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I ntroduction

The discovery and development of antibiotics, saglpenicillin discoverely
Alexander Fleming in 1928, is one of the greategémtions in human history, and has
contributed greatly to prosperity of humankind.c®ri950, the pharmaceutical industry
has delivered over a thousand new drugs that hdageg an important part in
improving public health and extending life expectafl] . However, the industry is
now facing the reduction of drug research and agreent (R&D) efficiency partly due
to the continuous emergence of competitive gertrtigs and the progressive lowering
of risk tolerance of drug regulatory agencies [2)\8hich requires further innovative
drugs that can cure rare and previously negledtshges.

In contrast to small molecule drugs such as asaligllic acid,
biotechnology-based drugs (called ‘biologics’) liteerapeutic monoclonal antibodies
have recently been used to effectively treat camubt particularly in the area of
autoimmune diseases that small molecule drugs raabl@ to address. In fact, the top
three drugs in terms of global sales in 2012 wertébady or fusion protein products
prescribed for the treatment of rheumatoid arthf#]. Unfortunately, these monoclonal
antibodies have difficulties targeting intracellulaolecules due to their large size. In
addition, they are expensive to manufacture, regulin high medication cost for
patients [5].

Peptides are polymeric molecules composed of aragids with around 50
residues in length. They are classified betweenllsmalecules and antibodies in
molecular size. Considering that they are ableatget intracellular molecules with
good specificity, peptides should be the next majotecules to be used as medicines to
address intractable disease and improve R&D efftyieln this paper, we focus on a
novel discovery method of therapeutic peptidesngctin G-protein coupled receptors
(GPCRs) and enzymes. To do so we applied and estgithdudding yeast as a host for
the production of agonistic peptides. Furthermongs genetically grafted virus
neuraminidase onto the yeast cell surface for aglay screening targets that are easily

prepared.



Drug research and development

The drug discovery and development process (Figis lone of the most
challenging and difficult human endeavors, intagmat various sciences and
technologies as it balances efficacy in health fisnevith safety at an appropriate
therapeutic index. It is an indispensable camp#gprevention, management, and cure
of disease, injuries, and other disorders for p#dieSince the emergence of organic
synthesis chemistry in the late nineteenth centuvizich was marked by the
introduction of aspirin, and the use of rationakpleitation strategy, which led to the
discovery of penicillin — the first antibiotic —ig indisputable that modern medicine has
changed the world [6-8]. In fact, from 1950 to 200&Jnited States, the pharmaceutical
industry has delivered 1,222 new drugs that areposed of 1,103 small molecules and
119 biologics [2], leading to improved public héadind extended life expectancy by an

average of 2 months each year [1].
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Fig. 1. Drug development process[9]

The industry, however, is now encountering redwefédiency in drug research
and development (R&D). Presently it takes nearlyenyears from clinical testing to
regulatory approval, which does not include theclmmeeal, animal testing phase nor the
discovery and research phases. In addition to adohg lead time, the average cost for
one biopharmaceutical product is $1.32 billion ZD05 dollars). Although the number
of new drugs marketed has never reduced in any, yR&D costs have been

dramatically increasing [10] (Fig. 2). This is dteea number of reasons. One is the



extensive exploitation of drugs for diseases witHasge number of patients like
hypertension and hyperlipidemia, which are compaebt easy to deal with. Another is
the concomitant emergence of generic drugs witldenge of long-term safety and
efficacy. In addition, the increasing requirememgposed by regulatory authorities,
especially on safety, increase costs. Finallynioéecular targets such as protein-protein
interactions that are difficult to regulate with ainmolecules are becoming key for
treatment of previously neglected diseases. Thiealbleages mean that pharmaceutical
companies have to address residual intractablasksewith smaller number of patients

while targeting non-classical molecules.
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Since the establishment of recombinant DNA teabupglas typified by human
insulin production using bacterien the 1980s, pharmaceutical companies have
developed protein-based drugs such as erythropdfeti anemia and interferon for
virus hepatitis [13]. Both were diseases that smallecule drugs found difficult to
access. More recently, humanized monoclonal antisodvere developed and
dramatically improved clinical outcome of patiemtgh autoimmune diseases such as
rheumatoid arthritis and inflammatory bowel dissasikmdeed, the advent of these
biopharmaceuticals changed the industry’s busimessel to incorporate the therapeutic

area of diseases, as seen in Table 1. In 2003tH&dbp 10 drugs in terms of sales were
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almost all small molecule drugs that targeted bfgle-related diseases with huge
number of patients. But, in 2012, the lineup dcadlly changed; half are monoclonal
antibodies that target autoimmune diseases ancecartus innovation is undeniably a
great success, but unfortunately, these monoclanidbodies have difficultyargeting

intracellular molecules, plus they impose high roation costs on patients around
$25,000 U.S. annually [5]. Both are attributed toeit huge molecular size,

comparatively low productivity, and high dose reqdiof monoclonal antibodies.

Table 1 Top 10 drugs by global salesin 2003 and 2012 [4]

2003 2012
Rank ( GBer:‘:r(:cn:;nl:e) Indication (SBT:; ) Rank ( GBer:::::;nr:e) Indication (ia;lness)
1 Lipitor (atorvastatin) Lipidemia 9.96 1 Humira (adalimumab 9.60
2 Epogen (epoetin) Anemia 6.89 2 Remicade (infliximab) R:;r:::;id 9.07
3 Takepron (lansoprazole) | Gastriculcer 5.14 3 Enbrel (etanercept) 8.47
4 Zocor (simvastatin) Lipidemia 5.01 4 Advair (salmel../flutica..) Asthma 8.21
5 Norvaskc(amlodipine) Hypertension | 4.77 5 Crestor (rosuvastatin) Lipidemia 7.43
6 Mevalotin (pravastatin) Lipidemia 4.75 6 Rituxan (rituximab) Blood cancer | 7.22
7 Zyprexa (olanzapin) Schizophrenia | 4.28 7 Lantus (insulin glargine) Diabetes 6.55
8 Plavix (clopidogrel) Thrombosis 4.13 8 Herceptin (trasutsuzumab) | Breastcancer | 6.44
9 Adbvair (salmel../flutica..) Asthma 3.94 9 Avastin (vebacizumab) Coloncancer | 6.30
10 Paxil (paroxetine) Depression 3.34 10 Januvia (sitagliptin) Diabetes 6.20
*Yellow filling indicates biologics.
Peptides as drugs

Traditional small molecule drugs with typical moléar weights less than 500
Da have advantages such as low cost and low pie¢ availability, ready synthesis,
membrane-penetrating ability, and stability in boely. However, due to their small size,
they may suffer from reduced target selectivityt thiéen ultimately manifests in human
side effects. On the other hand, larger biologicenore than 10,000 Da in molecular
size tend to be exquisitely specific for their &tggbecause of many more interactions
with targets, but they are associated with highdpotion costs, lack of oral
bioavailability, poor membrane permeability, and tabelic instability, requiring
injection. Thus there is a significant gap in malac size between small molecule
drugs and therapeutic antibodies, and peptides tiie potential of filling this gap

while possessing advantages from small moleculésatibodies (Table 2) [14].



In nature, peptides are involved in a variety bygological and pathological
processes and play very important roles in modcatrarious cell functions. For
instance, insulin is a 51-amino acid peptide horenconsisting of two chains, called A-
and B-chain respectively, and is produced and sstigy pancreatif cells in response
to increased blood glucose levels, and regulatesrtatabolism of carbohydrates and
fats by promoting the absorption of glucose from ood to skeletal muscles and fat
tissues [15].

Therapeutic peptides have traditionally been design endogenous form or
analogues with some substitution in amino acidsmilin® is simply human insulin
produced by genetically-modified bacteria, whereastus® (Insulin grargin) replaces
Asp to Gly at position 21 in the human insulin Aaghand adds the two additional Arg
residues to the C-terminus in B-chain for achievisgstainable absorption from
injection site to blood. Because peptides are atgesto chemical synthesis, unnatural
amino acids such as-aminoisobutyric acid (dimethyl-alanine) abdamino acid can
also be introduced especially to increase proteotyability.

There are various types of molecular targets pegitides can interact and
modulate. While insulin targets the insulin recepxpressed on the plasma membrane
that belongs to tyrosine kinase receptors, octteotiSandostati®), a synthetic
somatostatin analog with &-amino acid in its circular structure, activates th
somatostatin receptor that is a class A GPCRs se@tlen-transmembrane structure, and
iIs one of the most common drugs used in treatingaendocrine tumors for which
conventional chemotherapy and radiotherapy have lraited effects [16]. Zinocotide
(Prialt®) act as a selective N-type voltage gated calciomdhannel blocker for the
amelioration of severe and chronic pain [17]. ldiidn to these membrane proteins as
targets by peptides, ecallantide (Kalb®@)yrsuppresses fluid leakage from blood vessels
causing swelling of tissues typical of hereditangiaedema by inhibiting the protease
activity of plasma Kkallikrein [18]. Eptifibatider{tegrilin®) interferes with the
interaction of glycoprotein llb/llla on plateletsitiv fibrinogen and von Willebrand
factor, suppressing platelet aggregation and thusnformation for the treatment of

unstable angina [19].



Peptides have been considered difficult to acoasacellular targets due to
their low membrane permeability, but a family ofl-genetrating peptides (CPPs) such
as penetratin, M918, and TP10 are able to passighr@ell membranes with high
efficiency and less membrane damage [20,21]. Fusicd@PPs to therapeutic peptides
could deliver them through cell membrane to impr@e®r oral bioavailability and
intracellular targeting. Another drawback of peptds the short half-life in the body
caused by enzymatic degradation and renal clear&tmeever, short peptides that can
bind to serum albumin have been discovered and dstmraded to extend the half-life of
antibody fused to the albumin binding peptide irperxmental animals [22]. More
recently, circular peptides (called cyclotides)nfrplants have been found to be highly
stable against proteolytic enzymes, which suggdsés such circular scaffolding
enables peptides to be orally administered [23kUummary, peptides can be designed
with natural and unnatural amino acids, and cagetararious types of molecules from
membrane proteins to enzymes, interactions betweeteins, and even intracellular
molecules. These characteristics of peptides shaiiiidct the pharmaceutical industry

to peptide-based drug discovery.

Table 2 Comparison of potential druggability among small molecules, peptides and antibodies

Small molecules Peptides Monoclonal antibody
(0.5 kDa) (5 kDa) (150 kDa)
Drug design | Needs large manpower DNA randomization DNA randomization
Safety Needs many cares Immunogenicity Immunogenicity
Protein-Protein Difficult Possible Easy
interaction
Intracellular . Py
targeting Easy Possible Difficult
In vivo stability Low to High Low High
Production . .
cost Low Middle High




G-protein coupled receptors (GPCRs) and GLP1 receptor

G-protein coupled receptors (GPCRs) are criticalkaeyotic signal
transduction gatekeepers and represent the lgygasin family in the human proteome,
with more than 800 members. They share a commomitacture of seven
transmembrane helices, and can be classified in® rhajor classes by sequence
similarities (Fig. 3) [24]: rhodopsin receptor fayniclass A); secretine-like receptor
family (class B); glutamate receptor family (claS3, and frizzled/taste 2 receptor
family and adhesion receptor family (other class).

Class A is by far the largest subgroup and conté#nes opsins, olfactory
GPCRs, and small-molecule/peptide hormone GPCRsassCIA GPCRs are
characterized by several highly conserved amindsaci the 7 TM bundle. Most of the
class A receptors have a palmitoylated cysteinglwesin the intracellular C-terminal
tail. The ligand binding sites vary depending oe thipe of ligand. For endogenous
small-molecule hormone ligands it is within the M bundle (Fig. 3, upper left). For
peptide ligands it is within the N-terminus and etigr parts of the TM helices (Fig. 3,
upper middle). And for glycoprotein hormone ligands within the extracellular loop
segments and superior parts of the TM helices @igpper right).

Class B comprises 50 GPCRs for peptides such @etse and calcitonin.
Class B GPCRs are characterized by a relativelg INAterminal tail, which forms
ligand binding sites together with the extraceliidarface of TM regions and contains a
network of three conserved disulfide bridges defina globular domain structure. (Fig.
3 bottom left)

Class C GPCRs include 17 members in the humamgesach as the mGIuR,
y-aminobutyric acid type B (GAB4, and CZ&-sensing (CaR) receptors. The majority
of class C receptors are characterized by verglakgand C-terminal tails. The ligand

binding site is located in the large N-terminal dom(Fig. 3, bottom right).
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Fig. 3. Classification of human GPCRs [24]
Red: ligand, Yellow: disulfide bond, sky blue: membrane lipid bilayer

GPCRs recognize a variety of extracellular stimudcluding photons, ions,
small molecules, peptides, and proteins, and trdrtken resulting extracellular signals
across the membrane to elicit intracellular respsnsSignal transmission occurs
through coupling to different intracellular proteisuch as heterotrimeric G proteins and
kinases, which then activate downstream effectadstagger cascade of cellular and
physiological responses (Fig. 4). The key role @thipy GPCRs in many physiological
or disease-related processes has made them onéeofavorite targets of the
pharmaceutical industry. This therapeutic relevasaenderstood by the fact that those
drugs target only up to 35 of the approximately 86@ggable, nonsensory GPCRs and
that ligands or function are unknown for around I8phan GPCRs. Clearly their

pharmacological potential remains largely untap[2&c26].
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Fig. 4. GPCR activation by extracellular stimuli and intracellular signaling pathways [27]

Glucagon-like peptide-1 (GLP-1) is a 30-amino aqeéptide hormone
produced and secreted in intestinal L-cells. GLB-§ecreted at low basal rates in the
fasting state, and its secretion is increasedvotig nutrient ingestion. GLP-1 exerts its
actions through binding to GLP-1 receptor (GLP1®Rpich is one of the class B
GPCRs expressed on pancrediicells (Fig. 5) [28]. GLP-1R activation promotes
insulin secretion in pancreatf-cells depending on blood glucose level, protekts t
B-cells from apoptotic cell death, and triggers ibeohtive pathways that lead to
expansion of the3-cell mass in animal experiments. Accordingly, druagctivating
GLP1R should be promising for the treatment of eiab. Because native GLP-1 is
rapidly degraded by dipeptidyl peptidase-4 aftareton to the blood stream, higher
stable exenatide (synthetic exendin-4, By@jtf29], a naturally occurring GLP-1
analogue discovered in the venom Id&loderma suspectum, was developed and
approved as the first peptide-based GLP1R agofosthuman clinical use in 2005.
However, exenatide was found to have antigeneegulting in anti-drug antibodies in

up to around 30% of patients receiving exenatidg. [2



Presently, the development of novel GLP1R agomstk safer profiles, as
well as the screening system for novel active pegti need to be explored and
identified [30].

A) Amino acid sequence of GLP1R agonists
GLP1: HAEGTFTSDV SSYLEGQAAK EFIAWLVKGR EC5o=5.8nM

S2-GLP1: HSEGTFTSDVSSYLEGQAAKEFIAWLVKGR EC50=22nM
Exendin4 (Ex4): HGEGTFTSDLSKQMEEEAVR LFIEWLKNGG PSSGAPPPS  EC5;p=1.4nM

B) GLP1R signaling upon activationin pancreas 3 cells
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*CRE: cCAMP response element, CREB: CRE-binding protein

Fig. 5. Amino acid sequence of GLP1R agonistsand GL P1R signaling in pancreas p cells

Influenza virus and neuraminidase

Influenza is an infectious disease that predomipaitects higher eukaryotic
hosts and is caused by an RNA virus of the fai@itthomyxoviridae. Human seasonal
influenza is responsible annually for an estim&&d,000-500,000 deaths and 3-5
million cases of severe illness worldwide [31]. Beity, the novel swine-origin virus
(Influenza A HIN1 2009) entered the human poputatiod spread rapidly around the
globe, prompting the World Health Organization (WH®declare a pandemic in
2009 [32]. In addition, the highly pathogenic aviafituenza A virus H5N1 has
sporadically been epidemic since 1997 with a higintatity rate of 60% in humans and
continues to pose a serious pandemic threat [33].

The two glycoproteins of the influenza virus meart®, hemagglutinin (HA)
and neuraminidase (NA), recognize sialic acids lon host cell membrane surfaces.

Initiation of virus infection involves multiple HAsbinding to sialic acids on
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carbohydrate side chains of cell surface glycopmstand glycolipids. Following virus
replication, the receptor-destroying enzyme, NA)oges its substrate, sialic acid, from
the infected cell surface so that newly-made vsusee released to infect other cells
(Fig. 6). Oseltamivir, one of the first-developed Mhibitors, has been most widely
used for the treatment of patients with influenziaus/ infection. However, an
oseltamivir-resistant HIN1 virus that harbors ac#emutation (H274Y) in the NA
protein has been recently reported [34]. It has bé&en reported that the avian influenza
H5N1 virus with the same mutation has emerged,ghdo a lesser extent [35]. These
findings raise public health concerns and theretbese is a need to develop a novel,

efficient, and a rapid screening system for thatifieation of novel inhibitors.

Infection mechanism Treatment
. @ NA inhibitors
H lutini N inid Release \ o
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\ with drug-resistant NA
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/ @ New screening systems

Fig. 6. Infection and expansion mechanisms of influenza virus and neuraminidase inhibition by
small molecules
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Discovery technologies for bioactive peptides acting on GPCRs and enzymes

There are two major ways to design novel bioagbeptides acting on GPCRs
and enzymes: chemical optimization strategy andebimological strategy. In a
classical way, using a chemical-based approachjctate-activity relationship
experiments of newly synthesized peptide derivativeave been conducted for
sequenced peptides. For example, N- and/or C-tatntinncation was performed to
search for the minimum active sequence. On therdthed, alanine-scanning that
replaces one-by-one all residues with alanine waslacted to identify which residue is
important for bioactivity. These approaches areatffe for bioactive peptides with
known sequence, but are less beneficial for caseseanpeptides with novel sequence
need to be designed. To discover novel bioactivatigees, a combinatorial peptide
library that can be prepared through chemical anbbgpical methods will be exploited
as a source of peptides. However, the chemicaéipgmed peptide library is difficult to
assay as single compounds because of synthesisiptes) whereas with the
biologically-prepared peptide library is easierporify each unique peptide through
colony formation when using phage, bacteria, aradye

Phage display was the first innovative technolegpablished by Smith [36] in
order to prepare and screen a large polypeptidaryibPhage display delivers unique
peptides that are displayed as fusions to a phageprotein, and the phage particles
propagated ir.coli are isolated by panning against a target molesutd as GPCRs or
enzymes bound to a solid-phase support. Howeuerntethodology is not as effective
in discovering functional peptides such as actigatior GPCRs or inhibitors for
enzymes because phage-displayed peptides are edrbased only on binding ability
to targets, resulting frequently in simple bindeighout any bioactivity.

For these reasons, a novel functional screenistesy of bioactive peptides
acting on GPCRs and enzymes is highly in demanddptition, it would be even more
beneficial if a secretion form of the peptide lityas directly assayed because there may
be dissociation in biological activity between pées tied up on the phage as a fusion

protein and the secretion form of peptides.

-12-



The present study has been carried out to dewelopvel bioactive peptide
screening system for GPCR agonists and influenzaan@nidase inhibitors toward
further extension of peptide versatility as medesinin Chapter I, we established a
novel functional screening system for peptides ngcton GLP1R without any
purification and condensation of the peptides. Ina@er Il, we identified novel
modified GLP-1R agonists through the screening asfdom mutagenesis library of
GLP1 by using an integrated yeast-mammalian asgaiers. In Chapter Ill, we
attempted to reconstitute the head domain of wifgtor drug-resistant neuraminidase

from influenza H5N1 virus on a yeast cell surface.
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Chapter | Novel functional screening system for yeast-secreted
peptides acting on G-protein coupled receptors

G-protein coupled receptors (GPCRs) are one ofcafiteukaryotic signal
transduction gatekeepers and represent the Igygasin family in the human proteome
with more than 800 members. They share a commomitecture of seven
transmembrane helices, and can be classified in® rhajor classes of sequence
similarities [1]: rhodopsin receptor family (cla&}, secretin-like receptor family (class
B), glutamate receptor family (class C), frizzledte 2 receptor family, and adhesion
receptor family. GPCRs recognize a variety of edlalar stimuli, including photons,
ions, small molecules, peptides, and proteins; thaysmit the resulting extracellular
signals across the membrane to elicit intracelltdgponses. Consequently, they cause
physiological changes such as regulations of blo@dsure, pain, allergies and so on.
Therefore, pharmacological modulation of GPCRsleen an effective means to treat
various diseases.

Peptides are involved in a variety of physiologimad pathological processes,
and play very important roles in modulating variocsll functions such as the
absorption of blood glucose into the body throug promotion of insulin secretion in
pancreaticp-cells by glucagon-like peptide-1 (GLP1), a peptidermone that are
postprandially secreted in intestinal L-cells activates one of class B GPCRs GLP1
receptor (GLP1R) [2]. Because of their intermediatelecular size between that of
small-molecule drugs and therapeutic monoclonabadies, peptides potentially have
advantages of easy drug design, high safety, dabdgggor protein-protein interactions,
targeting of intracellular molecules, and low protion cost [3].

Phage display is the first innovative technologyablished by Smith [4] that
allows researchers to prepare and screen a larypeptide library. However, this
methodology is not as effective at discovering fiomal peptides such as activators for
GPCRs. This is due to the nature of phage dispthgse peptides are screened based
only on binding ability to targets, resulting freguly in simple binding peptides

without any bioactivity [5]. Furthermore, the iddmd peptides on the phage are never
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in the functional, soluble form, potentially leadito dissociation in activity between
peptides tied up on the phage as a fusion protelritae secretion form of peptides.

The yeasBaccharomyces cerevisiaee very suitable as host for production of
peptide library; this is due to their abundancgene manipulation tools, fast growth in
a low-cost medium, and protein folding and secsetoachinery homologous to that of
mammalian cells, enabling production of complextjplgs with disulfide bonds.

In this chapter, we study a novel functional soneg method for bioactive
peptides acting on GPCRs, which integrated a ysagketion system and a functional
detection system using GPCR-producing mammalias.c&LP1R produced on
mammalian cells was successfully activated by vsriGLP1R agonistic peptides that
were secreted from yeast. We were also able tdifg&bLP1R agonist-secreting yeasts
based on GLP1R activation from a number of backuoyeasts, which produced
non-active control peptides, suggesting the effeaiss of our functional screening

system to discover novel peptide-based drugs aotingPCRs.

Materials and M ethods

Strains and media

Esherichia coliDH50. [F~, 4lacU169 ¢80lacZIM15), hsdR17 ¢, nx’),
recAl, endAl, deoR, thi-1, supE44, gyrA96, relAL(TOYOBO, Osaka, Japan) was
used as a host for DNA manipulatidh.coli transformants were grown in Luria-Bertani
(LB) medium [1% W/v) tryptone, 0.5%W/v) yeast extract, 1%({v) sodium chloride,
and 2% /v) agarose] containing 100 pg/mL ampicillin or karyam depending on the
plasmids introduced.

Saccharomyces cerevisi@'4742 MATea, his3Al, leu240, lys240, ura340;
EUROSCARF, Frankfurt, Germany) was used to consthe yeasts secreting GLP1
receptor (GLP1R) agonists, including GLPE@.P1 substituted with serine at the
position 2 of GLP1, and exendin-4 (Ex4), a natyraltcurring peptide found in the
saliva of the Gila monster [6]. Yeast transformanmé&e selected on synthetic dextrose
(SDC) solid medium [0.67%w\V) yeast nitrogen base without amino acids, 20)(
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glucose, 1% W/v) casamino acids, 0.002%/{) adenine, 0.002%w{v) L-tryptophan,
and 2% w/v) agar], and then, the resultant colonies wereivauid in 6-well plate
(353046; Thermo Fisher Scientific, Waltham, MA, USé&r 96-well plate (353072;
Thermo Fisher Scientific) containing a liquid SDGdium or Dulbecco’s modified
Eagle Medium (DMEM) (Nacalai Tesque, Kyoto, Japan30OC.

Chinese hamster ovary (CHO) cells (85050302; EemopCollection of Cell
Cultures, Salisbury, UK) were used as a host talilg expressing human GLP1R and
cultivated in Ham-F12 (Sigma-Aldrich, St. Louis, M@SA) containing 10% FBS
(Thermo Fisher Scientific) and 4@@/mL G418 (Nacalai Tesque).

Construction of peptide-secreting yeast

All the primers used in plasmid construction aséell in Table 1. For peptide
secretion in yeast, pULS harboring the engineeeslesion signal of yeasi-factor,
appS4 [7], in the downstream of GAPDH promoters wanstructed as follows. The
DNA fragment encoding the appS4 (FASMAC, Kanagadapan) in pUC19 was
amplified using primer 1 and 2, and was inserteéd piJLI1 [8], which was digested
with EcoR and Xba by using In-Fusion (Clontech Laboratories, Ifdguntain View,
CA, USA) to obtain pULS. The GLP12&LP1 and exendin-4 gene, with or without a
FLAG-encoding sequence at the 3’ terminus, werghggized from oligonucleotide
mutually with the complementary region and the hlmgous region of pULS, and
double-stranded with DNA polymerase KOD-FX-Neo (0by). The double-stranded
DNA encoding those GLP1 analogues were introductxthe multiple cloning sites of
pULS by In-Fusion (Clontech) and named pULS-GLPGLP1FLAG, -$-GLP1,
-S*-GLP1FLAG, -Ex4 and -Ex4FLAG, respectively. Yeastsre transformed with those
plasmids using Frozen-EZ Yeast Transformation-ll(Kymo Research, Orange, CA,
USA), resulting in GLP1-yeast, GLP1F-yeast>-G3 Pl-yeast, $GLP1F-yeast,
Ex4-yeast, and Ex4F-yeast, respectively. Yeasstoamed with pULS (Ctrl-yeast) was

used as control.
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Construction of human GLP1R-producing CHO

Human GLP1R gene was PCR-amplified from the hubram cDNA library
(BioChain, Newark, CA, USA) using DNA polymerase R LUS-Neo (Toyobo) with
primer 3 and 4 (Table 1). The DNA fragment codingmian GLP1R was inserted into
PIRES (Clontech) digested withcdRV and BanHI by using In-Fusion (Clontech),
resulting in pIRES-hGLP1R. CHO cells were trangdcwith pIRES-hGLP1R using
Xfect (Clontech), and then, selected with G418dbout 2 weeks to construct a stable
cell line expressing hGLP1R. Single cell cloninglué resistant cells was conducted by

limiting dilution, resulting in GLP1R-CHO.

GLP1R activation assay using GLP1R-CHO

GLP1R-CHO was seeded onto a 96-well plate at1®’ cells and cultured at
37°C for 24 h. After the cells were washed with HANK®&ffer (Thermo Fisher
Scientific), synthetic GLP1R agonists (GLP1 and jERéptide Institute, Osak, Japan.
S%-GLP1; Bachem, Bubendorf, Switzerland.) or cultwepernatant of GLP1R
agonists-secreting yeast were added and incubatg®@@ for 45 min. Then, the cells
were lysed with Assay/Lysis buffer (Thermo Fisheretific) and the level of cyclic
AMP in the cell lysate was determined by using t#dP-scree® assay (Thermo

Fisher Scientific) according to the manufacturer&ructions.

Model screening of Ex4-secreting yeast

Ten yeast cells comprised of Ctrl-yeast and Exasyen the theoretical
respective ratio of 9:1 were seeded into 16 well96-well plate containing 300L of
SDC medium and grown for 48 h. Then, the medium aeahanged into 250L of
DMEM and yeasts were additionally cultivated for h2at 30C. After that, the
supernatant was subjected to the GLP1R activatgsayamentioned above. Yeasts
included in three wells showing or not showing \atti were seeded on SDC solid
medium to form single colonies. Then, 48 coloniesensubjected to colony-direct PCR
with primers 5 and 6 (Table 1), and the resulta@RPproducts were analyzed by

agarose gel electrophoresis to identify yeasts thighEx4 gene.
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Table 1 Primers used in this study

Sequence

Primer 1
Primer 2
Primer 3
Primer 4
Primer 5

Primer 6

5'-AAACACACATAAACACCCGGGATG

5'-CAGTCTAGAGGATCGAATTCTCTTTTATCCAAAGATACCCCTTCTTC

5'-CGAGCTCGGATCGATGCCACCATGGLCLCGGLCGLeCC

5-TATCTATGCGGCCGUCAGCTGCAGGAGGCCTG

5'-GAAGAAGGGGTATCTTTGGATAAAAG
5-CTTGTCATCGTCATCCTTGTAATC

*Underline indicates homologous region to the cgpnding plasmids.

Table 2 Amino acid sequence of GLP1R agonists us#ds study

Agonists Amino acid sequence ECs
GLP1 HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR 5.8 nM
S-GLP1 HSEGTFTSDVSSYLEGQAAKEFIAWLVKGR 22 nM

Exendin4d HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS 1.4 nM

*Underline indicates amino acids different from GLP
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Results

Construction of stable CHO cells producing human GLP1R

CHO cells producing human GLP1R (GLP1R-CHO) wenestructed to detect
functional activity of synthetic- or yeast-secret&dlP1R agonists. CHO cells were
transfected with pIRES-hGLP1R by lipofection andestd using the neomycin
resistance gene on the pIRES vector. The celldlediad showed cAMP production
upon GLP1R activation by three kinds of synthetidPGR agonists, GLP1,°S5LP1,
and Ex4 in a dose-dependent manner, withsoB@lue of 5.8, 21.5 and 1.4 nM,
respectively (Fig. 1, Table 2). Therefore, funcibhuman GLP1R was successfully
produced in CHO cells.

120

cAMP production (nM)

0.01 0.1 1 10 100

Agonist concentration (nM)

Fig. 1. Dose-response curve of GLPI1R activation in GLP1R-CHO upon treatment

of synthetic GLP1R agonists

GLP1R-CHO cells were exposed to three kinds of GRgonists, GLP1 (white circle),
S-GLP1 (black square) and Ex4 (black diamond), ateiasing concentrations. After 45
min incubation, cells were lysed and cAMP produttiwas determined by ELISA as

indicated in Materials and Methods. Data repretfemtesults of one experiment.
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Medium optimization for GLP1R activation by yeast-secreted peptides and
establishment of assay system

We first tested which medium was suitable for yemewth and evaluation of
GLP1R activation in GLP1R-CHO in 6-well plates. Igteast and Ex4-yeast were
inoculated in a 6-well plate containing SDC mediomDMEM at the initial optical
density (OD) which was 600 nm of 0.1 and incubditedlO h. Then, the growth rates of
yeasts and the GLP1R activation in GLP1R-CHO byucel supernatant containing
yeast-secreted peptides were evaluated (Fig. 2a vesult, SDC gave a higher growth
reaching stationary phase at 20 h, showing abodivl8Cexpansion. On the other hand,
yeasts cultivated in DMEM showed much lower growtaching only the maximal
ODgoo of 0.75 at 20 h. For GLP1R activation potency raftee 40-h cultivation, the
culture supernatant of Ex4-yeast grown in SDC shibwe activity, although
exogenously added Ex4 activated GLP1R by 15.7-foddnpared with the control. In
contrast, Ex4-yeast grown in DMEM strongly inducd8dP1R activation by 50-fold
compared to the Ctrl-yeast. These results inditeteSDC medium is suitable for yeast
proliferation, while DMEM is excellent for GLP1R tation.
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Fig. 2. Medium optimization for GLP1R activation assay of yeast-secreted peptides
Yeasts were grown in SDC and DMEM on 6-well plaie40 h, and then, growth rate
(A) and GLP1R activation potential of their cultwsepernatant (B) were evaluated by
measurement of absorbance at 600 nm and ELISAAMR; respectively. For growth
curve, white circle indicates Ctrl-yeast and blat&amond shows Ex4-yeast. The data

represent the averageSEM. of 3 independent experiments.

Next, we tried to establish a GLP1R activationagissystem combined with
peptide-secreting yeast in a 96-well plate fornvaé first determined the number of
Ex4-yeasts required for larger dynamic range in @&€°1R activation. Yeast cells
suspended in DMEM were prepared at 40° to 5x 10° cells in 96-well plates, and
after a 12 h-cultivation at 3@, a GLP1R activation assay using the culture
supernatants was carried out (Fig. 3A). The reshitaved that 4 10" yeast cells were
enough to detect GLP1R activation, showing 73-fatiivation, compared with the
control, and 1x 1P yeast cells provided the largest dynamic rangéd \g2i24-fold

activation of GLP1R. Further, we investigated th#ication time required for the yeast
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cell number of 1x 1P (Fig. 3B). Yeast preparations with the initial lcelimber of 3

were cultivated in SDC medium that showed the hsglgeowth as in Fig. 1, and then,
yeast cell number was counted at 24, 48, and 72ltivation. As results, the cell
number per initial cell number exceededx 110° cells after 48 h cultivation. These
results suggested that a single yeast cell carhreacl® cells, showing the highest

dynamic range in GLP1R activation assay when itk in SDC for 48 h.
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Fig. 3. Scale-down assay for GL P1R activation by yeast-secreted peptides

(A) Indicated number of yeast cells (Ctrl-yeasEa#-yeast, shown by white and black
bar, respectively) were seeded onto 96-well platgaining DMEM and incubated for
12 h. Then, GLP1R activation assay was conductefintb the yeast cell number
providing wider dynamic range. The data represdm average+r SEM. of 3
independent experiments. (B) Yeast cultivation titoeachieve the target yeast cell
number, 1 x 1%) was evaluated. Yeasts were seeded onto 96-vedét pbntaining SDC
at the initial number of 3. After 24-, 48-, and [@Zuultivation, the number of yeasts was
determined using hematometer. The data represemrivirages SEM. of 3 independent

experiments.
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Direct functional assay of various yeast-secreted GLP1R peptide agonists

Based on these optimizations, we constructed iassef workflow for direct
functional assay of yeast-secreted peptides on BLBémposed of 3 steps (Fig. 4A):
cultivation for yeast growth, peptide secretionygasts, and GLP1R activation assay
using GLP1R-CHO. To demonstrate the effectivendsth® direct functional assay
system, we attempted to detect the GLP1R activabpmative agonist GLP1, its
analogue $GLP1, and Ex4 secreted by yeast. Single colonthefyeasts secreting
GLP1, $-GLP1, and Ex4 were inoculated and incubated i6-avéll plate containing
SDC for 48 h, and then, the medium was exchanged DMEM with additional
incubation of 12 h, followed by the GLP1R activatiassay (Fig. 4B). While
yeast-secreted Ex4 showed the highest activatio®%g-fold, GLP1 and %GLP1
secreted by yeasts provided only 5.8 and 1.7-fotd/ation, respectively. Therefore,
GLP1 and $GLP1 were considered insufficient given thosesg@lues are a quarter
and one sixteenth of the Ex4 values, respectiWlyereas the N-terminal two residues
(His-Ala) in GLP1 are reported to be critical fas biological activity, the C-terminal
part is tolerable to various modifications suchfaisy acid conjugation or albumin
fusion [9,10]. Thus, we fused FLAG tag to the @imus of GLP1, $GLP1, and
Ex4 initially for affinity purification and Westerhlotting, if needed. Remarkably, when
we evaluated the GLP1R activation potency for stedst-secreted GLP1 agonists with
the FLAG tag, GLP1 and’S85LP1 were activated GLP1R about 10-times highanth
those without the FLAG tag, respectively. These ultss demonstrated that
yeast-secreted GLP1 and-GLP1 with the addition of C-terminal FLAG tag were
successfully and directly detected without any fpzation and condensation by using

the novel functional detection system establisteré.h
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Fig. 4. Direct activity detection of various yeast-secreted GL P1R agonists

(A) Schematic illustration for direct activity deteon assay was depicted. Single colony
of yeasts was inoculated in 96-well plate contagri8DC and cultivated for 48 h. After
removal of SDC, DMEM was added and incubated falitamhal 12 h. Then, the culture
was subjected to GLP1R activation assay using GEEHR. (B) Seven kinds of yeasts
were tested for GLP1R activation potency accordintpe assay flow mentioned above.

The data represent the averag8EM. of 3 independent experiments.

Examination of model screening using our established functional assay system

Finally, we performed a model screening of yeagtapplying the direct
functional assay system, for example, a screeninigxd-yeast in the co-presence of
excess Ctrl-yeast. A yeast cell mixture includingrl-@east and Ex4-yeast at a
theoretical ratio of 9:1 was prepared, and a GLRtRvation assay was conducted
according to the determined workflow (Fig. 5A). Asresult, we identified three
positive wells showing GLP1R activation. We nexwdstigated the existence of
Ex4-yeast in the positive and negative wells byoogldirect PCR after the colony
formation of yeasts from both wells. The resultdi¢ated the existence of 23.8% of
Ex4-yeast in the positive wells, whereas Ex4-yeaa$ not identified at all in the
negative wells. These results clearly suggest doatdirect functional assay system

established was effective in the model screening.
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Fig. 5. Model screening of Ex4-secreting yeast using the direct activity detection
system

(A) Schematic illustration for model screening ot4Eyeast was indicated. (B) We
prepared 16 wells including 9:1 yeast mixture (&0scin total per well) in the ratio of
Ctrl-yeast to Ex4-yeast and conducted GLP1R adtimatssay according to the
workflow indicated above. Only Ctrl-yeast or Ex4agéwas tested as a control. (C) The
existence of Ex4-yeast in the positive and negativals was investigated by
colony-direct PCR after the colony formation of $tsa from both wells. The
representative electrophoresis data are shown dnies from a positive and a
negative well, respectively. M indicates band smarker (New England Biolabs,
Ipswich, MA, USA).



Discussion

In this chapter, we established the novel funetioscreening system of
yeast-secreted peptides acting on GLP1R. The sydiesuotly detected the functional
activity of yeast secreted-GLP1R agonists basedabination of GLP1R produced on
mammalian cells, without any purification and comsktion of yeast-produced peptides.
In addition, application of the system enabled idieation of agonist-secreting yeast in
the model screening.

Binding-based peptide screening strategy as reptes by phage display has
been the most common method used to discover mpaide-ligands for certain drug
targets, including GPCRs [11,12]. However, withptmes discovered through this
methodology, it is uncertain whether they are lgadally active or not. In addition,
phage-displayed peptides are distinct from funetigmeptides in their soluble form.
These challenges result in additional chemical regis of the identified peptides in
soluble form to evaluate their true biological wityi which are time-consuming and
quite expensive.

In the first optimization step using Ex4-yeasts asnodel for our novel
functional assay system, we remarkably found thBtED! buffered at neutral pH
designed for mammalian cell culture was very slgtdbr yeast peptide secretion and
GLP1R activation in mammalian cells, even thoughsyecells could not grow in the
medium. Another remarkable point in this culturetsyn is a protection of the target
peptides from degradation by yeast-derived proteaBecause heterologous proteins
produced in yeasts could be degraded during sestps, including the intracellular
secretory pathways and the post-secreted extrémedinvironment [13], yeast-derived
proteases such as Ypslp and Kex2p, which are notge at a mild acidic condition
around pH 5.0, are considered accessible to hegwos proteins, especially when
yeasts are incubated in SDC medium, which genelall/ pH 4.5 to 5.5 [14,15]. In
addition, yeasts were a good tool for producingtidep because yeasts swiftly grew in
SDC medium; they even in a static 96-well platairsgtwhich would be compatible

with high-throughput screening and could easilychethe targeted yeast cell number
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providing high dynamic range in GLP1R activatiosas(Fig. 2).

These findings prompted us to conduct the dinecttional detection of other
GLP1R agonists with weaker activity than Ex4, GLBAd S-GLP1 to be secreted by
yeasts. It was difficult to detect their GLP1R waation potency at the high level as
expected from the difference of the fg@alue of Ex4. Surprisingly, the C-terminus
fusion of the FLAG tag with DYKDDDDK in GLP1 and®&LP1 much increased the
GLP1R activation potency by about 10-fold compaedhose without the FLAG tag
(Fig. 4B). In spite of the fact that the precisechmnisms of the FLAG are still
uncertain, the beneficial effect of the FLAG fusieas also observed in somatostatin
that is endogenous circular peptide agonist actingclass A GPCR SST receptor.
Accordingly, the FLAG fusion to isolated peptideould be a promising way to
increase their activity.

As shown in Fig. 5, we successfully identified tirells including Ex4-yeast by
evaluating the GLP1R activation potency, and imgatty, the wells that did not show
activity did not possess any Ex4-yeast, as confiriog colony-direct PCR detecting
Ex4 gene. This successful model screening of ysast®ting agonist acting on GLP1R
encourages us to carry out an actual screeningdeel bioactive peptides through our
direct functional detection system.

In conclusion, we successfully established a neystem for direct functional
assay for yeast-secreted peptides on GLP1R. Tkigmmywill be applied not only for
biological activity assay of sequenced peptidetears$ of their chemical synthesis but

also discovery of novel bioactive peptides.
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Summary

We established a novel functional screening systempeptides acting on
G-protein coupled receptors (GPCRSs). Peptides gm®mising drug scaffold because
of their intermediate molecular size between tHatherapeutic small molecules and
antibodies. They also offer potential advantagestanfeting not only membrane
proteins but also intracellular protein-proteinenaictions. Although peptides acting on
GPCRs have been explored based on binding affinitgrgets by using phage display,
it is unclear whether the identified peptides cdulactionally modulate the targets. In a
novel screening system that we established, yeslls were utilized as a peptide
producer while mammalian cells stably expressing thceptor for glucagon-like
peptide 1 (GLP1R) were used as a biosensor fopteceactivation. Three kinds of
GLP1R agonists secreted by yeasts were successfatgcted for their functional
activity without any purification and condensatioh the peptides. By applying the
functional screening system, we were able to ifle@LP1R agonist-secreting yeasts
based on GLP1R activation from a number of backgloyeasts that produced
non-active control peptides. Further applicatiohghs system would include not only
activity evaluation of bioactive peptides withouteenical synthesis but also discovery

of novel peptides activating druggable GPCRs.
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Chapter I Screening of randomly mutagenized GLPLllibrary by
using an integrated yeast-mammalian assay system

Glucagon-like peptide-1 (GLP-1) is a 30-amino a@eptide hormone
produced in intestinal L-cells at low basal rateshie fasting state, whereas its secretion
increases following nutrient ingestion [1]. GLReghibits its actions through binding
to GLP-1 receptor (GLP1R), a class B G-protein ¢tedipeceptors (GPCRS) expressed
on various organs including pancreafiecells. GLP1R activation promotes insulin
secretion in pancreatig-cells depending on blood glucose levels, protdus3-cells
from apoptotic cell death, and triggers proliferatpathways that lead to expansion of
the B-cell mass in animal experiments [2]. Thereforeugd (agonists) activating
GLP1R should be promising for the treatment of eiab. However, therapeutic use of
native GLP-1 has been limited due to its very shif-life in the body based on
enzymatic degradation and/or renal clearance [3].

One of the most important limitations of therapepeptides, including GLP-1,
is low bioavailability due in part to high biodededbility by gastrointestinal, plasma
and tissue peptidases. Therefore, these peptides odceive chemical modifications
with long fatty acid chains and/or polyethyleneagllythat are conjugated onto amino
acid residues less affecting their biological attiv[4,5]. Alanine-scanning is one
strategy to determine the relationship between ararid sequences and functions of
peptides, whereby, one by one, all amino acid vesichre substituted by alanine with a
relatively small neutral side-chain [6]. Such atensubstituted peptides are analyzed
in terms of biological activity, revealing whichsidue is crucial and which could be
chemically modified [7]. However, this chemicalpapach requires a cumbersome
process that includes chemical synthesis, puriinawith a separation column, and
condensation of peptides of interest.

In this chapter, we study a novel biological metho screen GLP1R agonists,
integrating a yeast secretion system and a furattioetection system with mammalian
cells harboring GLP1R and inducible secretory kraife as a reporter (Fig. 1). By
using this functional assay system, we found GLB@Bnists with various substitutions

through screening of a randomly mutagenized GLBYally secreted by yeast.
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Fig. 1. Novel functional assay system integrating gptide-secreting yeasts and
GLP1R-producing reporter cells

A novel functional assay system integrating pepséereting yeasts and
GLP1R-producing reporter cells was constructed.quaipeptides secreted by yeasts
were directly assayed with GLP1R-producing mammakalls designed to induce

secretory luciferase upon receptor activation.

Materials and Methods

Strains and media

Escherichia coliDH50. [F~, AlacU169 (80lacZ1M15), hsdR17 , mk’), recAl,
endAl, deoR, thi-1, supE44, gyrA96, relA], (Toyobo, Osaka, Japan) was used as a
host for DNA manipulationE. coli transformants were grown in Luria-Bertani (LB)
medium [1% w/v) tryptone, 0.5%W/v) yeast extract, 1%nv) sodium chloride, and
2% (w/v) agarose] containing 100 pg/mL ampicillin or karyam depending on
plasmids introduced.

Saccharomyces cerevisiaBY4742 MATeq, his3ql, leu240, lys240, ura340;
EUROSCARF, Frankfurt, Germany) was used to consth& yeasts secreting GLP1,
S-GLP1 substituted with serine at amino acid positly C-terminally FLAG-fused
GLP1 (GLP1F) and 5GLP1 (S-GLP1F), and a randomly-mutagenized GLP1 library.
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Yeast transformants were selected on a synthetitate (SDC) solid medium [0.67%
(w/v) yeast nitrogen base without amino acids, 20)(glucose, 1% w/v) casamino
acids, 0.002%w/v) adenine, 0.002%nV) L-tryptophan, and 2%n({v) agar], and then
the resultant colonies were cultivated in 6-wedltps (353046; Thermo Fisher Scientific,
Waltham, MA, USA) or 96-well plates (353072; Therdasher Scientific) containing
liquid SDC medium or Dulbecco’s Modified Eagle Menhi (DMEM) (Nacalai Tesque,
Kyoto, Japan), at 3C.

HEK293 cells (85120602; European Collection of |G&lltures, Salisbury,
UK) were used to construct reporter cells thatlgtpbssess genes for human GLP1R
and a secretory luciferase, NanoLuc (Promega, Iitc)) WI, USA). Reporter cells
were cultivated in DMEM containing 10% FBS (Therrsher Scientific, Waltham,
MA, USA), 400ug/mL G418 (Nacalai Tesque), and ud/mL puromycin (Wako Pure

Chemical Industries, Osaka, Japan).

Construction of GLP1R agonist-secreting yeast

Primers used in plasmid construction are liste@able I. For peptide secretion
in yeast, pULS, encoding the engineered secreigmakof yeasto-factor appS4 [8]
downstream of the GAPDH promoter, was constructetbbows. The DNA fragment
encoding appS4 (FASMAC, Kanagawa, Japan) in pUC4® amplified with primers 1
and 2, inserted into pULI1 [9], and then digestedh Ecdrl and Xba, using
In-Fusior® HD Cloning Kit (Clontech, Mountain View, CA, USAdesulting in pULS.
DNA fragments encoding GLP1 oF-&LP1 with or without a FLAG tag at the 3’
terminus were synthesized from oligonucleotide rallyjuwith the complementary
region and the homologous region with pULS, and bilegtranded with DNA
polymerase KOD-Fx-Neo (Toyobo). Double-stranded D&soding the GLP1 analogs
was introduced into the multiple cloning sites &J$ by In-Fusio® and named
pULS-GLP1, -GLP1F, -8GLP1, and -8GLP1F, respectively. Yeasts were
transformed with these plasmids, using Frozen-EaZsYéransformation- Kit (Zymo
Research, CA, USA), resulting in GLP1-yeast, GLR#Bst, $GLP1-yeast, and
S-GLP1F-yeast, respectively. Yeast transformed with.S (Ctrl-yeast) was used as a

negative control.
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Table | Primers used in this study
Name Sequence

Primer 1 5'-AAACACACATAAACACCCGGGATG

Primer 2 5-CAGTCTAGAGGATCCGAATTCTCTTTTATCCAAAGATACCCTTCTTC
Primer 3 5-CGAGCTCGGATCGATCGCCACCATGGCCGGLCGLCC

Primer 4 5-TATCTATGCGGCCGCTCAGCTGCAGGAGGCCTG

Primer 5 5-AGCCGCTTAAAAGTTGGTACCGCCACCATGAACTCCTTIEC

Primer 6 5-GCGTACGTCTCATGCGCATTACGCCAGAATGCGTTCG

Primer 7 5'-GAAGAAGGGGTATCTTTGGATAAAAG

Primer 8 5'-GTAATCAGATCCTCCACCACC

Primer 9 5-CATTGCTGCTAAAGAAGAAGGGGTATCTTTGGATAAAAG

Primer 10 5-ACTTGTCATCGTCATCCTTGTAATCAGATCCTCCACCACC

Construction of GLP1R/NanoLuc gene-harboring reporter cells

Human GLP1R gene was PCR-amplified from a humambcDNA library
(BioChain, Newark, CA, USA), using DNA polymeras©R-Plus-Neo (Toyobo) with
primers 3 and 4. The DNA fragment coding human (RRdas inserted into pIRES
(Clontech) digested withEcoRV and BanHl, using In-Fusiof, resulting in
pPIRES-hGLP1R.

The gene encoding NanoLuc luciferase with an Be6retion signal sequence
at the N-terminus was PCR-amplified from pNL2.3[Sk/Hygro] vector (Promega)
with primers 5 and 6. The DNA fragment including thuciferase gene was replaced
with the green fluorescent protein coding regiom@RE-PtGFP (Xactagen, Shoreline,
WA, USA), a plasmid vector possessing cyclic AMBpansive element (CRE)
upstream of a TATA box, resulting in pCRE-NLuc. HEX3 cells were co-transfected
with pIRES-hGLP1R and pCRE-NLuc by using Xféc(Clontech), and then selected
with G418 and puromycin-containing medium to essibh stable cell line harboring
the GLP1R and secretory NanoLuc genes (GLP1R/L}:29
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Construction of a randomly mutagenized GLP1 library

DNA encoding wild-type GLP1 was first randomly ragenized by PCR,
using mutagenic dNTP analogs (8-oxo-dGTP and dRANTP-mutagenesis Kit; Jena
bioscience, Jena, Germany) with primers 7 and 8, Eh or 20 PCR cycles. After
column purification by using MinElute PCR Purifimat Kit (Qiagen, Venlo,
Netherlands), a second PCR was performed using K&0Dleo DNA polymerase with
primers 9 and 10 to eliminate the mutagenic dNT&ags. The randomly mutagenized
GLP1 DNA library and pULS digested withcaRl and Pst were co-introduced into
yeasts by using Gene Pul®eH Electroporation System (BioRad, Hercules, CAA),
yielding the yeast library secreting randomly metsiged GLP1.

GLP1R activation assay using luciferase reporter gene

GLP1R activation by synthetic GLP1 analogs [GLP&gdtide Institute, Osaka,
Japan), $GLP1 (Bachem, Bubendorf, Switzerland) and GLP1FL@Gray Research
Center, Tokyo, Japan)], yeast-secreted GLP1 anabys the yeast-secreted random
mutagenesis GLP1 library was evaluated by detengisecreted luciferase activity in
GLP1R/Luc-293. For assay of yeast-secreting GLPAalogs and the random
mutagenesis GLP1 library, each yeast colony wasulated into a 96-well plate
(353072; Thermo Fisher Scientific) containing 300of SDC medium and grown for
48 h at 30C. Then, the medium was changed to 2500f DMEM and yeasts were
cultivated for another 12 h at qD. After this, culture supernatant (5(L) was
transferred to 96-well white plates (353296; Theriigher Scientific) including
GLP1R/Luc-293 at a cell concentration of 5 /%0 uL. After 12 h of incubation at
37°C, luciferase activity in the culture supernatamasvdetermined by adding % of
substrate solution, provided by Nano-8Gld_uciferase Assay System (Promega), and
measuring chemiluminescence intensity with a Flskao Ascerit! Microplate
Fluorometer (Thermo Fisher Scientific). In the ftfirscreening assay for the
randomly-mutagenized library of GLP1, Ctrl-yeasttute supernatant was used as
negative control (0% activity) and GLP1F-yeast wdt supernatant was used as

positive control (100% activity).
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DNA sequencing of random GLP1-secreting yeast library

Yeasts selected from the first screening of thedoan GLP1 library were
subjected to direct colony PCR, using KOD-Fx-Neo amplify the introduced
peptide-coding region, and then the amplified DNAgment was purified using
MinElute PCR Purification Kit. DNA fragment were nféed following nucleotide
sequencing by BigDye Terminator v3.1 Cycle Sequenéiit and 310 genetic Analyzer

(Thermo Fisher Scientific) according to the mantuesr’s instructions.

Validation assay of identified peptides

Selected yeasts in the first screening of theaan&LP1 library were grown
in SDC medium in 24-well plates (353047; ThermdErsScientific) for 24 h, and then
their plasmids were purified using ZymopteépYeast Plasmid Miniprep Il (Zymo
Research). Plasmids were amplified by introductioito competentE.coli DH5a,
followed by purification using LaboPd¥sPlasmid Mini Kit (Hokkaido System Science,
Sapporo, Japan). Yeasts were retransformed witBeth@asmids and were then
subjected to functional assays for GLP1R activatisroutlined above. DNA sequences

of the newly prepared plasmids were also analyseteacribed above.
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Results

Construction of stable GLP1R-producing cells with inducible-secretory luciferase

NanoLuc is an engineered, small, monomeric luagfer with high thermal
stability and enzyme activity across a broad raafjgH, and it catalyzes a novel
chemiluminogenic substrate to yield higher and mdueable brightness than that
obtained using conventional luciferases froPhotinus pyralis and Renilla
reniformis[10]. These properties enable greater sensitanty more robust detection of
luciferase assay, and if it is secreted, enzymeigctan be determined without cell
lysis. GLP1R-producing HEK293 cells with secretoryuciferase gene
(GLP1R/Luc-293), designed to be induced upon recepttivation, were constructed
by co-transfection with plasmids harboring constis human GLP1R gene and
inducible secretory luciferase gene under the obofrcyclic AMP responsive element
(Fig. 2A).

When GLP1R/Luc-293 was exposed to synthetic Glgthists such as GLP1,
$-GLP1, and GLP1 with FLAG tag at the C-terminus FGE), luciferase activity
indicated that GLP1R activation was driven in aegddependent manner for all agonists,
with the highest induction by GLP1F and the lowiesiuction by $GLP1 (Fig. 2B).
These results suggest that the newly-constructed1®Luc-293 successfully
responded to synthetic GLP1 agonists and that tmetibnal assay system using
GLP1R/Luc-293 worked well when adding only chemiinogenic substrate and

measuring its intensity, enabling high-throughmsgagy using 96-well plates.
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Functional assay of GLP1R activation by yeast-secreted peptides

Next, we attempted to assay GLP1R activation uskid’?1R/Luc-293 for
yeast-secreted GLP1 analogs including GLPAGBP1, GLP1F, and SGLP1F. When
the culture supernatants of yeasts transformed plélsmids harboring these GLP1
analogs were added to GLP1R/Luc-293, GLP1R oneperter cells was successfully
activated (Fig. 2C). The difference in receptoiation from yeast-secreted GLP1 was
7.5-fold for yeast-secreted GLP1F and 0.3-foldyeast-secreted’S5LP1, showing a
similar tendency to activation by synthetic GLPhlags. In addition, FLAG fusion to
GLP1 analogs was likely to increase activity, nolydn synthetic peptides but also in
yeast-produced peptides, as shown in the differdmemveen GLP1 and GLP1F
(7.5-fold), and the difference betweeftGLP1 and $GLP1F (13-fold). These results
indicate that yeast-secreted GLP1 analogs alswasetiGLP1R/Luc-293 to induce
luciferase secretion depending on each activityhefanalogs, and that FLAG tag fusion

to GLP1 analogs is effective in increasing assagisigity.

Screening of the randomly-mutagenized GLP1 library using a yeast secretion system

We attempted to screen random mutations in a GibPdry to be secreted by
yeasts, using the established functional assagsysiVe prepared a DNA library for
randomly mutagenized GLP1s by using PCR with mutage@NTPs, 8-o0xo-dGTP, and
dPTP [11]. With this method, mutation rates cartdwetrolled by changing the number
of PCR cycles. Yeasts were transformed with the DiNvary encoding randomly
mutagenized GLP1s and the linearized pULS, a plhgori library peptide secretion,
thereby creating a yeast library secreting GLP1th wandom mutations. Functional
assay of the library according to the indicated kffow (Fig. 3A) revealed GLP1R
activation by the library peptides, ranging from @84.71% (Fig. 3B). Out of these, 13
yeasts showing a variety of activities were selb@ed subjected to DNA sequencing
analysis to deduce the amino acid sequences oétedcpeptides (Table II). The
identified peptides had from one to six amino aitstitutions in comparison with wild
type GLP1.
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Fig. 2. Construction of stable GLP1R-producing cel with inducible-secretory
luciferase

(A) HEK293 cells were co-transfected with pIRES-HAIR and pCRE-NLuc, and
selected with G418 and puromycin-containing medionestablish a stable cell line
harboring GLP1R gene and secretory luciferase g@eEP1R/Luc-293). CMYV,
cytomegalovirus, CRE; cAMP response element, IL@sgrleukin6 secretion signal.
(B) Exposure of synthetic GLP1 agonists such as G{uhite circle), $GLP1 (white
square), and GLP1F (black circle) to GLP1R/Luc-288iced luciferase secretion in a
dose-dependent manner. Luciferase activity was rma@ied by evaluating the
chemiluminescence intensity with Nano-Bloluciferase assay system. Data were
represented as mearstandard error (n=3). (C) Culture supernatantgeabts secreting
GLP1 agonists including GLP12&LP1, GLP1F, and SGLP1 were subjected to
GLP1R activation assay using GLP1R/Luc-293 as dtab®ve. Data were represented

as meart standard error (n=4).
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Validation assay of the identified peptides

To validate the activity results from the scregnassay, plasmids possessing in
the identified yeasts were purified, amplifiedBrcoli, and introduced back into new,
competent yeasts. Then, the new yeast transformaarts again subjected to functional
assay of GLP1R activation. Peptides mGLP1-1 andwth two and five mutations
respectively, showed lack of activity, revealingesult similar to that obtained in the
screening assay. All other peptides also reflestedening assay data.

For relationships between sequence and activitgLiR1l-1 and -2 with
substitutions at the same positions (amino acidartD 22) lacked biological activity.
Peptides from mGLP1-3 to -8 had substitutions aitmms 5, 8, 10, 11, 12, 13, 18, 19,
20, 24, and 28, and showed biological activity tvais 50% less than that of native
GLP1. Peptides from mGLP1-9 to -12 had one or twus8tutions at position 11, 20,
28, and 30, and their activities ranged from 71t0%49% of native GLPL1. In spite of
having six substitutions, mGLP1-13 had 1.7-foldheig activity than that of native
GLP1.

These results demonstrate little disagreement detwdata from the first
screening assay and the second validation asshgaiimg that the screening assay may
be sufficient to analyze the relationship betwestna acid sequences and activities in
mutated GLP1 analogs. In addition, we demonstratextessful use of our screening

system in isolating functional GLP1R agonists.
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Fig. 3. Functional screening of yeast-secreted ranch GLP1 library

(A) Assay flow for functional screening of the yeaecreted random GLP1 library.
Randomly mutagenized GLP1 DNA library and pULS digd withEcoRl and Pst
were co-introduced into yeasts by electroporatipelding the yeast library secreting
randomly mutagenized GLP1. The yeast library wataied by colony formation on
solid selection medium, cultivated, and assayell.TfBee hundred seventy-six library
yeasts were screened based on luciferase acteilycting GLP1R activation. The
results are indicated in a heat map, with yellowvahg lower activity and green
showing higher activity. Ctrl-yeast culture supeama was used as a negative control
(0% activity indicated by “0”), whereas GLP1F-yeastture supernatant was used as

positive control (100% activity indicated by “1007)
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Table I Amino acid sequence and biological atyiaf identified peptides

Peptides Relative aCtMtY (%.)) 1(2] 3|45 6| 7] 8 9[10 11 12 1814|159 14 17 1819| 20 24 22 2824| 25 26 27 2829 30
1st assay] 2nd validation asday
Native 100 100+ 3 HAREGTFEFT EFDVYVBEBNYLEGRIMAAKERFI  AWLVKG'H
mGLP1-1| no activity 0.133 0.235 H A EfG T H TS|D|V|S|S|HIL|E|G|Q|A|A|R|G|S|I|AW|L|V|G|G|R
mGLP1-2| no activity 1.76 £ 0.37 HAEGI  F[S|ID|V|S|S|Y[L[E|G|QAA[QIE|L]IAW|L|VIK[G|R
mGLP1-3 11.5 14.6 £ 0.6 H A E GAIF|T|S|D|V|S|S|Y[L[E|G|QAAIK|E|F]I|A|W|L|R[K[G|R
mGLP1-4 24.7 149104 HAEGTITF [S|ID|V|G|S|Y[L[E|G|Q|T|AIK|E|F]I|A|W|L|V|E[G|R
mGLP1-5 9.95 15.7+0.4 HAEGTIT F [TSID|I|S|S|CIL[E|G|Q|A|A|K]E|F]I|A|W|L|VI[K[G|R
mGLP1-6 10.8 16.7 £ 0.7 HAEGITF[ISID|V|S|P|[Y|L|E|[G|Q|A|VIK|E|F|I[A|W|L|VIK|G|R
mGLP1-7 40.2 22.2+34 H A EGITF [IN[D|IV|S|S[Y|L|E|G| Q] A|lA|[E|E|F|I|[A|W|L|V|E|G|R
mGLP1-8 21.2 46.7 £ 2.9 H A EGITF[TISID|V|S|S|[Y|L|E|[G| Q] A|lA|K|IE|F|I|[T|W|L|V|[R|G|R
mGLP1-9 51.3 71.1+24 H A EGITF[TISID|V|S|S|[Y|L|E|G| Q] A|lA|[E|E|F|I[A|W|L|V[R|G|R
mGLP1-10 40.5 93.8+1.9 HAEGI F |IISID|V|G|S|Y|L|E|G|Q|A|A|R|E|F|I[A|W|L|VIK|G|R
mGLP1-11 99.0 125+ 6 A AE GTJT F ISID|V|S|S|[Y|L|E|G| Q] A|]A|K|E|F|I[A|W|L|V[K]|G|K
mGLP1-12] 172 149+ 5 HAEGTF [SID|V|[S|S|Y|L|E|G| Q| AlAK|E|IF[IT|A|W|L[VI|R|G|G
mGLP1-13 129 171+2 HAEGTL|T|S|D|I|S|S|Y LI ESIQA|A|R|E|[F|[I|A|W|L|V|R|G|G

*Underlined red letters indicate mutated amino adiifferent from those of native GLP1.
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Discussion

In this chapter, we established a novel, funclioaasay system for
GPCR-acting peptides, which integrated a yeasteieor system for peptides to be
tested and a functional detection system with mallamaells expressing target GPCRs.
Because secretory luciferase coupled with GPCRratan was introduced into the
functional detection system, agonistic potency eést-secreted peptides was easily
evaluated by simple addition of chemiluminogenibsdtate and measurement with a
plate reader. Using this simple assay system, teengated to isolate functional GLP1R
agonists from a randomly mutagenized GLP-1 librarybe secreted by yeast. Our
results were consistent with the alanine-scannindudys of GLP1
previously-reported [7], and in addition, we digeted novel GLP1 analogs with
multiple amino acid substitutions.

Our GLP1R-producing reporter mammalian cells (GRRLic-293) secreted
NanoLuc upon receptor activation. GLP1R/Luc-293 eddspendently produced
luciferase enzyme outside the cells in responsgytthetic GLP1 agonists including
GLP1, serine-substituted>&LP1, and FLAG tag-fused GLP1F (Fig. 2B). In abdit
to synthetic GLP1 agonists, GLP1R activation bysyescreted GLP1 agonists was
directly determined without any purification or cmsation of peptides of interest (Fig.
2C). We found a novel effect of FLAG tag, which wased to the C-terminus of GLP1
and increased its agonistic activity, possibly Hgvated stability of peptides or
increased affinity/recognition of the receptor,réi®y increasing sensitivity in our assay
for GLP1R activation. Because we did not obseregakd activity of synthetic GLP1F
over GLP1 based on intracellular cAMP productiorick reflects earlier signaling
events in receptor activation, protection of peggitfom unknown degradation enzymes
is likely to be associated.

NMR analysis of native GLP1 (Table Il) in dodedyysphocholine micelles
revealed that, while the N-terminus residues 1-e7uasstructured, the rest of the peptide
forms two helices from positions 7-14 and 18-29asated by a linker region formed
around Gly at position 16 [12]. In addition, itshbeen reported that Phe at position 22

in GLP1 is critical for receptor activation and tthsubstitution for Ala led to a
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significant activity loss with reduced helix conten[7]. In accordance with this finding,
MGLP1-1 and -2 with substitution of Phe at positkihfor Ser and Leu, respectively,
showed no activity. mGLP1-3, -4, -5, and -7 corgdinsubstitutions of residues
important for receptor activation such as T5A, Al8W13C, and S8N/K20E,
respectively, making them less active by—1P8% relative to native GLP1. Peptide
mGLP1-8 did not have mutations leading to significactivity loss, but exchange of
Ser at position 11 for a Pro that breaks helix cdtne is likely to cause activity
reduction. According to the potential less effeatsK28R which they are equivalent
basic amino acid each other, A24T in mGLP1-8 an6@K&Hh mGLP1-9 are considered
to cause their reduced potency, respectively. bhitad to these predictions based on
previous reports [7] of sequence-activity relasiops, mGLP1-13 showed novelty
because of its 1.4-fold higher potency than nativePl1 in spite of having six
substitutions, including Phe at position 6, a residritical for receptor activation. One
explanation would be the exchange of Phe with Leunot Ala, with differences in
their propyl side chains. Alternatively, replacemeh Gly at position 16 by Ser may
have increased its agonistic activity through aordase in helix content because
positions 15-17 in GLP1 have no structure. This hmaye been due to incorporation of
Gly, a helix breaker, although a more precise amlusing chemically synthesized
peptides is needed to understand this effect.

In conclusion, we constructed a new, functionaagssystem for GPCR and
GPCR-acting peptides, which were individually progd in mammalian reporter cells
and engineered yeasts. Functional assay of a rdpdomtagenized GLP1 library
secreted by yeasts demonstrated a successfulmitrted method for analyzing
modified GLP1s without chemical synthesis, purifica, and condensation of peptides
of interest. The assay system established herédbeaapplied to other sets of peptide

ligands against GPCRs.
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Summary

Glucagon-like peptidel (GLP1) is a 30-amino aa@tple hormone activating
the GLP1 receptor (GLP1R), a class B G-protein tmipeceptor, and is considered to
be effective for treating diabetes and other mdialbtdiseases. In this chapter, we
identified a novel and attractive GLP1R agonisinfra random mutagenesis GLP1
library through a novel, integrated method comhanpeptide-secreting yeasts with
mammalian cells expressing GLP1R, and inducibleesexy luciferase as a reporter.
Our biological screening system can be applied Midecluding in the discovery of

novel bioactive peptides acting on GPCRs.
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Chapter 111 Cell surface-engineered yeast for screening inhibitors of
mutated influenza virus neuraminidase

Human seasonal influenza is responsible for amattd 250,000-500,000
deaths and 3-5 million cases of severe illness alynworldwide [1]. Recently, the
novel swine-origin virus (Influenza A HIN1 2009)hiwh emerged potentially through
the reassortment of triple North American H3N2 &1dN2 swine viruses with Eurasian
avian-like swine viruses [2], entered the humanutetpon and spread rapidly around
the globe, prompting the WHO to declare a pandemi009 [3]. In addition, the
highly pathogenic avian influenza A virus H5N1 tspeoradically been epidemic since
1997 with a high mortality rate of 60% in humangl ggoses a serious pandemic
threat [4].

Neuraminidase (NA) is a viral surface glycoprottiat plays a crucial role in
the release of the newly formed virus from the dtéd cells, and has been the main
target of current influenza antiviral treatment.e@amivir, one of the first-developed
NA inhibitors, has been most widely used for treatment of patients with influenza
virus infection. However, an oseltamivir-resistatitN1 virus that harbors a specific
mutation (H274Y) in the NA protein has been regemndported [5] as has been, to a
lesser extent, the emergence of the avian influeds&dl1l virus with the same
mutation [6]. These findings raise public healtim@erns and therefore there is a need to
develop a novel, efficient, and a rapid screeniygjesn for the identification of novel
inhibitors.

One of the first steps in drug discovery is theparation of the target protein,
which requires laborious processes including noty oprotein production and
confirmation of activity but also purification, aast time-consuming process. As to
influenza virus NAs, although their biotechnologipaoduction was achieved by the
secretary system using insect, yeast and mammegidsrfor the head domain of NA,
all the researchers will needs several steps tidygtf7-9]. In this regard, the yeast cell
surface display technology is promising; it hasnbesed for screening binding proteins

with specific affinity to a target molecule and emdng yeasts with heterogenous
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abilities like glucoamylase activity [10,11]. Inishsystem, a heterologous protein of
interest can be displayed on the yeast cell suidace fusion protein with agglutinins, a
cell wall protein that is involved in mating. Inclathe yeast cell surface display system
has been used in various fields such as biocomrersintibody engineering, and the
development of bio-adsorbents [12-17]. Besides aties applications as described
above, the cumbersome steps involved in the patifin of the recombinant protein are
avoided by using the yeast cell surface displayesys Further, thanks to the ease of
gene manipulation, the fast growth in a low-costdimen and the existence of the
guality control system of endogenous protein pridadn the endoplasmic reticulum,
though it is not special to yeast, we can easitpldish yeasts displaying proteins of
interest through construction of plasmids with niotss in the target protein-coding
DNA (Fig. 1).

In this chapter, we constructed yeasts displatieghead domain of wild-type
or oseltamivir-resistant NAs. Then, we evaluateglitochemical properties such as NA
enzymatic activities at different cultivation timesensitivity to NA inhibitors, and

thermal stability of the cell surface-displayed NAs
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Original NA-displaying yeast with
the corresponding plasmid

original NA gene

@,
@ @\ \ Mutated NAs-encodingplasmids

l Transformation

l Mutation of

Mutated NAs-displaying yeasts

Fig. 1. An illustration of the steps involved in use of yeast cell surface display
system to expressthe enzymes of interest. Once the original NA-displaying yeast cells
are successfully constructed, it will take only it 3 ~ 4 days, including

transformation and incubation, to obtain yeastsogibplaying mutated NAs.
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Materials and M ethods

Strains and media

Esherichia coliDH50. [F~, AlacU169 ¢80lacZIM15), hsdR17 ¢, nx’),
recAl, endAl, deoR, thi-1, supE44, gyrA96, relAl(TOYOBO, Osaka, Japan) was
used as a host for DNA manipulati@@accharomyces cerevisi8&'4742 (MATa, his3-1,
leu2 lys2 ura3;, EUROSCARF, Frankfurt, Germany) was used to coostyeasts
displaying NAs.E. colitransformants were grown at°&7in Luria—Bertani media [1%
(w/v) tryptone, 0.5%w/v) yeast extract, and 1%ufv) sodium chloride] containing 100
pg/mL ampicillin. Yeast transformants were selecteda synthetic dextrose (SDC)
solid medium [0.67%w(/V) yeast nitrogen base without amino acids, 2#)(glucose,
1% @w/v) casamino acids, 0.002%v/{) adenine, 0.002%wVv) L-tryptophan, and 2%
(w/v) agar], and then, the resultant colonies wereaestly cultivated at 30 in a
liquid SDC medium (pH 6.5) supplemented with 100 rBvhorpholinoethanesulfonic
acid (MES).

Vectors for expression

The DNA fragment encoding head domain neuraminidbd¢A, 387 amino
acids in length) was PCR-amplified from the pTZ-Nodasmid that harbors the
neuraminidase gene from the Fujian H5N1 virus, gigncombination of sense’{5
CTTACTTTTCTTTGCTCGTTTCTGCCGTAACATTAGCGGGCAATTCATCTG
antisense
[5'-CATCCTTGTAATCAGATCCACCCTCGAGCTTGTCAATGGTGAATGGCAAC
-3l primers and the KOD-Plus-Neo DNA polymerase (T@ (Fig.2A). The DNA
fragment was inserted intglll/ Xhd-digested pULD1, which codes for the C-terminal
half of a-agglutinin downstream of the multiple cloning sitaising In-Fusion HD
Cloning kit (Clontech, Mountain view, CA, USA). Thiesultant plasmid is referred to
as pULD1-HNA/WT. The plasmid encoding the head dontd oseltamivir-resistant
NA (H274Y) was constructed by mutating pULD1-HNA/Wising the primers
5-GAATGCTCCTAATTATTACTATGAGGAATGCTCC-3 and
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5-GGAGCATTCCTCATAGTAATAATTAGGAGCATTC-3' (the underlines indicates
mutation points) and the QuikChange Site-Directeditdgenesis kit (Agilent
Technologies, Santa Clara, CA, USA), and the pldsmwas termed
pULD1-HNA/H274Y. pULD1-Strep, which encodes a Sttag instead of a FLAG-tag,

was constructed as the negative control plasmithforunofluorescence staining.

Transformation of yeast
Yeasts were transformed using the Frozen-EZ Yeaatsformation-Il kit
(Zymo Research, CA, USA). After the introductionpddsmids, the yeast transformants

were selected on a uracil-deficient SDC solid mediu

Neuraminidase activity assay

Yeast transformants were pre-cultivated in a batfeSDC medium for 36 h,
and then the main cultivation was initiated at amial optical density (OD) of 0.1 at
600 nm in 10 mL of buffered SDC medium. At the oated times of cultivation, the
yeast cells were collected and suspended in thagsay buffer containing 5 mM CaCl
and 50 mM MES pH 6.5. The yeast suspension Bp containing 10 cells was
transferred onto a 96-well microplate (353072; BDdBiences, CA, USA) and mixed
with- 50 uL of the NA assay Dbuffer containing 100 uM
4-methylumbelliferylN-acetyle-D-neuraminic acid (MUNANA) (Japan Food &
Liquor Alliance, Kyoto, Japan) as a fluorogenic suéite. After incubation for 15 min at
37°C, 250 mM glycine pH 10.4 was added to stop theti@a and then the fluorescence
was measured with a Fluoroskan Ascent Fluoroméi@osystems, Helsinki, Finland)
with an excitation at 355 nm and an emission at @480 For the inhibition assay, 2
types of NA inhibitors, oseltamivir carboxylate Btghai Haoyuan Chemexpress,
Shanghai, China) and zanamivir (LKT LaboratorigsPaul, MN, USA), were used.

Microscopic observation and determination of the NA display efficiency
Yeasts were collected at 1€ells per tube in a 1.5 mL microtube and washed

once with 1 mL of phosphate-buffered saline (PB$%) p.4. The pellets after
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centrifugation were suspended in PBS containingoQW@v) bovine serum albumin and
2.5 ug/mL anti-FLAG M2 mouse IgG antibody (Sigma-AldrjcBT. Louis, MO, USA)
and incubated for 1 h with rotation. After washimigh PBS, the pellets were suspended
in PBS containing 0.5%wv) bovine serum albumin and pg/mL Alexa Flour
488-conjugated anti-mouse IgG antibody (Invitrogebarlsbad, CA, USA) and
incubated for 1 h with rotation. After washing teiaith PBS, the pellets were
suspended in 30@QL of PBS and transferred onto a glass slide foorgcence
microscopic observation. To determine the displifigiency, 250uL of the cell pellet
was transferred into a 96-well microplate, and flnerescence was measured with a
Fluoroskan Ascent Fluorometer, with an excitatio®®5 nm and an emission at 537
nm [17].

Evaluation of thermal stability

Yeast displaying HNA/WT was suspended in NA assayffer at the
concentration of 2 x Focells/mL and incubated at 32 for 72 h, and the enzyme
activity was assayed by the same method describ@ekaThe activity was indicated as
a percentage, with the activity of control sampleubated at4C for 72 h considered to
be 100%.

Results

Confirmation of NA display on yeast surface

To display the head domain of Fujian H5N1 vireskded NA (HNA), we
constructed expression plasmid, pULD1-HNA/WT (F28) and introduced it int&.
cerevisiaeBY4742. After the cultivation, we detected theptiiyed NAs on the yeast
cell surface by fluorescence immunostaining. Thesilts indicated that HNA was

successfully displayed on the yeast surface (Fig. 2
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A

MOQLFNLPLKV SFFLVLSYFS LLVSAVTLAG NSSLCPIRGW AVHSKDNSIR IGSKGDVEVI REPFISCSHL
ECRTFFLTQG ALLNDKHSNG TVKDRSPHRT LMSCPVGEAP SPYNSRFESV AWSASACHDG TSWLTIGISG
PDNGAVAVLK YNGIITDTIK SWRNNILRTQ ESECACVNGS CFTVMTDGPS NGQASYKIFK MEKGKVVKSV
ELNAPNYHYE ECSCYPDAGE IICVCRDNWH GSNRPWVSFN QNLEYQIGYI CSGVFGDNPR PNDGTGSCGP
VSPNGPYGIK GFSFKYGNGV WIGRTKSTNS RSGFEMIWDP NGWTGTDSNF SMKQDIVAIT DWSGYSGSEV

QHPELTGLDC IRPCFWVELI RGRPKESTIW TSGSSISFCG VNSDTVSWSW PDGAELPFTI DKLEGGS

Glucoamylase signal sequence

DDDDK]
B Negative C
control Phasecontrast Fluorescence
HNA FLAG
Negative contro

@5 GAPDH promoter yeast
Secretion signal
FLAG
3' Half of a-agglutinin
-ancoding gene
pULD1 Yeast with
pULD1-HNA

GPl-anchor
attachment signal

2umori  leu2-d

Fig. 2. Construction of NAs-displaying yeasts

(A) Sequence of HNA. The gray color shows the segeeof the HNA. The box
indicates FLAG tag. (B) Plasmid constructed for stesurface display of the head
domain of neuraminidase (HNA). Head, Head domd.A microscopic examination
of surface display after immunofluorescence staginkorty-eight hours after cultivation
of the yeast, the display of NAs on yeast was erathiby immunofluorescence
staining using an anti-FLAG M2 mouse IgG antibodjldwed by an Alexa Flour
488-conjugated anti-mouse IgG antibody. The yeaspension was transferred onto a

glass slide and observed under a fluorescence sciope. Scale bars indicatgu®.

Enzyme activity and display efficiency of NAs on the yeast cell surface

We next examined the enzymatic activity of thepldiged HNAs (both the
wild-type and the mutant) by using a fluorogenibsttate under the condition without
an interfering effect of yeasts on the fluoresceimtensity (Fig. 3). The HNA mutant
with H274Y substitution (HNA/H274Y) was chosen basa this mutant is resistant to

oseltamivir, one of the most widely used drugstha treatment of influenza infection
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in humans. The mechanism by which the HNA/H274Y tessstance to oseltamivir is
the interfering of its access to the active sitengyto a pentoxyl group at position 3 in

oseltamivir, whose functional group does not existanamivir [18].

4,000
3,500 |
3,000 |
2,500 |
2,000 |
1,500
1,000
500

—0— Yeast—
--A-- Yeast+

RFU

0 1Io zlo :0,0 I40 50

Methylumbelliferone concentrationsi1)

Fig. 3. Sandard curve of methylumbelliferone (MU), a fluorogenic substance
released after the cleavage of MUNANA by neuraminidase, with or without yeasts
Yeasts suspended in NA assay buffer at the numb&Ooor the buffer only were
transferred into 96-well microplate, and then MUIlusons at the indicated
concentrations were added. The fluorescent intensft MU was measured in

Fluoroskan Ascent Fluorometer with an excitatioB8%& nm and an emission at 460 nm.

RFU at each blank solution without MU was subtrddtem each all other value.

We evaluated the NA enzymatic activity of the yaasnsformants displaying
HNA/WT and HNA/H274Y at different cultivation timeswhen HNA/WT was
expressed on the yeast surface, the NA activity sigsificant at 24 h (79.% 4.5
RFU/ODso0), with the peak being observed at 72 h (1331%.5 RFU/ORy). A similar
trend was also observed in yeasts displaying HNAAY2 although the enzyme activity
level was 1.5- to 2.4-fold lower than that obserirethe HNA/WT-displaying yeasts at
the all time points examined (Fig. 4A), and thiffedtence in enzyme activity was
statistically significant f < 0.05). The control yeast without HNA on the soefa

showed no enzyme activity at all the cultivationés tested.
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In order to confirm that the difference in the ymz activity observed is due to
the H274Y substitution in the HNA, we determinee ttisplay efficiencies of both
HNAs on yeast surface by immunofluorescence stgifhs seen in Fig. 4B, the display
efficiencies of HNA/WT and HNA/H274Y on the yeasirface were not different.
These results demonstrated that the H274Y mutatioes not alter the display
efficiency, but lowers the enzyme activity (Fig. ¥An support of this conclusion, an
earlier study by Collins et al. [18] reported thia¢ Michaelis constant for the enzyme
carrying the H274Y mutation was reduced when coegdo that of the wild-type
enzyme.

For the influence of the C-terminal FLAG tag orzyme activity, the yeast
with the FLAG tag-free NA showed 1.4-fold highertiaity than that with the NA
possessing FLAG tag at the C-terminus (Fig. 5).

A B
180 140
ol —e— Control 120k - HNAMWT
o
. —=— HNAWT 3\5 100k —A HNA/H274Y
S 120f —A-HNA/MH274Y 8
dD d’ 80 -
o o
= 90 =
2 D 6of
@ 60 ok
301 20 F
O l' e o s 1 0 1 1 1 1 1
0 20 40 60 80 100 120 0O 20 40 60 80 100 120
Cultivationtime (h Cultivationtime (h

Fig. 4. Time course of the enzyme activity (A) and display efficiency (B) for
HNA/WT and HNA/H274Y

The enzyme activity is expressed in relative flgosnce units (RFU) divided by @l
The display efficiency was determined by immunofeszence staining as described
above, and then the intensity was measured by édkan Ascent Fluorometer
(Labsystems) with an excitation at 485 nm and arsgon at 537 nm. The data were
expressed as percent of RFU in which the value MANVT-displaying yeast at 96 h
was 100%. The data represents the average of Bendent experiments, and the error
bars depict the SEMp*< 0.05, determined by two-way ANOVA
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C- terminal
FLAG

FLAG-free

Fig. 5. Enzyme activity of yeast-displayed HNA with or without FLAG-tag at the
C-terminus

A plasmid encoding a FLAG tag-free NA was considctand introduced
Saccharomyces cerevisiae BY4742, and then the NAnea activity was compared
with the yeast displaying NA with FLAG tag at thet&minus. NA assay was

performed as indicated in the Materials and Methdtie data represent meanSD.

Inhibition of the displayed HNAs on yeast by NA inhibitors

Both HNA/WT and HNA/H274Y showed significant enzatic activity and
we examined the effect of 2 types of selective Nibitors on this activity. Oseltamivir
carboxylate (the active ingredient of Tamiflu) ar@hamivir (the active ingredient of
Relenza) were used as inhibitors. When we condwtedt for concentration-response
curve on the HNA/WT on yeast, the sfCwas 9.1 and 8.8 nM for oseltamivir
carboxylate and zanamivir, respectively (Fig. 6h the other hand, while zanamivir
showed the near or higher inhibition activity o tHNA/H274Y whose I was 4.1
nM, oseltamivir carboxylate was only able to inhithie activity by 28% even at 160
nM, the highest concentration in this test. Thisibition properties and 1§ values of
oseltamivir carboxylate and zanamivir on the HNA/VEmd the HNA/H274Y were
consistent with the previous reports in which NAided from influenza virus grown in

hen eggs or MDCK cells was used for carrying otiiition study [18,19]. Thus, we
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conclude that the HNAs displayed on the yeast sarfaave the same property as the

native and mutated NAs present on the virus surface

Oseltamivir carboxylate Zanamivir
120 120
- HNA/WT

< 100 g 100 -A- HNA/H274Y
> 80fr 2> 80T
= =
S 60 S 60
< <
Z 407 Z 40T

20T 20T

0 ' * 0 .

1 10 100 1 10 100
ConcentrationnM) ConcentrationnM)

Fig. 6. Concentration-response curve on HNAs displayed on yeast with increasing
dose of inhibitors, oseltamivir carboxylate (left) and zanamivir (right)

HNA/WT or HNA/H274Y displayed on the yeast cell fame was subjected to an
inhibition assay by the addition of the indicatemhcentrations of the inhibitors. The
enzyme activity without any inhibitors was express®0%, and I values were

calculated based on the inhibition curves.

Thermal stability

When enzymes (including NAs) are used to screefnnfabitors, the thermal
stability of the displayed proteins during the emeyreaction is important in evaluating
the inhibitors. For example, certain newly acquiradtations in enzymes of interest
have been reported to give rise to drug-resistancelowered stability simultaneously,
which impairs an effective screening. SpecificalMickimm-Breshkin et al. [20]
reported such mutant NAs that simultaneously digaadrug-resistance and reduced
stability. Therefore, we examined the effect ofthte@atment on the enzyme activity of
the HNAs displayed on the yeast surface. The HNgpldiyed on the yeast surface
retained their activity even after prolonged heatifig. 7). In contrast, recombinant NA

produced in insect cells is less stable and istiveted upon heat treatment [19]. These

-63-



findings suggest that the thermal stability of N displayed on the yeast cell surface

is superior to that of the soluble NA producednseict cells.

'_\
o
o

80|
60 [

NA activity (%)

401
20T

After After
4°C,72h 37°C,72h

Fig. 7. Thermal stability of displayed HNA/WT

Yeast displaying HNA/WT was suspended in NA assafeb at the concentration of 2

x 1@ cells/mL and incubated at 32 for 72 h, and the enzyme activity was assayed.
The data represents the average of 3 independpatiments, and the error bars depict

the SEM. n.s. indicates not significant.
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Discussion

In this chapter, we successfully produced the hd@muain of the NA from
influenza H5N1 virus on the yeast cell surface. Theombinant enzyme showed
sufficient enzyme activity and high thermal stagilimportantly, the available small
inhibitors were able to reasonably inhibit the atfiof these enzymes displayed on the
yeast surface. The successful heterologous pramfuofi the head domain of NA from
avian influenza virus H5N1 was first reported usthg methylotropic yead®ichia
pastris[9]. However, the recombinant NA was produced ag@eted, soluble protein
which requires several steps for purification. @a bdther hand, it should be noted that
in the present study, the yeast displaying the HiAthe surface only requires to be
centrifuged and does not require any further pratfon prior to examination of the
enzyme activity. This makes the yeast surface ayspystem very effective, especially
in studying the application of enzymes (mutated and-mutated) and screening for
novel enzyme inhibitors.

NA is a mushroom-shaped tetramer of identical sitbuwith the head of the
mushroom suspended from the virus membrane. Eattte dfubunits that form the head
of the mushroom is made up of a six-bladed prop&Ke structure [21]. Although it is
unclear whether the NAs displayed on yeast surfexe a proper folding or tetramer
structure, the proper folding of NAs on the yeastace will be partly supported by the
fact that the wild type- or H274Y-HNA showed reasble enzyme activities and
inhibition properties by NA inhibitors. The sametige on a proper tetramerization of
NA, but we think that it is not critical for appétion to drug screening because NA
inhibitors attack the active site of NA monomer teitamer.

Because Schmidt et al. [19] indicated that the BdAnd to the virus surface
was highly stable during incubation at’@7compared with the soluble NA produced in
insect cells, we considered that the reduced figtyilof NA by being fixed on the virus
surface might be one of the factors contributinghermal stabilization. Yeast surface
display system is also expected to have the samializéd effect as virus, but
whether the intrinsically instable NA with E119G tation reported by
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Mickimm-Breshkin et al. [20] is stabilized as wshould be investigated for further
research.

In general, exogenous proteins produced in yesstkaown to get high
mannose type glycosylation, potentially deteriorgtinnate properties of target proteins.
One of the examples is the soluble NA producedPichia pastris which showed a
larger molecular weight due to hyperglycosylatioh@n the other hand, when HNA
was intracellularly expressed iBaccharomyces cerevisjage detected the main
band around 44 kDa probably showing the HNA in eesblotting (Fig. 8). In addition,
the yeast without HNA on the surface showed a lzrid2 kDa indicating.-agglutinin
only, and the yeast displaying HNA showed a barat th 44 kDa higher than the
a-agglutinin. From these findings, we think that tHNA produced irSaccharomyces
cerevisiads likely not to have hyperglycosylation, unlikeethINA produced iPichia
pastris.

In addition to application in enzyme assays, thasy displaying HNA could be
utilized for yeast-based vaccines that could beiadtmated subcutaneously as a whole
yeast [22]. Although yeast which produces targetigans intracellularly has been
investigated, yeast with desired antigens on thesceface might be more effective
because of accessibility to immune cells. The wo\efficacy of soluble neuraminidase
as vaccines has been demonstrated in mice challength recombinant N2
neuraminidase [7], and therefore, a prophylactfecéfof the HNA-displaying yeast
constructed here can be expected [23].

In conclusion, this system of using yeast to @dgiNA on the surface can be
applied for screening chemical libraries in orderobtain inhibitors of NAs carrying
various novel mutations. As it is less time consugnthis technique can also be applied

for quick preparation of recombinant protein antigérom frequently mutating viruses.
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Fig. 8. Western blotting of protein extracts from yeast with or without displayed
HNA and yeast producing HNA within the cell

The yeasts with or without HNA on the cell surfélemel and 2, respectively) and the
yeast producing HNA internally (lane3) were crushgdeads-shocker in PBS solution,
and then, the supernatants were separated by SSPB4PAGE. Immunoblotting was
conducted using anti-FLAG M2 mouse IgG antibodyjegated with horseradish

peroxidase.
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Summary

Neuraminidase (NA) is a surface glycoprotein pastlby the influenza virus.
Specific NA mutations that confer resistance to-ainal drugs have been reported. The
aim of this study was to demonstrate quick prepamadf the mutated NAs using the
yeast surface display and its applicability foregering inhibitors. Plasmids encoding
the head domain of wild-type and drug-resistant M&se constructed and introduced
into yeast, and these were successfully displayetth® yeast surface, with biochemical
properties similar to the native virus NAs. Thist®m using mutated NAs-displaying
yeast provides an efficient and convenient toolkfoeening novel inhibitors against the

drug-resistant influenza virus.
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Conclusions

The present studies have been carried out to develop novel bioactive peptide
screening systems for GPCRs agonists and influenza neuraminidase inhibitors toward
further extension of peptide versatility as medicines.

In chapter I, we established a novel functional screening system of
yeast-secreted peptides acting on GLP1R. The system directly detected the functional
activity of yeast secreted-GLP1R agonists based on the activation of GLP1R produced
on mammalian cells, without any purification and condensation of yeast-produced
peptides. In addition, application of the system enabled identification of
agonist-secreting yeast in the model screening.

In chapter 11, we identified novel modified GLP1R agonists through the
screening of randomly mutagenized GLP1 library by using an integrated
yeast-mammalian assay system. To conduct this, we constructed novel high sensitive
reporter assay system using secreted luciferase that is significantly induced in response
to activated CREB transcription factor upon GLPIR activation and is detected without
any cdl lysis.

In chapter 111, we successfully produced the head domain of the neuraminidase
from influenza H5N1 virus on the yeast cell surface. The displayed recombinant
enzyme showed sufficient enzyme activity and high thermal stability. Importantly, the
available small inhibitors were able to reasonably inhibit the activity of these enzymes
displayed on the yeast surface.

The existing screening systems of peptides such as phage display need
chemical synthesis to evaluate the functional activity of the selected peptides. On the
other hand, our novel peptide screening system consisted of the sufficient amount of
yeast-secreted peptide and the high sensitive activity detection using GPCRs-producing
mammalian cells or active enzyme-displaying yeast, requiring no chemical synthesis of
peptides. This screening system established here should contribute to more efficient

drug discovery and development to deliver novel drugs for patients all over the world.
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