixed with 90 uL of peptide at a concentration of 1 mg/mL in
10 mM Tris (pH 8.0) and incubated at 37°C. 100 uL aliquots were removed at 1, 2, 4, 8, and 24
hour intervals, 200 uL. of methanol was added and the samples were vortexed, placed on ice for 5
minutes, and centrifuged for 5 minutes. 250 uL of supernatant was removed and stored at —70°C
until analysis via LC/MS conducted by Bay Bioanalytical Laboratory (Hercules, CA, USA). A
Shimadzu Advp LC system coupled to a PE SCIEX API3000 Triple Quadrupole MS was used
for LC/MS analysis. The peptides were separated on a Sum particle size Thermo-Hypersil
Keystone BetaBasic Cig2 x 10 mm Guard Column using a 5 to 95% acetonitrile gradient that
contained 0.1% trifluoroacetic acid. The most abundant +3 or +4 charge state of each peptide
was analyzed.

To avoid potential discrepancies among different lots of rat serum, all serum used in
these studies was normalized using the randomized and XPP peptides described in previous work
(Walker et al., 2003). Only sera which were within 10% of the published values were used in

these experiments.
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Results
Selection of peptides for the study

Nine peptides with potentially high helical content were selected for this study (Table
5.1). Peptide 1 was designed with six repeating units of three hydrophilic helix-forming amino
acids, glutamic acid, lysine and glutamine (EKQ). Peptide 2 was derived from one of the most
highly stable a-helical protein fragments studied to date, discovered after researchers elucidated
the structure of the ribosomal protein L9 and found this particular helix which connects the two
globular domains of the protein (Kuhlman ez al., 1997). Peptide 3 is an a-helical fragment of the
Rop-like antiparallel four-helix bundle a-catenin adhesion modulation domain (Yang et al.,
2001; Pokutta et al., 2002). Peptide 4 is the S-alpha fragment of the C-type lectin mannose
binding protein (Sheriff ez al., 1994). Peptides 5 and 6 are two proline-rich peptides consisting
of ten repeating tripeptide units (PPG and PPA, respectively) synthesized in an attempt to
develop a stable protective anchor that mimics a unique secondary structure called a polyproline
IT helix, which is a preferred solution conformer occurring when four or more proline residues
are found in a row. It has been suggested that this structure is responsible for stabilizing a group
of proline-rich antibacterial peptides including the bacternecins and indolicidin (Gennaro ef al.,
1989; Falla and Hancock, 1997; Ladokhin et al., 1997). Peptide 7 is a 24-amino acid version of
the EKQ peptide, synthesized after it was postulated that the 18-amino acid length of Peptide 1
was too short to exhibit significant helical character. Peptides 8 and 9 are derived from the
carboxyl and amino terminals of the most stable derivative (RLP-3) of a series of small helix-
turn-helix proteins designed de novo and intended to mimic Rop by dimerizing into antiparallel

four-helix bundles (Betz et al., 1996; Betz et al., 1997).
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Algorithmic prediction of secondary structure

The helical peptides were analyzed using the secondary structure prediction algorithms
from the NPS@ website and all were predicted to contain high percentages of helical content
(72-92%) with the exception of Pep5 and Pep6 (Table 5.2). These algorithms were designed to
predict the basic polypeptide secondary structures a-helix, p-sheet, -turn and random coil, but
do not account for the polyproline II helix. Therefore, it was not unexpected that Pep 5 and Pep
6 were predicted to have zero percent helical content when analyzed, due to their repeating PPG
and PPA primary sequence.
Calculated helical content via CD spectroscopy

The nine peptides were subjected to CD spectroscopy in order to calculate their actual
helical content in solution. Following initial analysis in sodium phosphate buffer, only four
peptides, Pep2, Pep7, Pep8, and Pep9, had spectra consistent with demonstrable a-helical
content, but calculations showed the percentages to be quite low compared to the algorithmic
predictions (Table 5.3). TFE was added to the peptide solutions to a final concentration of 50%
to determine if this helix-stabilizing chemical would increase the observed helical content.
Increases in calculated helical content was observed in all seven peptides examined, with the
differences demonstrated by the four peptides that showed measurable helicity in aqueous
solution ranging from 1.4-fold higher for the Ribosomal L9 fragment to a 9.2-fold increase for
the (EKQ)s peptide (Table 5.3).
Half-life determination via in vitro degradation assay

Based on the above results, seven peptides were subjected to an in vitro rat plasma
degradation assay and half-lives were determined following analysis via LC/MS. Peptides 2, 3,

4, and 9 had short half-lives ranging from 30 minutes to just over 2 hours, while Peptides 6, 7,
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and 8 demonstrated a high degree of stability which greatly surpassed that of control peptides
and more closely approached that of small protein controls, ranging from 14 hours to 4 days
(Table 5.4 and 5.5). Peptide 1 was the shorter 18-amino acid version of the EKQ peptide which
failed to exhibit helicity during examination by CD spectroscopy and was therefore excluded
from the degradation assay and LC/MS analysis. Peptide 5 was the (PPG),( putative polyproline
IT helix, but CD spectra failed to demonstrate the curve characteristic of this secondary structure,
and it was also excluded from half-life determination.
Discussion

In an examination of nine helical peptides selected for their potential ability to act as
stabilizing motifs for bioactive peptides, two promising candidates were identified by this study.
One of these was designed with a repeating sequence of three hydrophilic, helix-forming amino
acids (Glu-Lys-GlIn). This result was somewhat surprising considering the limited success that
other researchers have observed during attempts to generate designed o-helices using limited
sets of amino acids. A model 51 amino acid peptide consisting of tandem repeats of two helix-
forming amino acids (Lys-Lys-Leu-Leu) and containing a turn sequence (Asn-Pro-Gly) showed
no significant conformation by CD under conditions of neutral pH (Goto and Aimoto, 1991).
The other peptide that demonstrated high stability in this study was designed to adopt the
secondary structure known as a polyproline II (PPII) helix. This result was less surprising as this
left-handed helical conformation is similar to the basic structural type observed in the highly
stable collagen triple helix, although the character of its stabilization is different (Fraser ef al.,
1979). Aside from proline, the other four amino acids with Chou-Fasman parameters higher for
PPII helices greater than four residues than for other secondary structures are Ala, Arg, Gln and

Ser (Adzhubei and Sternberg, 1993). In contrast, glycine is rare, with the lowest frequency for
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PPII helices four residues or longer among all types of secondary structure. It has been
suggested that due to the lack of a regular network of hydrogen bonds in this conformation, the
presence of Gly in longer PPII helices is more destabilizing than in other secondary structures
(Sreerama and Woody, 1992). This may account for the apparent lack of secondary structure
exhibited by the (PPG);o peptide in these experiments.

It was observed in this study that the predicted a-helical percentage of peptides by
various secondary structure algorithms was not an accurate guide to the actual helical content of
these peptides in solution. These algorithms were designed to predict the secondary structure of
proteins and some are in fact based on subsets of the existing protein structure databases such as
the Protein Data Bank (PDB) and the Cambridge Structural Database (CSD) (Berman et al.,
2000). However, neither the PDB nor the CSD are specifically aimed at peptides, such that the
peptide structural data they contain are only a small subset of the databases. Furthermore, it
would appear as though the calculation of helical content in peptides via CD spectroscopy is
affected to some degree by the small size of these molecules and their dynamic nature in
solution. While peptides do show similarities with proteins, the higher order structural features
of the larger molecules certainly influence the conformational characteristics of the amino acid
residues. An a-helix found in the interior of a protein has amino and carboxyl termini that are
bound by the protein chain on either end, limiting the conformational flexibility of the structure.
Helices found inside proteins are further stabilized by interactions with other parts of the protein.
Conversely, helical peptides are not stabilized by any of these interactions. More importantly,
their amino and carboxyl termini are free, allowing for the helix to wind and unwind depending
upon various solution characteristics such as pH, ionic strength and temperature. Finally, it is

perhaps not unexpected that the a-helical peptides demonstrated percentages of helix content far
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below that predicted by secondary structure algorithms when one considers the findings of
researchers from the Baldwin lab. Their observations led to the conclusion that "the helix
propensities of most amino acids oppose folding; consequently, the majority of isolated helices
derived from proteins are unstable, unless specific side-chain interactions stabilize them"
(Chakrabartty et al., 1994).

Future studies will likely include an examination of longer variants of the EKQ peptide to
determine if an increase in peptide length leads to higher a-helical content and greater overall
stability. Also planned is an examination of the two individual a-helices that comprise the
highly stable Rop protein monomer, in a manner similar to that conducted with the two helical
halves of the RLP-3 protein in this study. Finally, in accordance with having the highest
propensities toward forming PPII helices based on Chou-Fasman conformational parameters,

peptides consisting of repeating PPQ and PPR units may be studied.
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Figure 5.1  CD spectra of putative helical peptides 1-4. Peptide concentration 100 mM in

20 mM sodium phosphate buffer (pH 6.0).
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Figure 5.2  CD spectra of putative helical peptides 7-9. Peptide concentration 100 mM in

20 mM sodium phosphate buffer (pH 6.0) with and without 50% TFE.
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Table 5.1 Sequences of peptides

Pepl:

Pep2:

Pep3:

Pep4:

Pep5:

Pep6:

Pep7:

Pep8:

PepO:

EKQEKQEKQEKQEKQEKQ (18aa)
repeating unit of hydrophilic helix-forming amino acids

PANLKALEAQKQKEQRQAAEELANAKKLKEQLEK (34aa)
Ribosomal Protein L9 peptide fragment

LAVSAAHIAEDVNKCVIALQEKDVDGLDRRTAGAIRGRAARVI (42aa)
two-helical bundle a-catenin AMD peptide

AASERKALQTEMARIKKALTA (21aa)
S-alpha peptide fragment of C-type lectin MBP

PPGPPGPPGPPGPPGPPGPPGPPGPPGPPG (30aa)
putative polyproline II helix

PPAPPAPPAPPAPPAPPAPPAPPAPPAPPA (30aa)
putative polyproline II helix

EKQEKQEKQEKQEKQEKQEKQEKQ (24aa)
repeating unit of hydrophilic helix-forming amino acids

ELLKEVEELEKKVDKLYKIVEH (22aa)
C-terminal helix of Betz RLP-3

SAQELLKIARRLRKEAKELLKRAEH (25aa)
N-terminal helix of Betz RLP-3




Table 5.2

compared to the two helices of the Rop protein

Predicted % o-helix content of potential stable helical peptide anchors

DPM DSC GOR1 GOR2 GOR4 HNNC PHD SOPM SOPMA  Consensus

Pepl 78 0 100 100 100 44 72 94 94 78
Pep2 85 82 100 100 74 71 91 100 100 91
Pep3 60 42 81 84 53 47 74 77 70 72
Pep4 81 86 100 100 52 76 90 95 95 90
Pep5 0 0 0 0 0 0 0 0 0 0

Pep6 0 0 0 0 0 0 0 0 0 0

Pep7 83 0 100 100 63 38 79 96 96 88
Pep8 59 86 100 100 55 55 91 100 100 91
Pep9 84 80 100 100 64 88 92 96 96 92
Ropl 57 82 96 100 64 79 82 89 89 86
Rop2 85 54 96 81 46 85 88 88 88 88

123

Prediction method based on NPS@ Consensus Secondary Structure Prediction website: http://npsa-pbil.ibcp.fr/cgi-

bin/npsa_automat.pl?page=/NPSA/npsa_seccons.html (Combet et al., 2000)
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Table 5.3 Calculated % a-helical content of peptides from CD spectra

20 mM Na phos +
20mM Na phos 50% TFE

Pepl 0.3 ND

Pep2 8.1 11.0
Pep3 0.6 18.7
Pep4 0.7 26.2
Pep5 0.03 ND

Pep6 0.5 3.8

Pep7 3.6 33.1
Pep8 4.2 24.7
Pep9 15.8 49.0

ND = not determined
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Table 5.4 In vitro rat plasma degradation assays of control peptides and small proteins

Peptide Plasma half-life (min)
GLP-1 133
Galanin 70.5
VIP 155
PTH 182

Small protein

Rop 1420
Gst >2880
Trx >2880




Table 5.5
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Comparison of predicted and calculated o-helicity with peptide half-life from

in vitro rat plasma degradation studies

Predicted CD calculated  Plasma half-life
a-helicity (%)  a-helicity (%) (min)

Pep2 91 11.0 30

Pep3 72 18.7 30

Pep4 90 26.2 90

Pep6 ND ND 5220

Pep7 88 33.1 5760

Pep8 91 24.7 840

Pep9 92 49.0 144

Pep6 is a putative polyproline II helix and as such was not amenable to secondary structure

algorithmic prediction or calculation of helicity by CD.
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CHAPTER 6

SELF-DIRECTED INHIBITION



128

Abstract

Secondary structural domains such as o-helices and B-pleated sheets have been documented to
be key nucleation factors that contribute to protein folding and the achievement of a final tertiary
structure. Based on this fact it was proposed that if key structural domains of a protein were
overexpressed in vivo they would interfere with the proper folding of the protein into its correct
tertiary active form. This study examined this possibility using two different target proteins,
LacZ (B-galactosidase) of Escherichia coli and XylE (catechol-2,3-oxygenase) of Pseudomonas

putida, as well as results obtained from similar studies conducted by other researchers.
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Introduction

Selective inhibition of specific gene targets represents a general approach to the analysis
of gene function and a possible method of treatment for various genetically-linked diseases.
Inhibition for these purposes can be achieved by either disruption of the gene of interest or by
introduction of genetic elements that interfere with the expression of the target gene or the
function of gene products. One such element is antisense RNA which involves the production of
RNA sequences complementary to the mRNA of the target gene. The inhibitory effect is caused
by the binding of antisense RNA to mRNA which blocks translation and prevents protein
synthesis (Takayama and Inouye, 1990). Though the theory is sound, many antisense RNA
constructs that have shown promise during in vitro studies, such as those designed to inhibit
influenza or SV40 viral replication, have demonstrated little or no biological effect in vivo
(Hasan et al., 1988; Kerr et al., 1988; Leiter et al., 1989). Another genetic element that has been
examined as an approach to targeted gene inhibition involves the use of mutated proteins that
interfere with the function of the native protein when expressed in a wild-type background.
These dominant-negative mutants may be derived from normal proteins by truncation of domains
involved in specific functional interactions such as oligomerization (Herskowitz, 1987).
However, unless the domain structure of the target protein is well characterized it becomes
problematic to predict which, if any, segments of the protein act as dominant negative mutants.
Furthermore, in vivo studies have revealed that the dominant negative form of some proteins fail
to inhibit their native targets in the manner exhibited during in vitro experiments due to rapid
degradation, possibly related to instability of the tertiary structure (Ramalho et al., 2002).

In response to the shortcomings of the antisense and dominant negative protein

approaches, the Roninson lab developed a technique in which both short sense and antisense
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gene elements which exert a phenotypic effect are generated by random fragmentation of the
DNA of a target gene or multigene complex (Roninson ef al., 1995). They used the term genetic
suppressor element (GSE) to describe these inhibitors of gene function and first demonstrated the
concept by showing that randomly fragmented bacteriophage lambda DNA increased survival of
E. coli cells transformed with the fragment expression library upon challenge with phage A
(Holtzmayer et al., 1992). Other studies by this group of researchers further demonstrated the
technique through the isolation of GSEs which inhibited the function of human p53 and human
topoisomerase II and helped to elucidate the biological effects of the various domains of these
proteins (Gudkov et al., 1993; Ossovskaya et al., 1996). Another group of scientists has applied
a similar approach to the analysis of the pheromone response pathway in Saccharomyces
cerevisiae and collectively referred to the random short peptides and larger protein fragments
that inhibited the pathway as "perturbagens" (Caponigro et al., 1998).

In an effort to make targeted protein inhibition a realistic tool for researchers it was
decided to undertake an investigation of a method similar to those described above based on
what is known about the mechanics of protein folding. It has become increasingly clear that as a
protein folds from its primary amino acid sequence key domains of the protein interact with each
other and facilitate the folding of the protein into its final tertiary structure (Branden and Tooze,
1991). Interestingly, the size of these key domains, which are typically stable secondary
structures such as a-helices and (3-sheets, appears to be 20-30 amino acids in length. It was
proposed that random fragments from a particular protein could be expressed in a cell as novel
bioactive peptides, and might interfere with the folding of the intact parental protein, thereby
rendering it nonfunctional (Figure 6.1). It was decided to test this hypothesis using the LacZ (p3-

galactosidase) protein of Escherichia coli and XylE (catechol-2,3-oxygenase) protein of
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Pseudomonas putida as targets, since both proteins have well-characterized crystal structures and
both phenotypic and colorimetric assays can be employed to easily screen for LacZ and XylE
colonies and measure enzymatic activity of the native proteins respectively.

Materials and Methods

Media

Rich Luria-Bertani media used in this study was prepared as described by Miller (1972).
Ampicillin was used in rich media at a final concentration of 100 ug/mL, chloramphenicol was
used in rich media at a final concentration of 20 ug/mL. Isopropyl 3-D-thiogalactoside (IPTG)
was added to media at a final concentration of 1 mM.
Bacterial strains and plasmids

The bacterial strains and plasmids that were used in this study are listed in Table 6.1.
Construction of the pSTOP expression vector

To construct the pSTOP expression vector (Figure 6.2) the 5' phosphorylated
oligonucleotides 5'-GAT CCT AAT TAA TTA ACA GCT AGC A-3"and 5'-AGC TTG CTA
GCT GTT AAT TAA TTA G-3' were used. After the oligos were annealed, the resulting
dsDNA was ligated into the pUCS8 expression vector that had been digested with BamHI and
HindIIl.
Construction of the pUCS8.lacZ vector

To construct the pUCS8./acZ vector, midiprep DNA of the pTrc99A.lacZ plasmid was
restricted with BamHI and HindlIII and gel isolated to yield a ~3.1 Kb fragment containing the
lacZ gene. This fragment was then ligated to the ~2.6 Kb fragment from the plasmid pUCS that

had been digested with the same two restriction enzymes.
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Construction of the pTrc99A4.xylE vector

To construct the pTrc99A .xylE vector, primers 5'-ATC AGA CTG CAG GAG GTA
ACA GCT ATG AAC AAA GGT GTA ATG CGA CC-3'and 5'-TAG CAG TGG CAG CTC
TGA AAG CTT TGC ACA ATC TCT GCA ATA AGT CG-3' were used to PCR amplify a 972
bp fragment from the plasmid pXE60, which contains the wild-type Pseudomonas putida xylE
gene isolated from the TOL pWWO plasmid (Greated et al., 2002). The resulting fragment was
gel isolated, digested with PstI and HindlIll, and then ligated into the 4164 bp fragment from the
plasmid pTrc99A that had been digested with the same two restriction enzymes.
Construction of the pUCI8.xylE vector

To construct the pUC18.xy/E vector, midiprep DNA of the pTrc99A.xylE was restricted
with Ps¢l and HindIII and gel isolated to yield a ~950 bp fragment containing the xy/E gene.
This fragment was then ligated to the ~2.6 Kb fragment from the plasmid pUC18 that had been
digested with the same two restriction enzymes. Ligation mixtures were transformed into
ALS225 and plated on LB + IPTG plates. Transformants were sprayed with 100 mM catechol
and yellow XylE" colonies were selected and checked by gel restriction analysis.
Construction of the pACYC184.xylE vector

To construct the pACYC184.xylE vector, midiprep DNA of the pTrc99A.xy/E was cut
with Narl and HindlIll, gel isolated to yield a ~950bp fragment containing the xy/E gene, and
blunt-ended (polished) with Klenow. This fragment was then ligated to the ~3.2 Kb fragment
from the plasmid pACYC184 that had been digested with Hincll. Ligation mixtures were
transformed into ALS225 and plated on LB+Cam+IPTG plates. Transformants were sprayed
with 100 mM catechol and yellow XylE" colonies were selected and checked by gel restriction

analysis.



133

SDI cloning scheme for LacZ

The pUCS.lacZ construct was digested for 30 minutes with DNAsel, and 10% of the
digestion was analyzed via gel electrophoresis to assess the efficiency of the fragmentation,
while the remainder was run through a DNA clean-up kit and then polished with Klenow to
produce blunt ends for ligation into the pSTOP expression vector that was restricted with Smal,
dephosphorylated, and gel isolated. Fragments of lacZ were blunt-end ligated with T4 ligase into
the 2.67 Kb pSTOP gel isolate. Ligation products were transformed into electrocompetent
ALS269 and plated on LB+Amp+IPTG plates. Ten clones were selected at random and
miniprep plasmid DNA was isolated and digested with Haell to verify that the library
incorporated /acZ gene fragments at a frequency of at least 50%. Haell digestion of pSTOP
yields three fragments, a 1871 bp large fragment, a 370 bp small fragment, and a 429 bp variable
fragment that contains the cloning site for the vector. Upon successful ligation with an average-
sized fragment from a DNasel digested gene library, the variable fragment should show an
increase in size of ~200 bp, which is easily ascertained by gel electrophoresis (Figure 6.3).
SDI cloning scheme for XylE

The pUC18.xylE construct was digested for 30 minutes with DNasel, and 10% of the
digestion was analyzed via gel electrophoresis to assess the efficiency of the fragmentation,
while the remainder was run through a DNA clean-up kit and then polished with Klenow to
produce blunt ends for ligation into the pSTOP expression vector that was restricted with Smal,
dephosphorylated, and gel isolated. Fragments of xy/E were blunt-end ligated with T4 ligase into
the 2.67 Kb pSTOP gel isolate. Ligation products were transformed into electrocompetent

ALS748 and plated on LB+Amp+Cam+IPTG plates. Ten clones were selected at random and
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miniprep plasmid DNA was isolated and digested with Haell to verify that the library
incorporated xy/E gene fragments at a frequency of at least 50% (Figure 6.4).
Chemicals and reagents

Blunt-ending reactions were carried out using Klenow polymerase from New England
Biolabs (Beverly, MA, USA) while ligation reactions were performed using T4 DNA ligase from
Invitrogen (Carlsbad, CA, USA). Random gene fragmentation was performed using DNasel
from Promega (Madison, WI, USA). IPTG was obtained from Diagnostic Chemicals Limited
(Prince Edward Island, Canada). Catechol was obtained from Sigma Chemicals (St. Louis, MO,
USA).
Results
Screen for Self-Directed Inhibitors of LacZ

The library of randomized ~200 bp fragments of the lacZ gene encoding ~66-amino acid
peptide fragments of 3-galactosidase was transformed into ALS269 in bulk and 20,000 clones
were screened for white LacZ™ colonies among the blue LacZ" background. No LacZ colonies
were isolated in this screen.
Screen for Self-Directed Inhibitors of XylE

The library of randomized ~200 bp fragments of the xylE gene encoding ~66-amino acid
peptide fragments of catechol-2,3-oxygenase was transformed into ALS748 in bulk and 20,000
clones were screened for white XylE colonies among the yellow XylE" background after the
plates had been sprayed with 100 mM catechol. No XylE" colonies were isolated in this screen.
Discussion

A principal goal in protein folding is to determine the mechanism of folding and the

properties of folding intermediates. Protein folding is postulated to begin with the formation of
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individual secondary structures (microdomains) such as a-helices and -sheets (Karplus and
Weaver, 1976; Kim and Baldwin 1982). These transient structures are envisioned to be
stabilized by packing against each other, later steps continuing in a hierarchical manner until the
native tertiary structure is achieved (Baldwin, 1982; Branden and Tooze, 1991). Interestingly,
the size of these key microdomains is typically on the scale of 20-30 amino acids in length. It
was from this standpoint that the hypothesis of Self-Directed Inhibition (SDI) was developed, as
an attempt to approach gene inactivation from the aspect of protein folding. It was proposed that
randomized fragments from a gene of interest could be expressed in vivo as novel bioactive
peptides which might interfere with the correct folding of the native parental protein, thereby
rendering it nonfunctional (Figure 6.1). Furthermore, SDI predicts that inhibitory sense-oriented
fragments from a gene product of interest would be clustered around regions of the protein
critical to folding such as the microdomains described above.

Other scientists have utilized a similar approach to generate inhibitors of various proteins,
but have not postulated disruption of protein folding as a causative agent of inhibition. Instead,
these researchers indicate that the isolated fragments which have an inhibitory effect on target
proteins are found around the active site or demonstrate homology to domains of the protein
responsible for oligomerization, DNA binding, transactivation, etc. (Gudkov et al., 1993;
Ossovskaya et al., 1996; Gallagher ef al., 1997). An examination of some of the gene products
for which GSEs were successfully isolated was conducted by comparing the regions where
inhibitory fragments clustered with the secondary structures of these proteins. According to the
SDI hypothesis, one would expect to see a correlation between GSEs and secondary structures
such as a-helices and p3-sheets that serve as nucleation sites during early stages of protein

folding. Seven sense-oriented fragments of human topoisomerase Ila were isolated from a
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20,000-clone library (1 in 2857) and identified as GSEs, and five of these inhibitory peptides
were clustered in a region purportedly involved with dimerization and protein-DNA interaction
(Gudkov et al., 1993). No significant secondary structure is apparent in the region of this protein
where GSEs cluster as would be predicted by the SDI model (Figure 6.5). Three sense-oriented
fragments of HIV-1 reverse transcriptase were isolated from a library of 80,000 clones (1 in
26,667) and identified as GSEs (Dunn et al., 1999). These inhibitory peptides all clustered in a
28 amino acid region lacking secondary structure near the amino terminus of the protein (Figure
6.5). Ten sense-oriented fragments of human p53 tumor suppressor protein were isolated from a
100,000-clone library (1 in 10,000) and identified as GSEs, and five of these inhibitory peptides
clustered in a region thought to be responsible for oligomerization (Ossovskaya et al., 1996;
Gallagher et al., 1997). There is an a-helix present in this region consistent with the SDI theory
(Figure 6.5). In two of the three cases studied the clustering of GSEs were not found to overlap
with regions of the proteins exhibiting secondary structure, thus seeming to disprove the SDI
hypothesis. Therefore, it would appear that techniques of this type will probably not contribute
to the elucidation of protein folding for gene products of interest, but seem to be better suited to
aid in the identification of key functional domains and generation of protein inhibitors.
Consistent with this idea is the isolation of truncated loss-of-function mutants of the Wilms
tumor suppressor (WT1) that are observed to oligomerize more efficiently or form more stable
complexes with full-length WT1 (Moffett et al., 1995). Furthermore, the inability to isolate any
inhibitory fragments in the screening of two 20,000-clone libraries for two bacterial proteins
which spanned a broad range of size may indicate that only a small percentage of protein targets

are amenable to these techniques in general.
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Self-Directed Inhibition hypothesis. A hypothetical 600-amino acid protein is

shown divided into twenty equal intervals. In this protein, intervals 1 and 15, 6 and 14, 12 and

19, and 17 and 20 interact with each other as depicted in the figure as the protein folds into a

final active tertiary form. According to the SDI hypothesis, if any one of these 30-amino acid

intervals was expressed independently in a wild-type background, it might have an adverse effect

on the folding of the native protein and result in inhibition of biological activity.
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Figure 6.2  pSTOP vector. Cloning region designed with stop codons in all three reading

frames to express gene fragments of random length in the proper sense.



142

—
., e

1871 bp'-

_ variable _

~ fragment
0T I s SR SN o

i -

o -~
370bp

Figure 6.3  Restriction analysis of 10 random clones from LacZ SDI screen



143

1871bp///

variable

- fragment ™\ ¢ —— ——
—— e ga— 4 - —

57000~

Figure 6.4  Restriction analysis of 10 random clones from XylE SDI screen



144

NLCLTTTTTTTTTTTITTTTITTITTTITITTTITITITITTTTITTITITIINTT ¢
[N e — ——
» I
[EE—
—_—
I I
NLLTTTTTTTTTTTITTTTTTITTTITITTTITITTITTITITTITITITIT ¢
——
——
—
I I
NLLTTTTTTTTTTTTTTITTI T T TTI T ITTITITTITITIITTTITTTTITTITTITIIITTI ¢
— — —
——
—
—
——

Figure 6.5  GSEs isolated for human p53 tumor suppressor protein (top), HIV-1 reverse
transcriptase (center), and human topoisomerase Ila (bottom). Sense-oriented inhibitors are
represented by arrows below the protein diagram, a-helices by thick lines above, and (3-sheets by
thin lines above. Note that protein diagrams are not to scale; p53 is segmented into 10-amino
acid blocks, HIV-1 RT into 15-amino acid blocks, and topo Ila into 30-amino acid blocks. Data

described in Gudkov et al., Ossovskaya et al., Gallagher et al., and Dunn ef al.
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Table 6.1 Bacterial strains and plasmids used in this work
Bacterial strains (E. coli)
Laboratory Original ~ Genotype Reference or
name name source
ALS224 MC1061  araD139 A(araABOIC-leu)7679 A(lac)X74 galU Casadaban and
galK rpsL hsr- hsm+ Cohen, 1980
ALS225 MC1061 / Flacl® 7+ v+ 4+ Warren ez al., 2000
ALS269 CSH27 F-trpA33 thi tyr Miller, 1972
ALS528 ALS224 pXE60 This work
ALS748 ALS225 pACYC184-xylE This work
ALS524 XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl Stratagene
lac | F' proAB lacl° AlacZ)M15 Tn10
Plasmids
Plasmid Relevant characteristics Reference or
name source
PACYC184  ild-type lac promoter / operator, CamR, TetR, ColE1 Itakura et al., 1977
replicon
pTrc99A trc promoter / operator, lac[Q, Amp , ColE1 replicon Amann e al., 1988
R .
pUC8 lac promoter / operator, Amp , ColE1 replicon Vieira and
Messing, 1982
pUCI18 lac promoter / operator, Amp~, ColE1 replicon W. Gilbert
R :
pXE60 wild-type TOL pWWO xy/E gene, Amp J. Westpheling
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CHAPTER 7
CONCLUSIONS

The development of bioactive peptides as clinically useful therapeutics has been greatly
hindered by their poor metabolic stability in vivo. The aim of this thesis was to investigate
protein-based motifs and their potential for protecting peptides against degradation. A novel,
highly regulable expression vector, pLAC11, was designed and constructed to allow potent
growth inhibitory peptides to be isolated from E. coli bacteria utilized in a genetic system
devised to screen randomized peptides. In comparative studies with other commonly used
expression vectors, pLAC11 successfully demonstrated the regulable nature necessary to express
inhibitory clones which might otherwise kill the cells producing the bioactive peptides if the
expression could not be turned off completely.

During early studies, a deletion event occurred in the plasmid that caused randomized
peptides to be fused to the highly stable 63-amino acid Rop protein, producing two extremely
potent inhibitors. To investigate the deliberate implementation of this potentially protective
motif, a vector was designed to fuse Rop to either the amino or carboxyl terminus of a
randomized 20-amino acid peptide. Screening combined libraries totaling 16,000 clones it was
found that the fusion of Rop to either end of randomized peptides resulted in the isolation of
potent inhibitors at an averaged frequency of 1 in 527, a 38-fold increase compared to the 1 in
20,000 found when peptides are left unprotected. This seemed to indicate that Rop might aid in

stabilizing peptides against enzymatic degradation in vivo.
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It was postulated that the helix-turn-helix structure which lends Rop its highly stable
nature might have been the key to its apparent ability to protect bioactive peptides, and it was
decided to investigate other stable secondary structures which might have similar effects.
Oligonucleotides were designed for use in the in vivo genetic screen to yield peptides with a
terminal opposite charge motif flanking a randomized core of residues and peptides composed of
randomized hydrophilic a-helix-forming amino acids, and these strategies increased the
frequency at which potent inhibitors were isolated, by 6-fold and 8-fold respectively.

In a search for more stable protective motifs, a group of naturally-occurring o-helices
based on Rop and other helical proteins as well as potential helical peptides designed de novo
were investigated through the use of predictive secondary structure algorithms, CD spectroscopic
analysis and in vitro rat plasma degradation assays. Two highly stable helical peptides were
identified which exhibited half-lives 52-fold greater than other representative peptides and
similar to that of small stable proteins. These peptides could potentially be adapted to serve as

protective protein-based anchors to help stabilize bioactive peptides.



