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ABSTRACT

Due to the worldwide prevalence of pesticide resistance in disease vectors, novel targets
and corresponding reagents for alternative pest control are needed. Invertebrate neuropeptide G
protein-coupled receptors (GPCRs) are involved in regulating many important physiological
processes and are promising insecticide targets. In this study, we used the invertebrate-specific
kinin receptor as a proof-of-principle for novel ligand discovery of arthropod neuropeptide
GPCRs. Kinins are pleiotropic neuropeptides that are known to modulate insect diuresis, hindgut
contraction, pre-ecdysis, digestion and chemosensory perception.

We utilized both forward and reverse pharmacological approaches to identify
peptidomimetic and small molecule ligands of the kinin receptors from the yellow fever
mosquito, Aedes aegypti, and the cattle fever tick, Rhipicephalus microplus. In forward
approaches, novel peptidomimetics with enhanced biostability and bioavailability designed based
on insect kinins were tested on the recombinant receptors using a calcium bioluminescence assay
and analyzed for their ECso and efficacy. These experiments yielded potent agonists for both
receptors. | cloned the cDNA of the kinin neuropeptide precursor from R. microplus, predicted
the sequences of 17 tick kinins, and functionally characterized fourteen of them on the cognate
receptor. In this process, | found the tick kinins have a slightly different sequence motif
compared to insect kinins, with proline being conserved in the variable position two of the C-
terminal pentapeptide core.

For the reverse approach, | developed a high-throughput screening (HTS) calcium
fluorescence assay using the recombinant tick kinin receptor, reporting the first HTS on a
neuropeptide GPCR of any tick species. Through experimental screens and virtual screens, 36

antagonists were identified. Three of them were validated as antagonists on the mosquito



receptor. These molecules also inhibited the mosquito hindgut contractions in the isolated
hindgut contraction inhibition assay. By analyzing the structure-activity relationships of
peptidomimetic agonists and small molecule antagonists respectively, we improved the
understanding of ligand structures which will facilitate the design of potent ligands.

In summary, this study identified potent peptidomimetic agonists, and for the first time,
identified antagonists of mosquito and tick kinin receptors. These ligands are important reagents
and tools for studying the role of kinin in arthropod physiology in arthropods and potential leads
of novel pesticides. This study improved our understanding of the arthropod kinin signaling

system.



ACKNOWLEDGEMENTS

First, my heartful thanks go to my committee chair, Dr. Patricia V. Pietrantonio, nothing
will be possible without her endless support and patience throughout the course of my Ph.D.
program. | become a better scientist thanks to her who always holds up a high standard for
research quality and is persistent in searching for truth in science. | am also deeply thankful for
the time she spends with me to improve my professional skills and share her valuable
experiences with me about research, work and life, from which | gained a lot. Thanks to my
committee members, Dr. Cecilia Tamborindeguy, Dr. Gabriel Hamer, and Dr. Nancy Ing, for
their guidance and support. | would also like to thank our collaborators Dr. Ronald J. Nachman
and Dr. Dwight Baker for their collaborations and inputs in this project.

My thanks also go to A.W.E.S.O.M.E. faculty group in the College of Agriculture and
Life Sciences at Texas A&M University and Aggie Women in Entomology graduate student
writing club of Department of Entomology for their assistances with reviewing and editing of
this dissertation.

Many thanks also go to my friends and colleagues and the department faculty and staff
for making my time at Texas A&M University a great experience. Finally, thanks to my parents

for their encouragement and to my husband for his patience and love.



CONTRIBUTORS AND FUNDING SOURCES
Contributors

This work was supervised by a dissertation committee consisting of Professors Patricia
V. Pietrantonio, Dr. Cecilia Tamborindeguy and Dr. Gabriel Hamer of the Department of
Entomology and Professors Nancy Ing of the Department of Animal Science.

The peptides analogs tested in Chapter 2 were designed and synthesized by Dr. Ronald J.
Nachman (USDA). Tick kinin analogs tested in Chapter 4 were also designed and synthesized by
Dr. Nachman. Dr. Nachman also assisted in analyzing the structure-activity relationships (SAR)
of kinin analogs in Chapters 2 and 4. Dr. Dwight provided suggestions on HTS assay
optimization and hit selection for Chapter 5. The chemical library used for HTS in Chapter 5 was
provided by Professor James C. Sacchettini of Department of Biochemistry and Biophysics. The
cytotoxicity assay in Chapter 5 was performed by Dr. Wen Dong in Dr. Sacchettini laboratory.
The SAR analysis for small molecule analogs in Chapter 5 was done by Dr. Nian Zhou in Dr.
Sacchettini lab.

All other work conducted for this dissertation was completed by the student
independently.

Funding Sources

This work was supported part by Texas A&M AgriLife Research Insect Vector Diseases
Grant Program (FY’17-18 and FY’19-21) to P. V. Pietrantonio and NIFA-AFRI Animal Health
and Well-being Award under Grant Number [2016-67015-24918] to P. V. Pietrantonio and K.
Temeyer. Its contents are solely the responsibility of the authors and do not necessarily represent

the official views of the NIFA or Texas A&M AgriLife Research.



NOMENCLATURE

ACE Angiotensin Converting Enzyme

Aib a-Aminoisobutyric Acid

AIT Adult Immersion Test

ANOVA Analysis of Variance

ATP Adenosine Triphosphate

BRET Bioluminescence Resonance Energy Transfer
Ca?* Calcium ion

CAFE No-Choice Capillary Feeding

CAMP 3’, 5’-Cyclic Adenosine Monophosphate
CI Chloride ion

CFT Cattle Fever Tick

CFTEP Cattle Fever Tick Eradication Program
CHIKV Chikungunya Virus

CHO Chinese Hamster Ovary

CNS Central Nervous System

DPBS Dulbecco’s Phosphate-Buffered Saline
DEET N, N-Diethyl-meta-tolumide

DENV Dengue Virus

DMEM Dulbecco's Modified Eagle Medium
DMF Dimethyl Formamide

DMSO Dimethyl Sulfoxide

DNA Deoxyribonucleic Acid

Vi



ERK Extracellular Signal-regulated Kinases

FBS Fetal Bovine Serum

FRET Forster resonance energy transfer
GPCR G Protein-Coupled Receptors
GRK GPCR Kinase

HBSS Hank’s Buffer Saline Solution
HEK Human Embryonic Kidney

HDF Human Dermal Fibroblasts

HHBS Hank’s Buffer Saline with HEPES
HTS High-Throughput Screening

IK Insect Kinin

KR Kinin Receptor

LK Leucokinin

LKR Leucokinin Receptor

LIT Larval Immersion Test

MAFFT Multiple Alignment using Fast Fourier Transform
MAPK Mitogen-Activated Protein Kinases
MIP Myoinhibitory Peptide

MRNA Messenger Ribonucleic Acid

MT Malpighian Tubule

NC Negative Control

NCBI National Center for Biotechnology Information
NEP Neprilysin

vii



NPA
NPY
PBS
PC
PCR
PEG
PLC
RACE
RT
IP3
RFU

RhoGEF

SIT

TAHC
TKSM
USDA

USDA-APHIS-VS

VIO

ZIKV

Normalized Percent Activation

Neuropeptide Y

Phosphate-Buffered Saline

Positive Control

Polymerase Chain Reaction

Polyethylene Glycol

Phospholipase C

Rapid Amplification of Complementary Dixoyribonucleic Acid Ends
Room Temperature

Inosititol-1,4,5-Triphosphate

Relative Fluorescence Unit

Rho Guanine Nucleotide Exchange Factor for Rho/Rac/Cdc42-like
GTPases

Sterile Insect Technique

Texas Animal Health Commission

Tachykinin Small Molecule

United States Department of Agriculture

U.S. Department of Agriculture-Animal Plant Health Inspection Service-
Veterinary Service

Vector-Only cells

Zika Virus

viii



TABLE OF CONTENTS

Page

ABSTRACT .ottt b bbbt b e Rt Rt R e b e bt E e Rt R Rt b et bbb b e I
ACKNOWLEDGEMENTS ...ttt ettt v
CONTRIBUTORS AND FUNDING SOURCES ........cooiiiiiieienie st \/
NOMENCLATURE ..ottt bbbt b et b e et nb et VI
TABLE OF CONTENTS ..ottt ettt st IX
LIST OF FIGURES ...ttt et XHI
LIST OF TABLES ... bbbttt bbbt XV
1. INTRODUCTION ...ttt s bbbt bttt e sbe e eneabe e 1
1.1.1. The yellow fever mosquito, AAES ABQYPLE ......ccveieeirierieiieieee e 1
1.1.2. The southern cattle tick, Rhipicephalus miCroplus.............ccccocevvriiiniiiienc s 3
1.1.3. Pest management SITAtEJIES .......ccveiveireeiieiie e st este et e et te e e sre e e e sre e 6

1.2. G protein-CoUPIEA MBCEPLONS. ....c..i ittt 9
1.2.1. Receptor classification and signaling pathway ............ccccccevveiiiieiieie e 9
1.2.2. Ligand 1dentifICALION ........cceiiiiiieieiei e 12

1.3. Invertebrate-specific Kinin signaling SYStEM ............cccovveiiiiieii e 12
1.3.1. Kinin neuropeptide biosynthesis and StrUCTUIe ............cccoeireiinininiieee e 14
1.3.2. Kinin receptor signaling pathWay ............ccccooieiiiiiiiesece e 15
1.3.3. Distribution and function of kinin signaling SYStem............ccocvivniiieienennesee 16
1.3.4. Bioassays to validate ligand aCtiVity..........cccccevveviiieie e 19

1.4. Novel ligand discovery through high-throughput SCreening ...........c.ccocevviineiieniinins 24
1.4.1. Cellular functional assays for HTS ..o 24
1.4.2. Novel small molecules ligands discovery for pest control ............ccccooeveriicnenennnn 26

2. EVALUATION OF AIB AND PEG-POLYMER INSECT KININ ANALOGS ON
MOSQUITO AND TICK GPCRS IDENTIFIES POTENT NEW PEST MANAGEMENT
TOOLS WITH POTENTIALLY ENHANCED BIOSTABILITY AND BIOAVAILABILITY 50

0 I @ =T VT ST 50
2.2, INTFOTUCTION. ...ttt ettt b et e ne e be e beeneesreeeas 51
2.3. Materials and MEthOdS. .........ccviiriieie e es 55
2.3.1. Analog synthesis and pUrifiCatiON............ccvueiiieiie i 55
B - | I 1TSS 58
2.3.3. Analysis of activity of kinin analogs by a calcium-mobilization bioluminescence
LY | OSSR OUR PR PRSP 59
2.3.4. Determination of agonist activity of peptidomimetics..........ccccovvveviiiiiieviie e 60
2.3.5. Data @NAlYSIS .....ovieiiiiiiiiiee e 61
2.4. RESUILS AN DISCUSSION ....couviiiiiiiieitieie sttt sttt b e bttt st et sne e 63



2.4.1. Novel insect Kinin Aib analog deSign .......cccvevevieiieie i 72

2.4.2. Insect Kinin PEG @Nalogs ........ccooiiiiiiiiiiieeee e 72
2.4.3. Activity of Aib analogs on the mosquito Kinin reCeptor..........cccoovevviivevesvieseesieenenns 73
2.4.4. Evaluation of Aib analogs on the tick Kinin receptor ...........c.ccooveieienenesineneeen 76
2.4.5. Evaluation of PEG analogs on the mosquito Kinin receptor ...........ccccoevvivvevverieennnn 77
2.4.6. Evaluation of PEG analogs on the tick Kinin receptor............ccoceveveienenencncnennn 79
2.5. SUMMAry and CONCIUSIONS .......c.eeiiieieiie ittt e re e be e sneenas 80
2.6. ACKNOWIBAGEIMENTS. .....viiieiiieee ettt st et be e be e nneenes 81
2.7 RETEIBINCES . ...ttt bbb bbbt bbb b b re s 81

3. THE CATTLE FEVER TICK, RHIPICEPHALUS MICROPLUS, AS A MODEL FOR
FORWARD PHARMACOLOGY TO ELUCIDATE KININ GPCR FUNCTION IN THE

O OSSPSR 88
3L OVEIVIBW ...ttt stttk s ettt b et b e bRt e st e st e s e b e benbenbesneaneas 88
KT 11T (1t A o o OSSPSR 89
3.3. Materials and MELNOGS. .........ccviiiiiiiie e e 92

3.3.1. In silico prediction of the kinin precursor cDNA sequence in R. microplus.............. 92
3.3.2. Cloning the Kinin precursor CDNA .........oooi i 93
3.3.3. R. microplus kinin gene structural characterization...............ccccovvveveiienienresieeseenn 94
3.3.4. R. microplus kinin peptide precursor characterization ............c.cccceeceviverieivieseeseenenn, 95
3.3.5. Prediction of tick kinin peptide precursors and phylogenetic analysis....................... 95
3.3.6. CRIITINES ..ttt ettt bbb beene e 97
3.3.7. Preparation of small molecule library plates............cocoeiiiiiiniic 98
3.3.8. Preliminary screen of a small molecule library in an end-point fluorescence assay .. 99
3.3.9. Kinetic, dose-response calcium mobilization bioluminescence assay...............c....... 101
3.3.10. Effect of a prolonged pre-incubation with various concentrations of TKSM14 on
the agoNiSt-INAUCEA FESPONSE ......ccuiiiiiiieieiete ettt b e 104
3.3.11. StatistiCal ANAIYSES .....ccveceeirieiece e 104
B RESUITS ...ttt ettt r et e e Rt te e re e te et e nneenneenee e 105
3.4.1. R. microplus cDNA sequence and gene StrUCIUIE.........c.ccvevvevieieevieeie e 107
3.4.2. Analysis of the R. microplus Kinin preCursor...........cooviiriiineieesee s 109
3.4.3. Kinin precursors from other tick SPECIES .........cccveiveiiiiiiiiece e 111
3.4.4. Phylogenetic analysis of KiniN PreCUrSOrS. ........coiiiireierierineseeeee e 115
3.4.5. Small molecule screening on recombinant tick Kinin receptor...........cccoceevvevienneenen. 117
3.4.6. Kinetic responses to selected small molecules and peptidomimetics in a dual-
addition calcium biolUMINESCENCE ASSAY ......c.ccveireeiieiieiiieite ettt 120
TR T I TS0t 011 o o U S 128
3.6. ACKNOWIBAGEMENTS. ....c.viiiiie ettt et e st e e e e st e e beesnaeereeas 134
T ] (=T TSR 135

4. ACTIVITY OF NATIVE TICK KININS AND PEPTIDOMIMETICS ON THE
COGNATE TARGET G PROTEIN-COUPLED RECEPTOR FROM THE CATTLE FEVER

TICK, RHIPICEPHALUS MICROPLUS (ACARI: IXXODIDAE).......cccciiiieiiee e 145
A OV IV W e 145
A2, INEFOAUCTION ... 146



4.3. Materials and MELNOUS. ........oo oottt e e e e e e e e e e e e e e naaans 150

4.3.1. Analog synthesis and PUrfiCatION.........ccoeiieriiie i e 150
4.3.2. Preparation of kinin peptides and analogs in 384-well plates...........cccccccoevverrrennnne. 152
4.3.3. Cell [ines and Cell CUITUIE.........cuiiii et e 153
4.3.4. End-point calcium FIUOrESCENCE @SSAY .......ecvverureieiiieiieeiesiee e e eesee e 153
4.3.5. STAtiStiCal ANAIYSES ....cveeiiiieciee e e 155
4.3.6. Multiple sequence aligNmENt ..........ccceoiieiiere e 155
A8 RESUITS. ..ottt ettt r e bt e st R e et et e s e re e reenre e s 156
Table 4.1 The ECsos of endogenous tick Kinins and Aib-analogs. .........ccooevereneneiennninnnnns 158
4.4.1. Activity of endogenous kinins from R. microplus on the recombinant tick receptor 159
4.4.2. Activity of tick Aib-analogs on the reCeptor.........c.cvvveivicieie e 160
4.5, DISCUSSION ....vtiieeteetiestee e ette st ettt e st e be e st e st e ae e st e sbe et e eseeeseesbeeseeeseeabeenbeaneesbeeneesreenseaneens 161
I O] o 11 5] o] USSR TP PRSPPI 167
4.7, ACKNOWIBAGEMENTS ...ttt bbbttt nb e bbb nnea 168
4.8, RETEIBICES. ... .ottt ettt bbbt e e st e st et e b et sbesbenrenneas 168

5. ARANDOM SMALL MOLECULE LIBRARY SCREEN IDENTIFIES NOVEL
ANTAGONISTS OF THE KININ RECEPTOR FROM THE CATTLE FEVER TICK,

RHIPICEPHALUS MICROPLUS (ACARI: IXODIDAE)......ccccoeiiiieieeie e 176
5.1, OVBIVIBW . ...ttt bbbttt s et et bbbt bbb e st et et st be st e e beene e 176

o T0Z 111 (0T (1Tt o] o USSR 177
5.3. Materials and MELNOGS. ..........ccuiiiiiiiie e 179
5.3.1. Preparation of the small molecule library in “drug plates™.........ccccccoovriiiiniennennnns 179
5.3.2. ClII CUIUIE ...ttt 180
5.3.3. Kinin receptor functional calcium fluOresCence assay..........c.ccuovevvererenerenesesennns 180
5.3.4. High-throughput Screening (HTS) ....ccooiiiieie e e 181
5.3.5. Quality control FOr HTS ..o s 182
5.3.6. Hit MOIECUIE SEIECLION......ccuiiiieiiiicie e s 183
5.3.7. Hits validation in d0SE-TESPONSE @SSAY.........erererrrerrerierieriesiesiesseeeeee e sresee s s sieens 184
5.3.8. Virtual hits and @analogs ..........cceeieiieiiic e 185
5.3.9. CYLOTOXICITY @SSAY .....veuvereeueeseenieitestestestesie st st e et et et e bbbttt e e e et bbb enes 185
5.3.10. Validation of antagonistic activity on the recombinant mosquito kinin receptor ... 186
5.3.11. Validation of antagonistic activity in the hindgut contraction inhibition assay...... 187

D4, RESUITS ...ttt ettt bbbt R ettt n et renre e 190
TR T I T 110011 o o USRS 202
5.6. ACKNOWIEAGEIMENTS. ... .ooiiiiiiiiiccie ettt ettt e re e te e e e saeenreenee e 207
T =] (=] =T 0o SR 208
B. CONCLUSIONS. ... .ottt e be et e b e s e st et e seenbesbenbeane e 214
APPENDIX A FOR CHAPTER 2.ttt 218

SUPPLEMENTARY TABLE 2.1.1 STATISTICAL ANALYSIS OF ANALOGS’
POTENCY ON RECOMBINANT MOSQUITO AEDES AEGYPTI KININ RECEPTOR....... 220

Xi



SUPPLEMENTARY TABLE 2.1.2 STATISTICAL ANALYSIS OF EFFICACY ON
RECOMBINANT MOSQUITO AEDES AEGYPTI KININ RECEPTOR. .......ccccoovviiiiiiin. 221

SUPPLEMENTARY TABLE 2.2.1 STATISTICAL ANALYSIS OF ANALOGS’
POTENCY ON RECOMBINANT TICK RHIPICEPHALUS MICROPLUS KININ

RECEPTOR. ..o 222
SUPPLEMENTARY TABLE 2.2.2 STATISTICAL ANALYSIS OF EFFICACY ON

RECOMBINANT TICK RHIPICEPHALUS MICROPLUS KININ RECEPTOR. ........cccceeee. 223
APPENDIX B FOR CHAPTER 3 ... s 224
APPENDIX CFOR CHAPTER 4 ... 244
APPENDIX D FOR CHAPTER 5. 249

xii



LIST OF FIGURES

Page

Figure 1.1 Schematic diagram showing four G protein-coupling mechanisms, Sharan and Hill

(2017) reprinted With PEIMISSION. ...c..iiieiiecieiec et 11
Figure 1.2 Key elements of GPCR target validation. .............cccooeiiiiiiiininineeeee e 20
Figure 1.3 Schematic diagram for the 2-addition assay, Ma et al. (2017), reprinted with

81T 1TSS o] TP PR P UP PP PRPRURPRIN 28
Figure 2.1 Structures of P4 and P8 attached to the N-terminus of the IK-PEG analogs. ............. 58
Figure 2.2 Dose-dependent bioluminescence responses of IK analogs relative to the

bioluminescence response elicited by 1 UM of the positive control peptide

o T T TSSO 65
Figure 2.3 The correlation between efficacy (efficacy; Y axis) and potency (X axis) of insect

kinin (IK) analogs on mosquito (A) and tick (B) Kinin receptors. ..........ccccoevvrenvnennns 68
Figure 3.1 Towards vector control: General work-flow for the discovery of novel ligands for

Arthropod VECTIOr GPCRS. .....ouiiiiiiiieeei e 106
Figure 3.2 Schematic of the kinin gene and cDNA from Rhipicephalus microplus................... 108
Figure 3.3 Amino acid sequences of kinin precursors from eight tick Species.............c.ccocvrueene. 113
Figure 3.4 Bayesian phylogenetic analysis of Kinin precursor. ..........cccooeveivevveveciese e 116
Figure 3.5 Four small molecules antagonized the tick kinin receptor activity. ...........cc.ccocvvenne. 119

Figure 3.6 Kinetic dose-responses of the BMLKS3 cell line to five selective small molecules. . 123

Figure 3.7 BMLKS3 preincubation (5 min) with dosages of TKSM14 before agonist addition,
enhances its antagonistic activity in the calcium bioluminescence assay. .................. 125

Figure 3.8 Kinetic dose-responses of the BMLK3 cell to three peptidomimetic ligands of
mammalian neurokinin receptors in the “dual-addition” calcium bioluminescence
2T | PP PR ORI PRPTRPRN 126

Figure 4.1 Dose-responses of the recombinant tick kinin receptor (BMLK3) to fourteen
endogenous kinin ligands (A-D) and thirteen Aib-analogs (E-G). .......cccoccevververeenne. 157

Figure 5.1 Workflow for the discovery of novel small molecules ligands of the kinin receptor
from the southern cattle tick, Rhipicephalus microplus. ..........cccccooviiiiieniiiiins 189

Figure 5.2 Stepwise summary of the high-throughput screening results using BMLK3 cells
and Vector-Only (VO, control) CHO-KL CellS. .....ccoovveiiiieieee e 192

Xiii



Figure 5.3 Characterization of hit molecules through concentration-response curves................ 193

Figure 5.4 Concentration-response curves of the eleven most potent full antagonists from an
iN-house SAC library SCreeNING. .....ccvcveiieie e 194

Figure 5.5 Concentration-response curves for the most potent antagonist (SACC-0064443)
and for its structural analogs identified from in silico searches. ............cccccevverierieennn. 195

Figure 5.6 Structure-activity relationships (SAR) analyses of a validated antagonist (SACC-
0064443) derived from the HTS, and of seven analogs of the same molecule
identified by in silico searches of the available libraries. .........c.ccccccooviiiiiiiiiici, 196

Figure 5.7 Test of potent antagonist hit molecules on the recombinant kinin receptor from
mosquito Aedes aegypti (IGKN G12, CHO-K1 cells) in the calcium fluorescence
R T: | ST PRTPPRPPRN 199

Figure 5.8 In vivo validation of antagonists of kinin receptors in the arthropod hindgut
contraction INNIDITION @SSAY. ......ccecviiieiicie e 201

Figure 6.1 Summary of the high-throughput screening (HTS) assay valiation parameters........ 217

Xiv



LIST OF TABLES

Page
Table 2.1 Novel biostable kinin analogs incorporating aedeskinin sequences, Aib or PEG......... 63
Table 2.2 Estimated potency potencies (ECsp) of insect kinin (IK) analogs on recombinant
mosquito (IGKNF 10) and tick (BMLKS3) reCeptors. ......ccccvuvereererirneeniesie e 67
Table 2.3 Comparative structure-activity relationships of Aib-analogs based on sequences of
aedeskinins on Mosquito and tiCK FECEPLONS. .......uiirieieiereie s 70

Table 3.1 Predicted bioactive kinins from Rhipicephalus microplus and Ixodes scapularis. .... 110

Table 4.1 The ECsos of endogenous tick kinins and Aib-analogs. ..........ccoovvvieienencieninnninns 158

XV



1. INTRODUCTION

1.1 General background of human and animal disease-vectors

Blood-feeding arthropods threaten human and animal health by transmitting the
etiological agents of various vector-borne diseases. Among blood-feeding arthropods,
mosquitoes and ticks are the primary vectors affecting humans and livestock, respectively
(Mansfield et al., 2017). Vector-borne diseases constitute 17% of infectious diseases worldwide
and lead to more than 700,000 human deaths annually (Faulde, 2018). The yellow fever
mosquito, Aedes aegypti, is the most important vector of arboviruses to humans, including
dengue virus (DENV), chikungunya virus (CHIKV), Zika virus (ZIKV) and yellow fever virus.
The southern cattle tick, Rhipicephalus microplus (Canestrini), is the world’s most economically
important tick as it transmits the pathogens that cause tick cattle fever and anaplasmosis. The
most effective and fastest approaches to prevent vector-borne diseases rely on vector
management (Benelli, 2019).
1.1.1. The yellow fever mosquito, Aedes aegypti

Ae. aegypti (Diptera: Culicidae) originated in Africa and is now widely distributed in
tropical and subtropical regions of the world (Kraemer et al., 2015). A long history of adaptation
to domestic environments makes this mosquito species the most important vector of human virus
diseases (Powell et al., 2018). This mosquito’s threat to public health as an important disease
vector is increasing, as its suitable habitats are expanding globally with urbanization (Brady and
Hay, 2020). About half of the world’s population (3.9 billion in 128 countries) is at risk of
DENV infection (Brady et al., 2012), and 390 million new cases are recorded every year (Bhatt
et al., 2013). There is currently no specific treatment for dengue fever (WHO, 2018). Aside of

DENV, the recent outbreaks of CHIKV and ZIKV occurred in Americas have caused infection



of more than 2 million people since 2015 (Carvalho and Machado, 2020). Yet, there is no
commercially available vaccine for the three above mentioned viruses (Carvalho and Machado,
2020), making vector control the most effective method for disease control. Repellents are
recommended, but even the repellent “standard” DEET (N, N-Diethyl-meta-tolumide) is not
100% effective and requires repeated application every few hours (Cilek et al., 2004).

There are two well-known subspecies of Ae. aegypti, Ae. aegypti formosus and Ae.
aegypti aegypti. The more ancient ‘forest’ subspecies, Ae. aegypti formosus, originates from sub-
Saharan Africa. Females preferentially feed on wild animals and lay eggs in tree holes
(Christophers, 1960; McBride et al., 2014; Powell et al., 2018). Whereas the globally invasive
subspecies, also known as the ‘domestic form’, Ae. aegypti aegypti, has evolved the preference
for human blood about 500 years ago (Powell et al., 2018). Ecologically, the shift to human-
biting behavior of Ae. aegypti is shown to be associated with increased human population
(urbanization) and originated from areas with long, hot dry seasons (Rose et al., 2020). These
data suggest that human-biting is associated with the vital needs of accessible water resources for
mosquito breeding in these dry areas. Physiologically, the domestic mosquitoes have evolved to
express a higher level of AeagOr4, an odorant receptor is responsible for detecting a key
compound in human odor (McBride et al., 2014).

Mosquitoes have four life stages: egg, larval, pupal, and adult. It takes 8-10 days for Ae.
aegypti to develop from egg to adult (Christophers, 1960). Mosquitoes spend their larval (1-4
instars) and pupal stages in water. Female and male adults both feed on plant nectar, but females
need to take at least one blood meal to lay eggs. The female Ae. aegypti typically seeks hosts and

feeds in daylight hours (Yasuno and Tonn, 1970). During the female adult life span, which can



range from two weeks to a month, the female can go through up to five gonotrophic cycles and
lay 100-200 eggs in each cycle (Clemons et al., 2010).
1.1.2. The southern cattle tick, Rhipicephalus microplus

The southern cattle tick, Rhipicephalus (Boophilus) microplus (Canestrini) (Acari:
Ixodidae), is a one-host hard tick. These ticks live, feed, and reproduce on a single host.
Although R. microplus has evolved with domestic bovine hosts (Hoogstraal and Aeschlimann,
1982), it can be found on other domestic animals, such as horses, goats, sheep and buffaloes (da
Silva et al., 2018; Ghosh et al., 2006; Obregon et al., 2020; Stiller and Coan, 1995; Thomas et
al., 2020). It can also use wild animals as alternative hosts, including red deer, white-tail deer,
and nilgai antelope (Busch et al., 2014; Pérez de Ledn et al., 2012; Rodriguez-Vivas et al., 2013).
Their whole parasitic life cycle (larva, nymph, adult), from unfed larva to engorged female, can
be complete in 3-4 weeks, feeding only once per life stage (Sonenshine and Roe, 2013). Adults
mate on the host and engorged females then drop off, lay eggs, and die. An engorged female can
lay up to 3,000 eggs, with a hatching success of 80-90% if conditions are optimal (Davey et al.,
2006; Leal et al., 2020). The newly hatched larvae will crawl up on grass to find a new host and
if hosts are scarce, the larvae can enter diapause for 8-9 months without feeding (Leal et al.,
2020). R. microplus is highly invasive in tropical and subtropical areas due to its adaptability and
high reproduction rate; it originated from South-East Asia and has quickly spread to Australia,
East and Southern Africa, and South and Central America (Bram et al., 2002; Jongejan and
Uilenberg, 2004). As a result of global climate change, the habitats for R. microplus are
expanding: a model predicted an 1-134% increase of R. microplus infestation in different areas

around the world, particularly in the Nearctic Region (Marques et al., 2020).



1.1.2.1. Health impact of R. microplus on animal hosts

Rhipicephalus microplus, along with its closely related sister species, R. annulatus, are
the primary vectors of the disease agent for the tick cattle fever, Babesia spp.. These two tick
species combined are known as the cattle fever ticks (CFTs). R. microplus is particularly
important as a highly adaptable ectoparasite. The majority of the recent CFT outbreaks in the
U.S. were caused by R. microplus and some ticks from these outbreaks tested positive for B.
bigemina (Guerrero et al., 2007; Lohmeyer et al., 2011). Cattle fever was known as ‘red water
fever’, which name is associated with the production of dark red or brown-colored urine due to
the presence of hemoglobin from lysed red blood cells (Bock, 2008). Bovine babesiosis is
characterized by sudden onset of anemia, jaundice, irritability, and aggression in infected cattle
(Bock, 2008). The lifecycle and transmission of the Apicomplexa protozoan species Babesia
depends on the life stages of cattle fever ticks. During blood feeding, the pathogens are
transferred to the host from the tick salivary glands. Both B. bovis and B. bigemina have shown
the potential for transovarial and transstadial transmission in ticks (Angus, 1996). Only larval R.
microplus ticks can transmit B. bovis as infective sporozoites are not present in nymphs or adult
ticks, while B. bigemina can be transmitted by larvae, nymphs and adults (Pérez de Ledn et al.,
2014). Bovine babesiosis can cause over 90% mortality in the naive cattle population across the
southern United States (Smith and Kilborne, 1893) and is a major arthropod-borne disease of
domestic cattle. In addition, R. microplus is the vector of bovine anaplasmosis (Anaplasma
marginale) (Kocan et al., 2004) and equine piroplasmosis (Jongejan and Uilenberg, 2004,

Uilenberg, 2006).



1.1.2.2. Economic impact of R. microplus

It is estimated that 1.2 billion cattle are exposed to babesiosis worldwide (Bock, 2008). R.
microplus causes significant losses to the cattle industry around the world. In US dollars, tick
infestation causes $3.24 billion losses in beef cattle and dairy in Brazil (Grisi et al., 2014). In
Mexico, annual losses inflicted by R. microplus were estimated at $573 million (Rodriguez-
Vivas et al., 2017). In the U.S. FY20, $100 million dollars were directed for Cattle Health
according to the United States Department of Agriculture (USDA), and includes $13.5 million
for CFT containment and eradication. CFTs cost approximately $130 million in the U.S. every
year in the 19" century (Graham and Hourrigan, 1977), which is equivalent to $3 billion today
(Busch et al., 2014). The Cattle Fever Tick Eradication Program (CFTEP) declared R. microplus
was eradicated in the U.S. by 1943 (Graham and Hourrigan, 1977), except in the permanent tick
eradication quarantine area (TEQA) along the Texas-Mexico border. R. microplus is endemic in
Mexico, and stray animals and wildlife that cross the US border pose a constant threat to the
Texas cattle industry (Miller et al., 2007; Thomas et al., 2020). Outbreaks both inside and outside
of TEQA were detected every year; from 2014-2017, 44 % of tick outbreaks happened in
premises outside of the TEQA (Thomas et al., 2020). It is estimated that 55 % of beef cows,
valued $96 billion in 2020 by USDA!, will be in danger if the CFT returned to the regions of its

historical range (Anderson et al., 2010).

1 https://data.ers.usda.gov/reports.aspx?1D=17832
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1.1.3. Pest management strategies
1.1.3.1. Control of Aedes aegypti mosquito

The prevention of vector-borne diseases mainly relies on vector control because of the
absence of vaccines to fully protect humans and livestock (Benelli, 2019). For mosquitos, there
are only two classes of adulticides approved for public health use in the United States?. These
adulticides are pyrethroids and organophosphates, both targeting the nervous system at the
voltage-gated sodium channel and acetylcholine esterase, respectively. The widespread use of
pyrethroids and organophosphates has led to increasing resistance in the global mosquito Ae.
aegypti population at various level (Moyes et al., 2017; Smith et al., 2016). A study in lquitos,
Peru, used deltamethrin (a pyrethroid) treated curtains in response to outbreaks of dengue which
had resulted in an increased disease infections rate in the local community and development of
pyrethroid resistance in the mosquito population within as short as six months (Lenhart et al.,
2020). In Brazil, a study showed that resistance to pyrethroids in an Ae. aegypti population
remains at high level despite ten years of suspended use of this type of insecticides in the public
mosquito control program (Macoris et al., 2018). These situations emphasize the urgent need for
novel pesticide targets and for insecticides that are safe for mammals.

Other alternative approaches for control are available such as eco-friendly botanical
insecticides (Chellappandian et al., 2019), and attractive toxic sugar baits for controlling adult
mosquitoes (Sissoko et al., 2019). Some strategies target mosquito larvae, including biocontrol
using Bti (Bacillus thuringiensis israelensis) toxin (Boyce et al., 2013) and mosquito-eating fish.
However, none of above strategies is fully effective by itself (Benelli, 2019). For long-term

management strategies, genetic modification using sterile insect technique (SIT) is considered as
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a future trend in global mosquito control (Bouyer et al., 2020). A Wolbachia-based SIT
technique shows desired efficiency in reducing Ae. aegypti population under laboratory
conditions (Joubert et al., 2016). However, a standardized risk control protocol of SIT for
mosquito control is currently lacking (Bouyer et al., 2020). The World Health Organization
emphasizes the urgent need for novel mosquito control strategies (WHO, 2017).

1.1.3.2. CFT control in the United States

The commercial vaccines such as Bm86-based (a glycoprotein antigen on the midgut of
R. microplus) TickGard® and Gavac™ are used for CFT control in Cuba and New Zealand. In
the U.S., only recently, the development of a new formulation of the Bm-86 vaccine allows
integrating a vaccine as part of the operations of the CFTEP in the permanent quarantine zone in
the U.S. (Pérez de Leon et al., 2018). Anti-tick vaccine development is slow and does not
provide 100% tick killing efficiency (de la Fuente and Contreras, 2015).

Environmental control is an important part of the integrated pest management strategy
implemented in the quarantine zone. It integrates surveillance and quarantine (Pérez de Ledn et
al., 2012). The cattle herds are under surveillance by the U.S. Department of Agriculture-Animal
Plant Health Inspection Service-Veterinary Service division (USDA-APHIS-VS) as part of the
CFTEP. The responsibility of the patrol is to quickly eliminate cattle fever tick incursions from
Mexico, either on imported cattle or wildlife crossing the border. The CFTEP also enforces
inspection and precautionary acaricides treatment on livestock in the permanent quarantine zone.
Current surveillance outside of the quarantine zone continues to be based on ranch owners and
veterinarians reporting the presence of the tick to the Texas Animal Health Commission (TAHC)
and the USDA. If a property is suspected to be infested with cattle fever ticks, then a temporary

guarantine is set up. In this situation, cattle from this property are not to be sold or moved to



another property until the animals are treated and shown to not have the ticks for 14 days. Once
the cattle are deemed to be tick-free and sold, no new animals are allowed on the land for 6-9
months (Pérez de Ledn et al., 2012). In recent years, due to the spread of cattle fever ticks in
Texas, the Texas Animal Health Commission had to expand surveillance and control efforts
throughout the state.

The current response to tick infestations still heavily relies on the application of
acaricides of a few classes including pyrethroids, organophosphates, amidine (amitraz),
phenylpyrazole (fipronil), and macrocyclic lactones (ivermectin, moxidectin) (Rodriguez-Vivas
et al., 2018). In addition, intensive application of pesticides results in excessive pesticide
residues in meat and milk products and increased tick resistance. Acaricide resistance to
commonly applied acaricides is detected in tick population worldwide including the U.S., in
some cases, resistance is due to multiple molecular mechanisms (Li et al., 2003, 2004;
Rodriguez-Vivas et al., 2018). The R. microplus tick resistance to pyrethroids was first detected
in 2007 in the U.S. (Miller et al., 2007), in ten years, the resistance has increased by 7.5-fold in
the Texas tick populations (Thomas et al., 2020). Thus, research on validating new molecular
targets that could serve for developing new selective insecticides and acaricides is needed.
Invertebrate-specific G protein- coupled receptors are promising targets for novel target-specific
vector control. The success of commercial acaricide amitraz (a formamidine) which acts by
binding to the tick octopamine receptor represents the proof-of-principle for invertebrate-specific

GPCRs as successful targets for vector control (Sparks and Nauen, 2015).



1.2. G protein-coupled receptors

G protein-coupled receptors (GPCRs) are the largest family of cell surface receptors in
many organisms (Hanlon and Andrew, 2015). The neuropeptide hormones GPCRs are
particularly important in regulating key physiological processes such as development,
reproduction, and behavior (Hauser et al., 2006). GPCRs share the common structural feature of
seven transmembrane (7TM) regions, an extracellular N-terminus and an intracellular C-
terminus. These proteins are categorized into six major classes (or families): A (Rhodopsin), B1
(Secretin), B2 (Adhesion), C (Glutamate), F (Frizzled) and Taste 2 (Pandy-Szekeres et al., 2018).
GPCRs interact with different types of ligands, including photons, ions, biogenic amines, peptide
and non-peptide neurotransmitters, and hormones (Zhang and Xie, 2012). Human GPCRs are the
targets of about 34% of marketed therapeutic drugs (Hauser et al., 2018). Further, 50% of the
marketed drugs targeting peptidergic GPCRs are small molecules (Wu et al., 2017). Arthropod
GPCRs are of great interest as novel targets for pesticide development (Audsley and Down,
2015; Duvall, 2019; Ohta and Ozoe, 2014; Pietrantonio, P.V. et al., 2018; Sharan and Hill,
2017).
1.2.1. Receptor classification and signaling pathway
GPCRs couple to heterotrimer G proteins (Go, G, and Gy) to transmit downstream signals.
Upon agonist binding, receptors catalyze the exchange of guanidine diphosphate (GDP) for
guanidine triphosphate (GTP) on the Ga. subunit, leading to the disassociation of the Ga
subunits from the dimeric GBy subunits. Both Ga. and Gy subunits can modulate activities of
downstream effectors. Four different Go. proteins induce different secondary messengers (Fig.
1.1). GPCRs coupled to Gasand Gaio proteins activate or decrease, respectively, the

intracellular 3”, 5’-cyclic adenosine monophosphate (CAMP) level through adenylate cyclase



(AC), which converts adenosine triphosphate (ATP) to cCAMP; GPCRs coupled to Gog/11 induce
calcium release from the endoplasmic reticulum calcium stores through the phospholipase C
(PLC)-inosititol-1,4,5-triphosphate (IP3) pathway; GPCRs coupled to Gauo/13 activate
RhoGTPase nucleotide exchange factors (Hilger et al., 2018). G protein activation is terminated
upon hydrolysis of the GTP to inactive GDP, followed by reassociation of Ga to GBy dimer

(Hilger et al., 2018).
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Figure 1.1 Schematic diagram showing four G protein-coupling mechanisms Sharan and
Hill (2017),2 reprinted with permission.

(A: Gas, B, Gai: C: Gag11 and D, Gaizi3) recognized in mammals and corresponding CAMP,
MAP/ERK, PLC/IPs; and Rho-dependent signaling pathways. Molecular components comprising
these pathways are shown: G protein-coupled receptors (green), G proteins (aqua), effector
molecules (orange) and enzymes (white). AC, adenylyl cyclase, ATP, adenosine triphosphate;
CAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; ERK, extracellular signal-
regulated kinase; IP1, inositol phosphate; IP3, inositol trisphosphate; MEK (MAPKK), mitogen
activated protein kinase kinase; PKA, protein kinase A; PKC, protein kinase C; PIP>,
phosphatidylinositol 4,5-bisphosphate; PLC, phospholipase C; Raf, RAF kinase; Rho, Rho
GTPase, RhoGEF, Rho guanine nucleotide exchange factor for Rho/Rac/Cdc42-like GTPases.

3 Adapted with permission from (Sharan, Shruti, and Catherine A. Hill. "Potential of GPCR-targeting insecticides
for control of arthropod vectors." Advances in Agrochemicals: lon Channels and G Protein-Coupled Receptors
(GPCRs) as Targets for Pest Control: Volume 2: GPCRs and lon Channels. American Chemical Society, 2017. 55-
84. Copyright (2017) American Chemical Society.
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A different mechanism exists to attenuate GPCR signaling. Activation of the GPCRs
triggers a G protein-independent signaling pathway which terminates the activation. GPCRs are
phosphorylated by specific GPCR kinases (GRKSs) and then couple to B-arrestins. This
eventually leads to receptor desensitization and internalization (Hanlon and Andrew, 2015;
Hilger et al., 2018).

1.2.2. Ligand identification

The deorphanization of a GPCR is the process of receptor-ligand pair identification. The
most common approach for ligand identification is through the use of heterologous expression
systems such as Xenopus oocytes, or Chinese hamster ovary (CHO-K1), or human embryonic
kidney (HEK293) mammalian cells (Hauser et al., 2006). These systems allow identification of
the ligand-receptor pair by screening potential ligands on specific recombinantly expressed
GPCRs. The downstream messengers (Ca?* or CAMP) are measured to represent the activation of
the receptor. The process of GPCR functional validation can be achieved by both forward and
reverse pharmacological approaches (Frooninckx et al., 2012; Pietrantonio, P.V. et al., 2018).
The forward approach involves validation of known ligands either purified from tissue or
synthesized molecules for specific GPCRs based on prior knowledge, while the reverse approach
employs the screening of random chemical libraries on the receptor. These approaches will be
discussed in section 1.4.

1.3. Invertebrate-specific kinin signaling system

Kinin is an ancient signaling neuropeptide which is present in the Mollusca, Crustacea,
Insecta, and Acari (Cox et al., 1997; Dircksen, 2013; Pietrantonio, P.V. et al., 2018). Kinins were
first isolated from the Madeira cockroach Leucophaea maderae and named for both, the insect

genus and their hindgut myotropic activity, as leucokinin neuropeptides (Holman et al., 1986).
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The ‘leucokinin’ and ‘kinin’ names are interchangeable, and in this chapter, I will use ‘kinin’ to
be consistent except when ‘leucokinin’ was used in the cited publication. Years after their initial
discovery kinins are recognized as multifunctional peptides acting at the central and peripheral
levels. They regulate diuresis, feeding and meal size, sensory sugar perception and ecdysis; these
functions will be reviewed in section 1.3 below. Kinins are widely distributed in insects, and at
least 299 kinin isoforms have been identified in various insect species in different orders
according to the nNEUROSTRESSPEP database (Yeoh et al., 2017).

Despite the wide distribution of the kinin signaling system in invertebrate, it is lost in
coleopterans (Derst et al., 2016). In addition, the sequence of the kinin gene is more variable
compared to other neuropeptides within Hymenoptera. The kinin gene has not been found in any
ant species so far. It is also absent in the parasitic wasp, Nasonia vitripennis, and is weakly
expressed in the workers of the honey bee, Apis mellifera (Calkins et al., 2018; Veenstra et al.,
2012). There are no homologous kinins or Kinin receptors in vertebrates. The closest mammalian
GPCRs with ~30% sequence similarity with tick and mosquito kinin receptor are neurokinin
receptors, which are the homologous to invertebrate tachykinin receptors (Poels et al., 2009).

The arthropod specificity, the small size of the endogenous ligand that makes them
amenable to small molecule interference, and the pleiotropic functions in insects make the kinin
receptor a promising target for pest control (Pietrantonio, P.V. et al., 2018).

Three endogenous mosquito Kinins (aedeskinin 1-3) were isolated and validated on the
Ae. aegypti mosquito for canonical biological activities: diuretic activity on Malpighian tubules
(MTs) and contractile activity on the hindgut (Veenstra, 1994; Veenstra et al., 1997b). Due to the
lack of a genome of any insect species in the late 1990’s, the canonical kinin receptor was cloned

using degenerate primers (GenBank: AAT95982) and functionally validated almost a decade
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later by Pietrantonio, P.V. et al. (2005). In the most updated genome of Ae. aegypti (Matthews et
al., 2018), only one kinin receptor gene is predicted and two transcript variants of the gene are
identical in the protein coding regions, therefore, there is only one Kkinin receptor protein
expressed in Ae. aegypti (Matthews et al., 2016). The homologous kinin receptor in our target
tick species R. microplus (GenBank: AF228521) was also cloned (Holmes, S.P. et al., 2000) and
was functionally validated with insect kinin analogs (core pentapeptide and hexapeptide) and
muscakinin because the sequence of endogenous kinins from R. microplus were unknown
(Holmes, S.P. et al., 2003; Taneja- Bageshwar et al., 2006). While the R. microplus genome is
less well-annotated (Barrero et al., 2017), there is also only one functional kinin receptor
identified so far (Holmes, S.P. et al., 2000).
1.3.1. Kinin neuropeptide biosynthesis and structure

Neuropeptides are generated from larger peptide precursors. Cell-specific gene
transcription leads to the expression of neuropeptide in a time-, and space-specific manner
(Néssel, 2002). The kinin precursors encode variable numbers of kinin paracopies, from one
copy in Drosophila melanogaster to 15 paracopies in the kissing bug, Rhodnius prolixus (Bhatt
et al., 2014). After removal of the signal peptide, the active peptides are obtained by processing
the propeptide at dibasic cleavage sites. The predominant enzyme cutting sites on the insect
neuropeptide precursors are Lys-Lys, Arg-Lys, or Arg-Arg pairs (Veenstra, 2000). After
cleavage, the peptides can undergo posttranslational modification, such as amidation on the
carboxyl terminus (Néssel, 2002). The kinin peptide features an evolutionarily conserved C-
terminal pentapeptide Phe-X!-X2-Trp-Gly-NH,, where X* = His, Asn, Ser, or Tyr and X2 = Ser,

Pro, or Ala
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(Holman et al., 1990; Torfs et al., 1999a). This C-terminal pentapeptide Kinin core is the
minimum sequence required for full activities in tissue assays, myotropic activity (hindgut
contraction) in cockroach L. maderae and diuresis in the cricket Acheta domesticus (Nachman et
al., 1995; Nachman and Holman, 1991a). Using the alanine scan, previous studies revealed that
the Phe!, Trp* and the C-terminal amide of the insect kinins are key positions for activating the
kinin receptor, while the variable position 2 (X2 in the above sequence) tolerates a wide range of
chemical characteristics. These changes could be from acidic to basic residues, and from
hydrophilic to hydrophobic, although the most potent peptides had aromatic residues at this
position (Nachman et al., 1995; Taneja- Bageshwar et al., 2006).
1.3.2. Kinin receptor signaling pathway

The Kinin receptor is a neuropeptide GPCR which signals through a Ca?*-dependent
pathway and has no effect on cAMP or cGMP production (Holmes, S.P. et al., 2003; Radford et
al., 2002). Activation of the kinin receptor leads to an increase in the production 1Pz, which
activate the 1P3-gated calcium channel on the membranes of intracellular calcium stores, causing
intracellular calcium release (Lu et al., 2011d). The kinin receptor expressed in stellate cells of
MTs induces Ca?* release upon activation, which stimulates CI- channels and increases the
transport of CI- and water from the hemolymph into the MT lumen space (Cabrero et al., 2020;

Luetal., 2011a).
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1.3.3. Distribution and function of kinin signaling system
1.3.3.1. In the model organism Drosophila melanogaster (Insecta)

The distribution and function of the kinin signaling system were extensively investigated
in the model organism D. melanogaster and were recently reviewed by Nassel and Zandawala
(2019). As the model organism, the availability of various mutant Drosophila strains and gene-
driven systems facilitates the characterization of kinin functions in a tissue- and time-specific
manner. Using immunolabeling and GAL-4 gene driven lines, the expression of the leucokinin
gene was mapped in detail on the central and periphery nervous system (de Haro et al., 2010;
Néssel, 2002). Leucokinin is expressed in the CNS of both adult and larva Drosophila;
leucokinins neurons are distributed in the brain lateral horn, suboesophageal ganglion (gustatory
center), and abdominal ganglion (de Haro et al., 2010). It is assumed that leucokinins are
released primarily from abdominal ganglion neurons into the hemolymph as hormones and reach
target sites such as hindgut and renal organs of adult Drosophila. In addition, leucokinin is
expressed in peripheral organs including sensory cells in the sensilla on wings, femurs, and tarsi,
as well as corpora cardiaca, and probable endocrine cells in the midgut of adult and taste organs
from pharyngeal and labella regions of the mouthpart (de Haro et al., 2010; Nassel and
Zandawala, 2019).

According to FlyAtlas, the leucokinin receptor (LKR) is expressed in the hindgut, MTs,
and CNS of both larva and adult (Chintapalli et al., 2007; Nassel and Zandawala, 2019). LKRs
expressed in the neurons and neurosecretory cells of CNS and they are responsible for regulating
pre-ecdysis (Kim et al., 2006), stress responses (Zandawala et al., 2018), feeding (Al-Anzi et al.,
2010), metabolism through insulin producing cells (Yurgel et al., 2019), and sleep activity

patterns (N&ssel and Zandawala, 2019; Yurgel et al., 2019), as well as larval locomotion
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(Okusawa et al., 2014). LKRs expression in peripheral tissues such as MTs, hindgut, and
chemosensory cells suggests their function, respectively, in water balance, gut function, and
chemosensory modulation (Cabrero et al., 2020; Charroux et al., 2020; Lopez-Arias et al., 2011,
Zandawala et al., 2018). LKRs expressed in larval tracheal epithelial cells are involved in
tracheal clearance and air-filling during the larval molting process (Kim, D.-H. et al., 2018b). In
addition, LKR is also expressed in the neurons along the wing margins, they are found to
modulate the defensive behavior post mating (Liu et al., 2020). LKRs are also detected in the
spermatheca of female Drosophila (Chintapalli et al., 2007; Néassel and Zandawala, 2019).
1.3.3.2. In mosquitoes (Insecta)

In Ae. aegypti mosquitoes, Kinin receptors (KRs) were immunolocalized in the stellate
cells of the MTs, midgut endocrine cells, rectal papillae cells, in the gustatory neurons in
prothoracic tarsi and in accessory cells of long sensilla in the distal labellum (Kersch and
Pietrantonio, 2011; Kwon et al., 2016; Lu et al., 2011a). Mosquitoes take up large volume of
blood during blood feeding, therefore, fluid secretion and digestion post blood-feeding regulated
by hormones are fundamental adaptations for their survival (Adams, 1999; Wheelock et al.,
1988). RNAI knock-down of the KR expression decreases the post-blood feeding fluid excretion
in intact females of Ae. aegypti (Kersch and Pietrantonio, 2011), highlighting the role of kinins in
the success of blood feeding adaptation. The KRs expressed in the midgut endocrine cells are
likely to be involved in gut functions such as digestive enzyme release, as found in the larvae of
Opisina arenosella (Lepidoptera), in which leucokinins are involved in regulating the release of
digestive enzymes (Harshini et al., 2002). In addition to blood-feeding, kinins also modulate
mosquito sugar-feeding by modulating the chemosensory neuron housed in the tarsi and

mouthparts. A kinin analog (known as Aib-K-1; ID 1728, (Taneja-Bageshwar, Suparna et al.,
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2009)) activates the kinin receptor expressed on chemosensory neurons in labella and elicites
aversive behavior to sugar feeding in female mosquitoes (Kwon et al., 2016). This study found
that this kinin analog regulates sugar feeding behavior by inhibiting the electrical neuron
responses to the sucrose solution containing the analog. Starved female mosquitoes would fly- or
walk-away from the sugar water containing the kinin analog upon contact, while this avoidance
behavior is eliminated in KR-silenced mosquitoes (Kwon et al., 2016). A similar kinin-mediated
aversive feeding behavior is observed in Drosophila. This aversive behavior is mediated by kinin
through regulation of gustatory receptors. However, Drosophila can overcome the kinin
mediated anti-feeding behavior when it is starved (Charroux et al., 2020). All the findings
described above suggest kinins play key roles in the key physiological functions of mosquitoes,
therefore, this signaling system is a promising target to interfere with mosquito physiology and
feeding behavior.

1.3.3.3. In ticks (Acari)

The transcript expression level of kinin and kinin receptor seems to be low in ticks, as
their transcripts are not detected in the salivary gland transcriptomes of R. microplus, Ixodes
scapularis (Ixodidae) and Ornithodoros turicata (Argasidae) (Egekwu et al., 2016; Egekwu et
al., 2014; Gulia-Nuss et al., 2016). Nevertheless, 16 paracopies of kinins were predicted from the
genome of the blacklegged tick, Ix. scapularis (Simo et al., 2014). In the tick Ix. ricinus,
leucokinin (LK)-immunoreactivity is detected in four neurons on each side of the bilateral
cheliceral ganglion (Neupert et al., 2005), in the same study, the authors also identified similar
LK-immunoreactivity patterns in homologous cells of the cheliceral ganglion in R. microplus.
Later, a similar distribution of LK-immunoactivity was found in R. appendiculatus (Simo et al.,

2009). Using RT-PCR (reverse transcription polymerase chain reaction), LKR was found
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expressed in all life stages of R. microplus including egg, larva, and nymph (Holmes, 2004). In
the adult, LKR mRNA is detected the ovary, synganglia, salivary gland and MTs (Holmes,
2004). The immunochemistry with LKR-antibody confirms the expression of LKR in the midgut
basal thin muscle layer (Brock et al., 2019a), which points to a potential myotropic activity.
When the expression of LKR is knocked-down by RNA.I, the female R. microplus shows a
significant decrease in reproductive fitness, manifested as a reduction in the weight of the egg
mass and in the hatching rate. In addition, a phenotype with discolored midgut is found (Brock et
al., 2019a). Yet the mechanism causing this phenotype, and the function of kinins in ticks are
largely unknown.
1.3.4. Bioassays to validate ligand activity

In non-model organisms, the functional validation of neuropeptides and GPCRs primarily
utilize two approaches, as summarized in Pietrantonio, P.V. et al. (2018) (Fig. 1.2): 1) a chemical
approach by testing the candidate ligands in tissue or in vivo bioassay; 2) a reverse genetic
approach by silencing target receptor or neuropeptides to determine the phenotypes. In our target
pests, the function of kinin receptors were revealed primarily through the reverse approach as
discussed in the last section. Nevertheless, functional validation of endogenous or synthetic
ligands in bioassays is necessary. Here I will discuss some bioassays that can potentially be used
or be modified to help validate the novel ligands of kinin receptors for their physiological
activities in mosquitoes and ticks.

In addition to bioassays that help validate the ligand biological activity, novel ligands
should be evaluated for their direct impacts on the longevity and/or mobility of target pests. This

is an essential step for the downstream development and optimization of ‘lead’ molecules for
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pest control (Hill et al., 2013; Pietrantonio, P.V. et al., 2018; Sharan and Hill, 2017). Some

classical mortality bioassays and stress tolerance assays are reviewed below.
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Figure 1.2 Key elements of GPCR target validation.

For chemical validation of a GPCR as a candidate target, the designed or identified ligand that is
active on the recombinant receptor is applied in vivo and in tissues in vitro. Bioactivity must be
determined, either as mortality or by another adverse biological effect derived from its action as
antagonist (i.e. paralysis) or as superagonist (i.e. increased diuresis, dessication). For genetic
validation, ‘loss of function’ experiments most typically (i.e. RNAI), or ‘gain of function’
experiments (gene overexpression or ectopic expression) (Prelich, 2012), must confirm the
disruption of receptor function has a measurable effect. Through these processes, we validated
stable potent peptidomimetics for, and discovered novel functions of the kinin receptor. Figure
credits and source: Pietrantonio, P.V. et al. (2018).
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1.3.4.1. Mosquito bioassays

The pleiotropic functions of kinins in mosquito were elucidated as discussed above. A
variety of mosquito bioassays, including tissue and live mosquito bioassays, are already available
for validating the biological effects of novel ligands of the kinin receptor. Some examples are: 1)
Myotropic activity by the mosquito hindgut tissue contraction assay (Kwon and Pietrantonio,
2013; Odland and Jones, 1975); 2) Diuretic activity by a Ramsay assay to measure the fluid
secretion of the isolated Malpighian tubule upon stimulation by diuretic peptides or small
molecule surrogates of these peptides (Kwon et al., 2012); 3) Diuretic activity by an in vivo
humid chamber fluid excretion assay to measure diuresis of the live mosquito post blood meal in
real time (Kersch and Pietrantonio, 2011); 4) Feeding modulation activity by a no-choice
capillary feeding (CAFE) assay and non-choice or choice feeding assays in Petri dishes to
observe behavioral responses and/or diuresis by using Evans blue in the sucrose feeding solution
and counting blue droplets (Kwon et al., 2016).
1.3.4.2. Tick bioassays

Given the likely immunolocalization of LKR in the R. microplus midgut muscular layers
and the discolored midgut phenotype obtained in LKR-RNAI females (Brock et al., 2019a), it is
plausible that kinins may preserve the canonical myotropic activity in ticks as in insects, and may
also may be involved in gut digestion function. The tick hindgut is innervated by peptidergic
synganglion neurons: both mass-spectrometry signal and immunoactivity of myoinhibitory
peptide (MIP), SIFamide, orcokinin, FGLa/AST (alatostatin) peptides were detected in the
hindgut of unfed Ix. scapularis females (Simo and Park, 2014). However, the kinin peptide
signal was not detected in the mass spectrometry analysis of the hindgut tissue. The temporal

analysis of neuropeptides in tick tissues will be useful for better understanding the function of
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tick neuropeptides. Nevertheless, the tick hindgut contraction assay developed by Simo and Park
could be used for validating the kinin myotropic activity on the R. microplus hindgut potentially
acting as neurohormones (Simo and Park, 2014). The authors confirmed the myotropic activity
of SIFamide and myoinhibitory activity of MIP in Ix. scapularis using this hindgut contraction
assay (Simo and Park, 2014).

Similar to what was found in R. microplus, the leucokinin receptor transcripts are the
most abundant in the gut and salivary glands in the brown dog tick, R. sanguineus (Holmes,
2004; Lees et al., 2010). Tick salivary glands are the primary organs for maintaining osmotic
balance and secrete excessive water and ions during blood feeding (Simo et al., 2014). In unfed
Ix. scapularis females, the pair of salivary glands is innervated with neurons that produce a
variety of neuropeptides including MIP, SIFamide, elevenin, neuropeptide pigment dispersing
factor (PDF), and orcokinin (Kim, D.-H. et al., 2018b; Vancova et al., 2019). Kinins are diuretic
peptides in various species of insects and are involved in mosquito diuresis post blood feeding
(Halberg et al., 2015; Kersch and Pietrantonio, 2011; Veenstra, 1994), it is possible that the kinin
receptors on tick salivary glands could be activated during blood feeding. Therefore, the
modified Ramsay assay developed by Kim et al. (2014) with isolated salivary glands to measure
the fluid secretion of salivary gland can measure the potential fluid secretion evoked by kinin or
kinin analogs. Furthermore, Rhopr-kinin is found to stimulate contractions of salivary gland of
the blood-feeding kissing bug, R. prolixus, at 5 x 10 M using a impedance converter (Orchard
and Brugge, 2002). Similar tissue contraction assays can be used to test whether kinins have

similar activity in salivary glands of ticks.
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1.3.4.3. Bioassays for evaluating pesticidal activities

After identification of potent ligands of the target receptor, the pesticidal activity of the
compound can be evaluated. A mosquito larval bioassay using 3" instar larvae in 24-well plates
was utilized to test the toxicity of small molecule ligands of the mosquito dopamine receptor.
The mortality was observed from 1-72 h at every few hours after addition of the tested
compounds (Hill et al., 2013). For ticks, acaricidal activity is evaluated by larval immersion test
(LIT) and/or adult immersion test (AIT), the former assay has been used as a sensitive assay for
acaricide efficacy (Adenubi et al., 2018; Klafke et al., 2006). Other alternative bioassays are
available including membrane blood feeding bioassays, repellency, and behavior bioassays, the
advantages and disadvantages of these bioassays were reviewed by Adenubi et al. (2018).

The kinin signaling system in D. melanogaster is known to modulate physiologically
stressful conditions such as desiccation and starvation. LKR-mutant strains showed higher
survival rate than the wild strain either under starvation or desiccation (Zandawala et al., 2018).
Consistent with these results, in an independent study which tested the effects of kinin analogs
on stress responses of Drosophila, microinjection of a kinin analog (2139-AC) reduced the
survival rate of D. suzukii under desiccation stress (Alford et al., 2019a). However, this analog
significantly increased the survival rate of starved female D. suzukii (Alford et al., 2019a).
Aphids (Myzus persicae and Macrosiphum rosae) treated with kinin analogs also show decreased
survival rate under condition of desiccation, starvation and cold stress (Alford et al., 2019b).
These findings suggest that kinins are involved in regulating stress tolerance. Similar stress
tolerance bioassays can be used to evaluate the insecticide activity of kinin analogs and/or novel

small molecule ligands.
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1.4. Novel ligand discovery through high-throughput screening

Current drug discovery approaches for the identification of new compounds that activate
or inhibit GPCRs integrate molecular informatics, structural biology, combinatorial library
design, and high-throughput screening (HTS) (Phatak et al., 2009). The lack of crystal structures
for insect or tick GPCRs is a major obstacle for conducting in silico screens and for the rational
design of active ligands targeting these receptors. This is why despite well-characterized
physiological roles of invertebrate neuropeptide GPCRs, progress in exploring them as targets
for vector control has been slow.

HTS involves assay development, miniaturization, and automation. The details of each
step were reviewed by Hansen and Brauner-Osborne (2009). The goal of HTS is to identify hit
molecules that can modulate receptor functions. Hit molecules can primarily be identified as
agonist, antagonist, partial agonist, or partial antagonists through a commonly used two-addition
HTS assay (Ma et al., 2017). The selection of GPCR to initiate a HTS should meet the criteria of
having a small molecule ligand. For example, the kinin core is only 5 amino-acid residues long.
The “Lipinski rule of five” which defines small molecules for therapeutic purposes (oral drugs
<500 Da) (Lipinski, 2016) is an important criterion because small peptides may have lesser
interactions with the receptor and thus, it should be easier to design or randomly screen libraries
to find a small synthetic molecule as ligand that may have commercial potential as lead
compounds.

1.4.1. Cellular functional assays for HTS

In the early days of GPCR discovery, the most commonly used assay to characterize

ligand-receptor interactions was the receptor binding assay which provided important

information on the ligand affinity for invertebrate GPCRs (Meeusen et al., 2003). The advantage
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of this assay is its accuracy and low interference from the downstream signaling events, but it
cannot demonstrate the functional activation of the receptor, therefore, a secondary functional
assay is required. For human GPCRs, most functional assays that detect the GPCR activation
measure certain molecular events primarily in two major signaling pathways: G protein-
dependent and G protein-independent pathways. G protein-dependent assays measure GTPgS (a
non-hydrolyzable or slowly hydrolyzable G protein-activating analog of guanosine triphosphate),
Ca?*, inositol triphosphate (IP3), or CAMP concentrations, while G protein-independent assays
detect primarily the receptor trafficking, or b-arrestins recruitment (Hansen and Brauner-
Osborne, 2009). Different assays utilize different technologies for readouts, such as Ca?*-
sensitive dyes (fluorescence assays), photoproteins such as aequorin (Ca?* bioluminescence
assays), tagged fluorescence proteins, Forster resonance energy transfer (FRET)-based assay,
bioluminescence resonance energy transfer (BRET)-based assay, or label-free optical biosensors-
based cellular assays, etc. These assays and corresponding available readout technologies were
reviewed in detail by Zhang and Xie (2012). Some assays are applicable to any GPCR and some
are specific to certain GPCRs (eg, Ca®* assay for Gag-coupled receptors, CAMP for Gaiijo- OF
Gois- coupled receptors). However, by promiscuously co-expressing certain G proteins with the
receptor in the recombinant cells the signaling pathway can be altered. For example, Goq1s/16
proteins can be co-expressed with non-Gg-coupled receptors for PLC-IPs-Ca?* signaling
detection (Hansen and Brauner-Osborne, 2009; Offermanns and Simon, 1995). In contrast to the
assay which measures a single molecular event, there are high content analysis assays which
collect massive biological data to improve the ligand specificity. This type of assay is also more

complex and expensive to perform (Hansen and Bréuner-Osborne, 2009).
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In invertebrate research, the most widely functional assays detect GPCR activation by
analyzing the concentration fluctuation of the second messengers, such as Ca?* and cAMP. Due
to the distant differences in the signaling pathways between mammals and invertebrates, most of
the other above-mentioned techniques have not been adopted for invertebrate GPCR studies.
However, Go-proteins are relatively conserved across the animal kingdom. Recently, Lismont et
al. (2020) demonstrated that some human BRET-based Ga-protein biosensors can also be
adapted to detect the activation of an insect GPCR when co-expressed in the receptor
recombinant cells. By co-expressing each of different Ga protein-based biosensor (Gais, Gairo,
Gog11, or Gauzs1z) with specific GPCR, the G protein-coupling mechanism can be elucidated. In
this study, the authors found Schgr-CRF-DH could dose-dependently activate Gaiio and Goug/11
biosensors and did not activate Gas and Gauzis biosensors. This finding provides new
technologies for characterizing the G proteins coupling mechanisms of insect GPCRs.

1.4.2. Novel small molecules ligands discovery for pest control

There are only two published studies of HTS performed in academic settings for novel
ligand discovery on arthropod vector GPCR targets. A novel small molecule agonist of the
mosquito neuropeptide Y (NPY) receptor was identified through HTS and the hit molecule was
able to suppress mosquito biting behavior in a cage feeding assay (Duvall et al., 2019). Another
study targeted the invertebrate dopamine receptor, a biogenic amine GPCR, that was subjected to
HTS with target-specific libraries, and antagonists exhibiting considerable toxicity to mosquito
larvae were discovered (Ejendal et al., 2012; Hill et al., 2016).

The kinin receptor is a promising target for interfering with pest physiology as discussed
in the above sections. However, there is a gap between the current knowledge in kinin functions

and available tools to be integrated in real pest management strategies. The goal of this study
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was to fill this gap by identifying novel ligands of the kinin receptor, which would feature
improved ligand activity and/or enhanced biostability and bioavailability. Furthermore, this study
also aimed to improve the understanding of neuropeptide kinin signaling system in insects and
ticks through the process of validating the functional activity and pesticidal activity of these
novel ligands.

The dissertation includes multidisciplinary research that was published in peer-reviewed
journal articles with multiple collaborators as co-authors (Chapters 2-5). | mention in each
chapter the work | performed and the contributions of other collaborators. Chapter 2 deals with
the characterization of activity of insect kinins and insect kinin analogs on the tick and mosquito
recombinant Kinin receptors using a calcium bioluminescence assay in the 96-well plate. Of note
is the new regression analyses of potency (ECso) and efficacy (percent maximal bioluminescence
at 1 uM) that allowed to rank more active compounds and make some deductions about
structure-activity relationships. This is included the characterization of analogs designed based
on the mosquito endogenous kinins and analogs that incorporated a-aminoisobutyric acid (Aib)
and acetyl- or pyroglutamate-group at the N-terminus for enhancing resistance to peptidase
degradation and other analogs that incorporated polyethylene glycol (PEG) polymers to improve
cuticle penetration.

In Chapter 3, I investigated the kinin system in ticks in comparison to the insect kinin
system. An endpoint calcium fluorescence assay which allows high-throughput screening (HTS)
in 384-well plates was developed that complemented the already developed calcium
bioluminescence assay in the 96-well plate used in the Pietrantonio laboratory. Using this HTS

fluorescence assay and a newly adopted dual-addition protocol (Fig. 1.3).
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Figure 1.3 Schematic diagram for the 2-addition assay, Ma et al. (2017)*, reprinted with
permission.

In this assay, two sequential additions are performed in a single assay. In the 1st addition, either
buffer (a) or screening compounds (b, c, d, e, ) are added. In the 2nd addition, agonist specific to
the target GPCR is added (a, b, ¢, d, e, f). b indicates that compound neither activates the cells
nor inhibits the target. ¢ shows that compound activates the cells but the activation is not target-
specific. d indicates that the compound specifically stimulates the target receptor. e demonstrates
that the compound specifically inhibits the target. f suggests that the compound is a partial
agonist for the target.

4 Reprinted with permission from (Qiang Ma, Lingyan Ye, Hongxia Liu, Ying Shi & Naiming Zhou (2017) An
overview of Ca2+ mobilization assays in GPCR drug discovery, Expert Opinion on Drug Discovery, 12:5, 511-523,
DOI: 10.1080/17460441.2017.1303473). Copyright (2017) Taylor & Francis
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We screened (using serial dilutions) a commercial chemical library composed of fourteen
antagonists of the human neurokinin receptors (NK1-3), which is the GPCR with the highest
sequence similarity to the kinin receptor. This screen lead to the identification of the first
antagonists of the kinin receptor, although of low potency (ICso = 45 uM). In addition, in
Chapter 3, | cloned the cDNA of the tick kinin neuropeptide precursor and predicted the
sequence of 17 endogenous tick kinins from R. microplus. The complete cDNA of this tick kinin
precursor allowed us to predict not only the amino acid sequence of the cattle fever tick kinins
but also the kinins of other seven tick species. A consensus sequence for tick Kinins revealed the
conservation of proline (Pro) in the second variable position (X?) of the C-terminal pentapeptide
kinin core.

We then, in Chapter 4, experimentally tested on the recombinant receptor eleven Kinin
Aib-analogs (Designed by Dr. Ron Nachman) and fourteen of the predicted seventeen
endogenous tick kinins. | verified that all were potent agonists on the recombinant R. microplus
tick receptor using the HTS calcium fluorescence assay developed in the 384-well plate. This
was followed by ranking the native tick kinins and Aib-analogs by their potency (ECso). We
identified one Aib-analog that has both high activity and enhanced water solubility, expanding
the toolbox for tick kinin studies.

Finally, in Chapter 5, | presented the HTS of a library of small molecules on the tick
recombinant receptor that allowed us to discover novel kinin receptor antagonists. Here we
further optimized the HTS calcium fluorescence assay to allow screening with a single-
concentration. Some of the most potent antagonists identified on the tick receptor were validated
on the mosquito receptor as antagonists. In the hindgut contraction inhibition bioassay, these

molecules inhibited the contractile activity of mosquito hindgut.
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2. EVALUATION OF AIB AND PEG-POLYMER INSECT KININ ANALOGS ON
MOSQUITO AND TICK GPCRS IDENTIFIES POTENT NEW PEST MANAGEMENT
TOOLS WITH POTENTIALLY ENHANCED BIOSTABILITY AND
BIOAVAILABILITY"
2.1. Overview
Insect kinins modulate aspects of diuresis, digestion, development, and sugar taste
perception in tarsi and labellar sensilla in mosquitoes. They are, however, subject to rapid
biological degradation by endogenous invertebrate peptidases. A series of a-aminoisobutyric
(Aib) acid-containing insect kinin analogs incorporating sequences native to the Aedes aegypti
mosquito aedeskinins were evaluated on two recombinant kinin invertebrate receptors stably
expressed in cell lines, discovering a number of highly potent and biostable insect kinin mimics.
On the Ae. aegypti mosquito kinin receptor, three highly potent, biostable Aib analogs matched
the activity of the Aib-containing biostable insect kinin analog 1728, which previously showed
disruptive and/or aversive activity in aphid, mosquito and kissing bug. These three analogs are
IK-Aib-19 ([AiIb]FY[AiIb]WGa, ECs = 18 nM), IK-Aib-12 (pQKFY[Aib]WGa, ECso = 23 nM)
and IK-Aib-20 ([Aib]FH[AIb]WGa, ECso = 28 nM). On the Rhipicephalus (Boophilus)
microplus tick receptor, IK-Aib-20 (JAib]FH[AIb]WGa, ECso = 2 nM) is more potent than 1728
by a factor of 3. Seven other potentially biostable analogs exhibited an ECso range of 5-10 nM,
all of which match the potency of 1728. Among the multi-Aib hexapeptide kinin analogs tested

the tick receptor has a preference for the positively-charged, aromatic H over the aromatic

“ Reprinted with permission from “Evaluation of Aib and PEG-polymer Insect Kinin Analogs on
Mosquito and Tick GPCRs Identifies Potent New Pest Management Tools with Potentially Enhanced
Biostability and Bioavailability” by Xiong, C., Kaczmarek, K., Zabrocki, J., Pietrantonio, P. V.,
Nachman, R. J., 2019. General and Comparative Endocrinology, 278: 58-67, Copyright [2019] by
Elsevier Inc.
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residues Y and F in the X* variable position ([Aib]FX*[Aib]WGa), whereas the mosquito
receptor does not distinguish between them. In contrast, in a mono-Aib pentapeptide analog
framework (FX[Aib]JWGa), both receptors exhibit a preference for Y over H in the variable
position. Among analogs incorporating polyethylene glycol (PEG) polymer attachments at the N-
terminus that can confer enhanced bioavailability and biostability, three matched or surpassed
the potency of a positive control peptide. On the tick receptor IK-PEG-9 (Ps-
R[AIb]FF[AiIb]WGa) was the most potent. Two others, IK-PEG-8 (Ps-RFFPWGa) and IK-PEG-
6 (P4+-RFFPWGa), were most potent on the mosquito receptor, with the first surpassing the
activity of the positive control peptide. These analogs and others in the IK-Aib series expand the
toolbox of potent analogs accessible to invertebrate endocrinologists studying the structural
requirements for bioactivity and the as yet unknown role of the insect kinins in ticks. They may
contribute to the development of selective, environmentally friendly pest arthropod control
agents.
2.2. Introduction

Insect neuropeptides of the insect kinin (1K) class regulate important biological functions
in invertebrates (Coast, 2007; Coast et al., 2002; De Loof, 2008; Gade, 2004a; Nassel, 2002). In
diverse species insect kinins stimulate hindgut contractions, diuresis, digestive enzyme release,
probably inhibit lepidopteran larval weight gain, participate in tracheal clearance and air filling
prior to ecdysis in Drosophila, and modulate sugar taste perception in contact chemosensory
neurons in Ae. aegypti mosquitoes (Coast et al., 1990; Harshini et al., 2003; Holman et al., 1990;
Kersch and Pietrantonio, 2011; Kim, D.-H. et al., 2018a; Kwon et al., 2016; Lu et al., 2011a;

Nachman et al., 2002a; Pietrantonio, P. et al., 2005; Seinsche et al., 2000).
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Neuropeptides have been studied as potential leads for the development of new,
environmentally friendly pest control agents due to their specificity and high activity at very low
doses. However, the natural peptides cannot be directly used, as they are susceptible to
degradation by endogenous peptidases (Cornell et al., 1995; Gade and Goldsworthy, 2003;
Lamango et al., 1996; Nachman et al., 2002a). In addition, they are not suitably designed to
penetrate the exoskeleton of invertebrate pests. Knowledge of both chemical and conformational
requirements responsible for neuropeptide biological activity can aid in the design of analogs
containing unnatural moieties that can overcome these limitations (Nachman et al., 1994).

The endogenous arthropod insect kinins are 6-14 amino acid long neuropeptides
characterized by the evolutionarily conserved C-terminal pentapeptide Phe-X*-X?-Trp-Gly-NHa,
where X! = His, Asn, Ser, or Tyr and X? = Ser, Pro, or Ala (Holman et al., 1999; Torfs et al.,
1999b). This C-terminal pentapeptide kinin core is the minimum sequence required for full
cockroach myotropic and cricket diuretic activity in tissue assays in vitro (Nachman et al., 2003;
Nachman and Holman, 1991b). Recombinant kinin receptors from the southern cattle tick,
Rhipicephalus (Boophilus) microplus (Holmes, S. et al., 2003; Holmes, S. et al., 2000a) and the
dengue vector, the mosquito Aedes aegypti (Pietrantonio, P. et al., 2005) were previously stably
expressed in CHO-K1 cells for comparative structure-activity relationship studies of Kinin
analogs. This assay system confirmed the activity of the kinin pentapeptide core in both
receptors (Holmes, S. et al., 2003; Pietrantonio, P. et al., 2005; Taneja- Bageshwar et al., 2006).
Both the tissue assays and the receptor expressing system revealed that the C-terminal amide of
the insect kinins is important for their activity(Nachman et al., 1995; Taneja- Bageshwar et al.,
2006). Activity was also lost when either Phe® or Trp* was replaced with Ala, confirming the

importance of these two key positions (Taneja- Bageshwar et al., 2006). However, the variable
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position 2 tolerates a wide range of chemical characteristics, from acidic to basic residues, and
from hydrophilic to hydrophobic, although highest potencies were observed with aromatic
residues at this position (Nachman and Holman, 1991b; Roberts et al., 1997; Taneja-

Bageshwar et al., 2006). Based on these observations the plausible receptor interaction model
positions the side chains of Phe! and Trp* towards the same region via a p-turn involving the Pro®
where they interact with the receptor, and away from the side chain of position 2.

Insect kinins are subject to rapid degradation by peptidases present in the haemolymph
and bound to tissues of invertebrate pests. The primary hydrolysis-susceptible site lies within the
insect kinin C-terminal pentapeptide core region between the Ser® (or Pro®) and conserved Trp*
residues. A secondary site is found just outside of the core region at the peptide bond N-terminal
to Phel. Experimentally, the fly angiotensin converting enzyme (ACE) can cleave the insect
kinin primary hydrolysis site, and neprilysin (NEP) can cleave both the primary and secondary
hydrolysis sites (Cornell et al., 1995; Lamango et al., 1996; Nachman et al., 1997a; Nachman et
al., 1997c; Nachman et al., 1990; Nachman et al., 2002a; Roberts et al., 1997). Replacement of
Ser® (or Pro®) with an unnatural, sterically bulky residue Aib leads to analogs that not only mimic
a critical B-turn conformation but also blocks tissue-bound peptidase, ANCE, and NEP
hydrolysis, with FF[Aib]WGa maintaining potency in mosquito and tick recombinant receptors
(Nachman et al., 1997a; Nachman et al., 1997c; Néassel, 2002; Taneja-Bageshwar, S. et al., 2009;
Taneja- Bageshwar et al., 2006). Incorporation of a second Aib residue adjacent to the secondary
peptidase hydrolysis site further enhances biostability (Nachman et al., 2002a). The disubstituted
Aib kinin analog [Aib]FS[Aib]WGa was resistant to enzymatic degradation up to 4 h (Nachman
et al., 2002a). Analog 1728, [Aib]FF[Aib]JWGa (also referred to as K-Aib-1), and related to the

aforementioned multi-Aib analog, does not contain residues specific to the native aedeskinins
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apart from the C-terminal pentapeptide FX*X?WGa that is conserved in invertebrate kinins. It
was several fold (from 300 to 20) less susceptible to hydrolysis by a number of these enzymes as
compared with the insect kinin FFFSWGa (Taneja-Bageshwar, S. et al., 2009). The resistance to
aminopeptidase hydrolysis is likely due to the steric hindrance of the a,a-disubstituted nature of
the amino acid Aib located at the N-terminus. In both tick and mosquito kinin receptor
expressing cell lines, analog 1728 was more potent than the positive control (FFFSWGa) and
aedeskinin 2 (Taneja-Bageshwar, S. et al., 2009). The N-terminus of FF[Aib]WGa is still
vulnerable to hydrolysis by aminopeptidases. This analog is less potent than the aedeskinins (up
to 14 residues in length), as the mosquito receptor prefers sequences extended beyond the C-
terminal pentapeptide core (Taneja-Bageshwar, S. et al., 2009; Taneja-Bageshwar et al., 2008;
Taneja- Bageshwar et al., 2006). Extended insect kinin analogs would also require additional
protection from peptidases that attack at the secondary site.

We now continued the design of pseudopeptides with enhanced resistance to peptidases
that retain biological activity on ‘insect kinin’ receptors of arthropod vectors in search of analogs
with higher potency, biostability and bioavailability. In this paper, we develop a new series of
kinin analog pest management tools by further exploring the use of the sterically-hindered Aib
moiety in biostable analogs that also specifically incorporate residues from insect kinins native to
the mosquito Aedes aegypti, aedeskinin-1, -2 and -3 (Predel et al., 1997; Veenstra et al., 1997a).
In a few of these analogs the N-terminus is further protected from aminopeptidases with either
acetyl (Ac-) or pyroglutamate (pQ-) groups (Nachman et al., 2002a).

Another approach to the stabilization of peptides and/or proteins to enzymatic
degradation in the digestive system as well as the enhancement of penetration across cell

membranes of the gut or cuticle into the hemolymph (blood) of insects is the conjugation of
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polyethylene glycol (PEG) polymers (Fig. 2.1) to the N-terminus (Boccu et al., 1982; Jeffers and
Roe, 2008; Shen et al., 2009). Although not previously applied to neuropeptides of the insect
kinin class, conjugation of PEG polymers to the insect peptide trypsin modulating oostatic factor
(TMOF) enhanced the resistance to degradation by the digestive enzyme leucine aminopeptidase,
leading to accumulation of the peptide in hemolymph of insects and ticks (Boccu et al., 1982;
Jeffers and Roe, 2008; Shen et al., 2009). Five insect kinin analogs incorporating PEG4 (P4) and
PEGs (Ps) polymers (Fig. 2.1) at the N-terminus, three of which also incorporate the sterically-
hindered Aib residue were evaluated in this study on the two recombinant invertebrate ‘insect
kinin’ receptors. We have determined their potency (ECsp), their efficacy in comparison to a
kinin analog serving as positive control (FFFSWGa) and correlated these two variables to rank
these analogs.
2.3. Materials and Methods
2.3.1. Analog synthesis and purification”

Analogs were synthesized on an ABI 433A peptide synthesizer with a modified FastMoc
0.25 procedure using an Fmoc-strategy starting from Rink amide resin (Novabiochem, San
Diego, CA, 0.5 mM/g). The Fmoc protecting group was removed by 20% 4-methyl piperidine in
DMF (Dimethyl formamide). A fourfold excess of the respective Fmoc-amino acids was
activated in situ using HBTU (2-(1h-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate) (1 eq.) /HOBt (1-hydroxybenzotriazole) (1 eg.) in NMP (N-
methylpyrrolidone) or HATU (2-(7-Aza-1H-Benzotiazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate) (1 eq.)/HOAt (1-hydroxy-7-azabenzotriazole) (1 eg.) in NMP for Aib and

the amino acid immediately following it in the sequence. The coupling reactions were base

* Design, synthesis, and purification of peptide analogs was performed by co-author Dr. Ron J. Nachman of USDA.
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catalyzed with DIPEA (N,N-diisopropylethylamine) (4 eq.) The amino acid side chain
protecting groups were PMC for Arginine and Boc for Tryptophan. Acetylation was
accomplished as previously described (Taneja-Bageshwar et al., 2009).

The PEG polymer conjugations were accomplished as follows: after transferring peptidyl
resin with the completed peptide sequence into an 8 ml polypropylene syringe, a 1.2 molar
equivalent of MS(PEG4) or MS(PEGs) reagent was added as a 10% solution in NMP (100 mg of
viscous reagent was reconstituted with 900 mg NMP). Both reagents are commercially available
(Thermo Scientific, Waltham, MA) and they are N-hydroxysuccinimide esters of O-methyl-tetra-
and octa-ethyleneglycolcarboxylic acid, respectively. The syringes were shaken over night at RT
and, following a positive Kaiser
test, EDC was added (0.5 eq.) and shaken for one additional day. After washing with DCM (3x)
and methanol (3x) and drying the PEGylated peptide analogs, cleavage from the resin was
accomplished with a cocktail composed of TFA/DMB/TIS (92.5:5:2.5), and precipitated with
ether.

The analogs were cleaved from the resin with side-chain deprotection by treatment with
TFA (Trifluoroacetic acid):H>O:TIS (Triisopropylsilane) (95.5:2.5:2.5 v/v/v) for 1.5 h. The
solvents were evaporated by vacuum centrifugation and the analogs were desalted on a Waters
C1s Sep Pak cartridge (Milford, MA) in preparation for purification by HPLC.

The analogs were purified on a Waters Delta-Pak Cig reverse-phase column (8 x 200 mm,
15 pm particle size, 100 A pore size) with a Waters 510 HPLC system with detection at 214 nm
at ambient temperature. Solvent A = 0.1% aqueous trifluoroacetic acid (TFA); Solvent B = 80%
aqueous acetonitrile containing 0.1% TFA. Initial conditions were 10% B followed by a linear

increase to 90 % B over 40 min.; flow rate, 2 ml/min. Delta-Pak Cigretention times: 1K-Aib-5,
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Ac-FF[Aib]WGa, 4.5 min.; IK-PEG-6, MS[PEG4]-RFFPWGa, 10.5 min.; IK-Aib-7,
MS[PEG4]-R[Aib]FF[AIb]WGa, 12.0 min.; IK-PEG-8, MS[PEGsg]-RFFPWGa, 9.0 min.; I1K-
PEG-9, MS[PEGs]-R[Aib]FH[AIb]WGa, 12.0 min.; IK-PEG-10, MS[PEGs]-
[Aib]FH[AIb]WGa, 12.5 min.; IK-Aib-11, NSKYVSKQKFY[Aib]WGa, 2.5 min.; 1K-Aib-12,
PQKFY[Aib]WGa, 2.3 min.; IK-Aib-13, NPFH[AiIb]WGa, 2.4 min.; 1K-Aib-14, Ac-
FH[Aib]WGa, 2.4 min; IK-Aib-15, FH[Aib]WGa, 2.3 min.; IK-Aib-16, FY[Aib]WGa, 2.3 min.;
IK-Aib-17, VFY[AIb]WGa, 2.5 min.; IK-Aib-18, pQVFY[AIb]WGa, 6.6 min.; IK-Aib-19,
[AIb]FY[AIbB]WGa, 2.3 min.; IK-Aib-20, [Aib]JFH[AIb]WGa, 2.5 min. The analogs were further
purified on a Waters Protein Pak | 125 column (7.8 x 300 mm). Conditions: isocratic using 80%
acetonitrile containing 0.1% TFA; flow rate, 2 ml/min. Waters Protein Pak retention times: K-
Aib-5, 5.9 min.; IK-PEG-6, 6.0 min.; IK-PEG-7, 6.0 min.; IK-PEG-8, 6.25 min.; IK-PEG-9,
5.9 min.; IK-PEG-10, 4.75 min.; IK-Aib-11, 9.25 min.; IK-Aib-12, 6.25 min. ; IK-Aib-13, 7.0
min.; IK-Aib-14, 6.25 min.; IK-Aib-15, 6.25 min.; IK-Aib-16, 6.0 min.; IK-Aib-17, 6.0 min.;
IK-Aib-18, 6.0 min.; IK-Aib-19, 6.0 min.; IK-Aib-20, 6.25 min. Amino acid analysis was
carried out under previously reported conditions (Nachman et al., 2004) to quantify the analogs
and to confirm identity: 1K-Aib-5: F[2.0], G[0.9]; IK-PEG-6: F[2.0], G[0.9]; P[1.0]; R[1.1];
IK-PEG-7: F[2.0], G[0.9], R[1.0]; IK-PEG-8: F[2.0], G[0.9], R[1.0]; IK-PEG-9: F[2.0],
G[0.9], R[0.8]; 1K-PEG-10: F[2.0], G[0.9]; IK-Aib-11: E[1.0]; F[1.0], G[0.9], K[2.7]; N[0.9];
S[0.9]; V[0.9]; Y[2.0]; IK-Aib-12: E[1.1]; F[1.1], G[1.0]; K[1.1]; P[1.0]; R[1.1], Y[1.2]; IK-
Aib-13: D[1.0]; F[1.0], G[1.0]; H[1.0]; IK-Aib-14: F[1.0], G[1.1]; H[1.0]; IK-Aib-15: F[1.0],
G[1.1]; H[1.0]; IK-Aib-16: F[1.0], G[1.0]; Y[1.2]; IK-Aib-17: F[1.0], G[1.1]; V[0.9]; Y[L.2];
IK-Aib-18: E[1.1]; F[1.0], G[1.0]; V[1.0]; Y[1.1]; IK-Aib-19: F[1.0], G[1.0]; Y[1.1]; IK-Aib-

20: F[1.0], G[1.1]; H[0.9]. The identity of the analogs was also confirmed by MALDI-MS on a
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Kratos Kompact Probe MALDI-MS instrument (Shimadzu, Columbia, Maryland). The
following molecular ions (MH™) were observed: 1K-Aib-5, 704.7 (calc.704.5 [MNa*]); IK-
PEG-6, 1027.3 (1027.5 calc.); IK-PEG-7, 1100.2 (1100.2 calc.); IK-PEG-8, 1203.7 (1203.4
calc.); IK-PEG-9, 1276.9 (1276.4 calc.); IK-PEG-10, 1120.0 (1120.3 calc.); IK-Aib-11, 1719.2
(1719.0 calc.); 1K-Aib-12, 895.4 (895.0 calc.); 1K-Aib-13, 841.7 (841.0 calc.); IK-Aib-14,
673.3 (673.0 calc.); IK-Aib-15, 630.4 (630.0 calc.); IK-Aib-16, 656.3 (656.0 calc.); IK-Aib-17,
755.3 (755.0 calc.); IK-Aib-18, 866.0 (866.0 calc.); IK-Aib-19, 741.1 (740.0 calc.); IK-Aib-20,

715.4 (715.0 calc.).

(0]
O o/\/o\/\ OVL
MS(PEG),

o)
/o\/\o/\/O\/\O/\/o\/\o/\/O\/\OW/lL

MS(PEG),
Figure 2.1 Structures of P4 and P8 attached to the N-terminus of the IK-PEG analogs.

2.3.2. Cell lines

BMLKS3 and IGKN F10 are CHO-K1 cell lines stably expressing the cattle fever tick
(Rhipicephalus microplus (Canestrini)) and yellow fever mosquito (Aedes aegypti L.) kinin
receptors, respectively. Receptor cloning, transfection and selection of single clonal cell lines
expressing these kinin receptors were reported previously (Holmes, S. et al., 2003; Pietrantonio,
P. et al., 2005). A cell line similarly transfected with empty vector plasmid pcDNA3.1

(Invitrogen) was designated “vector-only” (V/O) and used as negative control in all experiments.
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Cells were maintained in T-25 flasks (CELLSTAR®, Greiner Bio-one) with maintenance
medium consisting of F-12K medium (Corning™ cellgro™, Mediatech, Inc. VA, US), fetal
bovine serum (FBS) (10%) (Equitech-Bio, Kerrville, TX) and 400ug/ml G418 Sulfate (Gibco™,
New York, US). Cells were maintained in a humidified incubator at 37°C, 5% CO>. Unless
specified otherwise, cells were incubated under these conditions.
2.3.3. Analysis of activity of kinin analogs by a calcium-mobilization bioluminescence assay
Kinin receptors of both R. microplus and A. aegypti couple to Gq protein, and its
signaling cascade triggers calcium release from intracellular calcium stores (Holmes, S. et al.,
2003; Pietrantonio, P. et al., 2005). The functional analyses of kinin analogs with stably
transformed CHO-K1 cells expressing the tick and mosquito receptor was performed by an
intracellular calcium mobilization bioluminescence assay. This assay was described in detail
elsewhere (Lu et al., 2011b) and uses the calcium reporter aequorin. In brief, receptor-expressing
cell lines and /O cell line maintained in T-25 flasks were cultured to about 90% confluency,
and were then trypsinized. The cells were suspended in maintenance medium, counted and
diluted to 1x10° cells/ml; 2 ml of this cell suspension were placed into each well of 6-well-plates
(CELLSTAR®, Greiner Bio-one). After overnight incubation, when the cells reached a
confluency of 40-60%, old medium was replaced with 1 ml of serum-reduced Opti-MEM™
medium (Gibco™, New York, US) in each well. Following the instructions of the transfection
reagent manufacturer, cells in each well of 6-well plate were transiently transfected with 1 g
mtAequorin/pcDNAL plasmid mixed in 4 pl of FUGENEG6 (Promega, Madison, W1) and 96 ul of
Opti-MEM™ medium. After 6h of incubation, the old medium was then replaced with 2 mL of
F-12K medium with FBS (10%) (antibiotic-free medium). Following 24h incubation, cells were

trypsinized and seeded into white-wall clear-bottom 96-well-plates (CELLSTAR® 655098,
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Greiner Bio-one) at 20,000 cell/well in 100 ul of antibiotic-free medium, and incubated
overnight until cells reached confluency of 80%. To reconstitute the aequorin-complex, cells
were incubated with 90 ul per well of calcium-free DMEM (1x) (Gibco®, Invitrogen) containing
coelenterazine (5 uM) (Regis® Technology, Inc., Morton Grove, IL). After 3h of incubation in
the dark, cells were ready for the assay. The assays were performed with a Clariostar™ (BMG
Labtechnology, Chicago, IL) plate reader set at 29°C for bioluminescence and well-mode at
469nm emission wavelength.
2.3.4. Determination of agonist activity of peptidomimetics

To determine whether kinin analogs behave as agonists on the kinin receptors and to
avoid wasting the valuable custom-synthesized peptides, all 16 analogs were initially screened at
1 uM; only analogs that showed agonist activity (determined by t-test comparison with cells
injected with blank medium, preliminary data not shown) were chosen to continue testing in
concentration-response analyses (IK-AIB-10 did not show activity on mosquito receptor; not
shown).
Dose-dependent tests were performed on the 16 new kinin analogs as well as other two insect
Kinin receptor agonists, FFFSWGa and 1728 ([Aib]FF[Aib]WGa), (Taneja-Bageshwar, S. et al.,
2009) for comparison purposes. Dry peptides were solubilized, and serially diluted in calcium-
free DMEM medium containing 1% Dimethyl sulfoxide (DMSQ) and prepared as 10x stock.
Each analog was tested with both receptor cell lines, at each of 9 concentrations from 0.1 nM to
10 uM. For this, cells in wells in 90 pl of DMEM medium were challenged with 10 pl of 10x
concentration of potential agonist injected into the wells at a speed of 430 pl/s, for a final volume
of 100 ul in the wells. Immediately after the injection, calcium mobilization-dependent

bioluminescence was recorded for 30s at 2s interval, as the signal usually diminished within 30s.
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In each assay, each concentration was tested in duplicate wells for each receptor cell line and at
least two wells of each of the following controls were included: 1) V/O cell line as negative
control; 2) DMSO (1%) in DMEM (blank medium) injected to cells as background injection
controls for each cell line, and 3) FFFSWGa at 1 UM was injected as positive control (PC). Three
independent replicates were performed for all analogs except for analog 1728 (n=2).
2.3.5. Data analysis

In each well, the response of cells to a stimulus was calculated by averaging
bioluminescence units elicited during 30s, that is, as readout, the area under the bioluminescence
vs. time response curve was chosen. The response for each replicate was represented as the
average of responses from the two pseudo-replicate wells for each concentration, and for each
control. For analyses, the background cellular response to blank medium injection was subtracted
from the cellular responses to analogs.
All statistical analyses and graphs were done with GraphPad Prism 6.0 (GraphPad Software, La
Jolla, CA). For calculations of ECsos these values were then normalized to the maximal response
(100%) observed among all concentrations tested for each analog. ECso was defined as the
concentration that elicited 50% of the highest number of bioluminescence units for that analog
(100%). Dose-response curves (Suppl. Fig. 2.1), estimated ECso values, and their respective 95%
confidence intervals (Table 2.2) were calculated with “non-linear regression log[agonist] vs.
normalized (bioluminescence) response” with “variable slope function”. One-way ANOVA was
performed to compare potency (log.ECso) of active analogs, followed by Tukey multiple
comparison test (Suppl. Tables 1.1 and 2.1).

The bioluminescence response of the PC at 1 uM (100%) in each assay plate was used to

normalize the bioluminescence dose-response curves of all analogs. These curves (Fig. 2.2) were
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generated by “non-linear regression log[agonist] vs. response” with variable slope (four
parameters). The efficacy was calculated as percentage of the bioluminescence response of each
analog at 1 uM with reference to the bioluminescence response of the PC at 1 uM (100%). The 1
M concentration was chosen to calculate efficacy because most analog responses plateaued at
this concentration and analogs that required higher concentrations were not considered as an
improvement over PC, and for this reason were of lesser interest. One-way ANOVA was
performed on efficacy of each of the active analog at 1 uM followed by Tukey multiple
comparison test (Suppl. Tables 1.2 and 2.2).

Correlation analyses between the Log.ECso of each analog (Table 2.1) and the efficacy
(Table 2.2) were performed. The Pearson correlation (two-tailed) analysis was done
independently for the tick and mosquito receptor data sets. The linear regression lines and the
95% confidence intervals (dashed lines) were calculated with “Best-fit value” setting using
GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA). The analyses aided the discrimination
and visualization of groups of analogs with high potency and high efficacy (Fig. 2.3). For both
receptors, analogs with efficacy above that of the PC was desirable. For activity on the mosquito

receptor, an ECso < 100 nM was desirable, and for tick receptor, an ECso< 10 nM.
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Table 2.1 Novel biostable kinin analogs incorporating aedeskinin sequences, Aib or PEG.

Aib analogs incorporating the aedeskinin 1 sequence NSKYVSKQKFYSWGa:

IK-Aib-11 NSKYVSKQKFY[AIb]WGa

IK-Aib-12 PQKFY[Aib]WGa

Aib analogs incorporating the aedeskinin 3 sequence NNPNVFYPWGa:
IK-Aib-18 PQVFY[Aib]WGa

IK-Aib-17 VFY[AIb]WGa

Aib analogs incorporating aedeskinin 1 and 3 sequences (both end in FYXWGa; X=P
or S):

IK-Aib-16 FY[Aib]WGa

IK-Aib-19 [Aib]FY[AiIb]WGa

IK-Aib-5 Ac-FF[Aib]WGa

Aib analogs incorporating the aedeskinin 2 sequence NPFHAWGa:
IK-Aib-13 NPFH[Aib]WGa

IK-Aib-14 Ac-FH[AiIb]WGa

IK-Aib-15 FH[AIb]WGa

IK-Aib-20 [Aib]FH[AiIb]WGa

Analogs incorporating either PEG4 [MS(PEG4)] or PEG8 [MS(PEGS8)] polymer
attachments (Fig. 2.1):

IK-PEG-6 P4-RFFPWGa
IK-PEG-8 P8-RFFPWGa

IK-PEG-7 MS(PEG4)-R[Aib]FF[Aib]WGa
IK-PEG-9 MS(PEGS)-R[Aib]FF[Aib]WGa
IK-PEG-10 MS(PEG8)-[Aib]FF[Aib]WGa

IK stands for Insect Kinin analog, Aib represents a-aminoisobutyric acid and PEG is an
abbreviation for polyethylene glycol polymer.

2.4. Results and Discussion

A total of sixteen novel insect kinin (1K) analogs (Table 2.1) were evaluated in both tick
and mosquito receptors in an aequorin-based intracellular calcium functional assay. The goal was
to extend the number of biostable and highly potent IK analog tools available to endocrinologists
studying the role of the IKs and their potential application in pest management strategies. All
analogs were compared to a positive control (PC) peptide FFFSWGa without modifications, and
to a potent Aib analog, 1728 previously characterized (Suppl. Fig. 2.1, Fig. 2.2). The efficacy

was calculated as the ratio of bioluminescence responses of analogs to that of the PC, when all
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peptides were applied at 1 uM (Table 2.2). This concentration was chosen because most analogs
elicited their maximal response (plateau) at 1 uM (Fig. 2.2), dosages beyond 1 uM would not be
considered an improvement over already developed analogs. The normalization of responses to 1
MM (100%) was necessary for comparative purposes of analog responses within tick or mosquito
receptor tests (Fig. 2.2).

Statistical analyses run independently for ECso (Suppl. Tables 1.1 and 2.1) and efficacy
(Suppl. Tables 1.2 and 2.2) did not always allow a clear ranking of analogs. Therefore, the two
variables ECso and the efficacy were subjected to correlation analyses, and based on these results
analogs were classified into groups (Fig. 2.3). For both receptors there was a strong positive
correlation between efficacy and potency, each with P <0.0001 and R? >0.7. In sum, a more
potent analog (lower ECsp) tended to show a higher efficacy (responded with a higher number of
bioluminescence units) (Fig. 2.3). For both receptors, (ECso) (Table 2.2) of the analogs could be
separated into three groups with significantly higher ECso than the PC (Suppl. Table 2.1.1 and
2.1). For the mosquito receptor: group a had increased potency by at least a factor of 14, group b
had increased potency by a factor of 5-8, and group ¢, which exhibited increased potency by a
factor of 3-4. For the tick receptor: group a, had increased potency by a factor of 8, group b had

increased potency by a factor of 4-6, and group ¢ (IK-Aib-15) by a factor of 3.
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Figure 2.2 Dose-dependent bioluminescence responses of 1K analogs relative to the
bioluminescence response elicited by 1 uM of the positive control peptide FFFSWGa.
Mosquito (A-D) and tick (E-H) recombinant Kinin receptors expressed in CHO-K1 cells were
tested against 17- and 18- insect kinin analogs, respectively, each at 9 concentrations from 10-1°-
10° M (Log on X-axis) using a calcium bioluminescence assay (the 1K-PEG-10 analog was not
active on mosquito receptor). The Y-axis (Mean + SEM) represents the percentage of
bioluminescence response (average bioluminescence units elicited during 30s) of each analog
concentration in reference to the bioluminescence response elicited by 1uM of positive control
analog, FFFSWGa (100%). This peptide was included in each plate for each analog test for
normalization. Three replicates were performed for all analogs except for analog 1728 (n=2).
Dose-response curves were generated with non-linear regression log(agonist) vs. response —
variable slope (four parameters) function with GraphPad Prism 6.0 (GraphPad Software, La
Jolla, CA\). Each figure showed receptor responses to a group of analogs of similar design; their
complete sequence is shown in Table 1. The panel figure legend highlights analogs’ features. A)
and E): endogenous sequence of either aedeskinin-1 or -3. B) and F): endogenous sequence of
both aedeskinin-1 and -3. C) and G): endogenous sequence of aedeskinin-2. D) and H):
polyethylene glycol (PEG) modified. The dose-response curves for FFFSWGa (positive control)
and 1728 ([Aib]FF[Aib]WGa, a potent [Aib] agonist) were included in each figure for
comparison.
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C-terminus ends with --[Aib]WGa

NSKYVSKQKFY-—  |K-Aib-11
PQKFY-—  |K-Aib-12
VFY- IK-Aib-17
PQVFY-—  |K-Aib-18
— FFFSWGa
[AIb]JFF-— 1728

C-terminus ends with --[AiIb]WGa

Ac-FF-— IK-Aib-5
FY- IK-Aib-16
[Aib]FY- IK-Aib-19
— FFFSWGa
[Aib]JFF-— 1728

C-terminus ends with --[Aib]WGa

NPFH-—  |K-Aib-13
Ac-FH- IK-Aib-14
FH- IK-Aib-15
[AIb]JFH-—  |K-Aib-20
— FFFSWGa
[Aib]JFF-— 1728

C-terminus ends with --WGa

MS[PEG4]-RFFP-— |K-PEG-6
MS[PEG4]-R[Aib]FF[Aib]-—— |K-PEG-7
MS[PEG8]-RFFP-— |K-PEG-8

MS[PEG8]-R[Aib]FF[Aib]-—— |K-PEG-9
MS[PEG8]-[Aib]FF[Aib]-—— |K-PEG-10
—— FFFSWGa
[Aib]FF[Aib]-— 1728



Table 2.2 Estimated potency potencies (ECso) of insect kinin (1K) analogs on recombinant
mosquito (IGKNF 10) and tick (BMLK3) receptors.

95% . SEM of
Régk ?f IK Sequence Name ECso Confidence Efflcazcy eff|ca.cy
50 (nM) (%) (%;
Interval (nM) n=3)
Mosquito receptor (IGKNF10 cell line)

[Aib]JFF[AiIb]WGa 1728 17.16 11.85-26.17 15298  9.89
[AIb]JFY[AIb]WGa IK-Aib-19  18.17 13.14-24.64 150.70 2.86
pQKFY[AIb]WGa IK-Aib-12  23.23 17.68-30.52 136.12 18.86
[AIb]FH[AIb]WGa IK-Aib-20 28.32 21.58-37.18 132.25 8.71
VFY[AIb]JWGa IK-Aib-17  52.63 43.51-63.66 133.07 2.65
PQVFY[Aib]WGa IK-Aib-18 77.12 55.03-108.1 138.07 2.69
Ac-FF[AiIb]WGa IK-Aiib-5 78.37 55.19-114.3 144.35 5.92
gd Ac-FH[AiIb]JWGa IK-Aib-14 83.88 69.33-101.5 90.17 2.85
NSKYVSKQKFY[Aib]WGa IK-Aib-11  109.6 84.44-142.1 130.16 9.04
FY[AiIb]WGa IK-Aib-16 132.3 112.5-155.6 110.84 5.79
NPFH[Aib]WGa IK-Aib-13 151.1 128.1-178.4 114.10 251
12¢ MS[PEG8]-RFFPWGa IK-PEG-8 181.8 154.8-213.5 97.29 4.55
13¢ MS[PEG4]-RFFPWGa IK-PEG-6 240.4 210.4-274.6 94.92 6.52
14¢ MS[PEG8]-R[Aib]JFF[AiIb]WGa IK-PEG-9  308.1 271.7-349.3 68.78 4.01
15¢ FH[AIb]WGa IK-Aib-15 310.8 254.4-382.6 67.85 2.79
16¢ FFFSWGa PC 398.1 345.6-458.5 100.00 0.00
17¢ MS[PEG4]-R[Aib]JFF[AiIb]WGa IK-PEG-7  505.7 457.4-558.9 72.05  10.53

18" MS[PEG8]-[Aib]FF[Aib]WGa IK-PEG-10 - - 1.08 -

Tick receptor (BMLKS cell line)

[Aib]FH[AIb]WGa IK-Aib-20  2.091 1.350-3.239 111.74 424
Ac-FH[Aib]WGa IK-Aib-14 5.024 3.623-6.967 113.95 1.02
FY[AiIb]WGa IK-Aib-16 5.176 3.358-7.978 112.23 10.12
[Aib]FF[AIb]WGa 1728 6.612 3.275-13.35 104.80 0.85
Ac-FF[AiIb]WGa IK-Aib-5 6.192 4.540-10.52 137.09 5.48
pQVFY[AiIb]WGa IK-Aib-18 8.240 5.014-13.54 124.41 1.78
PQKFY[Aib]WGa IK-Aib-12  8.630 6.092-12.23 10488  0.77
[Aib]FY[Aib]WGa IK-Aib-19  9.561 5.478-16.70 128.91  3.75
VFY[Aib]WGa IK-Aib-17  9.925 7.027-14.02 108.07 1.84
FH[AIb]WGa IK-Aib-15 15.17 11.05-20.28 101.49 0.89
NPFH[AIb]WGa IK-Aib-13  18.08 10.71-27.24 111.19 2.73
124 FFFSWGa PC 41.01 33.63-50.01 100.00 0.00
13d MS[PEGS8]-R[Aib]FF[AiIb]WGa IK-PEG-9  61.90 51.19-74.85 85.30 2.58
149 MS[PEGS8]-RFFPWGa IK-PEG-8 93.41 82.14-106.2 95.35 1.26
15¢ NSKYVSKQKFY[Aib]JWGa IK-Aib-11  106.6 72.57-156.6 81.92 2.79
16¢ MS[PEG4]-RFFPWGa IK-PEG-6  108.0 92.17-126.7 90.27 4.90
17¢ MS[PEG4]-R[Aib]FF[AiIb]WGa IK-PEG-7  160.2 127.5-201.2 90.36 5.17
18¢ MS[PEGS8]-[Aib]FF[AiIb]WGa IK-PEG-10 758.5 666.1-863.8 53.71 4.43

1ECso values: concentration that elicited 50% of the highest number of bioluminescence units for
that analog (100%); n= 3 (except for 1728, n=2). Analogs are ranked by ECso from more potent
to less potent.’Efficacy was calculated as percentage of the bioluminescence response of each
analog tested at 1uM concentration, with reference to the bioluminescence response elicited by
1uM of analog FFFSWGa (PC)."IK-PEG-10: no activity on mosquito receptor at 1uM; it was

not further tested. ° Different groups of analogs were categorized based on their agonist

activities from high (a) to low (e) on each receptor, and by potency (ECso) and efficacy. See
correlation of potency and efficacy (Fig. 2.3).
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Figure 2.3 The correlation between efficacy (efficacy; Y axis) and potency (X axis) of insect
kinin (1K) analogs on mosquito (A) and tick (B) kinin receptors.

In both figures the X-axis represents Log[ECso(M)] of each analog (Table 2), and the Y axis
represents the efficacy (Table 2). The Pearson correlation (two-tailed) analysis was performed
independently for the tick and mosquito receptor data sets. The linear regression lines and the 95%
confidence intervals (dashed blue lines) were calculated with the “Best-fit value” setting using
GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA). The equations for linear regression lines
are shown below each graph. Values outside the 95% confidence intervals were considered outliers
and are labeled in magenta color. The 18 analogs were separated into different groups based on
their physical location on the plot (sector) for each receptor. The plot was divided in sectors as
follows: for both mosquito and tick plots, an horizontal line at the efficacy of PC (100%) and the
analogs with efficacy > 100% were subsequently divided into three groups (a-c) by ECso. Group
(a) was divided by a vertical line for ECso of 30 nM (mosquito receptor) and 5 nM (for tick
receptor). Group a represented the most potent analogs that exhibited the same (on mosquito) or
higher (on tick) potency as analog 1728 (a highly potent analog). Analogs in group (b) showed the
second-highest potency with ECso lower than 100 nM (on mosquito, and are less potent than group
a), and with ECso lower than 10 nM (on tick with similar level of potency as 1728). Group (c)
represented analogs with intermediate potency in mosquito, with ECsos above the 100nM line
(arbitrarily defined). For tick receptor group (c) included analogs of intermediate potency with
ECso between 10 nM and that of the PC = 41nM (line intercept).

The analogs that fell into the lower sector of the plot, relative efficacy < 100% were subdivided
as follows: A. For mosquito, there were 2 groups: group (d) on mosquito receptor represented an
‘outlier’ analog with low efficacy (IK-AIB-14) and (e) which includes all the polyethylene

glycol (PEG) modified-analogs. B. For tick, group (d) includes the majority of the PEG analogs
and IK-Aib-11, and (e) represented the least potent analogs.
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Table 2.3 Comparative structure-activity relationships of Aib-analogs based on sequences of aedeskinins on mosquito and tick
receptors.

Recombinant mosquito receptor

[Aib]JF  [Aib]JF  pQKF pPQVF NSKYVSKQ
F Y Y VFY Y Ac-FF KFY
Designed based on IK- IK- IK- IK- IK- EC50 efficac Activity?
aedeskininl and/or 3@ 1728  Aib-19  Aib-12 Aib-17 Aib-18  Aib-5 IK-Aib-11 (nM) y %
[Aib]FF 1728 - 17 152.98 groupa
IK-Aib-
[AiIb]FY 19 ns - 18 150.70 groupa
IK-Aib-
pQKFY 12 ns ns - 23 136.12 groupa
IK-Aib-
VFY 17 * * * - 52 133.07 groupb
IK-Aib-
pQVFY 18 * * * ns - 77 138.07 group b; OL high efficacy
IK-Aib-
Ac-FF 5 * * * ns ns - 78 144.35 group b; OL high efficacy
NSKYVSKQ IK-Aib-
KFY 11 * * * * ns ns - 110 130.16  group c; OL high efficacy
IK-Aib-
FY 16 * * * * ns ns ns 132 110.84 groupc
[Aib]F
H Ac-FH  NPFH FH
Designed based on IK- IK- IK- IK- EC50 efficac
aedeskinin2  Aib-20  Aib-14  Aib-13  Aib-15 (nM) y %
IK-Aib-
[Aib]FH 20 - 28 132.25 groupa
IK-Aib-
Ac-FH 14 * - 84 90.17  group d; OL low efficacy
IK-Aib-
NPFH 13 * * - 182 114.10 groupc
IK-Aib-
FH 15 * * * - 311 67.85 group d; OL low efficacy
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Table 2.3 Continued

Recombinant tick receptor

[Aib]F pQVF  pQKF [Aib]F
FY F Ac-FF Y Y Y VFY
Designed based on IK- IK- IK- IK- IK- EC50 efficac
aedeskininl and/or 3  Aib-16 1728 Aib-5  Aib-18 Aib-12  Aib-19 IK-Aib-17 (nM) y %
IK-Aib-
FY 16 - 5.2 112.23 groupa
[Aib]FF 1728 ns - 6.6 104.80 group b; OL low efficacy
IK-Aib- group b; OL high efficacy;
Ac-FF 5 ns ns - 6.2 137.09 above 1728
IK-Aib- group b; OL high efficacy;
pPQVFY 18 ns ns ns - 8.2 124.41 above 1728
IK-Aib-
pQKFY 12 ns ns ns ns - 8.6 104.88 groupb
IK-Aib- group b; OL high efficacy;
[Aib]FY 19 ns ns ns ns ns - 9.6 128.91 above 1728
IK-Aib-
VFY 17 ns ns ns ns ns ns - 9.9 108.07 groupb
NSKYVSKQ IK-Aib-
KFY 11 * * * * * * * 107 81.92 groupd
[Aib]F
H Ac-FH FH NPFH
Designed based on IK- IK- IK- IK- EC50 efficac
aedeskinin2  Aib-20  Aib-14  Aib-15  Aib-13 (nM) y %
IK-Aib- group a; OL low efficacy;
[Aib]FH 20 - 2.1 111.74  above 1728
IK-Aib-
Ac-FH 14 ns - 5.0 113.95 group a; above 1728
IK-Aib-
FH 15 * * - 15 101.49 groupc
IK-Aib-
NPFH 13 * * ns - 18 11119 groupc

2 0Only N terminal sequences are shown for clarity; all analogs have the same C-terminus as -[Aib]WGa; for complete sequences see
Table 2.2.> OL stands for outlier in the correlation analyses (Fig. 3), and ‘above 1728’ means the analog bioluminescence dose-
response curve was higher than that of 1728 (Fig. 2. E-H).For pair comparisons * = significant differences of potency (ECso; * means
P < 0.05 by Tukey multiple comparison test) and ns = not significant differences. These are the results of the detailed statistical
analyses in Supplementary Tables 2.1.1 and 2.2.1.
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2.4.1. Novel insect Kinin Aib analog design

A new series of eleven biostable, Aib-containing IK analogs incorporated the sequence of
the three native aedeskinins neuropeptides of the mosquito Ae. aegypti (Table 2.1). One group of
six IK analogs featured incorporation of the sequences of aedeskinin 1, aedeskinin 3 or both, and
share the same Y residue in the variable 2" position of the C-terminal pentapeptide FYXWGa
(Table 2.1). In aedeskinin 1, the variable position X is occupied by an S, whereas in aedeskinin 3
it is occupied by a P; though the distinction is inconsequential because in this analog series the
position is occupied by Aib. Analog IK-Aib-11 (NSKYVSKQFY[Aib]WGa) features an Aib
residue imbedded into the turn region of the entire sequence of aedeskinin 1 (Table 2.1). Analogs
IK-Aib-19, IK-Aib-5 and IK-Aib-16 are not only analogs of aedeskinin 1, but also of aedeskinin
3. The aedeskinin 2 series shares a histidine (H) in the variable position. Analog IK-Aib-13
features an Aib imbedded in the entire sequence of aedeskinin 2; whereas IK-Aib-15, IK-Aib-14
and IK-Aib-20 are fragment analogs.

The influence of analog length, number of Aib molecules, aromaticity or charge of
residues in variable positions, and type of N-terminal protecting groups is discussed as to their
influence on potency and efficacy. All eleven Aib IK analogs were active as agonists on both
tick and mosquito recombinant receptors, with various potencies (ECso) and binding efficacies
on each receptor (Table 2.2).

2.4.2. Insect kinin PEG analogs

Five insect kinin analogs incorporating PEG4 (MS-PEG4) and PEGg (MS-PEGg)

polymers at the N-terminus were designed, three of which also incorporate the sterically-

hindered Aib residue at hydrolysis sites (Table 2.1 and Fig. 2.1).
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2.4.3. Activity of Aib analogs on the mosquito kinin receptor

Analogs will be discussed by order of overall activity (Fig. 2.3A). For the mosquito
receptor the first four analogs in Table 2.2, 1728 (ECs0=17 nM), K-Aib-19 (EC50=18 nM), IK-
Aib-12 (ECs50=23 nM) and IK-Aib-20 (ECs0=28 nM) were significantly more potent than the rest
of the analogs (Suppl. Table 2.1.1, Suppl. Fig. 2.1, A-C), but there were no significant
differences among the four, either in potency or efficacy (Table 2.2; Suppl. Tables 1.1 and 1.2).
All four were designed with a blocked N-terminus, Aib or (pyroglutamic acid (pQ)), to impair
activity of degrading aminopeptidases, and three of them featured two molecules of Aib (at
primary and secondary hydrolysis sites). The sequences only differ in one amino acid at the X!
position (F, Y and H). Among all 17 analogs tested, IK-AIB-19 was the only analog that had
statistically higher efficacy than the PC (Table 2.2, Suppl. Table 2.1.2). In the correlation
analyses there were no outliers among these four analogs (sector a in Fig. 2.3A), and although
they do not differ in efficacy with respect to the following group of Aib analogs (Fig. 2.3A,
sector b), they have higher potency. For these reasons these are the most desirable 1K analogs
and candidates to be tested in vivo.

After analogs in group a, analogs IK-Aib-5, IK-Aib-17, IK-Aib-18 were the most potent
group of analogs, with similar ECso values of less than 100 nM, significantly more potent than
the PC (Table 2.2, Suppl. Fig. 2.1, A-B, Suppl. Table 2.1.1). Moreover, their relative activity
(bioluminescence) curves completely overlapped (Fig. 2.2, A-B). Although the efficacy was not
different from that of the PC at 1 uM (Suppl. Table 2.1.2), the analogs’ curves in Fig. 2.2 (A and
B) are shifted to the left, reflecting the significantly higher potency of these analogs with respect
to the PC (Suppl. Fig. 2.1. A-B). Besides, the N-terminus of IK-Aib-5 and -18 were further

protected from aminopeptidases with an acetyl group and a pyroglutamate, respectively, making
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them potentially more stable than IK-Aib-17 (Table 2.2). Importantly, when comparing IK-Aib-
17 to IK-Aib-18, the addition of the protective pQ at the N-terminus did not diminish its potency
(Table 2.2, Suppl. Tables 1. 1). Correlation analyses grouped them in sector b (Fig. 2.3A), with
IK-Aib-5 and IK-Aib-18 being outliers because they had higher efficacy than expected by the
regression line.

Notably, IK-Aib-12 (pQKFY[AIbJWGa) in group a and IK-Aib-18 (pQVFY[AiIb]WGa)
in group b featured pQ on the N-terminus, and differed only in one residue before the kinin core
(Table 2.3). The ECsg value of IK-Aib-12 (23 nM) was significantly lower (3.3-fold) than I1K-
Aib-18 (77 nM), suggesting a positively charged lysine plays a role in enhancing the analog
activity in the presence of pQ on the N-terminus.

Among analogs designed as mono Aib pentapeptides, it appears that there is a higher
activity for analogs featuring F or Y over H. Analog IK-Aib-5 (Ac-FF[AIb]JWG) was
significantly more efficacious (higher efficacy) on the receptor than 1K-Aib-14 (Ac-
FH[AIb]JWGa), of similar structure (Fig. 2.2, B-C; Suppl. Table 2.1.2). This resulted in IK-Aib-
14 being an outlier in the correlation analyses (Fig. 2.3A, sector d), despite similar ECsos.
Similarly to the above, in unprotected pentapeptides, analog IK-Aib-16 featuring Y
(FY[AIb]WGa; ECso =132 nM) was over 2-fold more potent than analog IK-Aib-15
(FH[Aib]WGa; ECso =311 nM) (Table 2.2).

Group c consisted of analogs of intermediate potency (Fig. 2.3A). They showed
significant differences with analog(s) in group b, while exhibiting significantly greater potency
and similar binding efficacies in comparison with the PC (Suppl. Tables 1.1 and 1.2). Their
dose-dependent responses were highly similar (Fig. 2.2, A-C) and no statistical difference was

detected in either their ECsos (IK-Aib-11,110 nM; IK-Aib-13, 151 nM, and IK-Aib-16,132 nM)
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or binding efficacies (Table 2.2; Suppl.Tables 1.1 and 1.2). This group of analogs featured an
Aib molecule embedded in full or as a fragment of sequences of aedeskinin 1-3 without any
modification on the 2" hydrolysis site (Table 2.1), and they are thus expected to be less resistant
to hydrolysis by aminopeptidases. Despite its similar potency within group c, analog 1K-Aib-11
was an outlier above the upper 95% confidence interval for efficacy (Fig. 2.3A).

It is noteworthy that the pentapeptide IK-Aib-16, FY[Aib]WGa had similar activity to
IK-Aib-11 (featuring all 14 residues of aedeskinin 1), as the mosquito kinin receptor preferred
hexapeptide kinin analogs over their pentapeptide counterparts in a previous study (Taneja-
Bageshwar et al., 2006). Thus, the full sequence of aedeskinin 1 as appears in analog IK-Aib-11
would have been expected to have a greater potency than the corresponding C-terminal
pentapeptide analogs. Furthermore, despite its greater length, IK-Aib-11 is less potent than a
smaller, similar fragment analog 1K-Aib-12 (Table 2.3).

IK-Aib-19 and IK-Aib-17, hexapeptides with sequences common to aedeskinin 1 and/or
aedeskinin 3, showed higher potency than the respective pentapeptide IK-Aib-16 (FY[Aib]WGa)
(Table 2.3, Suppl. Table 2.1.1). Similarly, for aedeskinin 2 based analogs, IK-Aib-20 and IK-
Aib-13 also showed significantly greater potency than the pentapeptide 1K-Aib-15
(FH[AIb]WGa) (Fig. 2.2C, Table 2.3). IK-Aib-15 had significantly lower potency than all Aib-
analogs tested, and in the correlation analyses it was an outlier due to its significantly lower
efficacy from groups a and b (Fig. 2.3A, Suppl. Table 2.1.2).

The presence of a mono-Aib group changed the potency of the endogenous aedeskinins.
Their rank order of potency was first analog IK-Aib-11 (similar to aedeskinin 1), followed by

analog IK-Aib-13 (similar to aedeskinin 2) (Table 2.2). This is in contrast to the previously
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determined potencies of the parent peptides, as aedeskinin 2 was found to be more potent on this
recombinant receptor than aedeskinin 1 (Pietrantonio, P. et al., 2005).
2.4.4. Evaluation of Aib analogs on the tick kinin receptor

Evaluation of the Aib IK analog series on the tick recombinant receptor revealed that all
retained high potency. The tick receptor is clearly more permissive than the mosquito receptor,
as nine of the kinin analogs had potencies at or below 10 nM, two had potencies below 20nM
and only one had ECsp above 100nM (Table 2.2). All analogs had similar efficacy except for IK-
Aib-11, with lower efficacy (Table 2.2; Suppl. Table 2.2.2). In contrast to the mosquito kinin
receptor, 1728 was not among the most potent analogs (Table 2.2; Suppl. Fig.1, E-G), and it is an
outlier below the 95% intervals of the regression line (Fig. 2.3B). Three of the analogs
constituted the most potent with an ECso lower than 5 nM and formed group a, with no
significant differences among them (Table 2.2; Fig. 2.3B). The high potency of IK-Aib-20 is
particularly noteworthy, with an ECso value of 2 nM, being more potent than 1728 by a factor of
3 and exhibiting a dose-response curve higher than that of 1728 (Fig. 2.2G), and it was an outlier
in the correlation analysis with lower than expected efficacy (Fig. 2.3). Further, analog IK-Aib-
20 was designed based on aedeskinin 2 (features H) (Table 2.3) and its potency was significantly
different from the rest of all analogs except for those in group a (Suppl. Table 2.2.1). Analogs
IK-Aib-20 and IK-Aib-14 feature additional protection from aminopeptidase attack (protection
that is lacking in IK-Aib-16), and therefore, they are expected to be more biostable. Analog IK-
Aib-14 also showed a dose-response curve above the one of 1728 (Fig. 2.2G).

Analogs with an ECsg between 5-10nM were similar in potency (IK-Aib-5, -18, -12, -19,
and -17) (Table 2.2), matched the potency of 1728 and were considered as group b (Fig. 2.3B).

This group of IK analogs was designed based on the sequences of aedeskinins 1 and/or 3 (Table
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2.3). Three of them (IK-Aib-5, -18 and -19) showed dose-response curves above that of 1728,
and simultaneously were outliers with higher than predicted efficacy in correlation analysis
(Figs. 2E-F and 3B). Analogs in group c, IK-Aib-15 and IK-Aib-13, were intermediate in
potency with a significantly higher ECso that analogs in group a (Fig. 2.3B, Suppl. Table 2.2.1).
These two analogs were designed based on aedeskinin 2 but are not blocked at the N-terminus
(Table 2.3). There is only one analog in group d (Fig. 2.3B), IK-Aib-11, that features 14 residues
as in aedeskinin 1, and had the lowest potency and efficacy among all Aib analogs (Table 2.2,
Fig. 2.2E, Suppl. Table 2.2).

Within the multi-Aib C-terminal hexapeptide framework, differences in the potency of
analogs that feature different aromatic residues (F, Y or H) in variable position 2 of the IK C-
terminal pentapeptide core, IK-Aib-20, 1728 and IK-Aib-19 (Tables 2), suggest that the tick
receptor exhibits a preference for the positively charged, aromatic residue H (IK-Aib-20) (Table
2.2). In the IK core variable position of the mono-Aib C-terminal pentapeptide framework by
contrast, as with the mosquito receptor, the tick receptor exhibits a preference for Y over H, as
analog IK-Aib-16 is more potent than IK-Aib-15 by a factor of 3, with this difference being
statistically significant.

2.4.5. Evaluation of PEG analogs on the mosquito Kinin receptor

Five insect kinin analogs incorporating PEG4 [MS(PEG4)] and PEGs [MS(PEGs)]
polymers, three of which also incorporate the sterically-hindered Aib residue at the core N-
terminus, were evaluated on the two recombinant IK receptors. One analog, IK-PEG-10, was not
active. As a group, the remaining four PEG analogs had lower potency than the majority of the
IK-Aib analogs, with a range of ECsos from 182 nM to 506 nM (Table2, Suppl. Fig. 2.1D). They

exhibited similar activity as compared with the PC (Suppl. Table 2.1.2), and in the correlation
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analyses fell in group e (Fig. 2.3A). The PC was an outlier in the mosquito receptor with a higher
efficacy than predicted by the regression line. This may explain that despite having an apparent
lower ECsyo, its dose-response curve closely matches those of IK-PEG-8 and -6. IK-PEG-8, IK-
PEG-6 and IK-PEG-9 were similar in potency and the first two are significantly more potent than
IK-PEG-7 (Table 2.2; Suppl. Tables 1.1). Further, the overall dose-response curves of IK-PEG-6
and IK-PEG-8 were above the response curves of IK-PEG-7 and IK-PEG-9 (Fig. 2.2D). IK-
PEG-6 and IK-PEG-8, with MS(PEG4) and MS(PEGs) groups on the N-terminus, respectively,
shared the same amino acid sequence (-RFFPWGa), respectively (Table 2.1).

Analog IK-PEG-9 fell within the most potent PEG analogs (not different from IK-PEG-8
and -6), however, it is the only one of this group that is also not different from IK-PEG-7, that
featured lower potency. The fact that IK-PEG-9 shows similar potency to the first group but also
does not differ from IK-PEG-7 can be explained by the shape of the dose-response curve (Fig.
2.2D): While the efficacy is the same at 1 uM for both analogs, at 10 uM IK-PEG-9 plateaued,
behaving as a partial agonist. IK-PEG-7 and IK-PEG-9 have two Aib molecules in the sequence
(-R[AIb]FF[AIb]WGa) that can confer additional endopeptidase biostability to the IK sequence,
and therefore potentially greater hemolymph residence time when tested in vivo than IK-PEG-8
and IK-PEG-10 (-RFFPWGa). Overall, these results revealed that the mosquito kinin receptor
did not discriminate PEG analogs with either MS(PEG4) or MS(PEGg). The analog IK-PEG-10
(MS(PEGs)-[Aib]FF[Aib]WGa), which is the only analog that lacks the R residue as in IK-PEG-
9 (MS(PEGs)-R[AIb]FF[AiIb]WGa), is not active on the mosquito receptor. The R may confer an
advantage by enhancing solubility properties, by providing a spacer between the IK core region
and the PEG polymer, and/or a more favorable ligand receptor interaction due to the presence of

the positively charged residue.
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2.4.6. Evaluation of PEG analogs on the tick kinin receptor

The evaluation of IK analogs incorporating PEG polymer attachments at the N-terminus
showed that a few (IK-PEG-8 and IK-PEG-9) retained significant activity that matched the
potency of the positive control FFFSWGa (Suppl. Fig. 2.1H, Suppl. Table 2.2.1). The analog IK-
PEG-10, that was not active on the mosquito receptor, was the weakest agonist of all analogs
tested on the tick receptor (Table 2.2; Suppl. Table 2.2.1). It is the only analog in sector e (Fig.
2.3B), with significant lower potency but comparable efficacy to the other PEG analogs, but
lower efficacy than the PC (Suppl. Table 2.2, Fig. 2.2H). The remaining four PEG analogs as a
group, had lower activity than the majority of the IK-Aib analogs, with an ECsg range from
62nM to 160nM (Table 2.2, Suppl. Fig. 2.1D), and are placed in group d (Fig. 2.3B).

The Aib-containing analog IK-PEG-9 exhibited the greatest potency among this IK-PEG
series on the tick receptor with an ECso of 62 nM. IK-PEG-9 (featuring MS(PEGg), was
significantly more potent than its’ P4 counterpart IK-PEG-7 (MS(PEG4)-R[AIb]FF[AIb]WGa)
with ECsp of 160 nM (Table 2.2). These are the only two that exhibited significant differences in
potency (Suppl. Table 2.2.1) among the four active PEG analogs featuring overall similar dose-
response curves (Fig. 2.2H). Therefore, for PEG analogs containing Aib, the tick receptor reveals
a preference for the longer MS(PEGs) polymer over the MS(PEG4) polymer. The two Aib
residues of these two analogs confer enhanced resistance to endopeptidase hydrolysis, potentially
increasing in vivo hemolymph residence time.

While IK-PEG-10 retains some activity on the tick receptor, it was inactive on the mosquito
receptor, reinforcing the fact that the recombinant tick receptor cell line is more responsive to
ligand binding than the mosquito receptor cell line. Of striking significance, however, is the

contrast between the most potent PEG analog IK-PEG-9 (MS(PEGs)-R[Aib]FF[Aib]WGa) and
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the least potent, IK-PEG-10 (MS(PEGg)-[Aib]FF[AiIb]WGa). The only difference between these
two IK-PEG analogs is the presence of an R residue in the former (Table 2.2). The arginine (R)
residue in the more active PEG analogs containing Aib proved to be an important component for
activity on both invertebrate receptors. The R (arg) may confer an advantage by enhancing
solubility properties, by providing a spacer between the IK core region and the PEG polymer,
and/or a more favorable ligand receptor interaction.
2.5. Summary and conclusions

The evaluation of a series of IK-Aib analogs incorporating sequences of endogenous
aedeskinins from the Ae. aegypti mosquito on two invertebrate receptor cell lines revealed a
number of highly potent biostable IK mimics. To prevent hydrolysis by aminopeptidases
biostable IK analogs incorporating a second Aib residue N-terminal to Phe! of the core were
synthesized. On the mosquito Ae. aegypti Kinin receptor three highly potent, biostable Aib
analogs (group a) matched the activity of 1K analog 1728, that has previously demonstrated
insect disruptive and/or aversive activity; therefore it is possible these analogs may have
similarly desirable activity. They may also be useful tools in further defining the structural
characteristics required to induce aversive and/or deterrent behavior in the mosquito and kissing
bug. Evaluation of analogs with PEG polymers attached on the N-terminus revealed certain
analogs with similar or higher potency as the positive control peptide, and they are important
tools for testing kinin activities in vivo.

The most active of the Aib and PEG analogs identified in this study represent new tools
for arthropod endocrinologists studying insect kinin regulated processes, particularly in ticks for
which a role for the insect kinins has yet to be established. The potent, biostable analogs

presented here would demonstrate longer hemolymph residence times, making them particularly
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suitable for the study of in vivo physiological and behavioral effects of kinin neuropeptides.
Furthermore, these analogs, either in isolation or in combination with biostable analogs of other
neuropeptide classes that also regulate aspects of diuretic, antidiuretic, digestive, reproductive
and/or developmental processes, represent potential leads in the development of selective,
environmentally friendly pest arthropod control agents capable of disrupting those critical
processes.
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3. THE CATTLE FEVER TICK, RHIPICEPHALUS MICROPLUS, AS A MODEL FOR
FORWARD PHARMACOLOGY TO ELUCIDATE KININ GPCR FUNCTION IN THE
ACARI"

3.1. Overview

The success of the acaricide amitraz, a ligand of the tick tyramine/octopamine receptor (a
G protein-coupled receptor; GPCR), stimulated interest on arthropod-specific GPCRs as targets
to control tick populations. This search advances tick physiology because little is known about
the pharmacology of tick GPCRs, their endogenous ligands or their physiological functions. Here
we explored the tick kinin receptor, a neuropeptide GPCR, and its ligands. Kinins are pleiotropic
insect neuropeptides but their function in ticks is unknown. The endogenous tick Kinins are
unknown and their cDNAs have not been cloned in any species. In contrast, more than 271 insect
kinin sequences are available in the DINeR database. To fill this gap, we cloned the kinin cDNA
from the cattle fever tick, Rhipicephalus microplus, which encodes 17 predicted kinins, and
verified the kinin gene structure. We predicted the kinin precursor sequences from additional
seven tick species, including Ixodes scapularis. All species showed an expansion of kinin
paracopies. The “kinin core” (minimal active sequence) of tick kinins FX1X>WGamide is similar
to those in insects. Pro was predominant at the Xz position in tick kinins. Towards accelerating
the discovery of kinin function in ticks we searched for novel synthetic receptor ligands. We
developed a dual-addition assay for functional screens of small molecules and/or
peptidomimetics that uses a fluorescent calcium reporter. A commercial library of fourteen small

molecules antagonists of mammalian neurokinin (NK) receptors was screened using this

“ Reprinted with permission from “The cattle fever tick, Rhipicephalus microplus, as a model for forward
pharmacology to elucidate kinin GPCR function in the Acari” by Xiong, C., Baker, D., Pietrantonio, P.
V., 2019. Frontiers in Physiology, 10: 1008, Copyright [2019] by Frontiers.



endpoint assay. One acted as full antagonist (TKSMO02) with inhibitory concentration fifty (ICso)
of ~45 uM, and three were partial antagonists. A subsequent calcium bioluminescence assay
tested these 4 antagonists through kinetic curves and confirmed TKSMO2 as full antagonist and
one as partial antagonist (TKSM14). Antagonists of NK receptors displayed selectivity
(>10,000-fold) on the tick kinin receptor. Three peptidomimetic ligands of the mammalian NK
receptors (hemokinin 1, antagonist G and spantide I) were tested in the bioluminescence assay
but none were active. Forward approaches may accelerate discovery of kinin ligands, either as
reagents for tick physiological research or as lead molecules for acaricide development, and they

demonstrate that selectivity is achievable between mammalian and tick neuropeptide systems.

3.2. Introduction

The cattle fever tick or southern cattle tick, Rhipicephalus microplus (Canestrini), and the
diseases it transmits cause significant losses to the livestock industry in tropical and subtropical
regions of the world (Pérez de Ledn et al., 2012). Considering the lack of effective vaccines
against many of these vector-borne pathogens, vector control is still the most efficient approach
to block disease transmission. However, worldwide distribution of tick resistance to the most
commonly used acaricides, such as amitraz (formamidines), pyrethroids, organophosphates, and
ivermectin was detected in tick populations (Guerrero et al., 2012; Pohl et al., 2012). In the near
future, the current available pesticides will fail to control populations of these ticks as many
exhibit multiple mechanisms of resistance with apparently no fitness cost. Pesticides safe to non-
target species with novel modes of actions in vectors are needed. Here we describe a model study
using a forward pharmacological approach to investigate a tick neuropeptide G protein-coupled
receptor (GPCR) as potential target for tick control (Fig. 3.1). This receptor, known as

leucokinin-like peptide receptor (LKR) (accession AF228521), or myokinin receptor (Holmes, S.
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et al., 2003; Holmes, S. et al., 2000b) has been suggested as a promising novel target for pest
control (Audsley and Down, 2015; Guerrero et al., 2016; Lees et al., 2010; Pietrantonio, P. et al.,
2018). A kinin peptidomimetic is antifeedant and lethal to the pea aphid (Smagghe et al., 2010),
prevents the blood feeding to repletion in the kissing bug, Rhodnius prolixus, decreasing the
chance of a successful molt (Lange et al., 2016) and triggers avoidance behavior in the mosquito
Aedes aegypti when given in a sucrose solution (Kwon et al., 2016).

Kinin receptors are invertebrate-specific neuropeptide GPCRs (Pietrantonio, P. et al.,
2018). The kinin system is widely distributed in the Acari and in nearly every order of insects,
except Coleoptera (beetles) (Derst et al., 2016; Halberg et al., 2015). Insect kinins are involved in
many important physiological processes: they regulate diuresis (Hayes et al., 1989; Kersch and
Pietrantonio, 2011), feeding (Al-Anzi et al., 2010; Kwon et al., 2016; Zandawala et al., 2018),
pre-ecdysis (Kim et al., 2006) as well as tracheal air clearance post-ecdysis (Adams et al., 2000).
In the fruit fly D. melanogaster, both leucokinin- and leucokinin receptor (LKR; also known as
drosokinin receptor) loss-of-function mutant strains showed significant increases in resistance to
desiccation, ionic stress (only tested in LK-mutant fly), and starvation (Cannell et al., 2016;
Zandawala et al., 2018). Prior work has deorphanized kinin receptors of two vector species, the
yellow fever mosquito Ae. aegypti (Pietrantonio, P. et al., 2005) and the cattle fever tick R.
microplus (Holmes, S. et al., 2003), and found the kinin system is important in regulating
diuresis and sugar feeding in Ae. aegypti (Kersch and Pietrantonio, 2011; Kwon et al., 2016).
The most recent RNAi-mediated silencing of the kinin receptor in the cattle fever tick caused a
reproductive fitness cost (Brock et al., 2019b). While our cloning of this receptor represented the
first known neuropeptide GPCR in the Acari, there has been no urgent need in establishing the

endogenous ligand of the R. microplus tick. This was because receptor functional studies were
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performed using insect kinin core peptide analogs that activated the tick receptor. The
endogenous ligands of the kinin receptor(s) feature a short C-terminal pentapeptide (Phe-X1-Xz-
Trp-Gly-NHy) as the minimal peptide core required for activity (Nachman et al., 2002b). Insect
kinins are among the most well characterized neuropeptides with currently 271 endogenous
kinins identified in insects (Yeoh et al., 2017). In the synganglion of the tick Ixodes ricinus, we
previously identified kinin peptide (leucokinin-like) immunoreactivity, and mass spectral
analyses of synganglia of adult R. microplus and Ix. ricinus detected a strong signal at ~1,008
Da, consistent with the mass of kinin peptides (Neupert et al., 2005). However, the endogenous
cDNAs for kinin peptides have not yet been cloned in any tick species and tick sequences are
unknown. Herein, we predicted and cloned the putative kinin cDNA which shows an
amplification in the number of kinin ligands in R. microplus, similar to what was predicted for
Ix. scapularis (Gulia-Nuss et al., 2016).

Previous functional studies with mosquito- and tick-kinin recombinant receptors tested
insect Kinin peptides, or kinin peptidomimetics designed for increased stability and/or
penetration through the arthropod cuticle (Taneja- Bageshwar et al., 2006; Xiong et al., 2019c).
Results showed that the tick Kinin receptor was a more permissive receptor; i.e. it was activated
by more ligands and with lower ECso than the mosquito receptor. There are no true orthologous
mammalian receptors of the tick Kinin receptor, which makes it an attractive potential selective
target. However, the most similar mammalian receptors are the neurokinin receptors that mediate
the biological actions of tachykinins (Pennefather et al., 2004). As also the tick kinin receptor is
activated by the tachykinin of the stable fly (Holmes, S. et al., 2003), we hypothesized that
ligands of the mammalian neurokinin receptors could be active on the permissive tick kinin

receptor.
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To test this, a dual-addition assay was developed to determine the activity of
peptidomimetics and small molecule ligands of neurokinin receptors on the tick kinin receptor.
This assay allows discriminating agonist and antagonist activity in a single assay. Here we report
the first small molecule ligands showing antagonistic activities on the tick kinin receptor.
Although these small molecules did not exhibit high potency, this exploratory screen provides
the methodological foundation for future screens of small molecule libraries in high-throughput
mode. The results suggested mammalian NK receptor ligands displayed high selectivity over the
arthropod kinin receptor. Additionally, the quantified activities of antagonists provide structure-
activity data that helps define ligand-receptor interactions in computational models.

3.3. Materials and Methods
3.3.1. Insilico prediction of the kinin precursor cDNA sequence in R. microplus

In search of the gene encoding the kinin precursor of the cattle fever tick, R. microplus,
we first manually curated the protein sequence of the identified orthologous gene from the black
legged tick, Ixodes scapularis, present in the genomic scaffold (DS680282|583-1410) (Gulia-
Nuss et al., 2016). This predicted nucleotide sequence of the kinin gene was translated in the six
potential frames. Once the correct open reading frame encoding 19 putative kinin peptides was
identified, the putative start codon was located but the stop codon could not be predicted within
that scaffold. The curated protein sequence was used as the query for local TBLASTN analyses
at the National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/)
against the R. microplus (taxid: 6941) whole genome shotgun contig (WGS) (Rmi2.0; 2017), and
its transcriptome shotgun assembly (TSA). The respective identified genomic fragments and

transcripts were aligned with MegAlign (Lasergene, Madison, WI) to assist with primer design
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for cDNA cloning. All sequence analyses in this study were performed with DNASTAR
(Lasergene).
3.3.2. Cloning the kinin precursor cDNA

The synganglia of females fed for 5 days (non-repleted) of the pesticide-susceptible
Gonzalez strain of R. (Boophilus) microplus were used for cDNA synthesis. Details on tick
dissection, mRNA extraction and 3’- and 5’-RACE ready cDNA syntheses were as described
previously (Yang et al., 2013). To obtain the cDNA that encodes the putative kinin precursor
from R. microplus, specific primers (Suppl. Table 3.1) were designed based on the predicted
transcript available in NCBI (GEEZ01003316). For 5’- or 3’-RACE (Suppl. Fig. 3.1), reactions
were carried out in 50 pl volume, as follows: 2 ul of 5°- or 3’- RACE-ready cDNA of synganglia
was added into the mix of 1x Phusion HF buffer, 0.2 mM each dNTPs, 0.5 uM of UPM (5°, 3’
Race kit, Clontech®, Mountain View, CA), and 0.4 uM of RmkininP1R (for 5> RACE) or
RmkininP1F (for 3° RACE), and 0.5 pl Phusion® High-fidelity DNA polymerase (New England
Biolabs® Inc., Ipswich, MA). For 5’-RACE, touchdown PCR was as follows: 98 °C for 30 s;
followed by 5 cycles of 98 °C for 10 s, 72 °C for 1 min, followed by 5 cycles of 98 °C for 10 s,
70 °C for 30, 72 °C for 1 min, followed by 25 cycles of 98 °C for 10 s, 68 °C for 30 s, 72 °C for 1
min, with a final extension step of 72 °C for 10 min. For 3> RACE, touchdown PCR was as
follows: 5 cycles of 98 °C for 30 s, 72 °C for 3 min, followed by 5 cycles of 98 °C for 30 s, 70 °C
for 30 s, 72 °C for 3 min, followed by 40 cycles of 98 °C for 30 s, 68 °C for 30 s, 72 °C for 3 min,
with a final extension step of 72 °C for 5 min. The products from 5’- and 3’-RACE were purified
with Zymoclean gel DNA recovery kit (Zymo™ Research) and cloned into pCR™2.1 Vector
(Invitrogen). Chemical transformation was used to incorporate the plasmids containing PCR

products into premade competent E. coli cells DH5a (Zymo™ 5a)) (Zymo™ Research, Irvine,
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CA). Transformants were screened by blue/white colony selection and 100 pg/ml ampicillin
(Cayman Chemical, Ann Arbor, MI). Plasmids were isolated using the Zyppy™ plasmid
miniprep (Zymo™ Research) and sent to Eton Bioscience Inc. (San Diego, CA) for Sanger
sequencing. The full length of cDNA sequence was deduced by aligning the overlapping 5’- and
3’-end DNA fragments (Suppl. Fig. 3.1A). To obtain the coding sequence of the cDNA (ORF) in
a single product, gene-specific primers were designed (Rmk-ORF-F/R) outside of the ORF
region to amplify the cDNA, using similar reagents as above (Suppl. Table 3.1). Specifically, in
a 50 ul volume, 2 pul of 3’-ready cDNA was added into the mixture of 1x Phusion HF buffer, 0.2
mM each dNTPs, 0.4 uM of both Rmk-ORF forward and reverse primers, and 0.5 pl Phusion®
High-fidelity DNA polymerase. The reaction was run at the following conditions: 98 °C for 30 s,
followed by 30 cycles of 98 °C for 10 s, 72 °C for 90 s, with a final extension step of 72 °C for 10
min. The PCR product was purified, cloned into pCR™2.1 Vector, and verified by sequencing as
described above.
3.3.3. R. microplus kinin gene structural characterization

The blastn “hits” obtained on the R. microplus genome with the cloned kinin cDNA
sequence only overlapped the genome sequence towards the 3° end of the cDNA. Thus, to define
the structure of the putative Kinin gene, i.e. to determine the precise number and length (bp) of
introns and exons, several PCR reactions were performed (Suppl. Fig. 3.1B). The genomic DNA
template was extracted from the acaricide-susceptible Deutch strain of R. microplus because the
Gonzalez strain used for cDNA synthesis is no longer available. Genomic DNA was extracted
from one female tick using Zymo™ Quick-DNA miniprep kit (Zymo™ Research). To obtain the
sequence of the predicted ORF, first, gene-specific primers located towards the 5’- and 3’- ends

of the cDNA sequence (Rmk-ORF-F/R) (Suppl. Fig. 3.1B) were used to amplify the genomic
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DNA. In a 50 pl volume, 100 ng of genomic DNA was added into the mixture of 1x Phusion HF
buffer, 0.2 mM of each dNTPs, 0.4 uM of both Rmk-ORF forward and reverse primers, and 0.5
pl Phusion® High-fidelity DNA polymerase. The reaction was run at 98 °C for 30 s, followed by
30 cycles of 98 °C for 10 s, 72 °C for 120 s, with a final extension step of 72 °C for 10 min. A 4
kb PCR product was amplified, and it was purified with Select-a-Size DNA clean and
concentrator™ kit (Zymo™ research, Irvine, CA). Three forward primers and two reverse
primers were designed to “walk” the ~4 kb PCR product obtained for Sanger sequencing (Suppl.
Fig. 3.1B). Secondly, a gene-specific forward primer (Bmkinin-g-long-F) and a reverse primer
outside the 4 kb product region (Bmkinin-g-long-R) were designed to amplify a 1,375 bp product
that includes 40 bp towards the 3’ end of the kinin gene. For the reverse primer design, the
sequence of the genomic contig (LYUQ01126194.1) was used (Suppl. Fig. 3.1B). Thirdly, gene
specific primers were designed based on the cDNA sequence (Suppl. Fig. 3.1B) to amplify a
~3.5 kb product containing additional 20 bp towards the 5’ end of the gene.
3.3.4. R. microplus kinin peptide precursor characterization

The signal peptide of the translated R. microplus kinin peptide precursor sequence was
predicted with SignalP v. 5.0 ( ) (Armenteros et al.,
2019). The cleavage sites on the precursor were predicted following the principles summarized
by Veenstra (2000). The conserved motif logos of the C-terminal pentapeptide of kinins in R.
microplus and Ix. scapularis were created separately by WebLogo
( ) (Crooks et al., 2004).
3.3.5. Prediction of tick kinin peptide precursors and phylogenetic analysis

The nucleotide sequences encoding the orthologous kinin precursors from other Acari

species were predicted through tblastn on NCBI using the cloned kinin precursor of the R.
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microplus tick as query against the transcriptome data of Acari (taxi: 6933). The protein
sequence was manually curated by translating the DNA sequence on EXPASy

( ). For species with more than one hit in the BLAST results,
nucleotide sequences were downloaded and aligned by SeqMan Pro (DNASTAR Lasergene,
Madision, W1), before being used for protein curation. For specific genes for which the
nucleotide sequences of two hits did not overlap, the encoding polypeptides were curated
separately, and later combined from N-terminus to C-terminus retaining a gap between two
polypeptides. This procedure applies for the predicted kinin precursor of Amblyomma sculptum
and Dermacentor variabilis. To predict the Ix. scapularis kinin precursor, the transcript
sequences identified by tblastn were used in combination with the sequence of the genome
scaffold (DS680282) which had been previously reported to encode the kinin gene with 19 kinin
peptides, with no other details provided (Gulia-Nuss et al., 2016). All the curated Kkinin precursor
protein sequences start with methionine, and their predicted coding sequences end with a stop
codon, except for that of A. sculptum, in which a stop codon was not present. To help verify the
predicted methionine, all deduced tick kinin precursors were aligned using the Clustal W method
with MegAlign (Lasergene). The kinin precursor sequence of the common bed bug, C.
lectularius, was obtained from Predel et al. (2017). Additional insect kinin sequences were
obtained from the DINeR database and references therein ( )
(Yeoh et al., 2017). Those sequences are from one hemipteran, R. prolixus [DAA34788.1] (Bhatt
et al., 2014), and four dipterans, Aedes aegypti [AACA47656.1] (Veenstra et al., 1997b), Culex
quinquefasciatus [EDS35029.1] (Schooley et al., 2012), Stomoxys calcitrans [XP_013117801.1],
and Drosophila melanogaster [NP_524893.2]. Fourteen protein sequences of putative arthropod

kinin precursors were included in the phylogenic analysis. The protein sequences were first
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aligned by MAFFT with the iterative refinement algorithm E-INS-i, because of the occurrence of
known insertions and deletions during the evolution of neuropeptide genes,

( ) (Katoh and Standley, 2013), with the default online
settings. The aligned sequences were processed through Mesquite version 3.6 (build 917)
(Maddison, 2005) to convert the terminal gaps into missing data. Phylogeny was constructed
using MrBayes version 3.2.6 (Ronquist et al., 2012) executable for Windows 64-bit with four
chains and four runs in the mixed amino acid model for 1,000,000 generations. The traces of
parameters were visualized in Tracer version 1.7.1 (Rambaut et al., 2018) to confirm that the
four runs reached convergence. The consensus tree was generated with 10% burnins and output

through FigTree version 1.4.4 (Rambaut, 2012).

3.3.6. Cell lines

BMLKS is a CHO-K1 cell line stably expressing the southern cattle tick (R. microplus)
kinin receptor, and served to characterize the functional activity of compounds on the receptor.
Receptor cloning, transfection and selection of single clonal cell lines expressing this kinin
receptor was reported previously (Holmes, S. et al., 2003; Holmes, S. et al., 2000b). A cell line
similarly transfected with empty vector plasmid pcDNA3.1 (Invitrogen, Carlsbad, CA) was
designated as a “vector only” cell line and used as the negative control in all experiments. Cells
were maintained in T-25 or T-75 flasks (CELLSTAR®, Greiner® Bio-one) with maintenance
medium consisting of F-12K medium (Corning™ Cellgro™, Mediatech, Inc. VA, US), fetal
bovine serum (FBS) (10%) (Equitech-Bio, Kerrville, TX) and 400 pg/ml G418 Sulfate (Gibco®
Invitrogen, New York, US). Cells were maintained in a humidified incubator at 37°C, 5% CO..

Cells were incubated under the above conditions unless specified otherwise.
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Two different calcium reporters (Fluo-8 AM or aequorin/coelenterazine) were utilized in
dual-addition assays, which are described in detail in the sections below. Both assays allow the
discrimination of agonistic or antagonistic activity of compounds. Briefly, a primary screen of
compounds measured the endpoint fluorescence from cells cultured in a 384-well plate format.
Compounds that showed potential activity in this screen were further tested at various
concentrations with a kinetic assay that measured calcium bioluminescence in a 96-well plate
format.

3.3.7. Preparation of small molecule library plates

A commercial library of fourteen small molecule antagonists of mammalian neurokinin
receptors (NK1-3) was purchased from Tocris® Bioscience (R&D System, Bristol, UK) (for
information on chemicals see Suppl. Table 3.2) to be screened on the BMLK3 cells in 384-well
format. Additionally, thapsigargin, which discharges intracellular Ca?* stores by inhibition of the
Ca?" ATPase in endoplasmic reticulum (Thastrup et al., 1990), and 2-APB (2-
aminoethoxydiphenyl borate), which blocks of store-operated Ca?* entry and may block InsP3-
induced Ca?* release (Bootman et al., 2002), were purchased from Tocris® Bioscience and used

as positive and negative controls, respectively, for the Ca?* signal assay readout.

All small molecule stock solutions (for library and controls) were prepared in 100%
DMSO (Sigma-Aldrich, St. Louis, MO) and aliquoted and stored at -20 °C before use. For the
initial screening in the fluorescence assay, compounds were initially prepared in a V-bottom,
384-well plate (Corning®, NY, USA) in Hanks’ Saline Buffer containing 20 mM Hepes
(HHBS), 2 % DMSO, at a 10x concentration of the final concentration in the assay. The sixteen

small molecules were serially diluted in this plate into 22 dosages using a dilution ratio of 1:1.4,
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starting at 1 mM (except thapsigargin started at 100 uM, Suppl. Table 3.3) using an automatic-8

channel EPMotion™ liquid handler (Eppendorf Biotech company, Hamburg, Germany).

Ten selected molecules, which were either active in the first screening or could not be
dissolved in 2 % DMSO, were further prepared in a VV-bottom 384-well plate in HHBS, 10 %
DMSO at a 10x concentration of the final concentration in the assay; thapsigargin and 2-APB
were also prepared in the same solvent. The twelve small molecules (including thapsigargin and
2-APB) were serially diluted in the plate (dilution ratio 1:1.4) into 10 dosages starting from
various concentrations (10 uM to 1 mM) depending on the solubility of each molecule (Suppl.
Table 4, Panel A). In this “library subset” plate, each concentration of the small molecules was
dispensed into a duplicate well for testing both the kinin-receptor expressing cell line (BMLK3
cells) and the cells transfected with the vector plasmid only, respectively. In both 384-well
library plates, 64 wells in four edge columns were filled with blank solvent (first addition)
(Suppl. Tables 3 and 4).

3.3.8. Preliminary screen of a small molecule library in an end-point fluorescence assay

The screening of the potential antagonists on BMLKS3 cells was performed with an
endpoint fluorescence assay in a black/clear 384-well plate (CELLSTAR®, Greiner Bio-one,
781077) coated with Poly-D-Lysine (Sigma-Aldrich). This assay uses Fluo-8 AM (Fluo-8
Calcium Flux Assay Kit - No Wash, Abcam®, Cambridge, UK) as the calcium indicator. Unless
specified, the pipetting steps in the 384-well plate fluorescence assay were performed by an
automated CyBio® Well Vario System using a 384 pipette-head that allows to simultaneously
deliver a volume of up to 60 ul per well. The screening of the first library prepared in 2 %

DMSO was performed on BMLK3 cells only (Suppl. Table 3.3). The screening of the 2" library
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plate prepared in 10 % DMSO (“library subset”) was tested with half of plate with BMLK3 and
another half with vector only cells (Suppl. Table 4).

BMLKS or vector only cells were cultured in in T-75 flasks. When they reached about
90 % confluency, they were trypsinized and suspended in F-12K medium containing 1 % FBS
and 400 pg/ml of G418 Sulfate at 4x10° cells/ml to be seeded in 384-well plates. For this, the
cell suspension (25 ul; ~10,000 cells/well) was dispensed into all 384 wells of the plate. To
distribute cells evenly, mixing was by aspirating and immediately re-dispensing 10 pl of the
applied cell suspension three times. Plates were incubated overnight at 37°C under 5% CO». On
the next day, cells were prepared for the assay following the kit’s instructions: the old media in
the assay plate was fully removed by inverting the plate and gently blotting it on paper towels,
and media was replaced with 45 pul of Fluo-8 AM loading dye (1x). The plate was incubated at
37°C under 5% CO> for 30 min, then equilibrated at room temperature in the dark for 30 min.
The screening of the small molecule library was achieved by a dual-addition assay. The “first
addition” consisted of 5 pul of either the blank solvent or a 10x solution of the potential
antagonist transferred from the 384-well library plate, to reach 1x concentration in the wells.
After 5 min incubation with cells, a second addition of 5.6 pl of 10 uM Kinin receptor-specific
agonist peptide (FFFSWGamide) resulted in a final concentration of 1 uM. The calcium
fluorescence signal was read by a Varioskan LUX™ (Thermos Scientific, Waltham, MA) plate
reader set for fluorescence plate-mode with ExX/Em = 490/525 nm and kept at 29 °C. Endpoint
responses were read immediately after the 1% addition and 5 min after the 2"@ addition of agonist.
The plate was read from both forward and reverse orientations by rotating the plate (180°) on the
instrument to compensate the variation in signal kinetics during the lapse in plate reading,

because there was a 2 min lag time between the readings of the first and the last well. The
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response to each addition was represented as the average value of both forward and reverse plate
readings (Suppl. Tables 3 and 4, Panels B-C). The antagonist activity was calculated as the
percentage of the response to 1 uM FFFSWGa of cells that had been incubated with the putative
antagonist compound in comparison to the response of cells that had been incubated with blank
solvent only. A compound was considered to have antagonistic activity, if it minimally inhibited
50 % of the response to the agonist FFFSWGa (1 uM) applied in the second addition. These
candidates were selected for further validation in a dose-response kinetic calcium mobilization
bioluminescence assay.
3.3.9. Kinetic, dose-response calcium mobilization bioluminescence assay

The calcium bioluminescence assay was used for the kinetic analysis of dose-responses to
the compounds identified in the primary screen. Aequorin is the calcium reporter, transiently
expressed in the BMLK3 cells (Lu et al., 2011c). This ‘dual-addition’ kinetic assay was
conceived to characterize the diverse activity patterns the putative ligands may display. The “first
addition” consists of the compound being tested, either a small molecule or a peptidomimetic;
the bioluminescence response elicited is measured for 30 s (if the compound is an agonist there
will be bioluminescence response during this first 30 s period). Immediately after, at 32 s, a
“second addition” with a single concentration of agonist follows (FFFSWGa, 1 uM), and the
response continues to be measured for another 30 s. It is important to emphasize that the
response measured after this addition of agonist is influenced by the presence of the unknown
compound applied in the first addition. If the compound is an antagonist, the response to the
agonist applied in the second addition will be reduced with respect to that of the positive control
(buffer + agonist). The pharmacological activity of the unknown molecule can be determined

based on the integrated area under the bioluminescence response curve registered during both
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these 30 s periods (total bioluminescence expressed as average bioluminescence units per
second). That is, it can be inferred if the unknown molecule is a full agonist, full antagonist,
partial agonist, partial antagonist, or an allosteric modulator. This approach is widely applied in
GPCR drug discovery (Ma et al., 2017).

Selected small molecules were solubilized in 1x DMEM medium (Gibco®, Invitrogen)
with 10 % DMSO and prepared from 500 nM to 500 pM as 5x of the final concentration. In
addition, three peptidomimetic ligands of neurokinin receptors were purchased from Tocris®
Bioscience: one agonist, hemokinin 1 (human), and two antagonists, antagonist G and spantide 1.
These peptidomimetics were solubilized in 80% acetonitrile: 0.01 % trifluoroacetic acid and then
aliquoted (100 nmoles per tube) and freeze-dried; the dry peptidomimetics were stored at -20 °C
before use. For the assay, the peptidomimetics were solubilized and diluted in assay buffer (1x
DMEM) containing 1% DMSO from 10 nM to 100 uM as 10x of the final concentrations in the
assay. All compounds, either small molecules or peptidomimetics were tested in three
independent replicates, each with 2-3 wells as pseudo-replicates. Responses from each assay

were calculated as the average of individual responses from the pseudo-replicate wells.

The cells preparation was described in detail elsewhere (Lu et al., 2011c). In brief, the
BMLKS3 and vector-only cells were cultured to ~ 90% confluency in T-25 flasks. The cells were
trypsinized and suspended in maintenance medium, counted, and diluted to 1x10° cells/ml; 2 mi
of this cell suspension was placed into each well of 6-well-plates (CELLSTAR®, Greiner Bio-
one). After overnight incubation, when the cells reached a confluency of 40-60%, old medium
was replaced with 1 ml of serum-reduced Opti-MEM™ medium (Gibco®, Invitrogen) in each
well. Following the instructions of the transfection reagent manufacturer, cells in each well of the

6-well plate were transiently transfected with 1 pg mtAequorin/pcDNA1 plasmid mixed in 4 pl
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of FUGENES6 (Promega, Madison, WI) and 96 ul of Opti-MEM™ medium. After 6 h of
incubation, the old medium was replaced with 2 ml of F-12K medium with FBS (10%)
(antibiotic-free medium). Following 24 h incubation, cells were trypsinized, seeded into
white/clear 96-well-plates (CELLSTAR®, Greiner Bio-one) (20,000 cells/well in 100 ul of
antibiotic-free medium), and incubated overnight until they reached optimal confluence of 80 %.
BMLKS cells and vector only cells were prepared in the same plate to test different
concentrations of each compound. To reconstitute the aequorin-complex, cells were incubated
with 90 pl per well of calcium-free DMEM (1x) containing coelenterazine (5 uM) (Regis™
Technology, Inc., Morton Grove, IL). After 3 h of incubation in the dark, cells were ready for the
assay. The “dual-addition” assays were performed with a Clariostar™ (BMG Labtechnology,
Chicago, IL) plate reader set at 29°C and for bioluminescence and “well” mode at 469 nm
emission wavelength. The two additions were performed by the built-in injectors of the
Clariostar™ plate reader. The first addition was performed after 2 s of initiating the recording of
the bioluminescence response, which continued for 30 s. This addition applied either 22.5 pl (5x)
of certain small molecule antagonist at a specific concentration or blank solvent, or 10 ul of
peptidomimetic (10x). At 32 s, a second addition of 12.5 ul of agonist peptide FFFSWGa was
executed with the second injector into the same well containing the test compound or blank
solvent, to reach a final concentration of 1 uM. For peptidomimetics, 11 ul were applied.
Recording continued for another 30 s; in sum, the kinetic response of each well was recorded for
a total of 65 s at 1 s intervals. The same procedure was performed for each concentration of the
ligand tested. The Kinetic response to both additions were recorded immediately after addition
for 30 s, with 1 s interval, and is expressed as bioluminescence units (BU) per second. The total

response of the cells to each addition was represented as the percentage of the averaged BU per
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second obtained in each of the two 30 s-ranges, relative to the average BU to the PC (blank
solvent + 1 uM FFFSWGa) in the 2" range (average BU of the PC curve from 35-65 s).
3.3.10. Effect of a prolonged pre-incubation with various concentrations of TKSM14 on the
agonist-induced response

Because TKSM14 displayed antagonistic activity in the fluorescence assay but not in the
calcium bioluminescence assay, a modified calcium bioluminescence assay was performed in
which the incubation time (previously 30 s) was increased to 5 min, as in the fluorescence assay.
The 1% addition was performed manually to add 22.5 pl of the blank buffer or different dosages
of the TKSM14 (5x solutions), to achieve final concentrations of 1 uM, 10 puM, 30 puM, 50 puM,
and 100 uM. The 2" addition was performed with the built-in injector of the Clariostar™ plate
reader (12.5 ul of the 10x agonist FFFSWGa solution for a final concentration of 1 M), as
described in the previous section. The response to the agonist in the second addition was recoded
for 30 s, at 1 s intervals. Similarly, as before, three independent assays were performed, with
each assay containing 3-4 pseudo-replicates. Responses from each assay were calculated as the
average of individual responses from the pseudo-replicate wells. The antagonistic activity was
represented as a percentage of the average bioluminescence units obtained during the 30 s after
the 2" addition (wells containing both the small molecule being analyzed and FFFSWGa),
divided by the average bioluminescence units obtained from wells containing FFFSWGa only.
3.3.11. Statistical analyses

All statistical analyses were performed with Prism 6.0 (GraphPad Software, La Jolla,
CA). In the end-point fluorescence assay, dose-response curves and ICsg values were calculated
with “log [inhibitor] vs. response — Variable slope (four parameters)” function in Prism 6.0. ICsoS

of the antagonists were defined as the concentration of antagonist that inhibits agonist response
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in the mid-range of the respective fitted dose-response curve (this is not the concentration that
inhibits 50 % of the agonist response). In the kinetic calcium bioluminescence assay, to
determine the statistical significance of the inhibitory effect from various concentrations of the
same compound, the response after the second addition for each concentration within each
molecule was compared to the corresponding blank control by one-way ANOVA (n=3) followed
by Tukey’s multiple comparisons test.
3.4. Results

Our long-term approach for discovering novel ligands for arthropod GPCRs is
summarized in Fig. 3.1. In this study, we focused on processes on the left of the figure, by using
transcriptomics and genomic data to clone the kinin cDNA, followed by forward
pharmacological approaches towards the identification of novel ligands for the kinin receptor of

the southern cattle tick, R. microplus.
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Figure 3.1 Towards vector control: General work-flow for the discovery of novel ligands
for arthropod vector GPCRs.

For forward pharmacological characterization of GPCR, endogenous ligands can be identified by
in silico predictions, cloning, tissue extraction and purification, and subsequently be synthesized
(e.g. neuropeptides). Ligands from known orthologues or pseudo-orthologous GPCRs from other
animals could be tested (this work). For reverse pharmacology, GPCR-specific or random
molecule libraries can be screened on the target GPCR. In both approaches, the active
endogenous ligands and screened molecules will be validated through bioassays for their
physiological functions in vivo. The outputs of this pipeline are: 1) endogenous ligand(s)
identification; 2) novel small molecule discovery 3) knowledge of novel biological function of
neuropeptide receptor; 4) data for receptor-ligand interactions modeling and for novel chemistry
design.
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3.4.1. R. microplus cDNA sequence and gene structure

We first identified the predicted 332 amino acid residue protein sequence of the putative
kinin precursor of Ix. scapularis from a genome fragment (DS680282: 583-1410) (Gulia-Nuss et
al., 2016). Although it was reported that the gene encoded 19 kinins (Gulia-Nuss et al., 2016),
the exact sequences of kinins were not provided. Herein, we listed the sequence of the 19
paracopies of putative bioactive kinins from Ix. scapularis (Table 3.1). Using this curated
precursor protein as query, the tBLASTN results against WGS assembly and TSA of R.
microplus (taxid: 6941) identified a genomic DNA fragment of accession number
LYUQO01126194.1 and four transcripts with high similarities. Our cloning of the putative kinin
precursor cDNA from R. microplus verified the full-length cDNA sequence is 1,398 bp long
encoding a 1,227 bp open reading frame (ORF). The predicted precursor protein of 409 amino
acid residues has a predicted molecular mass of 44.72 kDa (Suppl. Fig. 3.2). The 5’- and 3’-

untranslated regions (UTRs) are 85 bp and 86 bp, respectively.

Alignment of the cloned cDNA to the genome sequence revealed that the 5’-end was
missing in the genome, as determined by BLAST (Fig. 3.2A). We were able to obtain this
missing sequence by genomic PCR amplification using a primer designed based on the sequence
of the cDNA 5’-end (Suppl. Fig. 3.1 and Suppl. Table 3.1). By further amplification of the
genomic DNA with gene-specific primers we sequenced the putative kinin gene of R. microplus,
that is encoded in approximately 4.1 kb (Fig. 3.2B), composed of two exons and one intron. The
first exon is 140 bp long and the second exon is 1,253 bp long; in between there is an intron of ~
2,700 bp. Although the genomic DNA and cDNA sequences obtained were from different strains

of R. microplus, the alignment of their ORF region showed 99 % identity.
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(A) Schematic of the current partial kinin gene sequence
present in contig LYUQO01126194.1 (1-3,252 bp)

2

(B) Schematics of the sequenced PCR product encoding the kinin gene (1) and cDNA (2)

@ s [ | It

Figure 3.2 Schematic of the kinin gene and cDNA from Rhipicephalus microplus.

The black boxes represent the protein-encoding regions and the white boxes are the untranslated
regions on the 5” and 3’-end of the kinin gene or cDNA. (A). Depicts a genome contig fragment
(the full length of 7,784 bp is not represented here) encoding the 3°-end fragment of the

predicted R. microplus Kinin gene (position 1 to 3,252). The dashed line represents the sequence
gap at the 5’-end of the kinin gene in the genome assembly (Rm2.0; NCBI). (B) (1) Depicts the
amplified 4.1 kb PCR product sequenced that encodes the kinin gene. The gene is composed of
two exons (140 bp and 1,254 bp, respectively, represented by boxes) and one intron (2.7 kb black
line). This structure was verified by aligning the gene sequence with the 1398 bp cDNA (2)
obtained in this study.

108



3.4.2. Analysis of the R. microplus Kinin precursor

The first 38 amino acid residues of the R. microplus kinin precursor were predicted with
SignalP v 5.0 as belonging to a signal peptide with only 50% probability, denying such
conclusive identification. Seventeen paracopies of putative bioactive kinins were encoded by this
single cDNA (Table 3.1). Three of them (Rmkinin 10, 13, and 15) have a predicted molecular
weight of about 1,009 Da, which was the mass of putative R. microplus kinin detected through
mass spectrometry in a previous study (Neupert et al., 2005). The R. microplus kinins showed
the canonical critical residues and necessary characteristics for activity of the insect Kinins
(FX1X2WGa): Phe and Trp at the first and fourth position of the pentapeptide minimally active
core, respectively, as well as the amidated Gly at the fifth position. Noticeably, the second
variable position (X2) was dominated by Pro; only two out of 17 kinin paracopies from R.
microplus have a different amino acid other than Pro on the X position (Table 3.1). This
consensus pattern of the kinin C-terminal pentapeptide (FX:PWGa) was prevalent in other tick

species as well (Table 3.1 and Fig. 3.3A).
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Table 3.1 Predicted bioactive kinins from Rhipicephalus microplus and Ixodes scapularis.

Name Rhipicephalus microplus Predicted Molecular
Weight (Daltons)
Rmkininl QFSPWGa 720
Rmkinin2 LHPVDIAVRAADLFSPWGa 1963
Rmkinin3 DKDQTFNPWGa 1206
Rmkinin4 AGDHFGSWGa 932
Rmkinin5 DTFSAWGa 782
Rmkinin6 QQDSKNAFSPWGa 1363
Rmkinin7 AVRSPTARNDAARAKQEDGEEDEERSFAPWGa 3446
Rmkinin8 GTGEDQAFSPWGa 1250
Rmkinin9 GDDGDTSFTPWGa 1253
Rmkinin10 DDRFNPWGa 1005
Rmkinin1l EGPFSPWGa 875
Rmkinin12 DGSNKEGFFNPWGa 1454
Rmkinin13 GADDPFNPWGa 1074
Rmkinin14 QDSFNPWGa 949
Rmkinin15 EDGVFRPWGa 1061
Rmkinin16 EDNVFRPWGa 1118
Rmkininl7 EGNVFGPWGa 961
Ixodes scapularis

Ixkininl QFSPWGa 720
Ixkinin2 GDKQPEDEAFNPWGa 1589
Ixkinin3 ENDKDKELSFNPWGa 1678
Ixkinin4 GSFSSWGa 726
Ixkinin5 DTFGSWGa 768
Ixkinin6 DTFGPWGa 768
Ixkinin7 DTFGPWGa 768
IxXkinin8 DTFGPWGa 768
Ixkinin9 DTFGPWGa 768
Ixkinin10 DTFGPWGa 768
Ixkinin11 QDKESGFNPWGa 1263
Ixkinin12 DPFNPWGa 831
Ixkinin13 EDKNAFSPWGa 1149
Ixkinin14 DOQNFNPWGa 976
Ixkinin15 TTKDSTFSPWGa 1225
Ixkinin16 EGPFNPWGa 902
Ixkinin17 GDSDTAFAPWGa 1122
IXkinin18 DNNFNPWGa 962
Ixkinin19 DNGNKDSSFSPWGa 1409

Under name, ordinal numbers reflect the order in which each sequence appears from the 5’ to 3’
direction either in the cDNA (R.m.) or in the predicted gene (Ix.). The bolded predicted
molecular weights were similar to previously predicted kinin masses (approximately 1,009 Da)
(Neupert et al., 2005).
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3.4.3. Kinin precursors from other tick species

Using the R. microplus kinin precursor as query for TBLASTN against the
transcriptomes of all Acari (taxid: 6933) on NCBI, we predicted amino acid sequences of the
putative Kinin precursors from another seven tick species. Four full amino acid sequences were
obtained, those from the relapsing fever tick, Ornithodoros turicata, the castor bean tick, Ix.
ricinus, the brown dog tick, R. sanguineus, and the curated kinin precursor of Ix. scapularis.

The precursor from Ix. scapularis was predicted by aligning the kinin precursors deduced
from three transcripts and the genomic scaffold. Missing sequences were identified from each of
these: the transcripts provided a sequence of 23 amino acid residues at the N-terminus containing
part of the signal peptide, and an additional C-terminal sequence of 23 amino acid residues
followed by the stop codon. These sequences are absent in the genomic scaffold. However, the
protein deduced from the transcriptome lack 40 amino acid residues, which are present in the
genomic scaffold, distributed in two gaps within positions 250-293 in the alignment (see Suppl.
Fig. 3.3). These gaps may have arisen from errors in the transcriptome assembly because this
genomic region encodes four repeats of the sequence ‘DTFGPWGGKR’. Therefore, the
hypothetical kinin precursor from Ix. scapularis, is predicted as a protein of 378 amino acid
residues (Fig. 3.3A).

Three partial kinin precursors were predicted from the American dog tick, Dermacentor
variabilis, and from Amblyomma sculptum and Hyalomma dromedarii. The former two were
predicted with a gap retained in both amino acid sequences (Fig. 3.3A). Whereas the H.
dromedarii precursor, while missing approximately 70 amino acid residues at the N-terminus,
should contain all the kinin paracopies as inferred from the alignment of tick kinin precursors

(Suppl. Fig. 3.3). Similarly, the deduced amino acid sequence of D. variabilis kinin precursor
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appeared to miss the same 70 residues sequence at the N-terminus (Suppl. Fig. 3.3). Among the
seven deduced protein sequences, only the A. sculptum Kinin precursor lacked the stop codon.
Among the eight tick kinin precursors analyzed, SignalP 5.0 predicted the signal peptide from
those of O. turicata, Ix. scapularis, Ix. ricinus, and A. sculptum (Fig. 3.3A). For O. turicata, the
signal peptide includes the first 28 amino acid residues, with a cleavage site between residues A
and S (Fig. 3.3A). For the latter three species, the signal peptide includes the first 30 amino acid
residues, with the cleavage site between C and Q for Ixodes spp., and between A and Q for A.
sculptum.

Putative enzyme cutting sites, characterized by contiguous basic residues (\Veenstra,
2000), and those for kinin sequences were predicted in the translated precursor sequences (Fig.
3.3A). The number of kinin paracopies was high, especially in hard ticks. In the curated full-
length Kkinin precursor of four hard tick species, 17 paracopies of kinins were predicted, in
average. The transcript of the only soft tick kinin gene analyzed (O. turicata) is predicted to
encode 10 kinin paracopies.

Within the functional C-terminal pentapeptide (FX1X:WGamide) core of insect kinins,
the first (F), fourth (W), and fifth (G) amino acid residues are highly conserved, and similar
conservation was observed in tick kinins. However, the 2" variable position predominantly
featured proline in all eight tick species (Fig. 3.3B), and the first variable position showed lower
conservation in all analyzed tick species. Asparagine (N) predominately occupied the X1 position
in the soft tick O. turicata kinins, while in the Ixodes ticks (Prostriata), the X1 position was
equally occupied by either N, G, or S. The amino acid residue in the X1 position was even less

conserved (lower bits value) in ticks of the Metastriata group (Fig. 3.3B, 4-8).
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(A) GDIE01101972.1 Ornithodoros turicata 283 aa (10)
MAPAARSSQTFCTLRYLILSISLLASYASVEESDGDSRDDDSFEDMVIRWNISPDTLQRLRARREAIARPFVPRWG
NQIQGDAAVGKPYGNYRDVWIYGKKDAHFNPWGGKRDGTHTRSGLDDSSGSWSEKKDNFNPWGGKKEASFN
PWGGKRDNFNPWGGKKDNFNPWGGKKDSSIFNPWGGKRSDGSKDKELSFNPWGGKRQDGVGTIFGPWGGK
RENLFNPWGGKREKSEMTFNPWGGKKSELAFSPWMSASSRIKRDSTINTDMFIQHPKVQKASPRPL*

GFVZ01012512.1_GFVZ01032577.1_Ixodes ricinus 348 aa (16)
MELRGHDAQELRFLWTLLATTFLMSMGGLCQDVDSGSGDLGRSSRVGESFIRWNISPATLQHMRSESFKRQFSP
WGGKRGVLDQALPTAHRLSGPLYLYKALHSPGAMGERRGDKQPDDETFNPWGGKRENDKDKELSFNPWGGK
RGTFSSWGGKRDTFGPWGGKRDTFGAWGGKRDTFGPWGGKRQDKESGFNPWGGKREDPFNPWGGKKEDK
NAFSPWGGKREQNFNPWGGKKTSKDSTFSPWGGKREGPFNPWGGKKGDSDTAFAPWGGKRDNNFNPWGG
KRDNGNKDSSFSPWGGKRESFGVQASDPDSLEDHSPSRNKRDSSSRVPKTKNSARSAISSVAKTF*

DS680282 (genome scaffold) GBBN01023680.1_GGIX01408871.1_ GBBN01027580.1_ Ixodes scapularis 378
aa (19)
MELRGHDAQELRFLWTLLATTFLMSMGGLCQDVDSGSGDLGRSSRVGESFIRWNISPATLQHMRSESFKRQFSP
WGGKRGVLDQALPTAHRLSGPLYLYKALHSPRAMGERRGDKQPEDEAFNPWGGKRENDKDKELSFNPWGGK
RGSFSSWGGKRDTFGSWGGKRDTFGPWGGKRDTFGPWGGKRDTFGPWGGKRDTFGPWGGKRDTFGPWG
GKRQDKESGFNPWGGKREDPFNPWGGKKEDKNAFSPWGGKRDQNFNPWGGKKTTKDSTFSPWGGKREGP
FNPWGGKKGDSDTAFAPWGGKRDNNFNPWGGKRDNGNKDSSFSPWGGKRESFGVQALDPDSLEDHSPSRN
KRDSSSRVPKTKNSAQSTIRSVAKTF*

GFGI01134859.1_GFGI01059497.1_Hyalomma dromedarii C-terminal protein, 282 aa (16)
MRSESFKRQFSPWGGKRNAALLESLLDSPGNQESRRHHLAADASYKVRRLHPAGVRDADSFNPWGGKRTDDK
KDKDQTFNPWGGKRDSVRVKQEDGEEDEERSFAPWGGKRGAGEDQAFSPWGGKKRDDGDTSFAPWGGKRE
DRFNPWGGKREGPFNPWGGKRDGSNKEGFFNPWGGKRGADDSFNPWGGKRGADDSFNPWGGKRQDSFNP
WGGKREDGVFRPWGGKKDDNVFRPWGGKKEDNVFGPWGGKREDAGSLRKKRDSSTSEHKVTTSHGGKSAS
A~

GGTZ01063774.1_GGQS01017149.1_GGQS01017150.1_Dermacentor variabilis C-terminal protein, internal
gap, 257 aa (11)
MRSESFKRQFSPWGGKRNTAAFESLLDSPGDQQSHRHQLAADASYKVRRLHHTGSPRNADSFSP...ERSFAPW
GGKRGAAEDQAFSPWGGKRDSEEDTSFAPLGGKREDRFNPWGGKREGPFNPWGGKREGSNKEGFFNPWGG
KRGADDSFNPWGGKRQDSFNPWGGKRESGVFRPWGGKKEDKVFGPWGGKRDDDVFGPWGGKREQVSSSS
SHSAGRGFPFGGATEHGVDAESLRKKRDSSMSEHQVTTSYSGKSGGT*

GEEX01014746.1_ GEEX01012161.1_Amblyomma sculptum, N-terminal protein, internal gap, 296 aa (15)
MGLRRRAAAGETLLLRVFLVASVLSLDVSAQHMVGSDEARSLLSRGGDTLIRWNISPATLQHMRSESFKRQFSP
WGGKRNAAFDYLLDAPGGDHQVADAASSYKVRRVHHTPSLRN...VFAPWGGKRAAEDRAFSPWGGKRGGDG
DGGETFAPWGGKREDRFNPWGGKREGPFNPWGGKREGSNKEGFFNPWGGKRGADDSFNPWGGKRGADDA
FNPWGGKGGADAAFNPWGGKRQDSFNPWGGKREDVVFRPWGGKKEDNVFRPWGGKKEDNVFRPWGGKR
QGDGFKPWGGKREEDT

HACP01031283.1_Rhipicephalus sanguineus 411 aa (17)
MGTVLRRRGAAGANFAVGETLMLQLLLVVIAFSSDAWAQHVVGSDEARSLLSRGGDTLIRWNISPAALQHMRSE
NFKRQFSPWGGKRNTAAFESLLDSAGNQESRRHHLAADASYKVRRLHPASIGVRDADSFSPWGGKRTDDKKDK
DQTFNPWGGKRAAAGDRFGSWGGKRETFNAWGGKRQQDKNSFSPWGGKRAVRSPTARNEDAARARQDDGE
EDEERSFAPWGGKRGTGEDQAFSPWGGKRGDDGDTSFTPWGGKREDRFNPWGGKREGPFNPWGGKRDGS
NKEGFFNPWGGKRGADDSFNPWGGKRQDSFNPWGGKREDGVFRPWGGKKEDNVFRPWGGKKEDNVFAPW
GGKREDALPSLYVGRGFNYGGTASHGVDAGSLRKKRDSSTSEHKGTTSYGGKSGST*

cloned Rhipicephalus microplus 409 aa (17)
MGTVLHRRGAAGANFTVGESLVLLLVLGVIAFPLDAWAQHVVGSDEARSLLSRGGDTLIRWNISPAALQHMRSES
FKRQFSPWGGKRNAAAFESLLDAAGNQESHRHRLAADASYKVRRLHPVDIAVRAADLFSPWGGKRTDDKKDKD
QTFNPWGGKRAGDHFGSWGGKRDTFSAWGGKRQQDSKNAFSPWGGKRAVRSPTARNDAARAKQEDGEEDE
ERSFAPWGGKRGTGEDQAFSPWGGKRGDDGDTSFTPWGGKRDDRFNPWGGKREGPFSPWGGKRDGSNKE
GFFNPWGGKRGADDPFNPWGGKRQDSFNPWGGKKEDGVFRPWGGKKEDNVFRPWGGKKEGNVFGPWGG
KREDATPSLSVSRALNYGGPASHDVDAGSLRKKRDSSASEQKGTTSNGEKSGRT*

(B) 1.0rnithodoros turicata 5. Dermacentor variabilis
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Figure 3.3 Amino acid sequences of kinin precursors from eight tick species.

Amino acid sequences were manually curated after mining the available transcriptomes on
NCBI. The number of kinin paracopies in each precursor are denoted in the parentheses. The
gaps within the protein are denoted with ...”. The signal peptides predicted by SignalP 5.0 were
underlined. The predicted cleavage sites are in bold, and potential bioactive kinins containing the
kinin C-terminal motif, FX1X>WG-amide, are highlighted with gray color. The sequence of kinin
precursor from Ixodes scapularis was curated based on the putative kinin gene in the genome
scaffold (DS680282), while the additional N- and C- terminal sequences were deduced from
sequences of three transcripts (Suppl. Fig. 3.3). The number 1 to the left of the Amblyomma
sculptum sequence points to an unusual cleavage site (K) or a potential sequencing error at this
site (K followed by G) (in black square frame). The version numbers are listed on the top of each
sequence (accession numbers are identical except do not contain the .1 at the end). B. Sequence
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(A) GDIE01101972.1 Ornithodoros turicata 283 aa (10)
MAPAARSSQTFCTLRYLILSISLLASYASVEESDGDSRDDDSFEDMVIRWNISPDTLQRLRARREAIARPFVPRWG
NQIQGDAAVGKPYGNYRDVWIYGKKDAHFNPWGGKRDGTHTRSGLDDSSGSWSEKKDNFNPWGGKKEASFN
PWGGKRDNFNPWGGKKDNFNPWGGKKDSSIFNPWGGKRSDGSKDKELSFNPWGGKRQDGVGTIFGPWGGK
RENLFNPWGGKREKSEMTFNPWGGKKSELAFSPWMSASSRIKRDSTINTDMFIQHPKVQKASPRPL*

GFVZ01012512.1_GFVZ01032577.1_Ixodes ricinus 348 aa (16)
MELRGHDAQELRFLWTLLATTFLMSMGGLCQDVDSGSGDLGRSSRVGESFIRWNISPATLQHMRSESFKRQFSP
WGGKRGVLDQALPTAHRLSGPLYLYKALHSPGAMGERRGDKQPDDETFNPWGGKRENDKDKELSFNPWGGK
RGTFSSWGGKRDTFGPWGGKRDTFGAWGGKRDTFGPWGGKRQDKESGFNPWGGKREDPFNPWGGKKEDK
NAFSPWGGKREQNFNPWGGKKTSKDSTFSPWGGKREGPFNPWGGKKGDSDTAFAPWGGKRDNNFNPWGG
KRDNGNKDSSFSPWGGKRESFGVQASDPDSLEDHSPSRNKRDSSSRVPKTKNSARSAISSVAKTF*

DS680282 (genome scaffold) GBBN01023680.1_GGIX01408871.1_ GBBN01027580.1_ Ixodes scapularis 378
aa (19)
MELRGHDAQELRFLWTLLATTFLMSMGGLCQDVDSGSGDLGRSSRVGESFIRWNISPATLQHMRSESFKRQFSP
WGGKRGVLDQALPTAHRLSGPLYLYKALHSPRAMGERRGDKQPEDEAFNPWGGKRENDKDKELSFNPWGGK
RGSFSSWGGKRDTFGSWGGKRDTFGPWGGKRDTFGPWGGKRDTFGPWGGKRDTFGPWGGKRDTFGPWG
GKRQDKESGFNPWGGKREDPFNPWGGKKEDKNAFSPWGGKRDQNFNPWGGKKTTKDSTFSPWGGKREGP
FNPWGGKKGDSDTAFAPWGGKRDNNFNPWGGKRDNGNKDSSFSPWGGKRESFGVQALDPDSLEDHSPSRN
KRDSSSRVPKTKNSAQSTIRSVAKTF*

GFGI01134859.1_GFGI01059497.1_Hyalomma dromedarii C-terminal protein, 282 aa (16)

MRSESFKRQFSPWGGKRNAALLESLLDSPGNQESRRHHLAADASYKVRRLHPAGVRDADSFNPWGGKRTDDK
KDKDQTFNPWGGKRDSVRVKQEDGEEDEERSFAPWGGKRGAGEDQAFSPWGGKKRDDGDTSFAPWGGKRE
DF REGI ADDSF RGADDSFNPWGGKRQDSFNP
WGGKREDGVFRPWGGKKDDNVFRPWGGKKEDNVFGPWGGKREDAGSLRKKRDSSTSEHKVTI'SHGGKSAS

GGTZ01063774.1_GGQS01017149.1_GGQS01017150.1_Dermacentor variabilis C-terminal protein, internal
gap, 257 aa (11)
MRSESFKRQFSPWGGKRNTAAFESLLDSPGDQQSHRHQLAADASYKVRRLHHTGSPRNADSFSP...ERSFAPW
GGKRGAAEDQAFSPWGGKRDSEEDTSFAPLGGKREDRFNPWGGKREGPFNPWGGKREGSNKEGFFNPWGG
KRGADDSFNPWGGKRQDSFNPWGGKRESGVFRPWGGKKEDKVFGPWGGKRDDDVFGPWGGKREQVSSSS
SHSAGRGFPFGGATEHGVDAESLRKKRDSSMSEHQVTTSYSGKSGGT*

GEEX01014746.1_ GEEX01012161.1_A N-terminal protein, internal gap, 296 aa (15)
MGLRRRAAAGETLLLRVFLVASVLSLDVSAQHMVGSDEARSLLSRGGDTLIRWNISPATLQHMRSESFKRQFSP
WGGKRNAAFDYLLDAPGGDHQVADAASSYKVRRVHHTPSLRN...VFAPWGGKRAAEDRAFSPWGGKRGGDG
DGGETFAPWGGKREDRFNPWGGKREGPFNPWGGKREGSNKEGFFNPWGGKRGADDSFNPWGGKRGADDA
FNPWGGKGGADAAFNPWGGKRQDSFNPWGGKREDVVFRPWGGKKEDNVFRPWGGKKEDNVFRPWGGKR
QGDGFKPWGGKREEDT

HACP01031283.1_Rhipicephalus sanguineus 411 aa (17)
MGTVLRRRGAAGANFAVGETLMLQLLLVVIAFSSDAWAQHVVGSDEARSLLSRGGDTLIRWNISPAALQHMRSE
NFKRQFSPWGGKRNTAAFESLLDSAGNQESRRHHLAADASYKVRRLHPASIGVRDADSFSPWGGKRTDDKKDK
DQTFNPWGGKRAAAGDRFGSWGGKRETFNAWGGKRQQDKNSFSPWGGKRAVRSPTARNEDAARARQDDGE
EDEERSFAPWGGKRGTGEDQAFSPWGGKRGDDGDTSFTPWGGKREDRFNP GPFNPWGGKRDGS
NKEGFFNPWGGKRGADDSFNPWGGKRQDSFNPWGGKREDGVFRPWGGKKEDNVFRPWGGKKEDNVFAPW
GGKREDALPSLYVGRGFNYGGTASHGVDAGSLRKKRDSSTSEHKGTTSYGGKSGST*

cloned Rhipicephalus microplus 409 aa (17)
MGTVLHRRGAAGANFTVGESLVLLLVLGVIAFPLDAWAQHVVGSDEARSLLSRGGDTLIRWNISPAALQHMRSES
FKRQFSPWGGKRNAAAFESLLDAAGNQESHRHRLAADASYKVRRLHPVDIAVRAADLFSPWGGKRTDDKKDKD
QTFNPWGGKRAGDHFGSWGGKRDTFSAWGGKRQQDSKNAFSPWGGKRAVRSPTARNDAARAKQEDGEEDE
ERSFAPWGGKRGTGEDQAFSPWGGKRGDDGDTSFTP RDDRFNP K RDGSNKE
GFFNPWGGKRGADDPFNP RQ KEDGVFRP! I‘EDNVFRF’WGGKKEGNVFGPWGG
KREDATPSLSVSRALNYGGPASHDVDAGSLRKKRDSSASEQKGTTSNGEKSGRT
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Continued Figure 3.3 Amino acid sequences of kinin precursors from eight tick species.
logos of the kinins from eight tick species. The logos were created by WebLogo (Crooks et al.,
2004) using the amino acid sequences from each tick kinin precursor between predicted cleavage
sites (highlighted in panel A). The overall height of each letter stack indicates the sequence
conservation at that position (measured in bits), whereas the height of amino acid symbols within
the stack reflects the relative frequency of the corresponding residue at that position. On the x
axis, the numbers refer to the amino acid position within the alignment, which was anchored to
the conserved C-terminal amidated-glycine residue, similarly as shown in the DINeR database
(Yeoh et al., 2017). Towards the N-terminus, logos begin at the position within the alignment
where bits are above 0 value. Polar amino acids containing an amide group (Q, N) are in purple,
other polar amino acids (G, S, T, Y, C) are in green, basic (K, R, H) are in blue, acidic (D, E) in
red and hydrophobic (A,V, L, I, P,W ,F, M) amino acids are in black. The dashed-line indicates
the bit value of the amino acid residue at the first variable position (X1) of the kinin C-terminal
pentapeptide motif (FX:X2WGamide).
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3.4.4. Phylogenetic analysis of kinin precursors

To establish how conserved the kinin precursors are between ticks and other insect blood
feeders, a phylogenetic Bayesian analysis was performed with the putative kinin precursors from
eight tick species and those known from five blood-feeding insect species (Fig. 3.4). Bhatt et al.
(2014) validated the in vivo activity of the R. prolixus kinin sequences used to construct this tree,
and the three aedeskinins are active on the cognate receptor (Pietrantonio, P. et al., 2005). The
kinins from C. lectularius were detected in the CNS by mass spectrometry by Predel et al.
(2017).

The number of kinin paracopies in different arthropod species varied dramatically.
However, the selection pressure behind these putative insertions or deletions is unclear. The
number of kinin copies was high in ticks and some hematophagous insects, but not in all (Fig.
3.4). With the support of the phylogenetic unrooted tree, we found that the kinin precursors from
ticks and insects were separated into two different groups. Similarly, within each branch,
arthropods that are phylogenetically closer to each other clustered in the same group, indicating
substantial conservation of kinin precursors across broad taxonomic groups. The only exception
was that a soft tick, O. turicata, clustered with Ixodes ticks (hard ticks) but with a posterior node
probability of 0.76. Insect kinin precursors, even those from species with several paracopies as in
the case of ticks (i.e. up to 15 in R. prolixus), were more similar among themselves than to tick
kinin precursors (Suppl. Information, file 5). Thus, the number of kinin paracopies, does not

appear to differentiate sequences of ticks from those of insects.
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Figure 3.4 Bayesian phylogenetic analysis of kinin precursor.

The phylogenetic tree was constructed in MrBayes with four chains and four runs of the mixed
amino acid model for 1,000,000 generations with a 10% burnin. Node values are Bayesian
posterior probability rounded to two significant figures. Scale refers to branch length and
represents the probability of an amino acid substitution along that interval. The number of kinin
paracopies encoded by each precursor is denoted in the parentheses. “*” Indicates there could be
more Kinin paracopies present in this species as the predicted amino acid sequence likely only
encodes a fragment of the kinin precursor due to gaps present in the predicted transcripts in
NCBI. The curated protein sequences and version numbers of corresponding transcript sequences
are in Fig. 3.3A.
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3.4.5. Small molecule screening on recombinant tick Kinin receptor

Towards the discovery of novel “small-molecule” ligands (Lipinski, 2016) for the target
GPCR, we initiated a small-scale screening with the dual-addition assay we developed. Because
kinin receptors are invertebrate-specific GPCRs, there is no available commercial library of
ligands from any orthologue mammalian GPCR (Fig. 3.1). To explore the opportunity for
discovery of antagonists, we selected a small-molecule library of known antagonists of those
mammalian GPCRs that have the highest amino acid sequence identity to the tick kinin receptor.
These are the neurokinin receptors (NK1-3 receptors), with approximately 36 % amino acid
sequence identity to the tick kinin receptor, as per Blast analyses in NCBI. The preliminary
screening of fourteen small molecules was performed with an end-point calcium fluorescence
assay. The screening of these small molecules was with 22 concentrations of antagonists
prepared in 2% DMSO, performed on the BMLK3 cell line only. Four compounds, TKSMO02,
TKSM10, TKSM13 and TKSM14 showed some antagonistic activities, as they showed
increasing values of fluorescence with decreasing concentrations (Suppl. Table 3.3, panel D,
rows C, K, N and O). It was noticed during the plate preparation that compounds TKSMO04,
TKSMO05, TKSM08, TKSMQ09 and TKSM14 may have precipitated out when prepared in 2%
DMSO at 1 mM. Indeed, fluorescence endpoint readings of some of them confirmed this
suspicion due to randomness of their values. Therefore, a second small-molecule plate was made
in 10% DMSO with ten selected compounds prepared in 10 serial concentrations (Suppl. Table
4, panel A). These small molecules included the four active small molecules from the first
screen; those four more hydrophobic molecules that had precipitated; and the small molecules
TKSMO06 and TKSMO7 that had showed erratic activity in the first screen (Suppl. Table 3.3,

panel D, rows G and H). When TKSMO02 and TKSM14 were tested after being prepared in 10 %

117



DMSO, they showed dose-dependent antagonistic activities that allowed the estimation of 1Csos
and confidence intervals (Fig. 3.5, A and D). TKSMO02 acted as a full antagonist with ICso= 45
MM (95 % confidence interval of 31-61 uM) (Fig. 3.5A). Three small molecules showed partial
antagonism: TKSM14, with 1Cso= 23 uM (95 % confidence interval of 17-30 uM), only
inhibited 60% of the agonist response at the highest concentrations tested of 35 uM and 50 uM
(Fig. 3.5D), and TKSM10 and TKSM13 did not have meaningful 1Cso values because their 95%
confidence intervals were too wide (Fig. 3.5B-C). Nevertheless, TKSM10 exhibited antagonist
activity at concentrations above 70 uM and inhibited 80 % of agonist response when applied at
100 uM (Fig. 3.5B). Although TKSM13 showed an overall weak antagonistic activity across
concentrations, it acted as a potential antagonist (Fig. 3.5C) as it inhibited approximately 50 % of
the agonist response at concentrations above 25 pM. The rest of the compounds re-tested
(TKSMO04-TKSMO09) did not show any activity (Suppl. Table 4, panel D).

The small molecule library prepared for the second screening of potentially insoluble
molecules (10 % DMSO), was screened on both BMLK3 cells and “vector only” cells to test for
the tick receptor specificity of the agonist responses observed after the 1% addition of small
molecules, because the endogenous expression of NK receptors in CHO-K1 cells is assumed.
Counter screening on vector only cells (Suppl. Table 4). confirmed that none of the agonistic
responses observed after the first addition were specific for the tick kinin receptor because the
vector only cells showed equivalent agonistic responses to these molecules as BMLK3 cells did
(Suppl. Table 4, panel B, compare row F, wells 2-12 to row F, wells 22 to 13). Therefore, only

antagonistic activities remain to be demonstrated in tick bioassays.
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Figure 3.5 Four small molecules antagonized the tick kinin receptor activity.

Only four molecules out of the 10 tested exhibited antagonistic activities. (A-D) Dose-responses
of the tick kinin receptor (in the BMLK3 cell line) to small-molecule ligands of mammalian
neurokinin receptors were measured in a calcium fluorescence assay. Ten dosages were applied
for each compound, starting from 100 uM (except TKSM14, starting from 50 uM) and following
a 1:1.4 dilution series. The antagonist activity of 10 selected small molecules was tested by first
dispensing the blank buffer or small molecules at various concentration [Log (Molar) on the X-
axis] from the library plate into the assay plate. This was followed by incubation with the cells
for 5 min, after which the kinin agonist (1 uM FFFSWGa) of the tick kinin receptor was
dispensed into all wells and incubated for another 5 min. The end-point relative fluorescence
units (RFU) from each well was represented as the average RFU (left Y-axis) of two end-point
reads obtained by inverting the orientation of the plate in a Varioskan LUX™ (Thermos
Scientific, Waltham, MA) plate reader. Additionally, the right Y-axis represents the percentage
of RFU relative to the averaged responses from cells to the PC (blank buffer + agonist). Non-
linear dose-response curves 1Csos were defined as the concentration of antagonist that inhibits
agonist response in the mid-range of its respective fitted dose-response curve and they are
marked with a x on the curve. The I1Csgs and corresponding 95 % confidence intervals of 1Csos
were calculated with “log(inhibitor) vs. response- Variable slope (four parameters)” in Graphpad
6.0. The 1Csos Shown here are not the concentrations that inhibit 50 % of the agonist response.
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3.4.6. Kinetic responses to selected small molecules and peptidomimetics in a dual-addition
calcium bioluminescence assay

The primary screen using fluorescence provided only one end-point reading after 5 min
of incubation with cells. A kinetic calcium bioluminescence assay was subsequently performed
with molecules identified in the first screen. This was to determine the kinetic responses during
the first 30 s after the addition of compound of unknown activity (small molecule or
peptidomimetic) and the response after the subsequent addition of known agonist (1 uM
FFFSWGa) (Fig. 3.6). In contrast to the results of the fluorescence assay, nearly no agonist
responses were detected in the kinetic assay in the first 30 s after the addition of small molecules
(Fig 7 A-E, right panel, black bars). The statistical analyses of antagonist activities based on the
responses after the agonist addition were calculated by one-way ANOVA followed by Tukey’s
multiple comparison test among all dosages. Consistent with the preliminary screen, TKSM02
was the most potent antagonist on the tick kinin receptor and inhibited 82.7 + 1.8% of the
FFFSWGa agonist response at 100 uM (Fig. 3.6A; black curve in the left panel and in the
histogram, last gray bar). The bioluminescence response of TKSMO02 at 100 uM was
significantly lower than the responses to the four lower concentrations tested from 100 nM - 30
MM (histogram, four bars to the left), and significantly lower than the response to agonist only
(Blank bar), as expected (p< 0.0001) (Fig. 3.6A). A dose-dependent trend of antagonistic
responses was observed for TKSM10 from 1 uM to 100 uM (Fig. 3.6B, decreasing bar heights in
histogram), with the lowest cell response being 84 + 6% of the response to agonist only (16%
inhibition). However, the increasing trend of inhibition with higher concentrations was not
detected as statistically significant by ANOVA (p= 0.08). The ANOVA for TKSM13 detected

significant variation in the response among concentrations (p= 0.02) and Tukey’s test detected a
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significant decrease in the response to the agonist of 72 + 19% at 100 uM with respect to the 133
+ 17% response to 10 uM concentration (p< 0.05) (Fig. 3.6C). Unexpectedly, TKSM14 did not
show any antagonistic activity in the calcium bioluminescence assay, which was inconsistent
with the result of the primary screen in the fluorescence assay. We then asked whether increasing
the preincubation time to 5 min in the bioluminescence assay (previously, 30 s), similar to the
fluorescence assay, could reveal TKSM14 antagonistic activity. Indeed, when the preincubation
with TKSM14 was 5 min, a dose-dependent antagonistic response was detected after agonist
addition (Fig. 3.7A-B). Tukey’s test showed significant antagonistic activities of TKSM14 at
both 50 uM (63 + 8 %) and 100 uM (55 + 4 %) which inhibited ~ 40 % and 45 % of the agonist
response (Fig. 3.7A, orange and black curves on the left panel and last two bars on the histogram
to the right). This activity matched the result observed in the first screen. This suggested that
TKSM14 might have a lower binding affinity, reflected in the longer incubation time with the
cells required to block the receptor.

Compound TKSMO03 was chosen as a negative control for the bioluminescence assay
with small molecules due to its lack of activity in the fluorescence screen. Its lack of activity was
confirmed in the bioluminescence assay, as this compound did not decrease the agonist response
even at the highest concentration tested of 100 uM (Fig. 3.6E, histogram on right). The
corresponding black curve on the left panel (Fig. 3.6E) could be misleading at first sight, giving
the impression that TKSMO03 could be an antagonist, as the black curve appeared to be lower
than other curves. However, it must be emphasized that although the maximal bioluminescence
units per second at about 40 s is diminished with respect to the other concentrations, the area

under the curve did not change with respect to that of the blank control (Fig. 3.6E, right panel).
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This is why it is important to consider the total, integrated bioluminescence response and not
only the peak response.

In addition, three peptidomimetic ligands of mammalian neurokinin receptors were tested
using this approach. These ligands of NK receptors showed neither agonistic nor antagonistic
activities on the tick kinin receptor within the tested concentration range (1 nM-10 uM) (Fig. 3.8,
A-C) (ANOVA p > 0.1 for all three peptidomimetics). In Fig. 3.8B, a slight agonistic activity of
antagonist G at 1-, 3- and 10-uM can be detected, peaking at about 14 s; the same activity is
reflected in the histogram to the right. However, this activity was only observed in the first
independent replication and could not be seen in the two other independent replications. This
agonist response was also not detected in the vector only cells (not shown). We do not know

what could have caused this effect.
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Figure 3.6 Kinetic dose-responses of the BMLKS3 cell line to five selective small molecules.

Kinetic bioluminescence responses of tick kinin receptor recombinant cells to (A-D) four
antagonist candidates (n=3), and (E) TKSMO03 (negative control (n=1)) in the “dual-addition”
calcium bioluminescence assay. All small molecules were tested at five different concentrations
from 100 nM to 100 uM. Two additions were performed by the two injectors built-in the
Clariostar™ plate reader (BMG Labtechnology) as follows: the 1% addition of various
concentrations of small molecules (5x) or corresponding blank buffer, was performed at 2 s after
initiation of the recording. The response to the 1% addition was recorded for 30 s with 1 s
intervals (1% range). At 32 s, the 2" addition of the agonist of tick kinin receptor used in this
study (1 uM FFFSWGa) was performed in the same well, and the cell response was recorded for
another 30 s with 1 s intervals (2" range). Curves on the left of each panel depict in different
colors the Kkinetic response in bioluminescence units (BU) per second to each concentration (4-9
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Continued Figure 3.7 Kinetic dose-responses of the BMLKS3 cell line to five selective small
molecules.

wells) from three independent assays (except TKSMO03 n=2 wells from one assay). The Y-axis
represents the percentage BU of each concentration normalized to the maximal BU of the
positive control (blank buffer + agonist, blue curve) (mean + SEM). The histogram on the right
of each panel shows sequentially the total BU responses of cells to the two additions, the 1%
(black) and 2" (gray) range recordings, respectively. The total response in each range was
expressed as the percentages of the average BU (per second) obtained in each of the two 30 s-
ranges, relative to the average units to the PC in the 2" range (average BU of the blue curve at
35-65 s). In each independent assay, the total response to each concentration of each small
molecule in the first addition or to the agonist in the second addition was calculated as the
average of 2-3 pseudo-replicate wells (Y axis: mean + SEM; n=3 independent assays). None of
the tested compounds showed agonist activity. Statistical differences in inhibitory activities
between different concentrations of each compound were analyzed by one-way ANOVA (n=3)
followed by Tukey’s multiple comparison test (p < 0.05) with Graphpad 6.0 (GraphPad
Software, La Jolla, CA). Bars with different letter superscripts indicate significant differences.
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Figure 3.8 BMLK3 preincubation (5 min) with dosages of TKSM14 before agonist
addition, enhances its antagonistic activity in the calcium bioluminescence assay.

(A) The kinetic responses of BMLKS3 cells to the agonist (1 uM FFFSWGa) after being
incubated with various concentrations of TKSM14 (1 -100 uM) or blank solvent for 5 min. The
response was recorded for 30 s at 1s intervals by the Clariostar™ plate reader (BMG
Labtechnology). The Kkinetic response is represented as the percentage of the maximal
bioluminescence units (BU) of the positive control (PC = blank buffer + agonist, blue curve) in
each assay (Mean = SEM, n=9-10 wells from three independent assays). (B) The total cellular
response in each well is expressed as the percentage of the average BU (per second) obtained in
the 30 s relative to the average response units to the PC in 30 s. Three independent assays were
performed. Responses from each assay were calculated as the average of individual responses
from 3-4 pseudo-replicate wells (Y axis: mean + SEM). Statistical differences in inhibitory
activities between different treatment were analyzed by one-way ANOVA (n=3) followed by
Tukey’s multiple comparison test (p < 0.05) with Graphpad 6.0 (GraphPad Software, La Jolla,
CA). Bars with different letter superscripts indicate significant differences.
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Figure 3.9 Kinetic dose-responses of the BMLK3 cell to three peptidomimetic ligands of
mammalian neurokinin receptors in the “dual-addition” calcium bioluminescence assay.

Kinetic bioluminescence responses of tick kinin receptor recombinant cells to (A-C) three
peptidomimetics (1 nM to 10 uM, n=3). Two additions were performed by the two injectors
built-in the Clariostar™ plate reader (BMG Labtechnology) as follows: the 1% addition of
various concentrations of peptidomimetics (10x), or corresponding blank buffer, was performed
at 2 s after initiation of the recording. The response to the 1% addition was recorded for 30 s with
1 s intervals (1% range). At 32 s, the 2" addition of the agonist of tick kinin receptor (1 pM
FFFSWGa) was performed in the same well, and the cellular response was recorded for another
30 s with 1 s intervals (2" range). Curves on the left of each panel depict in different colors the
kinetic response in bioluminescence units (BU) per second to each concentration (8-9 wells from
three independent assays). The Y-axis represents the percentage BU of each concentration
normalized to the maximal BU of the positive control (blank buffer + agonist, blue curve) (mean
+ SEM). The histogram on the right of each panel shows sequentially the total BU responses of
cells to the two additions, the 1% and 2" range recordings, respectively. The total responses in
each range was expressed as the percentages of the average BU (per second) obtained in each of
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Continued Figure 3.10 Kinetic dose-responses of the BMLKS cell to three peptidomimetic
ligands of mammalian neurokinin receptors in the “dual-addition” calcium
bioluminescence assay.

the two 30 s-ranges, relative to the average units to the PC in the 2™ range (average BU of the
blue curve at 35-65 s). In each independent assay, the total response to each concentration of
each peptidomimetic in the first addition or to the agonist in the second addition was calculated
as the average of 2-3 pseudo-replicate wells (Y axis: mean = SEM, n=3 independent assays).
None of the tested compounds showed agonist activity (for B panel, first range, see explanation
in text). Statistical differences in inhibitory activities between different concentrations of each
compound were analyzed by one-way ANOVA (n=3) but no statistical differences were
detected.
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3.5. Discussion

The insect kinins were named leucokinins after first being isolated from the roach
Leucophaea maderae for their myotropic activity (Holman et al., 1986). The kinin neuropeptide
signaling system is pleiotropic in insects, regulating physiological functions both at the central
and peripheral levels. They regulate myotropic and diuretic activities, orchestrate innate
behaviors during pre-ecdysis and influence feeding behavior (Kersch and Pietrantonio, 2011,
Kim et al., 2006; Kwon et al., 2016; Pietrantonio, P. et al., 2018; Schooley et al., 2012; Veenstra
et al., 1997b). However, the kinin functions in ticks have remained elusive. In the tick R.
microplus LKR was immunolocalized on the midgut outer surface, and LKR-silenced females
displayed variations in gut discoloration, had a reduction in body weight of ~30%, reduced
weight of their egg masses, and experienced decreased egg hatching. Thus, LKR silencing in
female ticks caused a reproductive fitness cost, perhaps related to defects in heme metabolism
because some guts from silenced females were completely white (Brock et al., 2019b). In
agreement, the LKR transcript of the tick R. sanguineous was apparently expressed at higher
levels in the gut and salivary glands than in other tissues, as inferred from RT-PCR analyses
(Lees et al., 2010).

Most information on tick GPCRs was obtained from recombinant receptor systems
(Gondalia et al., 2016; Gross et al., 2015; Kim, D. et al., 2018; Yang et al., 2013; Yang et al.,
2015). Transcripts for tick GPCRs are often expressed in vivo at very low levels, which
complicates their physiological characterization. For example, results of gRT-PCR after gene
silencing is often highly variable in diverse tick tissues due to their normal low expression levels
(Brock et al., 2019b). To address this challenge, additional future approaches to elucidate the

physiological function of the tick kinin system through loss-of-function experiments include the
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knockdown of the endogenous kinin neuropeptide transcript and a pharmacological approach to
block receptor function. With these approaches in mind, we cloned the kinin cDNA from R.
microplus, and developed a dual addition assay to discover antagonists of the receptor to block
the response to endogenous ligands and impair the normal physiology of ticks (Fig. 3.1). To
expand our current knowledge on the kinin system of the cattle fever tick, R. microplus, we used
a forward pharmacological approach (Fig. 3.1). Herein, we integrated the cloning of the cDNA
encoding the tick endogenous kinins from the synganglion of female R. microplus and predicted
kinin sequences from other Acari.

Kinins arose before the shared common ancestor of Mollusca, Insecta and Acari, and the
lymnokinin receptor (leucokinin-like) was functionally characterized in the pond snail, Lymnaea
stagnailis (Cox et al., 1997; Grimmelikhuijzen and Hauser, 2012).

In the cattle fever tick, we identified a single cDNA that encodes 17 potential bioactive
kinins, all different (Table 3.1). This is the first report for the cloning of a kinin-encoding cDNA
from any tick species. Similar to R. microplus, the additional tick species analyzed also showed
an expansion in the number of predicted kinins (Fig. 3.3), underscoring the potential importance
of the kinin system in ticks. Most of the R. microplus kinins featured the conserved C-terminal
pentapeptide motif found in insects (FX1X2WGa). We predict the kinins reported in this study
are active because they satisfy the minimal requirement for activity and we have experimental
evidence of activity of similar kinin analogs and insect kinins on the R. microplus receptor
expressed in CHO-K1 cells (Holmes, S. et al., 2003; Taneja-Bageshwar, Suparna et al., 2009;
Taneja- Bageshwar et al., 2006; Xiong et al., 2019c). However, the variable position X that in
insect kinins is occupied by His, Asn, Ser or Tyr (Torfs et al., 1999a), is different in some of the

R. microplus kinins, featuring instead Gly, Ala, Thr, or Arg (Bold amino acids in Table 3.1). R.
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microplus retained the same variable residues as in the insect Kinins in position Xz (Ser/Pro/Ala)
(Torfs et al., 1999a), with Pro being more frequent in tick kinins (Table 3.1). These seventeen
predicted kinins await to be synthesized and tested in the receptor functional assay to verify their
biological activities.

The genome analysis of Ix. scapularis identified a putative kinin-encoding gene and four
genes encoding kinin receptors (Gulia-Nuss et al., 2016). In contrast, BLAST of R. microplus
LKR against the updated genome assembly (Rm2.0; NCBI) of this species identified only one
receptor and did not reveal kinin receptor paralogs. The same sequence of 1,481 bp was
identified in two contigs (sequences ID LYUQ01138740.1 and LYUQ01085891.1), and it
matched the 3’-half of the R. microplus LKR cDNA with 99.9% identity. Therefore, it appears
that in R. microplus there is only one kinin receptor gene, or perhaps an identical duplicate. In
the genomes of six non-tick chelicerate species (spiders, the house dust mite and a scorpion), five
species have one gene for both the kinin peptide and receptor, except that the African social
velvet spider (Stegodyphus mimosarum) has 3 LKR paralogs (Veenstra, 2016). The transcript
expression level of kinin and its receptor(s) seems to be generally low in ticks because transcripts
were not reported in transcriptomes from synganglia of females of R. microplus from Texas, IX.
scapularis and O. turicata (Egekwu et al., 2016; Egekwu et al., 2014; Guerrero et al., 2016). As
the kinin receptor transcript level is low in ticks (as well as the level of receptor protein (Brock et
al., 2019)), it is tempting to speculate that kinin signaling may be regulated by changes in the
expression and release of their expanded kinin peptide repertoire. A detailed temporal
guantitative analysis of receptor and kinin precursor mRNA transcripts is still lacking. It is also
yet unknown whether the high copy number of the tick kinins will result in increased peptide

expression (i.e. concentration) or in sustained, constitutive expression. It is worth noting,
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however, that Kinins are active at nanomolar levels (low concentrations) (Holmes, S. et al., 2003;
Xiong et al., 2019c).

Kinins arose before the shared common ancestor of Mollusca, Insecta and Acari, and the
lymnokinin receptor (leucokinin-like) was functionally characterized in the pond snail, Lymnaea
stagnailis (Cox et al., 1997; Grimmelikhuijzen and Hauser, 2012). Among ticks, the Argasidae
are considered a basal group to the Ixodidae (Geraci et al., 2007). Arthropod molecular
phylogenetic studies have suggested Prostriata are more ancient than Metastriata (Jeyaprakash
and Hoy, 2009). Although the pentapeptide core of tick kinins is largely conserved, it is
noteworthy that more ancient species show higher conservation on the X1 position of this core,
with asparagine (N), glycine (G) or serine (S) being more frequent. Further, although the
Prostriata and Metastriata have a similar number of kinin paracopies (~17), the tick kinins of the
Metastriata showed more frequent amino acid substitutions than those of the Prostriata.
Specifically, Ix. scapularis and Ix. ricinus (Prostriata) have multiple iterations of the same Kkinin
sequence (DTFGPWGa) in the kinin precursor, whereas ticks from the Metastriata showed no
repetition in the sequence of kinin paracopies (Table 3.1, Fig. 3.3A).

The unrooted phylogenetic tree revealed kinin sequence differences between ticks and
insect blood feeders (Fig. 3.4). Although the number of paracopies does not appear to
differentiate kinin sequences of ticks from those of insects, we have experimental evidence that
kinin receptors from insects and ticks have different ligand structure-activity relationships, as
manifested in the differential potency of the same set of kinin analogs (Taneja- Bageshwar et al.,
2006; Xiong et al., 2019c). Therefore, differences in the sequences of the mature kinin peptides
between ticks and insects further support this differential activation. Additionally, we reiterate

that kinins have pleiotropic functions in insects and therefore, it is possible that they are similarly
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pleiotropic in ticks. We speculate this pleiotropism could be achieved in ticks either by
diversification of receptors or ligands. In Ixodes (Prostriata), despite low variation in the kinin
sequences, up to four kinin receptors may be present (Gulia-Nuss et al., 2016). In contrast,
Rhipicephalus microplus appears to have only one receptor but exhibits high variation in the
sequences of the kinin ligands (Table 3.1). As a mechanism for pleiotropism, there is evidence
that in the mosquito renal organ different kinin analogs promote differential downstream tissue
responses, either fluid secretion or changes membrane voltage (Schepel et al., 2010), apparently
through the same receptor because only one kinin receptor has been identified in this tissue (Lu
etal., 2011a).

To advance the discovery of novel ligands towards application, we tested potential
synthetic ligands (small molecules and peptidomimetics) of mammalian neurokinin receptors on
the recombinant tick receptor (Fig. 3.1). Our previous success with a kinin mimetic, named 1728,
that elicits aversive behavior in the mosquito and inhibits the sugar neuron provided the proof of
principle to pursue this approach (Kwon et al., 2016). The NK receptors are considered ‘pseudo-
orthologs’ of the arthropod kinin receptor because while tachykinins exist in both mammals and
arthropods, the kinin system is arthropod-specific (Nachman et al., 1999). To accelerate
discovery and reduce the cost of screening a commercial GPCR-specific small molecule library
and selected peptidomimetics, we developed a dual-addition functional assay using two reporters
for calcium, in fluorescence and bioluminescence modes, respectively. A comparable pipeline
was developed by Ejendal et al. (2012) for validating the dopamine receptor of Ix. scapularis as
acaricide target, except their functional assay detects CAMP as the secondary messenger. Using a

reverse pharmacological approach, Duvall et al. (2019) recently discovered a novel small
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molecule ligand of the mosquito neuropeptide receptor, NPY receptor, which discourages the
biting behavior of mosquito (Duvall et al., 2019).

In this study, through the primary screening of a small molecule library of NK receptor
antagonists, and their secondary validation by a bioluminescence assay, a small molecule, named
TKSMO02, was identified as a “full antagonist” of the tick kinin receptor with an ICso of 45 uM
(Fig. 3.5A), as it fully blocked receptor activity at 100 uM. Although of weak potency, we
believe this is the first antagonist reported for a kinin receptor of any arthropod species.
However, it should be noted that we used a generic kinin receptor agonist, FFFSWGa, in the
antagonist screen. Therefore, the antagonists identified with this screen may not similarly
antagonize endogenous tick kinins on the cognate receptor. Overall, ligands of NK receptors
displayed more than a 10,000-fold reduced potency on the tick kinin receptor. The quantitative
functional data reported here will provide valuable information to constrain the ligand-receptor
interaction surface in computational modeling.

Agonists and antagonist peptidomimetics of NK receptors were tested: hemokinin 1
(human) is an agonist of the NK1 receptor with active concentration at the nanomolar level,
antagonist G is a broad antagonist on NK receptors, and spantide | is a selective potent
antagonist of the NK1 receptor (Suppl. Table2). Our results provided additional functional
evidence that the tick Kinin receptor is pharmacologically different from the insect tachykinin
receptor as none of the peptidomimetic ligands of NK receptors showed any activity on the tick
kinin receptor. However, spantide | antagonizes insect tachykinins in recombinant tachykinin
receptors of the stable fly and fruit fly at 1 uM and 50 uM, respectively (Poels et al., 2009; Torfs

etal., 2002).
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In summary, we report for the first time putative tick kinin sequences. Further, our small
molecule screening results confirmed in one direction the target selectivity of the kinin receptor
for arthropod vector control, as only one of the small molecule NK antagonists was active. The
dual addition assay we developed is amenable and ready for the high throughput screening of
random small molecule libraries on the tick kinin receptor or other tick neuropeptide receptors
signaling through the calcium cascade. While receptor “hits” of random molecules are expected,
the next frontier is to develop suitable tick bioassays to elucidate the physiological functions of
kinins that could be impaired by these synthetic ligands.
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4. ACTIVITY OF NATIVE TICK KININS AND PEPTIDOMIMETICS ON THE
COGNATE TARGET G PROTEIN-COUPLED RECEPTOR FROM THE CATTLE
FEVER TICK, RHIPICEPHALUS MICROPLUS (ACARI: IXODIDAE)"

4.1. Overview

BACKGROUND: Kinins are multifunctional neuropeptides that regulate key insect
physiological processes such as diuresis, feeding, and ecdysis. However, the physiological roles
of kinins in ticks are unclear. Further, ticks have an expanded number of kinin paracopies in the
kinin gene. Silencing the kinin receptor in females of R. microplus reduces reproductive fitness.
Thus, it appears the kinin signaling system is important for tick physiology, and its disruption
may have potential for tick control.

RESULTS: We determined the activities of endogenous kinins on the kinin receptor, a G
protein-coupled receptor (GPCR), and identified potent peptidomimetics. Fourteen predicted R.
microplus kinins (Rhimi-K), and eleven kinin analogs containing aminoisobutyric acid (Aib)
were tested. The latter either incorporated tick kinin sequences or were modified for enhanced
resistance to arthropod peptidases. A high-throughput screen using a calcium fluorescence assay
in 384-well-plates was performed. All tested kinins and Aib-analogs were full agonists. The most
potent kinin and two kinin analogs were equipotent. Analogs 2414 ([Aib]FS[Aib]WGa) and
2412 ([Aib]JFG[Aib]WGa) were the most active with ECso values of 0.9 nM and 1.1 nM,
respectively, matching the ECsp of the most potent tick kinin, Rhimi-K-14 (QDSFNPWGa)

(ECso = 1 nM). The potent analog 2415 ([Aib]FR[AIb]WGa, ECso = 6.8 nM) includes both, Aib

“ Reprinted with permission from “Activity of native tick kinins and peptidomimetics on the cognate
target G protein-coupled receptor from the cattle fever tick, Rhipicephalus microplus (Acari: Ixodidae)”
by Xiong, C., Kaczmarek, K., Zabrocki, J., Pietrantonio, P. V., Nachman, R. J., 2019. Pest Management
Science, 76: 3423-3431 Copyright [2019] by John Wiley and Sons.
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molecules for resistance to peptidases, and a positively charged residue, R, for enhanced water
solubility and amphiphilic character.
CONCLUSION: These tick kinins and pseudopeptides expand the repertoire of reagents for tick
physiology and toxicology towards finding novel targets for tick management.
4.2. Introduction

The cattle fever tick or southern cattle tick, Rhipicephalus microplus, is a pest that poses
great risk to the global cattle industry (Pérez de Ledn et al., 2012). It transmits the deadly
pathogens of cattle, Babesia spp. and Anaplasma spp. Considering the lack of effective vaccines
against these vector-borne pathogens, vector control is still the most efficient approach to block
disease transmission. However, resistance to the most commonly used acaricides, such as
amitraz (formamidines), pyrethroids, organophosphates, and/or ivermectin is present worldwide
in diverse tick populations (Guerrero et al., 2012; Pohl et al., 2012). In searching for novel
targets for vector control we have focused on an invertebrate-specific G protein-coupled receptor
(GPCR), the kinin receptor. Insect kinins are also known as leucokinins, as they were first
discovered and isolated from the roach Leucophaea maderae for their myotropic activity
(Holman et al., 1986). It was later proven that neuropeptides of the kinin class regulate important
biological functions in invertebrates (Coast, 2007; Coast et al., 2002; De Loof, 2008; Gade,
2004b; Nassel, 2002). In diverse species, insect kinins stimulate hindgut contractions, diuresis,
digestive enzyme release, probably inhibit lepidopteran larval weight gain, participate in tracheal
clearance and air filling prior to ecdysis in Drosophila, and modulate sugar taste perception in
contact chemosensory neurons in Aedes aegypti mosquitoes (Coast et al., 1990; Harshini et al.,
2003; Holman et al., 1990; Kersch and Pietrantonio, 2011; Kim, D.-H. et al., 2018b; Kwon et al.,

2016; Lu et al., 2011a; Nachman et al., 2002a; Pietrantonio, P.V. et al., 2005; Seinsche et al.,
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2000). The endogenous arthropod kinins are 6-14 amino acid residues long and characterized by
the evolutionarily conserved C-terminal pentapeptide Phe-X*-X?-Trp-Gly-NH, where X! = His,
Asn, Ser, or Tyr, and X2 = Ser, Pro, or Ala (Holman et al., 1999; Torfs et al., 1999b). This C-
terminal pentapeptide Kinin core is the minimum sequence required for full activity in both the
cockroach myotropic and the cricket diuretic assays in vitro (Nachman et al., 2003; Nachman
and Holman, 1991a).

Recombinant kinin receptors from the southern cattle tick, R. microplus, and the dengue
vector, Ae. aegypti, confirmed the activity of the kinin pentapeptide core (Holmes, S.P. et al.,
2003; Pietrantonio, P.V. et al., 2005; Taneja- Bageshwar et al., 2006). Both the tissue assays and
the receptor expressing system revealed that the Phe at position one, Trp at position four, and the
amidated C-terminus of the kinin penta-core are crucial for kinin activity (Nachman et al., 1995;
Taneja-Bageshwar, Suparna et al., 2009; Taneja- Bageshwar et al., 2006). In contrast, the first
variable position (X?) tolerates a wide range of chemical characteristics, from acidic to basic
residues, and from hydrophilic to hydrophobic (Nachman and Holman, 1991a; Roberts et al.,
1997; Taneja- Bageshwar et al., 2006). Based on these observations the plausible receptor
interaction model positions the side chains of Phe and Trp towards the same region where they
interact with the receptor via a B-turn involving the Pro (or Ser or Ala) at the third position, and
away from the side chain of X! residue.

Neuropeptides have been studied as potential leads for the development of new,
environmentally friendly pest control agents due to their specificity and high activity at very low
doses (Pietrantonio, P.V. et al., 2018). The generic kinins as well as modified insect kinins have
been used to functionally characterize the tick kinin receptor (Taneja-Bageshwar, Suparna et al.,

2009; Taneja- Bageshwar et al., 2006; Xiong et al., 2019d). The tick Kinin receptor appears as a
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promising target because knocking-down its expression in female ticks results in significant
reduction of their reproductive fitness (Brock et al., 2019a). However, the natural peptides
cannot be directly used, as they are susceptible to degradation by endogenous peptidases (Cornell
et al., 1995; Gade and Goldsworthy, 2003; Lamango et al., 1996; Nachman et al., 2002a) and
may not penetrate the cuticle. Knowledge of both chemical and conformational requirements
responsible for endogenous neuropeptide biological activity can aid in the design of analogs
containing unnatural moieties that can overcome these limitations (Nachman et al., 1994). The
primary hydrolysis-susceptible site lies within the insect kinin C-terminal pentapeptide core
region between the second variable (X?) position (P, S, A) and the conserved Trp, residues
present at position 3 and 4, respectively. A secondary site is found just outside of the core region
at the peptide bond N-terminal to the important Phe at position 1. Replacement of Ser (or Pro)
with an unnatural, sterically bulky residue, aminoisobutyric acid (Aib), leads to analogs that not
only mimic a critical B-turn conformation but also block tissue-bound peptidase, angiotensin
converting enzyme, and neprilysin hydrolysis (Nachman et al., 1997a; Nachman et al., 1997b;
Taneja-Bageshwar, Suparna et al., 2009; Taneja- Bageshwar et al., 2006). Incorporation of a
second Aib residue adjacent to the secondary peptidase hydrolysis site further enhances
biostability (Taneja-Bageshwar, Suparna et al., 2009).

Knowledge of the endogenous kinin sequences of the target species can aid in developing
more potent analogs (Xiong et al., 2019d). To fill this gap in knowledge for the tick kinin
receptor, we cloned the cDNA of the kinin neuropeptide precursor from R. microplus. Within the
translated amino acid sequence, we predicted the sequences of 17 tick kinins, based on both the
identification of the canonical conserved residues in the pentapeptide kinin core “FXXWGa”

(FXXWGG) and the putative dibasic enzyme cleavage cutting sites (KK/KR/RR) on the
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precursor Xiong et al., 2019a), however, their activity on the receptor has not yet been tested.
Therefore, the current study determined the activities of the predicted R. microplus endogenous
kinin ligands and modified analogs on the recombinant tick kinin receptor through a cellular
functional assay using calcium fluorescence as a reporter, and in high-throughput mode. Based
on the tick kinin sequences, we continued the design of active kinin pseudopeptides with
enhanced resistance to peptidases. In this paper, we further explore the use of the sterically-
hindered Aib moiety in biostable analogs that also specifically incorporate residues from kinins
native to the tick R. microplus (Xiong et al., 2019a). We also included an analog of this motif
with X! = A, found in a predicted R. microplus kinin, Rhimi-K-7, which was not tested (see
Discussion section) (Xiong et al., 2019a). In a few of these analogs the N-terminus is further
protected from aminopeptidases with either acetyl (Ac-) or pyroglutamate (pQ-)
groups.(Nachman et al., 2002a) A couple of additional analogs were evaluated on the tick
receptor that feature either the strongly basic, positively charged R or dR placed at the N-
terminal of the pentapeptide core in order to enhance the aqueous solubility of the generally
hydrophobic insect kinin core sequence. One analog featured the replacement of the N-terminal
F of the pentapeptide core region with the non-amino acid hydrocinnamic acid (Hca) leading to a
smaller pseudo-tetrapeptide fragment. It was evaluated to see if this large structural modification
could be tolerated by the tick receptor.

We identified potent ligands of the tick kinin receptor as potential pest management tools
with enhanced biostability and bioavailability. Further, the structure-activity relationships

between ligands (Rhimi-Ks and pseudopeptides) and the tick kinin receptor were analyzed.
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4.3. Materials and Methods
4.3.1. Analog synthesis and purification®

Analogs were synthesized on an ABI 433A peptide synthesizer with a modified FastMoc
0.25 procedure using an Fmoc-strategy starting from Rink amide resin (Novabiochem, San
Diego, CA, 0.5 mM/g). The Fmoc protecting group was removed with 20% 4-methyl piperidine
in DMF (Dimethyl formamide).(Nachman et al., 1997a) A fourfold excess of the respective
Fmoc-amino acids was activated in situ using HBTU (2-(1h-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate) (1 eq.) /HOBt (1-hydroxybenzotriazole) (1 eq.) in
NMP (N-methylpyrrolidone) or HATU (2-(7-Aza-1H-Benzotiazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate) (1 eq.)/HOAt (1-hydroxy-7-azabenzotriazole) (1 eq.)
in NMP for Aib and the amino acid immediately following it in the sequence. The coupling
reactions were base catalyzed with DIPEA (N,N-diisopropylethylamine) (4 eq.). The amino acid
side chain protecting groups were PMC for Arginine, tBu for Serine and Threonine, OtBu for
Glutamic and Aspartic acids, Trt for Histidine, and Boc for Tryptophan.

The analogs were cleaved from the resin with side-chain deprotection by treatment with
TFA (Trifluoroacetic acid):H>O:TIS (Triisopropylsilane) (95.5:2.5:2.5 v/v/v) for 1.5 h. The
solvents were evaporated by vacuum centrifugation and the analogs were desalted on a Waters
C1s Sep Pak cartridge (Milford, MA) in preparation for purification by HPLC.

The analogs were purified on a Waters Delta-Pak Cig reverse-phase column (8 x 200 mm,
15 pm particle size, 100 A pore size) with a Waters 510 HPLC system with detection at 214 nm
at ambient temperature. Solvent A = 0.1% aqueous trifluoroacetic acid (TFA); Solvent B = 80%

aqueous acetonitrile containing 0.1% TFA. Initial conditions were 10% B followed by a linear

* Design, synthesis, and purification of peptide analogs was performed by co-author Dr. Ron J. Nachman of USDA.
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increase to 90 % B over 40 min.; flow rate, 2 ml/min. Delta-Pak Cjs retention times: 2379,
QFSPWGa, 7.0 min.; 2378, EGPFSPWGa, 7.7 min.; 2373, GADDPFNPWGa, 8.0 min.; 2374,
QDSFNPWGa, 7.1 min.; 2375, EDGVFRPWGa, 6.1 min.; 2376, EDNVFRPWGa, 6.7 min.;
2381, EGNVFGPWGa, 7.7 min.; 2383, AGDHFGSWGa, 6.8 min.; 2389, DTFSAWGa, 6.9
min.; 2387, QQDSKNAFSPWGa, 3.2 min.; 2380, GTGEDQAFSPWGa, 7.2 min.; 2384,
GDDGDTSFTPWGa, 7.2 min.; 2361, A[Aib]FS[AIb]WGa, 2.6 min.; 2346, Ac-
[dR]FH[AIb]WGa, 2.4 min.; 2359, AKFS[Aib]WGa, 2.4 min; 2173-1, Hca-F[Aib]WGa, 2.9
min.; 2345, pQRFH[AIb]JWGa, 2.3 min; 2411, [Aib]FN[AIb]WGa, 2.7 min.; 2412,
[Aib]FG[AIb]WGa, 2.7 min; 2413, [Aib]JFT[AIb]WGa, 2.6 min.; 2414, [Aib]FS[AiIb]WGa, 2.7
min; 2415, [AiIb]FR[AIb]WGa, 2.7 min.; 2416, [Aib]JFA[AIb]WGa, 3.0 min. The analogs were
further purified on a Waters Protein Pak | 125 column (7.8 x 300 mm). Conditions: isocratic
using 80% acetonitrile containing 0.1% TFA; flow rate, 2 ml/min. Waters Protein Pak retention
times: 2379, 7.5 min.; 2378, 6.2 min.; 2373, 8.2 min.; 2374, 7.0 min.; 2375, 7.5 min.; 2376, 7.5
min.; 2381, 7.0 min.; 2383, 7.5 min.; 2389, 7.5 min.; 2387, 12.0 min.; 2380, 8.5 min.; 2384, 7.5
min.; 2361, 6.0 min.; 2346, 9.0 min.; 2359, 6.0 min; 2173-1, 6.0 min.; 2345, 9.2 min; 2411, 6.0
min.; 2412, 6.2 min; 2413, 6.2 min.; 2414, 6.0 min; 2415, 6.0 min.; 2416, 6.0 min.

Amino acid analysis was carried out under previously reported conditions(Nachman et
al., 2004) to quantify the analogs and to confirm identity: 2379, D[1.0], F[1.0], G[0.9], P[0.8],
S[0.9]; 2378, E[1.0], F[1.0], G[1.9], P[1.8], S[1.0]; 2373, G[1.0], A[0.9], D[2.7], P[2.0], F[1.0];
2374, D[2.2], E[1.2], F[1.0], G[1.2], P[1.0], S[1.0]; 2375, D[1.0], E[1.0], F[1.0], G[2.0], P[1.0],
R[1.0], V[1.0]; 2376, D[2.2], E[1.0], F[1.0], G[1.1], P[1.1], R[1.1], V[1.0]; 2381, D[1.0], E[1.2],
F[1.0], G[3.0], P[1.0], V[1.0]; 2383, A[0.9], D[1.0], F[1.0], G[2.7], H[0.9], S[0.9]; 2389, A[1.2],

D[1.3], F[1.0], G[1.2], T[1.0], S[1.3]; 2387, A[0.9], D[2.0], E[2.0], F[1.0], G[0.7], K[0.9],
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P[0.7], S[1.9]; 2380, A[1.0], D[0.95], E[2.0], F[1.0], G[2.9], P[1.0], S[1.0], T[1.0]; 2384, D[3.0],
F[1.0], G[3.0], P[1.0], S[1.0], T[2.0]; 2361, A[1.0], F[1.0], G[0.9], S[0.8]; 2346, F[1.0], G[1.1],
H[1.0], R[0.9]; 2359, A[0.9], F[1.0], G[1.0], K[0.8], S[1.0]; 2173-1, F[1.0], G[1.0]; 2345, E[1.0],
F[1.0], G[1.1], H[1.0], R[0.9]; 2411, D[1.0], F[1.0], G[1.1]; 2412, F[1.0], G[1.9]; 2413, F[1.0],
G[1.1], T[0.9]; 2414, F[1.0], G[1.0], S[1.0]; 2415, F[1.0], G[1.0], R[1.2]; 2416, A[1.0], F[1.0],
G[1.0].

The identity of the analogs was also confirmed by MALDI-MS on a Kratos Kompact
Probe MALDI-MS instrument (Shimadzu, Columbia, Maryland). The following molecular ions
(MH™) were observed: 2379, 720.1 (calc. 720.0); 2378, 875.3 (calc. 875.0); 2373, 1074.5 (calc.
1074.0); 2374, 949.5 (calc. 949.0); 2375, 1061.7 (calc. 1061.0); 2376, 1118.8 (calc. 1118.0);
2381, 962.0 (961.0); 2383, 932.4 (932.0); 2389, 782.4 (calc. 782.0); 2387, 1363.7 (calc. 1363.0);
2380, 1250.0 (calc. 1250.0); 2384, 1253.0 (calc. 1253.0); 2361, 736.2 (calc. 736.0); 2346, 827.8
(calc. 827.0); 2359, 779.3 (calc. 779.0); 2173-1, 647.2 (calc. 647.0 [MNa*]); 2345, 896.8 (calc.
896.0); 2411, 692.0 (calc. 692.0); 2412, 635.7 (calc. 635.0); 2413, 679.7 (calc. 679.0); 2414,
665.0 (calc. 665.0); 2415, 734.2 (calc. 734.0); 2416, 649.0 (calc. 649.0).
4.3.2. Preparation of kinin peptides and analogs in 384-well plates

Each 384-well flat bottom drug plate (16 rows x 24 columns; Corning® 3680) was
prepared to test 14-16 compounds. Dose-response curves were obtained by testing 20 different
final concentrations in the assay for each compound, ranging from 10 pM to 10 uM. Two
columns adjacent to each plate edge were filled with blank solvent as negative controls. The start
concentration solution for each compound dilution series was loaded (80 pl) in the third column.
The tested kinin peptides or analogs were freshly solubilized on the day of the assay and serially

diluted in the plate from a 5 x starting stock solution of 50 uM (5 nmoles dry peptide in 100 ul of
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1 % DMSO in DPBS (Corning®, 21-0310-CV)). The rest of the wells were added 40 pl of blank
solvent for serial dilutions that were performed automatically using the EpMotion™ liquid
handler (Eppendorf, 5075, Germany). Dilutions of each compound were performed using a ratio
of 1:1, and mixing twice before the next dilution. Tips were changed between dilutions because
of the high potency of the compounds; any carry-over would skew the results.
4.3.3. Cell lines and cell culture
BMLKS is a CHO-K1 cell line stably expressing the R. microplus kinin receptor, and
served to characterize the functional activity of compounds on the receptor. The receptor cloning
and production of this single clonal cell line was reported previously.(Holmes, S.P. et al., 2003;
Holmes, S.P. et al., 2000) A CHO-K1 cell line transfected with the empty expression vector,
plasmid pcDNA3.1 (Invitrogen, Carlsbad, CA), was designated as a “vector only” and used as
the negative control. Both cell lines were maintained in T-75 flasks (CELLSTAR®, Greiner®
Bio-one) with maintenance medium consisting of F-12K medium (Corning™ Cellgro™,
Mediatech, Inc. VA, US), fetal bovine serum (FBS) (10%) (Equitech-Bio, Kerrville, TX) and
400 pg/ml G418 Sulfate (Gibco® Invitrogen, New York, US). Cells were maintained in a
humidified incubator at 37°C, 5% CO:x. Cells were incubated under the above conditions unless
specified otherwise. Details of cell maintenance were as before (Lu et al., 2011d).
4.3.4. End-point calcium fluorescence assay
BMLKS or “vector only” cells were cultured in T-75 flasks. When they reached about

90 % confluency (Lu et al., 2011d), they were trypsinized and suspended in F-12K medium

containing 1 % FBS and 400 pg/ml of G418 Sulfate at 4x10° cells/ml to be seeded in 384-well

plates (CELLSTAR®, flat, black wall, clear bottom, Greiner® Bio-one 781091). For this, the cell

suspension (25 ul; ~10,000 cells/well) was dispensed into each of the 384 wells of the plate.
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Unless specified, the pipetting steps in the 384-well plate fluorescence assay were performed by
an automated CyBio® Well Vario System using a 384 pipette-head that allows to
simultaneously deliver a volume of up to 60 ul per well (detailed CyBio programs we
developed to perform the high-throughput fluorescence assay are listed in Suppl. Appendix 1).
To distribute cells evenly, mixing was by retrieving by aspiration 10 pl of the dispensed
cells and immediately returning them to the well; mixing was repeated three times. Plates were
incubated overnight at 37°C under 5 % COz. On the next day, cells were prepared for the assay:
the old media in the assay plate was removed by inverting the plate and gently blotting it on
paper towels, and media was replaced with 25 pl of FLUOFORTE® loading dye (1x)
(FLUOFORTE® calcium assay kit, Enzo Life Science, Inc. New York, NY), according to the
kit’s instructions. The plate was incubated at 37°C under 5 % CO> for 30 min, then incubated at
room temperature in the dark for 30 min. Upon addition of the peptides or analogs, the assay
plate was immediately transferred from the CyBio® Well Vario System into the Clariostar®
plate reader (BMG Labtech, Germany). The endpoint responses were recorded in fluorescence
plate-mode with Ex/Em = 490/525 nm and at 29 °C. The fluorescence cellular response to each
concentration was represented as the average of two values that were obtained by both forward
and reverse plate readings. For this, the plate was read from both forward and reverse
orientations by rotating the plate (180°) on the instrument to compensate for the variation in
signal kinetics during the lapse in plate reading, because there was a 1 min lag time between the
readings of the first and the last well. Therefore, only one value represents each compound
concentration. We had experimentally determined that the intensity of the fluorescence signal is
stable for more than 5 min. On BMLKS3 cells, three independent replicates of the dose-response

of each peptide were performed, except that two replicates were done for peptides Rhimi-K-3
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and Rhimi-K-10 due to the lack of availability of these peptides at the time of the first
replication. Only the peptides used during the first replication were tested on the “vector-only”
cells as negative controls.

The response to each compound concentration in relative fluorescence units (RFU) is
provided by the instrument after subtracting the background fluorescence. To normalize the
responses, the RFU for each compound and concentration were expressed as the percentage of
the maximal RFU obtained among all concentrations tested of each compound.

4.3.5. Statistical analyses

All statistical analyses were performed with Prism 6.0 (GraphPad Software, La Jolla,
CA). The normalized dose-response curves, the ECso values and the Hill slope factors of dose-
response curves were calculated with the function “log [agonist] vs. response — Variable slope
(four parameters)”. The ECsg of the agonist is the concentration that elicits 50% of the maximal
response obtained in the normalized dose-response of each peptide. Two one-way ANOVAS
were performed to compare ECso values of: 1) the endogenous tick kinins and control analogs,
and 2) the Aib-analogs and control analogs, in both cases followed by Tukey’s multiple
comparison tests (Suppl. Tables 1 and 2). Similarly, independent ANOVAs for the Hill slopes of
dose-response curves of endogenous tick kinins and Aib-containing analogs were performed.
4.3.6. Multiple sequence alignment

To help visualize the sequence conservation of tick kinins across species in relationship
to the herein determined potency of the Rhimi kinins, the kinin peptide precursor sequences of
seven hard tick species were aligned (Xiong et al., 2019a). Sequences were aligned with
MegaPro (DNASTAR, Lasergene v16.0) using the MAFFT (Katoh and Standley, 2013) program

with the iterative refinement algorithm E-INS-I1, because of the occurrence of known insertions
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and deletions during the evolution of neuropeptide genes (Xiong et al., 2019a). The Kinin
conserved motifs are represented by Logos obtained with the default alignment settings of
MegaPro. R. microplus kinins nomenclature in this publication follows the one suggested by
Coast and Schooley (Coast and Schooley, 2011) using the first three letters of the genus and the
first two letters of the species name, followed by arabic numerals to designate the order in which
kinin appear in the kinin peptide precursor (Xiong et al., 2019a).
4.4, Results

Fourteen tick endogenous kinins synthesized according to our previous prediction (Xiong
et al., 2019a) and six newly designed Aib-analogs based on these endogenous tick kinin
sequences, and five others with specific characteristics were functionally characterized using
cells expressing the tick kinin receptor. They were simultaneously tested with known potent
agonists of kinin receptor, Aib-analogs IK-Aib-20 and 1728 (also known as IK-Aib-1) (Taneja-
Bageshwar, Suparna et al., 2009) IK-Aib-20 was the most potent ligand identified on the tick
kinin receptor before this study.(Xiong et al., 2019d) All tested tick kinins and their
peptidomimetics showed full agonistic activities on the kinin receptor (Fig. 4.1), as no detectable
agonistic activity was found on the vector only cells, as expected (data not shown). The maximal
relative fluorescence units (RFUs) obtained for each compound among all tested concentrations
(value that was used for normalizing the respective dose-response curves for each compound),
were similar for all tested compounds (data not shown). Therefore, the comparison of their
normalized response expressed as percentage of the maximal RFU obtained is valid as to
conclude about their overall activity (Fig. 4.1), because they have similar maximal efficacy
(Xiong et al., 2019d). The activities (ECsos) of tick kinins and Aib-analogs, respectively, were

analyzed by multiple comparison tests of significance (Table 4.1, Suppl. Tablel and 2).
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Figure 4.1 Dose-responses of the recombinant tick kinin receptor (BMLK3) to fourteen
endogenous kinin ligands (A-D) and thirteen Aib-analogs (E-G).
Curves were obtained using an end-point calcium fluorescence assay. Twenty dosages were
applied for each ligand, from 10 pM to 10 uM. The relative fluorescence units (RFU) elicited by
each dosage were represented as percentage of the maximal RFU obtained among all
concentrations tested for each ligand. Dose-response curves were generated with non-linear
regression log(agonist) vs. response - variable slope (four parameters) function with GraphPad
Prism 6.0 (GraphPad Software, La Jolla, CA). A-D. Each panel shows the group of endogenous
kinins that share the same amino acid residue at the X* position of the kinin core (shown in
bold). E-F. Each panel shows a group of “double-Aib-containing” analogs incorporating the
native tick sequence at the X! position. G. The panel shows other Aib-analogs with
modifications on the N-terminus. In all panel legends, the dash (-) in the sequences represents the
C-terminal sequence “WGa”, common to all kinins and analogs tested

157



Table 4.1 The ECsos of endogenous tick kinins and Aib-analogs.

Names Kinin Sequence ECso  95% confidence  Hill Replica
(ID) (nM) intervals of slope tes
ECso (NM)

Rhimi-K-14 QDSFNPWGa 1.0 0.8to1.4 0.87%¢ 3
Rhimi-K-3 ~ DKDQTFNPWGa 1.92 1.2t02.8 1.16%¢ 2
IK-Aib-20  [Aib]FH[Aib]WGa 2.5 2.1t02.9 0.95 6
Rhimi-K-1  QFSPWGa 3.0% 1.8t05.1 0.56° 3
1728 [Aib]FF[AiIb]WGa 3.7 3.1t04.3 1.12¢ 6
Rhimi-K-10 DDRFNPWGa 4.3 2.7106.7 0.672 2
Rhimi-K-8 =~ GTGEDQAFSPWGa 5.9° 4.81t07.4 0.86® 3
Rhimi-K-17 EGNVFGPWGa 11.02 8.8t0 13.7 0.80% 3
Rhimi-K-13 GADDPFNPWGa 11.22 8.0t0 155  0.69 3
Rhimi-K-5 DTFSAWGa 20.0% 142t028.2 0.67° 3
Rhimi-K-11 EGPFSPWGa 20.4% 155t026.9 0.67° 3
Rhimi-K-6  QQDSKNAFSPWGa  23.5%® 173t031.8 0.87% 3
Rhimi-K-15 EDGVFRPWGa 25.4% 19.0t033.9 075 3
Rhimi-K-16 EDNVFRPWGa 36.7% 30.4t044.3 0.78® 3
Rhimi-K-9  GDDGDTSFTPWGa  64.7° 52.2t080.1 078 3
Rhimi-K-4 ~ AGDHFGSWGa 129.3° 100.9t0 165.8 0.92%¢ 3
2414 [Aib]FS[AIb]WGa 0.9 0.6t0 1.4 0.94% 3
2412 [Aib]FG[AiIb]WGa 1.13 0.8t0 1.6 0.79? 3
IK-Aib-20  [Aib]FH[Aib]WGa 2.5 2.11t02.9 0.95% 6
2411 [Aib]FN[Aib]WGa 2.9 2.3t03.7 093 3
2359 AKFS[Aib]WGa 3.32 2.5t04.5 1.06* 3
1728 [Aib]FF[Aib]WGa 3.7 3.1t04.3 1.12° 6
2415 [Aib]FR[Aib]WGa 6.8 5.3t08.8 0.88% 3
2416 [Aib]FA[AIb]WGa 7.1 5.8t0 8.6 1.05® 3
2345 PQRFH[AIb]WGa 8.8 5.5t011.7 1.13® 3
2413 [Aib]FT[AIb]WGa 14.22 11.3t017.7 0.73° 3
2361 A[AibJFS[Aib]WGa  15.7° 13.1t018.8 0.94® 3
2346 Ac-[dR]FH[AiIb]WGa 51.0° 42.7t060.7 0.96® 3
2173-1 Hca-F[Aib]WGa 805° 525t01,173 0.83* 2

Kinins and Aib-analogs are listed separately by their ECsos from low to high. ¢ Comparisons
were done independently for endogenous kinins and analog groups, with both including the
control analogs, 1728 and IK-Aib-20: notice six replicates for these two analogs. Different letters
indicate statistically significant difference in the ECsos or the Hill slopes (p < 0.05) between tick
kinin pairs, or between the Aib-analog pairs, as detected in the Tukey’s multiple comparison test.
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4.4.1. Activity of endogenous kinins from R. microplus on the recombinant tick receptor

Twelve out of the fourteen endogenous kinins tested showed high potencies with ECsgs
ranging from 1 nM to 37 nM (Table 4.1), which statistically did not differ from the potency of
the “record-holding” positive control analog, IK-Aib-20 (ECso = 1.7 nM) (Suppl. Tablel).
Rhimi-K-14 was the most potent (ECso = 1 nM). Rhimi-K-9 (ECso = 65 nM) had lower activity
than seven of the twelve above mentioned endogenous kinins that had ECses between 1-11 nM
(see Suppl. Table 4.1, black box). Rhimi-K-9 activity was significantly lower than that of Rhimi-
K-14 and IK-Aib-20 (** p <0.01) and also lower than those of Rhimi-K-1, -3, -8, -10, -13, -17
and analog 1728 (* p < 0.05). The lowest activity was exhibited by Rhimi-K-4
(AGDHFGSWGa) (ECso = 129 nM), significantly lower (**** p < 0.0001) than any other
endogenous kinin. The remaining six kinins, Rhimi-K-5, -6, -9, -11, -15 and -16 had ECses
ranging from 20-65 nM (Table 4.1 and Suppl. Tablel) that were similar to Rhimi-K-9 but
significantly lower than the ECso of Rhimi-K-4.

In Fig. 4.1A-D, each panel shows the dose-response curves of endogenous kinins
grouped by the specific amino acid residue present at their first variable position (X*) of the C-
terminal kinin core (either N, S, R or G/T, respectively; shown in bold in the legend). R.
microplus Kinins in panels A-C had similar ECsos and were among the most potent, showing no
preference for N, S, or R at the X! variable position (Table 4.1). Panel D shows that three kinins
with either G or T at the X* variable position were significantly different in potency. Rhimi-K-
17, one of the most potent kinins features G at this position, while the least potent kinin, Rhimi-
K-4, also features a G at that position; however, Rhimi-K-4 has a positive charge represented by
histidine towards the N-terminal region of the critical F at position 1 in the pentapeptide core.

Rhimi-K-9, the second lowest in potency carries a T at the X! position.
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The ANOVA for the Hill slope of the endogenous kinins dose-response curves
determined that all of these slopes were similar to one another, and ranged in value from 0.56
(Rhimi-K-1) to 1.2 (Rhimi-K-3) (Table 4.1). Positive control analogs 1728 and I1K-Aib-20 had
higher slopes than most endogenous kinins except for those of Rhimi-K-3, Rhimi-K-4 (0.9),
Rhimi-K-6 and Rhimi-K-14.

An alignment of tick kinin peptide precursors sequences from seven tick species together
with the sequence and respective potencies of Rhimi-Ks is presented in Suppl. Fig. 4.1. The
sequence of Rhimi-K-1, one of the most potent kinins, was conserved among all tick species
analyzed. Sequence Logos also showed that the sequence of the most potent Rhimi-K-14 (ECsg =
1 nM) was also highly conserved, but only among the five Metastriata species (Suppl. Fig. 4.1).
4.4.2. Activity of tick Aib-analogs on the receptor

In addition to the “double-Aib-containing” analogs used as positive controls (1728 and
IK-Aib-20), six “double-Aib-containing” analogs designed based on the endogenous R.
microplus kinin sequences were tested (IDs 2411 to 2416, Fig. 4.1E, F). Further, of the other
five Aib-analogs tested, three had modifications at the N-terminus (IDs 2173-1, 2345, 2346)
(Fig. 4.1G). All Aib-analogs (including the two positive controls) acted as full agonists with
maximal (raw) RFUs (not shown) similar to those of the endogenous kinins (ANOVA p = 0.1).

The multiple comparison test of ECsos differentiated three groups of analogs (Suppl.
Table 4.2). Except for analogs 2346 and 2173-1, the rest of the Aib-analogs showed similar
potency as the positive control analogs (Table 4.1 and Suppl. Table 4.2). Nine of the eleven
analogs were the most potent with ECsos ranging from 1 nM to 16 nM (Table 4.1). These nine
analogs were all significantly more potent than 2346 (ECso = 51 nM) (** p < 0.01), the analog of

intermediate potency. The lowest potency analog was 2173-1 (ECso = 805 nM), significantly
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different from the other ten tick kinin analogs and both positive controls (**** p < 0.0001). The
six “double-Aib-containing” analogs (IDs 2411-2416) that were designed based on the R.
microplus kinins (with the X* position featuring N, G, T, S, R, or A) had similar ECsgs to the
“double-Aib-containing” control analogs (1728 and IK-Aib-20), ranging from 0.9 nM for 2414
to 14 nM for 2413 (Fig. 4.1E and F, Tablel, and Suppl. Table 4.2). The Hill slope of the Aib-
analogs varied from 0.73 (analog 2413) to 1.1 (analogs 1728, 2345, 2359, 2416). Among Aib-
analogs, the Hill slope of analog 1728 was higher than those of analogs 2412 (G at position X!)
and 2413 (Table 4.1). The “double-Aib-containing” analog 2414 that is equipotent to the most
active native peptide Rhimi-K-14 (Table 4.1) is noteworthy in that it contains the S residue of
tick kinins at the X* variable position, and was experimentally shown to be resistant to peptidase
degradation.(Nachman et al., 2002a)

Other modifications on the N-terminus to enhance the resistance to aminopeptidases such
as pyroglutamate (pQ-) or acetyl (Ac-) resulted in analogs that retained kinin receptor activity
(Fig. 4.1G, Table 4.1). Especially, analog 2345 with pQ-group, retained relatively high potency
on the receptor, representing one of the most potent analogs (ECso = 8.8 nM). Whereas analog
2173-1 (Hca-F[Aib]WGa) that featured a replacement of the aromatic, N-terminal F of the kinin
pentapeptide with the aromatic, non-amino acid hydrocinnamic acid (Hca), exhibited a large
drop in potency of several orders of magnitude.

4.5. Discussion

We focused on the tick kinin receptor (KR) as a model to explore a neuropeptide
GPCR as a novel target for tick control (Pietrantonio, P.V. et al., 2018). Our previous reverse
functional study demonstrated that female cattle fever ticks in which the KR was silenced

exhibited significant reproductive fitness costs (Brock et al., 2019a), such as delay in feeding to
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repletion, reduced weight of egg masses and decreased percentage of egg hatching. Therefore,
fully inhibiting the function of the tick KR with antagonists could result in similar deleterious
phenotypes, and those antagonists could represent “chemical leads” for novel tick control agents
(Wu et al., 2017). In addition, the specific, endogenous agonists identified in this study will
allow us to perform “unbiased” chemical screens for antagonists of the tick KR. Stable peptide
agonists of the tick kinin receptor may also interfere with tick physiology and behavior and may
serve as useful tools to discover novel functions of the kinin signaling system in ticks. For
example, an Aib-containing kinin analog, “1728” (used as a positive control in this study), is a
highly potent agonist of the Aedes aegypti KR that allowed us to discover a novel function of the
kinin system in mosquitoes. This agonist, when fed in solution with sucrose, inhibited the
activity of gustatory neurons in the mosquito peripheral sensory structures in labellum and tarsi
and inhibited feeding (Kwon et al., 2016). When mixed with blood, the agonist 1728 is also
antifeedant for the Chagas disease vector, Rhodnius prolixus, causing incomplete engorgement
that results in failure to molt because the insect stretch receptors are not activated when the
abdomen fails to fully distend (Lange et al., 2016). Similar kinin agonists showed antifeedant
activity on the pea aphid, and CAPA analogs reduced their fitness under environmental stress
(Alford et al., 2019b; Smagghe et al., 2010). The tick kinin analogs characterized here may also
serve as useful tools to develop tissue-specific in vitro assays to help elucidate mechanisms of
kinin action. Although direct applications of environmentally friendly peptidomimetics with high
potency on animals and/or animal production premises are envisioned as alternative pest
management tools to synthetic acaricides, important challenges remain for their utilization. For
example, we must demonstrate their activity within a major group of arthropods pests (not single

species-specific), decrease the cost of synthesis, and improve their cuticular penetration and
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stability. Currently, no peptide GPCR is a target for pesticides. Many peptides are modulatory in
the CNS and/or affect organ functions slowly and/or redundantly, and perhaps for this reason
biological screens focusing on fast-acting, killing molecules have failed to identify GPCRs as
promising targets. Achieving high lethality or quasi-lethality in arthropods (through starvation,
paralysis, and desiccation) through such GPCR targets may be feasible but the challenge is
achieving these effects at relatively low, cost-effective concentrations of mimetics or antagonists.
We have begun addressing these challenges through the identification of the endogenous tick
kinins and through the design of tick kinin mimetics with enhanced biostability and
bioavailability.

Seventeen kinin peptide paracopies are predicted in the kinin peptide precursor from
the cattle fever tick, R. microplus (GenBank QD0O79406.1) (Xiong et al., 2019a). We had
initially speculated that the high number of kinin paracopies (also predicted in seven other tick
species analyzed) suggested a variation in their individual potency or physiological function, as
shown for the three aedeskinins or kinin analogs on the Ae. aegypti kinin receptor, respectively
(Pietrantonio, P.V. et al., 2005; Schepel et al., 2010). Alternatively, the high number of kinin
copies in a single mMRNA may efficiently generate high kinin concentration in the hemolymph
and/or at synapses. To begin to explore kinin function in ticks, we synthesized and screened
fourteen of the seventeen predicted kinins of the cattle fever tick. The results support the latter
hypothesis as there are few differences in the potencies of the majority of the endogenous kinins
tested. The three remaining predicted kinins (Xiong et al., 2019a), Rhimi-K-7, Rhimi-K-2 and
Rhimi-K-12 were not synthesized or tested because there were predicted as longer than the rest
of the fourteen R. microplus kinins (Xiong et al., 2019a), having from thirteen to thirty-one

residues. Rhimi-K-7, the longest, was also predicted with less confidence than the fourteen
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synthesized. Furthermore, long Kkinins are of limited interest in the development of biostable
mimetic analogs, as they feature more peptidase-susceptible sites, which would require chemical
stabilization and would lead to higher synthesis costs. Muscakinin (NTVVLGKKQRFHSWGa)
from the house fly has fifteen residues, and despite featuring an internal KK sequence as a
potential peptidase processing site, it is, nevertheless, more active in diuretic assays than the
cleaved version (Holman et al., 1999; Holmes, S.P. et al., 2003) tested muscakinin on the R.
microplus kinin receptor on the same BMLKS3 cells we used here, and it exhibited significant
activity with ECso of 17 nM in a sensitive calcium fluorescence assay (the core pentamer
FFSWGa had an ECsos of 8.4 nM in the same assay). Therefore, the potential for high activity of
the longer endogenous R. microplus kinins cannot be discounted.

Our results of the receptor functional analyses of the fourteen synthesized tick kinins
indicated that there was little difference in their activities on the kinin receptor. All of the kinins
acted as full agonists on the R. microplus kinin receptor. Among them, twelve out of fourteen
kinins showed no difference in their ECsos (Table 4.1). It is worth noting that Rhimi-K-1 being
the shortest tick kinin, a pentapeptide, acted as one of the most potent ligands on the tick kinin
receptor with ECso = 3 nM. The sequence alignment of tick kinin precursors allows inferences
about the potential rank of activity of kinins in other species, i.e. the first predicted kinin
sequence in all tick kinin precursors including R. microplus (Rhimi-K-1= ECso 3 nM) is the
shortest kinin and is absolutely conserved, and similarly may be highly potent in all species. The
finding that a pentamer native kinin core is among the most active in a tick, contrasts with
activities in dipteran insects, where longer kinins are most active in the mosquito and house fly

kinins.(Holman et al., 1999; Pietrantonio, P.V. et al., 2005)
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The C-terminal penta-core motif of R. microplus tick kinins shows that the first variable
position (X*) could be occupied by residues S, N, A (Rhimi-K-7; not tested), G, T or R.(Xiong et
al., 2019a) In tick kinins, N is common at position X*, being present in the species considered
basal, the soft tick Ornithodorus turicata (Xiong et al., 2019a) (Suppl. Fig. 4.1). In R. microplus,
five out of the seventeen kinins (Rhimi-K-3, -10, and -12 to -14) retain N at this position, with R.
microplus kinins being the most variable in amino acid residues in the X! position among the tick
species previously analyzed (Xiong et al., 2019a). All tested kinins with N at this position
retained high activity. Our functional screen results showed that despite this variation, all Rhimi-
Ks have activity at the low nanomolar level except for Rhimi-K-4, AGDHFGSWGa (featuring G
at position X'and S at position X?). Rhimi-K-4 had the lowest activity among the fourteen kinins
tested. It is notable that G is not common in insect kinins at the X! position, and it is only present
in the Protura,(Derst et al., 2016; Yeoh et al., 2017) which are basal arthropod hexapods.
Furthermore, our results on the activity of the designed Aib-analogs confirmed that the X*
position is indeed very tolerant of variation, from hydrophobic to hydrophilic, and from aromatic
to non-aromatic residues (N, G, T, S, A or R present in tick kinins, or F and H present in insect
kinins) (Table 4.1). No statistical difference was detected between the ECsgs of any of the
“double-Aib-containing” analogs ([Aib]FX*[Aib]WGa) that differed only in the X! position.
This includes the highly potent analog 2412 (ECso= 1.1 nM) that included G at the X* position:
[AiIb]FG[AiIb]WGa (Table 4.1). Therefore, the low activity of Rhimi-K-4 cannot be uniquely
attributed to the presence of G because the context towards the N-terminus of the pentapeptide
core in which residues appear in the native sequences or analogs affect their potency at the
receptor. Further, the potent Rhimi-K-17 (ECso = 11 nM) features G at that position but followed

by P, which is predominant in the R. microplus kinins and in kinins of other tick species.(Xiong
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et al., 2019a) It appears that S at position X? is less favored than P or A at the same position. We
previously showed that the pentamer FFSWGa is significantly less potent than FFAWGa on the
same kinin receptor and cell line, with ECsos of 590 nM and 64 nM, respectively. The activity of
the native tick kinins also showed that Rhimi-K-5 DTFSAWGa (ECso= 20 nM) is more potent
than Rhimi-K-4 AGDHFGSWGa. However, Rhimi-K-4 (AGDHFGSWGa) also features a
weakly basic, positively charged, and aromatic residue, H (-1 position), towards the N-terminal
region of the critical F at position -1 in the pentapeptide core. Another Kinin with a strongly basic
positively charged residue, R, at the -1 position of the C-terminal penta-core but retaining high
potency is Rhimi-K-3 (DDRFNPWGa).

Rhimi-K-5 is unusual in that features an alanine residue in the X? variable position; this
also occurs only in eighteen kinins in few insect orders (lepidopterans, hemipterans, dipterans)
out of two hundred and ninety-nine kinin isoforms listed in the DINeR database(Yeoh et al.,
2017). Rhimi-K-5 is however equipotent to the most potent Kinins.

With respect to the structure of mature Rhimi kinins featuring Gln at the N-terminus,
while it is possible that they may cyclize to pGlu, it is clear, based on our structural confirmation
through mass spectrometry analyses, that the synthesized peptides retain the uncyclized form of
GlIn at the N-terminus.

Among analogs containing two-Aib molecules which incorporated the insect kinin
residues at the X* position H, Y or F, the analog with the aromatic and positively charged H was
more active over those with aromatic Y or F (Xiong et al., 2019d). This higher activity explains
why the 1K-Aib-20 featuring H at the X* position was considered the most potent until this study.
The endogenous Rhimi-K-15 and -16 have R at the X! position, supporting the preference for H

observed before. One of the “double-Aib-containing” analogs, ID 2415, is worth highlighting
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because it was among the most potent analogs. Analog 2415 contains a Rhimi-K residue (R) at
‘X! position’ and this strongly basic, positively charged, R residue will confer greater aqueous
solubility (i.e., hemolymph’ solubility). The amphiphilic character of this analog enables
surfactant properties that can enhance its topical activity. Two analogs containing one Aib
molecule with two different modifications at the N-terminus exhibit high and low activity,
respectively. Analog ID 2345 (ECso = 8.8 nM), could be of interest due to its potentially greater
aqueous solubility because it features the strongly basic R side-chain placed on the N-terminus.
Analog 2173-1 (ECso = 805 nM) featured a hydrocinnamic acid (Hca) group, which is equivalent
to F lacking the N-terminal amino group. This modification has been shown to lead to activity
retention by various degrees in insect kinin analogs demonstrated in the cockroach hindgut
myotropic,(Nachman and Holman, 1991a) cricket diuretic(Nachman et al., 2012) and aphid
antifeedant insect bioassays.(Zhang et al., 2015) However, lower activity of the analog with this
major modification was observed for the tick receptor, as it correlated with a drop in potency of
several orders of magnitude.
4.6. Conclusion

The previously identified critical residues for activity of kinins in arthropods are present
in the tick kinins C-terminal penta-core FX'X?WGa (bold residues). All fourteen tested tick
kinins were active, and twelve had similar high activity on the tick kinin receptor. This is despite
their diverse sequences, with no two kinins being identical in the kinin peptide precursor. In
addition, this study confirmed the high potency of eight “double-Aib-containing” analogs
([AiIb]FX[Aib]WGa) with enhanced biostability, and demonstrated that the tick kinin receptor
can tolerate a variety of amino acid residues on the X* position, from hydrophilic to

hydrophobic, and from aromatic to non-aromatic. Noteworthy were the biostability-enhanced
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analogs 2414 ([Aib]FS[AiIb]WGa and 2412 ([Aib]FG[Aib]WGa), which ECsos matched the ECso
(1 nM) of the most potent native tick kinin (Rhimi-K-14). Aib-analog 2415 ([Aib]FR[Aib]WGa)
also retained strong activity, and it would be expected to demonstrate improved aqueous
solubility and amphiphilic character, properties important for tick topical activity. These Aib-
analogs expand the tools for tick endocrinology. These potent endogenous tick kinins identified
in this study will in the near future facilitate unbiased high-throughput screens in the search for
novel synthetic antagonists of the kinin receptor.
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5. ARANDOM SMALL MOLECULE LIBRARY SCREEN IDENTIFIES NOVEL
ANTAGONISTS OF THE KININ RECEPTOR FROM THE CATTLE FEVER TICK,
RHIPICEPHALUS MICROPLUS (ACARI: IXODIDAE)

5.1. Overview

BACKGROUND: The southern cattle tick, Rhipicephalus microplus, is a primary vector
transmitting the deadly bovine babesiosis in tropical and subtropical regions worldwide.
Arthropod-specific G protein-coupled receptors (GPCRS) are considered to be promising targets
for novel pesticide development. The R. microplus kinin receptor is one of such targets,
previously validated by silencing, which resulted in female reproductive fitness cost, including a
reduced percentage of eggs hatching. RESULTS: To identify potent small molecules that bind
and activate or inhibit the kinin receptor, a high-throughput screening (HTS) assay was
developed using a CHO-K1 cell line expressing the recombinant tick kinin receptor (BMLK3). A
total of ~20,000 molecules from a random in-house small molecule library were screened in a
‘dual-addition’ calcium fluorescence assay. This was followed by dose-response validation of the
hit molecules identified both from HTS and an in silico screen of ~390,000 molecules. We
validated 29 antagonists, 11 of them were full antagonists with 1Csg values lower than 10 uM. To
explore the structure-activity relationships (SAR) of the small molecules, we tested the activities
of 7 analogs of the most potent identified antagonists, additionally discovering three full
antagonists and four partial antagonists. These three potent antagonists (ICso < 3.2 UM) were
validated on the recombinant mosquito Kinin receptor in vitro showed similar antagonistic
activities. In vivo, these three compounds also inhibited the mosquito hindgut contraction rate
induced by a myotropic kinin peptidomimetic 1728. CONCLUSION: Antagonists identified in

this study could become pesticide leads and are reagents for probing the kinin signaling system.
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5.2. Introduction

The cattle fever tick (CFT), Rhipicephalus microplus, is one of the most important
livestock pests Jongejan and Uilenberg (2004). It is the primary vector of the deadly disease
agents Babesia spp. and Anaplasma spp.(Bock, 2008). Despite being eradicated from the U.S.
since 1943, this tick species is well established in other tropical and subtropical countries and
causes enormous economic losses to the local cattle industry (Angus, 1996; Madder et al., 2011;
Rodriguez-Vivas et al., 2017). Recent observations of this tick in Texas since 2017, miles
beyond the maintained quarantine zone, are now a threat to the US cattle industry (Thomas et al.,
2020). Further, disease prevention relies heavily on tick control and due to the increasing
acaricide resistance detected worldwide (Rodriguez-Vivas et al., 2018), there is an urgent need
for novel targets for acaricide development. The G protein-coupled receptors (GPCRS) are the
largest family of transmembrane protein in metazoans. They transduce diverse extracellular
signals including light, protons, hormones, neuropeptide, glutamate, and lipoglycoproteins
(Hilger et al., 2018). GPCRs are druggable targets as more than 30% of human drugs bind to
these receptor superfamily (Hauser et al., 2017). The success of amitraz as an acaricide acting on
the arthropod octopamine receptor provides the proof of principle for GPCRs as suitable targets
for tick control (Kita et al., 2017). Similarly, GPCRs for small neuropeptides could be utilized
for pest control by finding small molecules with agonist or antagonist activity (Audsley and
Down, 2015; Pietrantonio, P.V. et al., 2018).

Insect kinins are such candidate small molecules that were initially identified for their
myotropic activity in the cockroach hindgut (Holman et al., 1986), and then proved to be
pleiotropic. Kinins regulate diuresis (Kersch and Pietrantonio, 2011), gut enzyme release

(Harshini et al., 2003), modulate sugar taste perception in contact chemosensory neurons in
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Aedes aegypti (Kwon et al., 2016), and tracheal clearance and air filling prior to ecdysis in
Drosophila (Kim, D.-H. et al., 2018b), The exact physiological functions of the kinin system in
ticks remain unknown. In a recent study, silencing of the tick kinin receptor in R. microplus
females significantly decreased reproductive fitness, lowered the percentage of egg hatching,
and, interestingly, discolored the midguts, which is presumedly linked to interference with heme
uptake (Brock et al., 2019a). Our previous study predicted 17 tick kinins from the R. microplus
kinin precursor peptide (Xiong et al., 2019a); 14 of the shorter kinins were synthesized and
tested on the recombinant tick kinin receptor, and all were agonists (Xiong et al., 2019b).
However, peptides are expensive for mass-production and susceptible to enzymatic degradation
(Taneja-Bageshwar, Suparna et al., 2009). Therefore, the overall goal of this study was to
identify small molecules as surrogates of peptide agonists and antagonists (blockers) of the tick
kinin receptor to interfere with the function of the kinin signaling system. Antagonists of the tick
kinin receptor are hypothesized as useful tools to mimic the detrimental reproductive effects
obtained by its silencing (Brock et al., 2019a).

To identify ligands of a GPCR, monitoring the titer of the second messenger upon
activation is among the most widely used methodology (Thomsen et al., 2005). The tick kinin
receptor couples to Gay11 protein (Holmes, S.P. et al., 2003), therefore, a fluorescence
intracellular calcium mobilization assay was developed with the tick kinin receptor stably
expressed in a CHO-K1 cell line (Xiong et al., 2019b). Here the fluorescence assay in 384-well
plate format was utilized to screen a small molecule library in high-throughput mode, and
consisted of a “dual-addition” for antagonist identification (Xiong et al., 2019a). High-
throughput screening (HTS) of a target GPCR is a common method to discover new drugs

(Thomsen et al., 2005). Chemical library selection for HTS on a tick neuropeptide GPCR is
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problematic due to the great evolutionary differences between invertebrates and humans.
Screening of drugs that are active on the most similar human receptors often yields low activity
in the arthropod receptor counterpart, as we found previously by screening an antagonist library
of the human neurokinin receptors on the tick kinin receptor, as they are not orthologues (Xiong
etal., 2019a).

Here, we utilized a random screening approach to discover novel ligands of the kinin
receptor in HTS mode, yielding excellent Z’-values, and applying a stringent threshold for hit
selection. The screening of a random small molecule library yielded the identification of novel
tick kinin receptor antagonists. We complemented this approach with successful structural-based
in silico searches of larger libraries of small molecules. A hindgut assay further confirmed the
antagonistic effect of three small molecules, SACC-0412060, SACC-04122062 and SACC-
0412066, as they inhibited the increased rate of muscle contraction elicited by the potent kinin
mimetic 1728.

5.3. Materials and Methods
5.3.1. Preparation of the small molecule library in “drug plates”

Small molecules utilized for this study were part of a Texas AgriLife Research compound
library in the laboratory of Professor James Sacchettini, designated the SAC-2 library. This
library is composed of randomly selected small molecules with diverse chemical structures. The
molecules in stock plates were prepared in 100% dimethyl sulfoxide (DMSO) at approximately 1
mM in 384-well plates and stored at -20°C. Compound plates for screens (hereafter drug plates)
were prepared from the stock plates at 1:10 dilution in 384-well plates (Corning® 3680, Corning,

NY) by transferring 3 pl of the stock plate solution into each well containing 27 pl DPBS
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(Corning®; 21-031-CV) for a 100 uM final compound concentration in 10% DMSO in DPBS.
These plates were stored at 4°C before use and are referred to as “drug plates”.
5.3.2. Cell culture

The target receptor, R. microplus kinin receptor, is stably expressed in the recombinant
CHO-K1 cell line referring as BMLK3, which was constructed and selected as described in
Holmes et al., 2003.(Holmes, S.P. et al., 2003) Cells only transfected with empty plasmid as
control are referred to as “vector only”. BMLK3 or “vector-only” cells were cultured in T-75
flasks with selective medium (F-12K medium containing 10% FBS and 800 pg/ml of G418
sulfate) for one to two passages before the experiment. All cells were incubated overnight at
37°C, and 5% CO in a humidified incubator.
5.3.3. Kinin receptor functional calcium fluorescence assay

An intracellular calcium fluorescence assay was conducted as before (Xiong et al.,
2019b). Briefly, when the cells reached about 90% confluency (Lu et al., 2011d) they were
trypsinized and suspended in F-12K medium containing 1% FBS and 400 pg/ml of G418 sulfate
at 4x10° cells/ml to be seeded in 384-well plates with black walls and clear bottom (Greiner®,
781091), coated with Poly-D-lysine (Sigma-Aldrich, St. Louis, MO). The cell suspension (25 pl;
~10,000 cells/well) was dispensed into each of the 384 wells of the plate. Unless specified, the
pipetting steps for the 384-well plate fluorescence assay were performed by an Integra Viaflo®
system equipped with 384-pipetting head (384/12.5 pl) (Integra Bioscience, Hudson, NH) or a
CyBio® Well Vario System (384/60) (Analytik Jena AG); both allowed simultaneous addition of
liquid into the 384-well plate. The plates were incubated overnight at 37°C and 5% COz in an
incubator. On the second day, the loading dye (1X) was prepared by diluting FLUOFORTE®

(Enzo Life Sciences, E Farmingdale, NY) dye into the assay buffer (1:1,000), according to the
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manufacturer’s instructions. The assay buffer consists of 1X HHBS (Hank’s buffer saline with
20mM HEPES) and dye efflux inhibitor (9:1). The old media in the 384-well plate was disposed
of by inverting the plate on tissue paper, and it was replaced by 25 ul of loading dye (1X). The
plate was then incubated at 37°C for 30 min, and equilibrated at RT for another 30 min before
the cells were ready for high-throughput screening (HTS).

5.3.4. High-throughput Screening (HTS)

The “dual-addition” assay we developed here allows identification of agonist or
antagonist in the same assay in a high-throughput mode (Xiong et al., 2019a). The theory of the
“dual-addition” assay is reviewed elsewhere (Ma et al., 2017). In brief, the first addition of the
test compound into the cell plate allowed identification of potential agonists when a higher
fluorescence signal was detected compared to the solvent control. The 2" addition of agonist
kinin peptide was applied after the cells were incubated with the test molecule for 5 min. This
allowed the identification of potential antagonists when a lower fluorescence signal was detected
compared to the control (solvent + agonist Kinin peptide).

Before beginning the HTS, each plate containing cells and 25 pl of the assay buffer per
well was read to obtain an endpoint fluorescence value (Relative Fluorescence Units; RFU) as
background signal. For HTS, 0.5 pl of the compounds in drug plates were dispensed into cell
assay plates to reach a final concentration of 2 uM in 0.2% DMSO. Secondly, the addition of
500nM of agonist FFFSWGa (JPT Peptide Technology, Acton, MA, USA) was performed after a
5 min incubation with the compound. The fluorescent signal was read at excitation/emission
wavelength of 495/525 nm in plate end-point mode with a Clariostar® plate reader (BMG
Labtech, Germany). The cell responses were read immediately after the first addition, and 5 min

after the second addition. For both readings, the plate was read from both forward and reverse
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orientations to compensate for the decrease in signal strength in the kinetic assay during plate
reading, because there was a 1 min lag time between the readings of the first and the last well.
The fluorescent cellular responses to both compound addition and agonist addition were
represented as the average of two values that were obtained by the forward and reverse plate
readings, subtracting the background signal. Therefore, only one value represents each
compound. In this study, 63 drug plates containing 19,760 unique small molecules were screened
on the BMLKg3 cell line.
5.3.5. Quality control for HTS

The quality of each HTS assay plate was evaluated through the calculation of the Z”’ value,
which involves the responses in RFU of only both negative and positive controls as indicators of
the assay condition independently of the test compounds (Zhang et al., 1999). In this study, Z’
values were reported in Suppl. Table 5.1. Assays with Z’ value less than 0 were discarded.

(30.+ + 30._)
| Her — .uc—l

Z'=1

Here the and .- and pie+ represent the average RFUs of the negative control (blank solvent, n
= 64) and the positive control (blank solvent + agonist, n = 64) wells, respectively. And o, and
o, represent their corresponding standard deviations (SDs). Therefore, 320 wells remained
available for compound testing.

The assay quality for the screening of compounds (s, n=320) was evaluated with the Z-factor
(a screening window coefficient) calculated with the equation below (Zhang et al., 1999), The
positive and negative control populations (c) are the same as described above.
For an agonist screen, the samples are the average RFU from wells that received the library

compounds (n=320) in the first addition. And they are compared to the positive control agonist,

FFFSWGa as follows:
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(30, + 30.+)
Z(agonist) =1 — ——
(agonist = ]
Whereas for an antagonist screen, the samples (n=320) are the average RFU measured
from wells that received the 2" addition of agonist peptide, and compared to the negative

control.

(30, + 30.-)
| Us — .uc—l

Z(antagonist) =1 —

The Z-factor is meaningful within the range of 0 <Z <1 (Zhang et al., 1999). Assays
who failed to meet the standard of Z-factor > 0 indicating the windows between samples
population and control population were too narrow (Zhang et al., 1999), were considered invalid
and their data, therefore eliminated.
5.3.6. Hit molecule selection

The cutoff for selecting agonist hits was set to a Normalized Percent Activation (NPA)
Max Ratio > 46 %. The NPA is calculated as the percentage of the normalized response of the
particular agonist relative to the normalized response of the control kinin receptor agonist
(FFFSWGa at 500 nM), which was regarded as the maximal response (NPA=100 %) from

BMLKG3 cell line (Xiong et al., 2019d). The raw fluorescence signal of each well (RFUs) was

subtracted by the respective background signal (RFU5g), as follows:

pa  RFUago = RFUsg
RFU., — RFU,,

The cutoff for selecting antagonist compounds was set to an inhibitory activity (lo) >
42 %.
The inhibitory activity was estimated as the percentage of the normalized response to the

agonist peptide of the cells preincubated with the antagonist (RFUg,,,: — RFU, ), relative to the
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normalized response to the agonist peptide of the cells preincubated with blank solvent (positive

control).

, RFUgn: — RFU,
0~ RFU., — RFU,,

5.3.7. Hits validation in dose-response assay

Agonist and antagonist hit molecules obtained from the HTS with the criteria described
above were subsequently validated in a dose-response assay on the BMLK3 cells and vector-only
cells using the same calcium fluorescence assay as described above. The analysis of the dose-
response of each compound was performed using 20 dosages, starting from 25 uM (as final
concentration in the assay plate) to 28 nM, resulting from a serial dilution factor of 1:1.4. Hit
molecules were obtained from 96-well master plates where the concentration of each molecule is
approximately 10 mM in 100% DMSO. Two pl of these solutions were added into wells of the
third column in the 384-well-plate, containing 78 pl DPBS, 6.67% DMSO, as the starting
concentration (250 uM) for serial dilutions. The rest of the 19 serial dilutions were in 10%
DMSO in DPBS in these drug plates, and the final DMSO concentration in the assay plate was
1%.

The dose-response assays were performed with the same dual-addition assay described
above, except that 1 uM of Rhimi-K-1 (QFSPWGamide, Genescript® Biotech, Piscataway, NJ,
USA), an R. microplus endogenous kinin, was added in the second addition to achieve unbiased
validation of antagonistic activity. The ECso and I1Cso were determined. Screening of the same
compounds on the vector only cells allowed identifying false agonist hits, which by inducing
fluorescence responses in vector only cells were activating endogenous CHO-K1 cell receptors

and therefore discarded.

184



5.3.8. Virtual hits and analogs

Utilizing a chemical search tool available in the Collaborative Drug Discovery (CDD)
vault,(Hohman et al., 2009) each of the HTS identified and validated molecules in dose-response
assays were used as query for in silico searches of the Texas AgriL.ife library containing 389,957
molecules to identify virtual hits with at least 70% structural similarity. Additionally, 7 analogs
of the most potent antagonist hit (SACC-0064443) were purchased from ChemBridge™ for
studying the structure-activity relationships. These chemicals were validated in the 20-dosage
serial dilution assay, as described above.

5.3.9. Cytotoxicity assay”

Human dermal fibroblasts (HDF) cells were used to evaluate the potential cytotoxicity of
the hit molecules, following the assay protocol as described in Aggarwal et al., 2017 (2017). In
brief, the cells were cultured in DMEM (Lonza) media supplemented with 10% fetal bovine
serum (Lonza) and penicillin/streptomycin (10 U/ml) (Lonza). For setting the cytotoxicity assay.
On the day of assay, HDF cells were trypsinized, counted and resuspended at a density of 64,000
cells/ml in the media, and test compound stocks were prepared at 800 UM in 10% DMSO in
PBS. Cells (39 ul) were plated in a 384-well plate (Corning, 3680), 1 ul of compound was added
into each well (three pseudo-replicate wells for each assay) at a final concentration of 20 uM in
0.25% DMSO and incubated at 37°C. After 48 h, 4 pl of resazurin dye (0.2 mg/ml) were added
and the assay plates were incubated for an additional 24 h. The next day the fluorescence of the
resazurin was measured on a microplate reader (BMG Labtech) to assess cell death by
comparing to the percentage of fluorescence signal decreased compared to the cell incubated

with buffer control. The fluorescence intensity is proportional to number of live cells. The HDF

* The Cytotoxicity assay was performed by Dr. Wen Dong from Dr. James C. Sacchettini laboratory in Biochemistry
and Biophysics, TAMU.
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cytotoxicity was expressed as the average percentage of cell growth inhibition in the compound
treated wells compared to the control wells. The cutoff threshold for cytotoxicity was 10%.
5.3.10. Validation of antagonistic activity on the recombinant mosquito Kinin receptor

Three identified potent small molecule antagonists, and as control a small molecule of
very low antagonistic activity, were tested in the calcium fluorescence assay, as above, for their
activity on the recombinant kinin receptor of Aedes aegypti, herein referred to as IGKN G12 cell
line. Receptor cloning, expression and clonal cell selection were as previously described
(Pietrantonio, P.V. et al., 2005). The compounds were prepared as a 10X stock in 10% DMSO in
HHBS buffer. The recombinant tick kinin receptor (BMLK3) was tested simultaneously as
positive control for the assay. BMLK3zand IGKN G12 cells were seeded in 96-well-plates
(Greiner Bio-One®, B/C 655097) at a density of 4 x 10*cells in 100 pl of maintenance medium.
Cells were prepared as described above for the calcium fluorescence assay; each well was added
with 90 pul of assay buffer (section 2.3; 20 mM Hepes in Hank’s buffer saline, plus dye efflux
inhibitor).

Each compound 10X stock solution (10 ul) was manually added into one well of each
cell line for a final concentration of 10-, 30-, and 100-uM. After 5 min incubation at room
temperature, a kinin receptor agonist peptide 1728 (Xiong et al., 2019d)
([Aib]FF[Aib]JWGamide, RoyoBiotech, Shanghai, China) was added manually (50 pl; 3X stock
in HHBS) into each well for a final concentration of 1 uM. The cellular calcium response in
RFU was immediately recorded continuously for 60 s with 3 s interval between reads using a
Clariostar plate reader. The average RFU of 20 reads represented the raw response to each
treatment. Three independent replicates were run for each concentration and compound. The

percentage of signal reduction with respect to the control that contained solvent and analog 1728
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was calculated using the average RFU registered for the treatment with each small molecule
divided by the average RFU recorded for the control (100%). Data analyses were performed with
the percentage reduction of the three independent replicates. Graphpad Prism was utilized for
analysis and graphics.
5.3.11. Validation of antagonistic activity in the hindgut contraction inhibition assay

A mosquito colony of Ae. aegypti (Diptera: Culicidae), Liverpool strain, was maintained
at 26.5 °C in 16L.:18D light cycle, as described.(Jagge and Pietrantonio, 2008) For the
experiment, 3-5 d-old females were used, and the assay was modified based on our previous
protocol, as described (Kwon and Pietrantonio, 2013). A group of six female mosquitoes were
cold-anesthetized on a Petri dish placed on ice, where both wings were removed. Mosquitoes
became active when the plate was removed from the ice. The dissection dish was filled with
Ringer solution (150 mmol It, NaCl, 25 mmol It Hepes, 3.4 mmol I KCI, 7.5 mmol It NaOH,
1.8 mmol It NaHCO3, 1 mmol It MgSQ4, 1.7 mmol It CaCl, and 5 mmol I glucose, pH 7.1)
(Clark et al., 1998) at room temperature. To extract the hindgut of each mosquito, their head and
thorax were removed with forceps, and the abdomen was submerged in the Ringer solution. The
hindgut, ovaries and Malpighian tubules (MTs), and midgut were taken out by pulling the last
segment of the abdomen under the Ringer solution. Then, the ovaries and the majority of the
midgut were removed using scissors leaving the intact hindgut and MTs. The isolated tissue was
transferred with forceps, grabbing on the cuticle of the last segment, into a drop of 30 pl Ringer
solution in a 12-well-plate (Greiner Bio-One®, 665102). After six mosquitoes were dissected as
a group, paraffin oil (1-2 ml) was added to each well to cover the saline. The cuticle of the last

abdominal segment was drawn out of the Ringer solution into the oil for better observation of the
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hindgut contraction. The tissues were filmed using an Olympus SZ60 camera (Olympus America
Inc, Center Valley, PA, USA) through a dissecting microscope.

First, the hindgut basal contraction rate was recorded by filming each tissue for 60 s.
Secondly, 15 pl of 3X small molecule (300 uM) solution or corresponding solvent-buffer (3 or
10% DMSO in Ringer solution) was added to the drop of Ringer solution containing each tissue
for a final concentration of 100 uM. After 5 min of incubation at room temperature, 15 ul of the
kinin receptor agonist 1728 solution (4X in Ringer solution) was added to the Ringer solution to
reach a final concentration of 10 uM. After 1h of incubation, the tissue was filmed again for 60 s.

The contractible hindgut of mosquito consists of a funnel-shaped pylorus located
immediately after the posterior midgut, followed by a long, coiled ileum, and a bulbous colon
which contains the rectal pads, and a tapering rectal tube at the posterior end (Odland and Jones,
1975). To analyze each video, the hindgut contraction number was counted by observing the
contraction occurring at the junction between the pyloric sphincter and the most anterior ileum.
The hindgut contraction rate was expressed as the number of contractions observed over 60 s.
The fold change in contraction rate was calculated as the contraction rate estimated at 1h post
treatment divided by the basal rate estimated before the treatment with the chemicals. Each
treatment was repeated with 30 female mosquitoes independently. All statistical analyses were
done by Graphpad Prism Software (v8, San Diego, CA). The differences in fold-change of the
contraction rates among treatments were analyzed using the non-parametric Kruskal-Wallis test,
followed by the Dunn’s multiple comparison test. Only for one small molecule, SAC-0412062,
that had to be dissolved using a higher DMSO concentration (10%), the difference in fold-
change of the contraction rate between the control Ringer-solvent treatment and each compound

treatment was analyzed by the Mann-Whitney test, a non-parametric t-test.
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Figure 5.1 Workflow for the discovery of novel small molecules ligands of the kinin
receptor from the southern cattle tick, Rhipicephalus microplus.

1) A high-throughput calcium fluorescence assay was developed with the recombinant tick kinin
receptor-expressing cells (BMLK3) in 384-well plates; 2) A “dual-addition” cell assay was
developed to allow identification of agonist and antagonist molecules in the same assay; 3) Both,
experimentally obtained and virtually predicted hit molecules were validated using 20
concentrations in the fluorescence response assay; 4) Validation of hit molecules was by
obtaining their response curves and analyzed by comparison of their 1Csgs; 5) Structural Activity
Relationships (SAR) analyses were performed for hit molecules with high structural similarity;
6) Potent hit molecules were tested in vivo using a canonical hindgut contraction inhibition
assay. Figure was created with BioRender.com.
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5.4. Results

The pipeline for this novel ligand identification through HTS is outlined in Fig. 5.1. We
developed a dual-addition calcium fluorescence assay in 384-well mode on the CHO-K1 cells
permeant expressing kinin receptor from the southern cattle tick R. microplus. In the process,
relevant variables were validated (data not shown), such as cell density (10,000 cells per well),
concentration of the screened compounds (2 uM), final DMSO concentration (0.2%) in the assay
plate, agonist peptide (a generic kinin analog, FFFSWGa) concentration (500 nM), pipetting
speed and depth (CyBio® and Viaflo® programs in Appendix1, and reading time post-addition of
the agonist peptide (5 min). The results of HTS and dose-validation were summarized in Fig. 5.2.
Total of 19,760 small molecules were screened with this assay and the hit ratio was 0.29% with
58 hit molecules selected (Suppl. Table 5.2) according to the criteria described in the Materials
and Methods. Among them, 26 small molecules were identified as potential agonists with (NPA
> 46 %) and 32 small molecules were potential antagonists with (Io > 42%). These 58 molecules
were validated for their dose-dependent response on both BMLK3 cells, and vector-only cells
(lacking the tick kinin receptor). A summary of hit molecule characterization through
concentration-response curves is shown in Fig. 5.3. The screening of compounds on the vector-
only cells assisted with the exclusion of the off-target agonists when the vector-only cells
respond to a compound similarly as the BMLKG3 cells (Fig. 5.3C as an example). Our results
suggested all of the 26 putative agonists we identified were either off-target or not active (curves
in Suppl. Table 5.3). The dose-response assay confirmed 18 off-target agonists as the vector-only
cells produced similar dose-responses as with the BMLK3 cells. The remaining 22 hit molecules
(putative agonists and antagonists) did not show dose-response activities (Fig. 5.3D). In contrast,

18 molecules showed dose-dependent antagonistic activities, among them, ten molecules acted
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as full antagonists which fully inhibited the cellular response to the tick kinin, Rhimi-K-1 (Fig.
5.3A as an example) and eight molecules acted as partial antagonists where the response to kinin
peptide was not completely suppressed even at high concentration (Suppl. Table 5.3 and Fig.
5.3B as an example). In order to expand the hits list, we performed a structure-based in silico
screen on the remaining existing chemical library at hand (389,957 small molecules) and found
27 small molecules with at least 70% structural similarity to the experimentally identified
antagonists representing a variety of molecules (Fig. 5.2 and Suppl. Table 5.4). These molecules
were subsequently validated in the same dose-response assay on the BMLK3 and vector-only
cells. As a result, 16 additional antagonists (5 full antagonists and 6 partial antagonists) were
identified (Fig. 5.2 and Suppl. Table 5.4). In sum, 15 full antagonists and 14 partial antagonists
were validated from hits identified in HTS and in silico prediction. Among the 15 full

antagonists, 11 small molecules showed ICsg less than 10 uM which are presented in Fig. 5.4.
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Processes

Primary screen at 2uM with BMLKa:
19,760 small molecules;

-
average Z'=0.5
;
Dose-response validation of 58 hits | |

with BMLK3 and vector-only cells

:

In silico search predicted 27 virtual
hits from whole SAC library with
> 70% similarity with antagonist hits.
Performed validation with BMLKz and
vector-only cells

v

Purchased 7 analogs of
SACC-006443 (the most potent full
antagonist from HTS)

Results

Identified hits: 32 antagonists;
26 agonists

}

>

Validated 18 antagonists:

10 full antagonists and 8 partial

antagonists
+
Validated 11 additional

antagonists:

5 full antagonists and 6 partial
antagonists

—>

Validated 3 full antagonists
and 4 partial antagonists;
data used for SAR analysis

In total, we validated 36 potential antagonists of the tick kinin receptor,
18 are full antagonists and 18 are partial antagonists

Figure 5.2 Stepwise summary of the high-throughput screening results using BMLK3 cells
and Vector-Only (VO, control) CHO-K1 cells.

Green boxes describe processes; yellow boxes indicate results; the blue box on the bottom is the
summary of all the antagonist hit molecules discovered. Figure was created with BioRender.com.
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Figure 5.3 Characterization of hit molecules through concentration-response curves.

The curves of four representative hit molecules identified through high-throughput screening are
shown (A-D). Hit molecules were tested in a concentration-response assay on both recombinant
tick kinin receptor cells (BMLKS3, left two columns) and the cells transformed only with the
vector plasmid (VO, right two columns). The first and third column show the calcium
fluorescence responses after the assay 1% addition of test compounds. Each compound was tested
through a dilution series of 20 dosages (dilution factor 1: 1.4), ranging from 28 nM to 25 uM as
final concentrations. The second and fourth columns show the respective calcium responses 5
min after the assay 2" addition of the tick kinin receptor agonist peptide, Rhimi-K-1
(QFSPWGamide, 1uM). Cell calcium responses in Relative Fluorescence Units (RFU) were
recorded using a Clariostar Plate Reader (BMG technology®, Germany). The dose-response
curves were calculated by Graphpad Prism Software using non-linear regression
[log(inhibitor/agonist) vs. response - Variable slope (four parameters)]. The panels A-D each
show an example of different types of hit molecule: A) a partial antagonist, which partially
inhibited the calcium response to the kinin peptide but did not reach full inhibition even at
highest concentration of 25 uM; B) a full antagonist, which completely inhibited the response to
the kinin peptide; C) a false (non-specific) antagonist, which elicited the same agonistic dose-
response in both BMLK3 and VO cells; D) a false antagonist which did not inhibit the agonist
peptide in a dose-response fashion.
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Figure 5.4 Concentration-response curves of the eleven most potent full antagonists from
an in-house SAC library screening.

Hit molecules identified by the experimental high-throughput screening (A-C and E-I) and by
virtual predictions (D, J and K) were validated through a concentration-response assay. Each
compound was tested at 20 concentrations from 25 pM to 28 nM, obtained through serial
dilutions (1: 1.4 dilution factor) as final concentrations in the cell media. Compounds were added
into cell media and incubated with the cells for 5 min, followed by the assay 2" addition of the
tick kinin receptor agonist peptide, Rhimi-K-1 (QFSPWGamide, 1uM). The calcium responses
in Relative Fluorescence Units (RFU) at 5 min after the 2" addition was measured by the
Clariostar Plate Reader (BMG technology®, Germany). The dose-response curves were
generated by Graphpad Prism Software using non-linear regression [log(inhibitor) vs. response -
Variable slope (four parameters)]. While twenty-nine of the hit molecules showed dose-
dependent antagonistic activity on the recombinant tick kinin receptor (Suppl. Tables 3 and 4),
herein only the curves for the 11 most potent hit molecules full antagonists (ICso < 10uM) are
shown.
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Figure 5.5 Concentration-response curves for the most potent antagonist (SACC-0064443)
and for its structural analogs identified from in silico searches.

The eight molecules tested have 95% structural similarity. For each compound, receptor-
expressing cells (BMLK3) were preincubated 5 min with each of 20 concentrations from 25 pM
to 28 nM, obtained through serial dilutions (1: 1.4 dilution rate). Post-incubation, a tick kinin
receptor agonist peptide, Rhimi-K-1 (QFSPWGamide, 1uM), was added to the cell media, and
after 5 min the cell calcium responses in Relative Fluorescence Units (RFU) were recorded by a
Clariostar Plate Reader (BMG technology®, Germany). The curves were generated by Graphpad
Prism Software using non-linear regression [log(inhibitor) vs. response - Variable slope (four
parameters)]. The top four panels (A-D) show molecules that were full antagonists; panels F and
G show partial antagonists; panels H and | show compounds with low antagonist activity.
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Figure 5.6 Structure-activity relationships (SAR) analyses of a validated antagonist
(SACC-0064443) derived from the HTS, and of seven analogs of the same molecule
identified by in silico searches of the available libraries.

The structure on the left depicts the backbone of these eight structurally similar molecules. The
change of Ar group caused different antagonistic activity. The top four molecules (aromatic
group(s) in blue) acted as full antagonists of the tick kinin receptor, and the bottom molecules
acted as either partial antagonists (SACC-0412065, SACC-0412061, in pink) or very weak
partial antagonists (SACC-0412063 and SACC-0412064, in orange) (Dose-response curves of

these eight molecules are in Fig. 5.5).

* SAR analysis was performed by Dr. Nian Zhou from Dr. James C. Sacchettini laboratory in the Department

Biochemistry and Biophysics, TAMU.
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One of the most potent antagonists identified from HTS, SACC-0064443 (1Cso = 0.67
MM, Fig. 5.4A), was selected to study structure-activity relationships (SAR). One small molecule
(SACC-0412066) with 95% structural similarity with SACC-0064443 and six 2D and 3D
analogs of this molecule which were obtained from ChemBridge™ Chemical. They were tested in
the dose-response assay in the same fashion as mentioned above (Suppl. Table 5.5). Three
compounds showed full antagonistic activity with ICses ranged from 1.2 to 3.2 uM (Fig. 5.5B-
D), which were equivalent to the activity to SACC-0064443 (Fig. 5.5A). Two compounds were
partial antagonists (Fig. 5.5F and G) and other two showed very weak antagonistic activity
(Fig.5H and I). Based on these series of results, we predicted a backbone of tick kinin receptor
antagonist with variable side chain (Ar-group) (Fig. 5.6, structure on the far left). The results
suggested that the Ar-group is selected from Phenyl, naphthyl, 4-Me-phenyl, 4-Cl-phenyl, 4-F-
phenyl, 4-carboxy-phenyl or 4-OH-groups. Among them, phenyl and naphthyl were best for
activity, whereas substitution on phenyl decreased activity (Fig. 5.5 and 6). In addition, to
determine the mammalian cellular toxicity of the 36 antagonists we validated from dose-response
assay, a cell toxicity assay was performed with human epidermal fibroblast cells. Only 32 out of
36 compounds showed cytotoxicity with HDF inhibition lower than 10% when tested at 20 uM
(Suppl. Table 5.5. Column K). Two of the potent antagonists, SACC-0053274 and SACC-
0015411 (curves in Fig. 5.4B and K), showed low toxicity with 10-11% HDF inhibition.

To validate the bioactivity of these small molecule antagonists, the compounds were
tested for inhibition of the canonical myotropic activity of the kinin peptide in the hindgut
contraction inhibition assay. The most potent commercially available antagonists, SACC-
0412060, SACC-0412062, and SACC-0412066 (Fig. 5.5B-D) were selected to be tested and

SACC-0412064 was used as a negative control for its weak activity on the tick recombinant
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receptor (Fig. 5.5H). Before the tissue bioassay, we first validated the in vitro antagonistic
activity of these four molecules on the recombinant mosquito kinin receptor (IGKN G12).
Through results of the calcium mobilization fluorescence assay, three active molecules showed
antagonistic activities on IGKN G12 similar as on the BMLK3 cells. Inhibition was calculated as
the percent inhibition of the maximal response that was obtained by applying solvent in the first
addition and 1728 agonist peptide in the second addition of the assay (Fig. 5.7, first bar for each
compound). All three tested concentrations (10, 30, and 100 uM) of SACC-0412060 and SACC-
0412062 inhibited at least 50 % of this maximal response (Fig. 5.7A). SACC-0412066 at 30 uM
inhibited 84% response on IGKN G12 compared to the control (Fig. 5.7A). Unexpectedly, this
molecule elicited a strong calcium response at 100 uM, indicative of receptor activation. It is
possible that at this high supraphysiological concentration, other endogenous receptors could
have been activated. We did not explore this response further. The control molecule (SACC-
0412064) did not antagonize the calcium response even at 100 uM (Fig. 5.6, lightest gray

column).
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Figure 5.7 Test of potent antagonist hit molecules on the recombinant kinin receptor from
mosquito Aedes aegypti (IGKN G12, CHO-K1 cells) in the calcium fluorescence assay.

The recombinant tick kinin receptor (BMLK3) was tested side-by-side for comparison. SACC-
0412060, SACC-0412062, and SACC-0412066 were among the most potent antagonists. SACC-
0412064 had a very weak antagonistic activity, therefore, it was used as a negative control. Each
molecule was tested at three different dosages (10, 30 and 100 uM as final concentration). For
testing each of these final concentrations, first, a 10X small molecule stock solution was added to
the cell media. After 5 min of incubation with the compound, a 3X kinin receptor agonist 1728
([AiIb]FF[Aib]WGamide) solution was added to reach a final concentration of 1 uM. After this
second addition, calcium fluorescence responses (in Relative Fluorescence Units, RFU) of the
cells were immediately recorded for 60s with 3s intervals between reads using a Clariostar Plate
Reader (BMG technology®, Germany). The Y-axis value was calculated as the percentage of
average RFU of each treatment to the RFU of the control (solvent in first addition and 1728 in
second addition = solvent + 1728), as the cell response of the control well was regarded as 100 %
response in each test. Three replicates were done for each treatment (n=3, mean £ SEM).
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For the hindgut contraction inhibition assay we first confirmed the contractile activity of
the kinin analog 1728 on mosquito hindgut. In this assay we detected significant differences
among treatments (Kruskall-Wallis test) and the Dunn’s test revealed a significant (~2-fold)
increase in contraction rate in hindguts incubated with 10 uM 1728 in 1% DMSO 1h post
addition of the analog (Fig. 5.8A). This treatment did not differ from the joint treatment of 1728
and SACC-0412064, the latter which had low antagonistic effect in the cell assay. This low
antagonistic effect can perhaps explain that the effect of 1728 plus SACC-0412064 treatment
was intermediate between those of 1728 and the no treatment group, from which was also not
significantly different (Fig. 5.8A). In contrast, the antagonists SACC-0412060 and -00412066
significantly reduced the mobility of the hindgut with respect to the rest of the treatments (Fig.
5.8A). Although SACC-0412066 agonized the calcium response at 100 uM, we did not observe
any increase in the hindgut contraction rate in the hindgut contraction assay, supporting a
potential off-target agonistic activity at high concentration on the mammalian cells only (Fig.
5.7A and B). Hindguts incubated with SACC-0412062 and 1728 showed reduced contraction
rate (fold-change < 1), compared to a 2-fold increase of contraction rate in solvent plus 1728

group (P <0.0001) (Fig. 5.8B).
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Figure 5.8 In vivo validation of antagonists of kinin receptors in the arthropod hindgut
contraction inhibition assay.

Isolated hindguts from females of the mosquito Aedes aegypti were preincubated with 100uM of
antagonist (SACC-0412060, SACC-0412062, or SACC-0412066), the negative control small
molecule (SACC-0412064), or solvent control for 5 min. Subsequently, 10 uM of 1728
([Aib]FF[Aib]WGamide) was added. Tissues were filmed for 60 s before treatment and for 1 h-
post treatment using an Olympus ZS60 (Olympus America Inc, Center Valley, PA, USA)
microscope. The fold-change in the contraction rate in 60 s was calculated by dividing the post-
treatment contraction rate by the basal contraction rate; each dot represents one hindgut
contraction assay (n = 30 for each treatment). A) Differences in the means of change of
contraction rate were analyzed by the Kruskal-Wallis (P < 0.05) test followed by Dunn’s
multiple comparisons test (P < 0.05) using the Graphpad Prism Software. Black lines above
results and “n.s.” indicate no statistical difference between groups. B) Differences in the change
of contraction rate between SACC-0412062 and solvent with analog 1728 were analyzed by the
non-parametric t-test, **** P < 0.0001. The annotation of the small molecules on the X-axes
displays only four digits of their full name due to space limitations, and the prefix ‘SACC-041’
should be added.
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5.5. Discussion

In this study we aimed to identify novel small molecule ligands of the tick kinin receptor
to expand our tool set towards elucidating the function of the tick kinin signaling system and
identifying potential chemical leads for tick control. “Small molecules” for therapeutic purposes
are defined by the ‘Lipinski rule of five’, and include those < 500 Da (oral administration)
(Lipinski, 2016), however, this size rule is often violated for agrochemicals. In previous work we
tested novel peptidomimetic ligands of the tick kinin receptor that were designed based on the
sequences of endogenous tick kinins; all such mimetics were full agonists (Xiong et al., 2019b).
However, peptidomimetic ligands are more costly to synthesize and may have limited
penetration through the arthropod cuticle, both of which limit their potential as agrochemicals.
Lack of crystal structures of arthropod neuropeptide GPCRs remains a major obstacle for
predicting small molecule ligands. The alternative approach to identify novel ligands of GPCRs
is through high-throughput screening (HTS) of random small molecule libraries. Currently, only
two published studies have performed HTS for novel ligand discovery on arthropod vector
GPCR targets. A novel small molecule agonist of the mosquito neuropeptide Y (NPY) receptor
was identified through HTS.(Duvall et al., 2019) In addition, the invertebrate dopamine receptor,
a biogenic amine GPCR, was subjected to HTS with target-specific libraries, and antagonists
exhibiting considerable toxicity to mosquito larvae were discovered (Ejendal et al., 2012).

Our targeted screening of the random small molecule library yielded 18 antagonists after
dose-response analyses of the initial 32 antagonist hits. The 18 validated antagonists comprised
0.09% of the total screened compounds. It is worth mentioning that the primary HTS and the
secondary validation in the dose-response assays utilized different agonist peptides. The primary

screen was done with an hexapeptide generic kinin, FFFSWGa, that although potent on the tick
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receptor (Taneja- Bageshwar et al., 2006), differed in structure from the tick endogenous
kinins.(Xiong et al., 2019a) This kinin analog was used because at the time the primary screen
was performed, we had not yet identified and tested the R. microplus kinins. The implication is
that the antagonist hits derived from the primary screen may have been biased towards this kinin
agonist.

During validation of hits in the dose-response assays, we used one of the kinins from R.
microplus, Rhimi-K-1, the sequence of which was deduced from cloning the peptide precursor,
and its activity was verified on the tick kinin receptor (Xiong et al., 2019a; Xiong et al., 2019b).
Unfortunately, no agonist molecules were validated from the 26 putative agonist hits identified
from HTS. The lack of validated hits may be attributed to our rigorous standard for selecting
agonists, requiring that a hit had to elicit a cellular response higher than 46% of the responses to
500 nM of the kinin peptide FFFSWGa; this concentration can elicit almost the maximal
response (80 to 100%) from the recombinant tick kinin receptor cells (Xiong et al., 2019d).

The Kkinin agonist peptides have a conserved C-terminal motif, FX'X?WGamide (X* and
X2 are variable residues) (Nachman and Holman, 1991a; Nachman et al., 2002a). In contrast, the
structure of the 18 potential antagonist small molecules had very low structural similarities
among themselves (Suppl. Table 5.7). A structure-based in silico screen search allowed
identification of 27 putative antagonist hits. Concentration-response validation experiments
identified 11 additional antagonists among these 27 predicted hits, 40.7 % of the hit ratio.
Therefore, prediction of the ligand structure based on known antagonists improved the hit ratio
of antagonists. Before the structure-activity relationships can be evaluated, it is necessary to
identify a group of lead analogs. In total we validated 36 antagonists of the tick kinin receptor

that, based on their structural similarities, could be clustered into 27 groups (Suppl. Table 5.7).
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The larger cluster of molecules with high structural similarity included the eight analog
molecules shown in Fig. 5.6. The structure-activity relationships analysis suggested that
compounds with phenyl, naphthyl, or 4-Cl-phenyl at the Ar-position exhibited full antagonistic
characteristics whereas substitution with four alternative groups resulted in decreased activities
and loss of full antagonistic activity. Further receptor-ligand structure analyses followed by in
silico design of hit molecules will be meaningful to improve the resolution of the SAR.

While the dose-response assay validation in vector-only cells allowed us to discard false
agonist hits, the same cannot be concluded from the potential antagonist hits, therefore, a
functional assay was developed to verify the inhibitory effect of the most potent antagonists.
Kinin peptides were known as myokinins for their myotropic activity on the hindgut of various
insect species (Bhatt et al., 2014; Holman et al., 1986). The hindgut bioassay has been the gold
standard for evaluating the activity of myotropic or myoinhibitory ligands of GPCRs in insects
and ticks (Kwon and Pietrantonio, 2013; Simo and Park, 2014). To determine the antagonistic
activity of the validated compounds in a bioassay, we adapted the mosquito hindgut contraction
assay we previously developed (Kwon and Pietrantonio, 2013), as a hindgut contraction
inhibition assay. For this we reasoned the hindgut contractions had to be first chemically
stimulated to verify the inhibitory activity of the small molecules. Our lab has developed parallel
pipelines for studying kinins and kinin receptors from mosquitoes and ticks (Pietrantonio, P.V. et
al., 2018); both receptors were de-orphanized in our lab (Pietrantonio, P.V. et al., 2005; Xiong et
al., 2019b), and many kinin peptidomimetics tested side-by-side on both recombinant receptors
showed comparable stimulatory activities on both receptors (Taneja-Bageshwar, Suparna et al.,

2009; Taneja- Bageshwar et al., 2006; Xiong et al., 2019d). Only one gene encoding the Aedes
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aegypti kinin receptor® (annotated as substance-K receptor, Gene ID: 5574266) can be found in
the most recent genome of Ae. aegypti (Matthews et al., 2018), two predicted transcript variants
(Matthews et al., 2016) have identical protein coding region (AAEL006636-RA and RB on
VectorBase®), therefore, there is only one form of the protein. While the R. microplus genome is
less well-annotated, there is also only one functional kinin receptor identified so far. Although
the three aedeskinins stimulate hindgut contractions in the mosquito Ae. aegypti at
concentrations of 10 M (Veenstra et al., 1997b), and kinin peptides increase hindgut contractile
activity in other insects such as cockroaches and kissing bug (Bhatt et al., 2014; Holman et al.,
1986), we chose the kinin analog 1728 to stimulate the mosquito hindgut contraction previous to
applying the antagonists in the hindgut contraction inhibition assay. The analog 1728
([AIb]FF[AiIb]WGa) was chosen because it is a positive control peptide with enhanced peptidase
resistance, and is a very potent agonist on both mosquito and tick kinin recombinant receptors
(Taneja-Bageshwar, Suparna et al., 2009). This analog is potent and induces Rhodnius prolixus
hindgut contraction at 101 M (Bhatt et al., 2014). This analog was also active in the diuretic
assays with renal organs of another dipteran, the fruit fly Drosophila melanogaster, at 2.5 x 10
M but not active in the 107 M range to increase fluid secretion from the renal organs (Alford et
al., 2019a). Similarly, in this study the analog 1728 was active in the mosquito hindgut when
tested at 10 uM (10° M). It is worth noting that the increase of hindgut contraction in response to
the kinin analog 1728 had not been previously reported for the mosquito. The increase of hindgut
contraction rate was best observed 1 h after the addition of analog 1728. The same time delay

was also observed in tissues incubated with 1 uM of an endogenous mosquito kinin, aedeskinin 2

5 GenBank: AY596453.1

6
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(NPFHAWGamide, data not shown). In contrast, kinins almost immediately increased hindgut
contractions in the cockroach and kissing bug (Bhatt et al., 2014; Holman et al., 1986). This
difference in speed of activity could be due to the difference in the measurement methods. Other
researchers (Bhatt et al., 2014; Holman et al., 1986) used electrodes to measure the movement of
the hindgut, which are much more sensitive to small contractions, whereas we used video
recording under the dissecting microscope and visual inspection by the same operator.

After validating the hindgut contractile activity of kinin analog 1728 in females of Ae.
aegypti, we tested the most potent antagonist compounds that were commercially available in the
hindgut contraction inhibition assay. All three molecules we tested inhibited the contraction of
the hindgut. Indeed, the active compounds tested at 100 uM would shut down or reduced the
amplitude of the peristaltic contraction of the hindgut in most of the tests after incubation with
the tissue for 1 h. We had determined that these antagonists were able to inhibit the fluorescence
response at 30 UM in the cellular assay with CHO-K1 cells (Fig. 5.7). We decided to use a higher
concentration of 100 uM in the tissue assay to account for potential degradation by the tissues
during the incubation period. However, the antagonists are likely active at lower concentrations.
When we reduced the concentration of SACC-0412060 and SACC-0412066 to 10 uM in the
hindgut bioassay, no increase in the hindgut contraction rate was observed 1 h after 1728 was
added (data not shown), while the hindgut contraction rate in the 1728 treatment increased by a
factor of 2 (Fig. 5.8A). These results suggested that the small molecules were able to block the
myotropic activity induced by kinin analog 1728 even at 10 uM, which was consistent with
results of the in vitro cellular assay (Fig. 5.7).

In conclusion, this study utilized a HTS of a library of random small molecules combined

with a structure-based in silico screen to identify novel ligands of the tick kinin receptor. We
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validated 36 potential antagonists on the recombinant receptor using a dual-addition cell assay.
This is the first reported HTS of a neuropeptide GPCR on any tick species. Three of the most
potent small molecules with similar structure were tested on the recombinant mosquito
orthologous receptor and in the mosquito hindgut contraction inhibition assay. For the first time,
the hindgut contractile activity of the kinin analog 1728 was reported for mosquito. The
antagonists identified in the HTS and validated in dose-response cellular assays also inhibited the
myotropic effect of the potent kinin analog 1728. These antagonists are tools to study arthropod
kinin signaling physiology and are potentially useful for novel approaches for pest control. This
study also proved that the tick kinin receptor is a druggable target.
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6. CONCLUSIONS

This study improves the understanding of the tick kinin system. We identified novel
ligands of the kinin receptor as tools for kinin physiological and endocrinological studies and
promising lead molecules for pest control. Moreover, the methodologies we developed though
this study including functional cellular assays, automation protocols for HTS and the hindgut
contraction-inhibition bioassay are useful toward validating other arthropod neuropeptide
GPCRs as targets for alternative pest management.

We cloned the first complete cDNA of the kinin neuropeptide precursor in tick species,
and predicted and tested tick endogenous kinins on the cognate receptor. By predicting the
endogenous kinins from eight tick species that are disease vectors, we found ticks have an
expanded number of kinin paracopies in the kinin gene. Further analysis of the conserved
sequence of the pentapeptide kinin active core (FX1X2WGa) revealed a predominant proline at
the 2" variable position of the tick kinin core (X2), revealing an evolutionary difference between
tick and insect kinins. Further comparative functional analysis of peptides with restricted
conformational structures can provide insights into this selection. Site-directed mutagenesis
analyses of the kinin receptors can be employed to reveal the amino acid sites that are important
for the ligand-receptor interaction; however this methodology is not fully error proof as
mutations may affect protein folding or receptor function unrelated to the ligand binding site.

Towards identifying and validating novel ligands on the kinin receptor we first chose the
approach of designing novel kinin peptidomimetics based on the sequence of mosquito kinins, or
that incorporated aminoisobutyric acid for protease resistance or polyethyleneglycol for
enhanced cuticular penetration, or other modifications. Dr. Ronald Nachman designed and

synthesized these molecules. This approach yielded several potent peptidomimetics with
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enhanced biostability and bioavailability, and some showed equal or higher potency on the
receptor than a previous potent kinin analog, 1728. Analog 1728 was known to elicit aversive
sugar feeding behavior in the mosquito bioassay, as well as antifeedant or disruptive activity in
aphids and kissing bug. Through the analyses of both potency and efficacy of these novel
peptidomimetics, we identified three peptidomimetics with equal activity as 1728 on the
mosquito receptor and three peptidomimetics that showed higher activity than 1728 on tick kinin
receptor. These newly validated active peptidomimetics are useful tools for studying the kinin
signaling system in vitro or in vivo, and potential lead compounds for pest control.

In searching for more stable and inexpensive ligands of the kinin receptor, we screened
both a targeted commercial small molecule library and a random small molecule library. These
efforts led to the identification of the first antagonist of the tick kinin receptor. Meanwhile,
ligands for the human neurokinin receptor elicited low antagonistic response, which
demonstrated the high selectivity of the invertebrate-specific kinin receptor. Furthermore,
through HTS effort and the in silico screen of 390,000 molecules on the tick Kinin receptor, we
identified some potent antagonists with 1Csos between 0.67-10 M. Their bioactivities were
validated through a modified canonical hindgut contraction assay, in which the contractile
activity induced by a kinin analog was inhibited by the small molecule antagonists. The in tissue
antagonistic activity is significant as the antagonists were identified using recombinant
mammalian cells. The mosquito hindgut contraction assay validated the antagonistic activity in
arthropod cells.

This is the first HTS performed on the neuropeptide GPCRs of any tick species. It proves
that the tick/arthropod kinin receptor is a druggable target. This is a proof-of-principle for ligand

discovery of invertebrate neuropeptide GPCRs. The functional cellular assays and quality control
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methodologies developed in this study provide valuable protocols for HTS for ligand discovery
of arthropod neuropeptide GPCRs, especially for GPCRs using PLC-IPs-Ca?* signaling pathway.
We validated many variances involving in each step of the HTS assay such as cell number in
each well, FBS concentration in the cell medium and wash times, automation pipetting depth and
speed, the concentration and final DMSO concentration of the screen compound, incubation
time, and agonist peptide concentration and incubation time, as shown in Fig. 6.1.

Due to our lack of access to the R. microplus ticks in College Station because of the
quarantine regulations, a limited number of tick bioassays with the identified antagonists could to
be performed as they had to be performed at USDA-Cattle Fever Tick Research Laboratory in
Edinburg, TX. The planned tick bioassays with peptidomimetics were interrupted first by the
Government shut-down in 2019 and those with small molecules by the unexpected COVID-19
situation after March 2020. The small molecule antagonists identified were therefore,
alternatively, tested in the mosquito hindgut bioassay. Further tick bioassays with larvae and
adults and testing different solvents will be necessary to fully validate the activity of these
molecules.

The exact physiological function of kinin in ticks remains unknown. Biological assays
with the novel ligands we identified in this study will help address this question. Furthermore,
the releasing sites of kinin peptide in ticks are not completely clear. In insect, kinins are
produced by cells in the CNS as well as in the periphery organs. Immunolocalization of kinins on
different tick tissues can provide a comprehensive picture of kinin producing and releasing sites.
It will also be worth investigating the physiological relevance of the expanded kinin paracopies
in the kinin gene we found through this study, such as by measuring the fluctuations of kinin

concentration at different physiological status. Towards converting our findings into pest control
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applications, more works will need to be done to test the pesticidal effect of the novel ligands.
Modeling of ligand-receptor interactions using structure of identified ligand as inputs will

contribute to designing of more potent ligands.

Cell number, FBS %, Pipetting speed, depth;
wash time . compound
'il J % | concentration, DMSO%
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Figure 6.1 Summary of the high-throughput screening (HTS) assay valiation parameters.
The green boxes indicate the process of HTS assay, and red boxes indicate the variances that
were validated or optimized for HTS. Created with BioRender.com.
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Supplementary Figure 2.1 Dose-dependent responses and relative potency (ECso determination):
mosquito (A-D) and tick (E-H) recombinant kinin receptors expressed in CHO-K1 cells were tested
against 17- and 18- insect kinin analogs, respectively. Each analog was tested at nine concentrations from
1019-10° M (Log.[M] on X-axis) using a calcium bioluminescence assay (the IK-PEG-10 analog was not
active on mosquito receptor). The Y-axis represents the percentage of bioluminescence response (average
bioluminescence units of three replicates elicited during 30s after analog application) observed at each
concentration as a percentage of the maximal response (100%) observed among all concentrations tested
for each analog (Mean = SEM). Three replicates were performed for all analogs except for analog 1728
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(n=2). Blank buffer was injected as control for cells bioluminescence background, each bioluminescence
response was subtracted by the response to this blank buffer application. Dose-response curves were
generated with “non-linear regression log[agonist M] vs. normalized response - variable slope function
with GraphPad GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA) and used to calculate the ECsp as
the concentration (Log ECso, X axis) that elicited 50% (Y axis) of the maximal response (see Table 1).
Each of the eight panels shows receptor responses to a group of analogs of similar design; their complete
sequence is shown in Table 1. Each panel figure legend highlights analogs’ features. A) and E):
endogenous sequence of either aedeskinin-1 or -3. B) and F): endogenous sequence of both aedeskinin-1
and -3. C) and G): endogenous sequence of aedeskinin-2. D) and H): polyethylene glycol (PEG)
modified-analogs. The dose-response curves for FFFSWGa (positive control) and 1728
([AIb]FF[AIb]WGa, a potent [Aib] agonist) were included in each figure for comparison.
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Supplementary Table 2.1.1 Statistical analysis of analogs’ potency on recombinant mosquito Aedes aegypti kinin receptor.

One-way ANOVA was performed to compare the potency (Log.ECs) on the mosquito kinin receptor of 17 insect kinin (1K) analogs (F = 91.09;
P<0.0001). Three replicates were performed for all analogs except for analog 1728 (n=2). ANOVA was followed by Tukey multiple comparison
test of means (****P<0.0001). PC = Positive control kinin peptide. FFFSWGa. 1728 = a potent kinin Aib-containing analog.

Mosquito Kinin Receptor (IGKN F10 cell K- K- K- K- K- K- K- K- K- K- K- K- K- K- IK-

line) LogECss 1728 AIB- AB- AB- AB- AB- AB- AB- AB- AB- AB- PEG PEG- PEG- AB- PC PEG-

IK analogs ranked by log.ECss' 19 12 20 17 18 5 14 1" 16 13 8 6 9 15 7
[AIJFFAD]WGa 1728 775

[AR]FY[ARIWGa  IK-AIB-19 174 ns
pQKFYIAIRIWGa  IK-AIB-12 763 ns ns
[Ab]JFH[ABIWGa  IK-AIB-20 755 ns ns ns

VFYADWGa IK-AIB-17 728 e e

PQVFYIALIWGE IK-AB-18 741 e wwe o wwepng

Ac-FFABIWGa  IK-AIB-5 A e weong

ACFHADMWGa IK-AIB-14 708 ** e mw g ong g
NSKYVSKQKFY[Ab]WGa  IK-AIB-11 6§96 v mwm e wwomng s ons

FY[ABIWGa IK-AIB-16 £.88 v o amw e ns ns ns ns
NPFH[&L@]M K-AIB-13 .82 o o o o " * * ns ns

MS[PEG8]-RFFPWGa IK-PEG-8 £.74 v ww mw wmw mm o . " ns ns ns
MS[PE&]-RF FPWGa IK-PEG-6 fE2 o o o o o o o - * ns ns

MS[PEGB]_R[Ajb]FF[Aib]WGa IK_PEG_Q _6-51 ik ik ik ik ik ik Liiid Liiid Liiid ik i ns ns
FH[Aib]wGa "{_Al B_41 5 _6‘51 ik il il il il il Liiid Liiid Liiid L] i ns ns ns

FFFSWGI Pc _6 .4 RLlid Ll Ll Ll Ll Ll Ll id Ll id Ll id Ll id Ll id " ns ns ns

MS[PEG4]_R[Aib]FF[Aib]wGa IK_PEG_T _6 .-3 RLlid Ll Ll Ll Ll Ll Ll id Ll id Ll id Ll id Ll id Ll id e ns ns ns

1ECs values were calculated for each analog individually as the concentration that elicited 50% of the highest number of bioluminescence units for
that analog (100%) (Table 1.). This maximum bioluminescence may or not correspond to the highest concentration tested; for a few analogs the
highest concentration elicited a lower number of bioluminescence units possibly due to receptor internalization.



Supplementary Table 2.1.2 Statistical analysis of efficacy on recombinant mosquito Aedes aegypti Kinin receptor.

One-way ANOVA was performed to compare the efficacy! on the tick kinin receptor of 18 insect kinin analogs (IK) (F= 15.32; P<0.0001). Three
replicates were performed for all analogs except for analog 1728 (n=2). ANOVA was followed by Tukey multiple comparison test of means
(****P<0.0001). PC= Positive control kinin peptide FFFSWGa. 1728= a potent kinin Aib-containing analog.

Mosquito Kinin Receptor (IGKN F10 cell line) 1K- IK- IK- 1K- IK- 1K- 1K- IK- IK- IK- IK- IK- 1K- 1K- IK-
(Ranked by binding efficay') AlB- AlB-  AlB- AIB- AIB- AIB- AIB- AIB- AlB- PEG- PEG- AIB- PEG- PEG- AIB-

19 1728 5 18 12 17 20 11 13 16 PC 8 ] 14 7 9 15
[Aib]FF[AIB]WGa  IK-AIB-19 -
[AibJFY[Aib]WGa 1728 ns -
Ac-FF[AIb]WGa IK-AlB-5 ns ns -
pOVFY[AIb]WGa  IK-AIB-18  ns ns ns -
pOKFY[Aib]WGa  IK-AIB-12  ns ns ns ns -
VFY[Aib]WGa  IK-AIB-17  ns ns ns ns ns -
[Aib]FH[AIDIWGa  IK-AIB-20 ns ns ns ns ns ns -
NSKYVSKQKFY[Aib]WGa  IK-AIB-11  ns ns ns ns ns ns ns -
NPFH[AID]WGa IK-AIB-13 ns ns ns ns ns ns ns ns -
FY[Aib]WGa  IK-AIB-16 ns ns ns ns ns ns ns ns ns

FFFSWGa PC * ns ns ns ns ns ns ns ns ns -
MS[PEGEB]-RFFPWGa |IK-PEG-8 " " ns ns ns ns ns ns ns ns ns -
MS[PEG4]-RFFPWGa IK-PEG-B * * ns ns ns ns ns ns ns ns ns ns -

Ac-FH[AIB]WGa IK-AlIB-14 bl * * ns ns ns ns ns ns ns ns ns ns

MS[PEG4]-R[Aib|FF[AIb]WGa  IK-PEG-7  *** ™ e - b i * ns ns ns ns ns ns -
MS[PEG8]-R[Aib]FF[Aib]WGa  IK-PEG-9  **** = o e b i i ns ns ns ns ns ns ns
FH[AIbIWGa  IK-AIB-15  *** ™ e wee e b b ns ns ns ns ns ns ns ns -

!Efficacy was calculated as percentage of the bioluminescence response (average bioluminescence units elicited during 30s; this is the area under

the “bioluminescence vs. time” response curve) of each analog tested at 1uM concentration, with reference to the bioluminescence response
elicited by 1uM of analog FFFSWGa (PC).
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Supplementary Table 2.2.1 Statistical analysis of analogs’ potency on recombinant tick Rhipicephalus microplus kinin receptor.

One-way ANOVA was performed to compare the potency (Log.ECso) on the tick kinin receptor of 18 insec kinin (IK) analogs (F = 78.08; P<0.0001).
Three replicates were performed for all analogs except for analog 1728 (n=2). ANOVA was followed by Tukey multiple comparison test of means
(****P<0.0001). PC= Positive control kinin peptide FFFSWGa. 1728= a potent kinin Aib-containing analog.

Tick Kinin Receptor (BMLK3 cell line) Log.E IK- IK- IK- IK- IK- IK- IK- IK- IK- IK- IK- IK- IK- IK- IK- IK-
AIB- AlB- AB- 1728 AIB- AIB- AIB- AIB- AIB- AB- AB- PC PEG PEG AIB- PEG PEG PEG
Kinin analogs ranked by log.ECs;' 20 14 16 5 18 12 19 17 15 13 =] -8 1" -6 7 -10
[Ab]FH[ARIWGa  IK-AIB-20 -8.68
Ac-FH[AD]WGa  IK-AIB-14 83 ns
FY[Aib]Wga  IK-AIB-16 829 ns ns
[Aib]FF[AIb]WGa 1728 818 "™ ns ns
Ac-FF[Ab]WGa  IK-AIB-5 8186 ™™ ns ns ns
pQVFY[ADWGa  IK-AIB-18 808 "™ ns ns ns ns
pQKEY[ABIWGa  IK-AIB-12 806 "™ ns ns ns ns ns
[AB]FYTARIWGa  IK-AIB-19 802 "™  ns ns ns ns ns ns
VFY[ABIWGa  IK-AIB-17 4 "™ ns ns ns ns ns ns ns
FH[ABIWGa  IK-AIB-15 782 o™ * ns ns ns ns ns ns
NPFH[AR]WGa  IK-AIB-13 S " ns ns ns ns ns ns ns
FFFSWGa PC T T T R ns
R[&@Fﬁ&ﬁ% [CPEGS 724 ' o o i e Wi Wb Be ae e @
MS[PEGE]-RFFPWGa  IK-PEG-8 FOG M e weke wsee wsee ek e e e e e o ns
NSKYVSKQKFY[AB]WGa  IK-AIB-11 AT M AR een ke ke e e e e e e ns ns
MS[PEG4-RFFPWGa IK-PEG6 AT M AR een ke ke e e e e e e ns ns ns
R[&@JF%ZJE@% CPEGT G % i e e s e e s e W e W ¢ 1 e
MSPEGEHALFFIABING "CPES gz e wn e wn e wn e wn e wn e wn e an an se

'ECso values were calculated for each analog individually as the concentration that elicited 50% of the highest number of bioluminescence units for
that analog (100%). This maximum bioluminescence may or not correspond to the highest concentration tested; for a few analogs the highest
concentration elicited a lower number of bioluminescence units possibly due to receptor internalization.
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Supplementary Table 2.2.2 Statistical analysis of efficacy on recombinant tick Rhipicephalus microplus Kinin receptor.

One-way ANOVA was performed to compare the efficacy! on the tick kinin receptor of 18 insect kinin (IK) analogs (F= 5.747; P<0.0001). Three
replicates were performed for all analogs except for analog 1728 (n=2). ANOVA was followed by Tukey multiple comparison test of means
(****P<0.0001). PC= Positive control kinin peptide FFFSWGa. 1728= a potent kinin Aib analog.

Tick Kinin Receptor (BMLK3 cell line)
Kinin analogs ranked by binding efficay!

Ac-FF[AIbIWGa
(ABIFY[AIL]WGa
PQVFY[Aib]WGa

Ac-FH[Aib]WGa

FY[Aib]WGa
[Aib]FH[Aib]WGa
NPFH[AIb]WGa
VFY[Ab]WGa
PQKFY[AIb]WGa
[Aib]FF[Aib]WGa,
FHIAIBIWGa

FFFSWGa
MS[PEG8]-RFFPWGa
MS[PEG4]-R[Aib]FF[Aib]WGa
MS[PEG4]-RFFPWGa
MS[PEGS]-R[Aib]FF[Aib]IWGa
NSKYVSKQKFY[AIb]WGa
MS[PEGS]-[Aib]FF[AIbIWGa

IK-AIB-5
IK-AlB-19
IK-AIB-18
IK-AlB-14
IK-AIB-16
IK-AIB-20
IK-AIB-13
IK-AIB-17
IK-AIB-12

1728
IK-AlB-15
PC

IK-PEG-8
IK-PEG-7
IK-PEG-6
IK-PEG-9
IK-AIB-11
IK-PEG-10

IK-
AlB-
5

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

-
*

e
e

b Ll

IK-
AlB-
19

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

b Ll

IK-
AlB-
18

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

whh

IK-
AlB-
14

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
o

IK-
AlB-
16

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
wh

IK- IK-
AlB-  AlB-
20 13

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
wh

ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
L

IK-
AlB-
17

ns
ns
ns
ns
ns
ns
ns
ns

ns
wh

IK-
AlB-

12

ns
ns
ns
ns
ns
ns
ns

ns
wh

1728

ns
ns
ns
ns
ns
ns
ns

IK-
AlB-

15

ns
ns
ns
ns
ns
ns

IK-
PEG-

PC 8

ns
ns
ns
ns
ns

ns
ns
ns
ns
ns

IK-
PEG-

ns
ns
ns
ns

IK-
PEG-

ns
ns
ns

IK- IK- IK-
PEG- AlIB- PEG-
9 11 10
ns

ns ns

'Efficacy was calculated as percentage of the bioluminescence response (average bioluminescence units elicited during 30s; this is the area under
the “bioluminescence vs. time” response curve) of each analog tested at 1uM concentration, with reference to the bioluminescence response
elicited by 1uM of analog FFFSWGa (PC).

223



APPENDIX B

FOR CHAPTER 3

A. The putative full-length kinin precursor cDNA

250b int:
p Tranlscrlpt. GEEZ01003316.1 (926 bP)
r _» <_ 1
RmkininP1-F  RmkininP1-R
1.The 3’ RACE product (813 bp) 3’end

2. The 5° RACE product (780 bp) 5’end
Assembled full length cDNA —t —

(1,398 bp) 5’UTR Open Reading Frame 3’UTR
85 bp 1,230 bp 83 bp
> <
Rmk-ORF-F Rmk-ORF-R

3. cDNA ORF in one product (1,339 bp)

B. Amplification of the kinin gene from gDNA

1 kb
—_
> <
Rmk-ORF-F 4. An internal fragment of the gene 3,990 bp Rmk-ORF-R
> > > < 4
Contig LYUQO1126194.1: | -
(encodes the 3’end of the gene) /N
> 3-end <«
Bmkinin-g-long-F Q/Bmklnln-g-long-R
5. The PCR product encoding 1 kb of the 3” end of the gene
1 kb 375 bp

6. The PCR product is ~3.5 kb, 220 bp at the 5’-end was sequenced)

_»
Bmk-ORF-5’end-F V.
(5’-end of the cloned cDNA as template) RmkininP1-R

&

R. microplus Kinin gene structure (4.1 kb)

[ ' |
|
Intron (2.7 kb)
1t exon (140 bp) 2m exon (1,254 bp)




Supplementary Figure 3.1 The workflow for cloning the putative kinin precursor cDNA
from Rhipicephalus microplus and verification of the gene structure by sequencing genomic
PCR products.

In this figure, within the panels A and B, all lines representing sequences are aligned vertically to
the corresponding sequence location. Notice a different scale in bp on the left of each panel.

The solid black lines represent either transcriptome (A) or genomic (B) sequences identified
through local NCBI BLAST using the putative kinin precursor (amino acid sequence) from
Ixodes scapularis as query. The black arrows denote the direction and relative location of the
primers on the template above the primers. The solid orange lines depict the sequenced PCR
products obtained in this study. Red lines and boxes represent the deduced full-length cDNA (A)
or the kinin gene (B) obtained by assembling the sequenced PCR products.

The blue arrows denote the position of primers used for sequencing. The dashed orange line
depicts the region of a PCR product which was not sequenced (sequencing was not necessary
because the overlapping sequence of ~200 bp at the 5’ end was enough to align this product with
the PCR product in reaction 4 above). (A) The putative full-length kinin precursor cDNA
from R. microplus: Cloning of 5’- and 3’- RACE PCR products. 1-2). A transcript predicted to
encode a partial sequence of the putative kinin precursor was used to design a pair of gene-
specific primers for the 3’- and 5°- RACE PCRs. The sequences of these 3’- and 5°’- RACE PCR
products (1-2) were aligned with DNASTAR (Lasergene, Madision, W1I) to assemble the full-
length cDNA. (3). A pair of primers was designed outside of the open reading frame (ORF) and
were used to amplify the cDNA ORF in one product. (B) Amplification of the kinin gene from
genomic DNA. (4). First, we amplified an internal fragment of the gene with a pair of gene-
specific primers. (5). Secondly, the 3’-end of the kinin gene was amplified with a gene-specific
forward primer and a reverse primer located outside of the ORF 3’-end. The sequence of this
latter reverse primer was obtained from a genomic contig encoding the 3’-end fragment of the
kinin gene (black line). (6). The 5’-end of the kinin gene was amplified using a forward primer
which binds to the 5’-end of the cDNA, and with a reverse primer within the ORF. The DNA
sequences from the PCR products above (4-6) were aligned with DNASTAR to obtain the
sequence of the kinin gene shown in red: boxes represent exons, and the solid line represents the
intronic region. The exons were identified by aligning the cDNA sequence with the gene
sequence.

225



5' ACATGGGGaGCAACAGGCGCTGCTAGAGGCCCCATCGACGGCAGCGCGAAGCGTTGGCATCGCCATCGTGTCCAGCACAG 80

g CAGCCATGGGAACGGTACTGCACCGTCGCGGGECTGCTGETGCTAACTTCACCGTCGGGGAATCACTTGTGCTGCTTCTT 160

M G T W L H R R G A A G A N F T v G E S L v L L L
T T T T T T T T T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 0 1 12 13 14 15 18 17 18 19 20 21 22 23 24 25

5' GTCCTGGGGGTCATTGCGTTCCCATTAGACGCCTGGGC TCAGCACGTCGTGGGCAGCGACGAGGCCCGCTCCCTACTTTC 240

v L G \ | A F P L D A W A Q H v v G s D E A R S L L S
T T T T T T T T T T T T T T T T T T T T T T T T T T T
26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52

5 ARGAGGTGGTGACACGCTAATCCGCTGGAACATCTCGCCCGCCGCGCTGCAGCACATGCGTTCCGARAGCTTCAAGCGCC 320

R G G D T L I R W N | S P A A L Q H M R S E S F K R I
T T T T T T T T T T T T T T T T T T T T T T T T T T
53 54 55 H56 57 58 59 60 61 62 63 64 65 66 67 €68 69 VO 71 72 V3 74 75 V6 V7 78

5 AGTTCAGTCCATGGGGCGGCAAGCGGAACGCCGCCGCATTCGAATCCCTGC TGGACGCAGCCGGCAATCAGGAGAGCCAC 400

Q F S P W G G | K R | N A A A F E s L L D A A G N Q E S H
T T T T T T T T T T T T T T T T T T T T T T T T T T
79 80 81 82 83 84 B85 86 B8 8 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 105

5 CGGCACCGTCTGGCAGCGGATGCCTCGTACARAGGTCCGTCGTTTGCACCCTGTGGACATCGCAGTGAGGGCCGCCGATTT 480
R H R L A A D A s ¥ K V[R R]L H P v D I A ¥V R A A D L

T T T T T T T T T T T T T 1 T T T T T T T T T T T T T
106 107 108 108 110 111 12 M3 114 115 M6 117 118 118 120 121 122 123 124 125 126 127 128 129 130 131 132

5 GTTCAGTCCATGGGGCGGCARAAGAACGGACGACAAGARGGACARAGACCAGACGTTCARCCCTTGGGGAGGCAAGAGGG 560
F 8§ P W G G|K R|J]T D DJ|JK K|D K D Q@ T F N P W G G|K R

T T T T T T T T T T T T T T T T T T T T T T T T T T
133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156 157 158

5 CAGGAGACCACTTCGGTTCCTGGGGAGGCAAGAGGGACACGTTCAGCGCGT GCGGAGGCAAGCGGCAGCAGGACAGCAAG 640
A G D H F 6 s w e 6[K R|lp 7T F s A w e 6[K RJa@ @ D s K

T T T T T T T T T T T T T T T T T T T T T T T T T T T
159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185

5 AACGCCTTCAGT CCGTGGGGAGGYAAGAGAGCCGTCAGAAGCCCGACGGCCAGAAACGACGCCGCTAGGGCCARGCAGGA 720
N A F ] P W G G K R A v R S P T A R N D A A R A K Q E

T T T T T T T T T T T T T T T T T T T T T T T T T T T
186 187 188 189 190 191 192 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207 208 209 210 211 212

5 GGACGGAGAGGAGGACGAAGAGCGGAGCTTCGCACCTTGGGGAGGAAAGAGGGGAACCGGGGAAGACCAGGCGTTTTCTC 800
D G E E D E E R S F A P W G G K RIG T G E D Q A F S

23 2ia 215 216 217 218 209 20 2N 22 2> 24 25 26 27 228 20 230 21 2 265 234 235 236 27 238
5 CATGGGGAGGAAARAGGGGCGACGACGGGGATACGTCT TTCACGCCCTGGGGAGGCAAGCGCGATGACCGCTTCAATCCA 880
P wW 6 6K R|]G D D G D T s F T P W G GJ|K R|D D R F N P

T T T T T T T T T T T T T T T T T T T T T T T T T T T
239 240 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260 261 262 263 264 265

5 TGGGGAGGCARGCGAGAAGGACCCTTCAGCCCCTGGCCAGCTARGAGGCATGCCTCCARCAAGGAAGGATTCTTCAACCC 960
W G G K R E G P F s P W G G K R D G S N K E G F F N P

T T T 1 1 T T T T T T T T T 1 1 T T T T T T T T T T T
266 267 268 269 270 271 272 273 274 275 276 277 278 279 280 281 282 283 284 285 286 287 288 289 200 201 202
5 TTGGGGAGGCAAGCGCGGAGCAGACGACCCGTTCARCCCTTGGGGAGGCAAGAGGCAGGATTCGTTCAATCCTTGGGGAG 1040
w 6 c6|K R[G A D D P F N P W 6 G|K Rla@ D s F N P W G
T T T 1 I T T T T T T T T T T T 1 T T T T T T T T T
293 204 295 206 207 298 209 300 301 302 303 304 305 306 307 308 309 310 311 312 313 314 315 316 317 318

5' GCAAGAAGGAAGATGGAGTCTTCAGGCCTTGGGCT GCARRAGARAGCARGACARCGCTCTTTAGGCCTTGGGGAGGCARAANG 1120
G K K E D G v F R P W G G K K E D N v F R P W G G K K

T 1 1 T T T T T T T T T T 1 1 T T T T T T T T T T T T
319 320 321 322 323 324 325 326 327 328 329 330 331 332 333 334 335 336 307 338 339 340 341 342 343 344 345

5 GAGGGCAACGTGTTTGGGCCTTGGGGAGGCARAAGRAGAGGACGCGACACCGAGCCTTTCCGTGAGTAGGGCATTAAACTA 1200
E G N v F G P W G G K R E D A T P S L S v S R A L N Y

T T T T T T T T T T 1 1 T T T T T T T T T T T T T T T
346 347 348 349 350 351 352 353 354 355 356 357 358 359 360 361 362 363 364 365 366 367 366 369 370 371 372
5 CGGTGGTCCAGCARGCCATGACGTGGATGCAGGGTCCTTGCGCAAGARGCGAGATTCTTCTGCGAGCGAACARRAGGGTA 1280
G 6 P A 8 H D ¥ D A G s L R K K R D S 8 A S§ E Q K @G

T T T T T T T T T T T T T T T T T T T T T T T T T T
373 374 375 376 377 378 379 380 381 382 383 384 385 366 387 388 389 390 391 392 393 394 305 396 397 398

5 CGACGTCGAACGGT GAGARARAGTGGGAGGACGTARCCACTGACGCGAGTCACTGTAGCGAAGCGCCCGTTCGARARAACAT 1360
T T S N G E K S G R T

T T T T T T T T T T T T
399 400 401 402 403 404 405 406 407 408 409 410

5' CTCATCGCACGTCCCAAAAARAANNARMAAANNANAANNA 1398

Supplementary Figure 3.2 Cloned cDNA sequence and predicted amino acid sequence of
putative kinin precursor from Rhipicephalus (Boophilus) microplus.

The full-length cDNA sequence is 1,398 bp, with 1,227 bp ORF that encodes a 409 amino acid
residue protein. The predicted enzyme cleavage sites are boxed. Seventeen kinin sequences were
predicted. See Fig. 3.
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=== “LRXR-AXX= == = == == XXXLXX- - ~-MSXXXLXQXVXXSDGDXXXXSRXGDXXIRWNISPATLOHMRS - ~ESFKR

10 20 30 40 50 60 70 80
~-MAPAARSSQT--------- FCTLRYLILSISLLASYASVEESDGDSRDDDSFEDMVIRWNISPDTLQRLRARREAIAR 69
-------------------------------------------------------------- MRS--ESFKR 8
————————————————————————————————————————————————————————————————— MRS--ESFKR 8
MG- - LRRRAAAG---- -~ ETLLLRVFLVASVLSLDVSAQHMVGSDEARSLLSRGGDTLIRWNISPATLQHMRS -~ESFKR 70

MGTVLRRRGAAGANFAVGETLMLQLLLVVIAFSSDAWAQHVVGSDEARSLLSRGGDTLIRWNISPAALQHMRS--ENFKR 78
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——————————————————————————————— MSMGGLCQDVDSGSGDLGRSSRVGESFIRWNISPATLQHMRS--ESFKR 47

QFSP—WGGKBN—AAXDSLLPXAGXQXSXRﬁLLAADASYKYRRLHXGD—Q?RD—DSFNPWgGKRXXDK——T ——————————
920 100 110 120 130 140 150 160

PFVPRWGNQIQG---DAAVGKPYGN------------ YRDVWIYGK-===-KD===-===mmmmmmm oo 102
QFSP- WGGKRNAALLESLLDSPGNQESRRHHLAADASYKVRRLHPA——GVRDADSFNPWGGKRTDDKKDKDQTFNPWGGK 85
QFSP-WGGKRNTAAFESLLDSPGDQQSHRHQLAADASYKVRRLHHTG-SPRNADSFS
QFSP-WGGKRN-AAFDYLLDAPGGD--H-QVADAASSYKVRRVHHTP-SLRN-~---------om oo

QFSP-WGGKRNTAAFESLLDSAGNQESRRHHLAADASYKVRRLHPASIGVRDADSFSPWGGKRTDDKKDKDQTFNPWGGK 157
QFSP-WGGKRNAAAFESLLDAAGNQESHRHRLAADASYKVRRLHPVDIAVRAADLFSPWGGKRTDDKKDKDQTFNPWGGK 157

QFSP-WGGKRG--VLDQALPTAHRLSGPLYLYKALHSPGAMGERRGDKQPDD - ETFNPWGGKRENDK - - - -~ - == === —- 133
QFSP-WGGKRG--VLDQALPTAHRLSGPLYLYKALHSPRAMGERRGDKQPDD - EAFNPWGGKRENDK -~ -~ - - - - - = - —— 133
QFSP-WGGKRG--VLDQALPTAHRLSGPLYLYKALHSPRAMGERRGDKQPED - EAFNPWGGKRENDK - - - - - - - - === - - 110
-------------------------------------------------------------- DXERSFAPWGGKRG- - - -
170 180 190 200 210 220 230 240
----------------------------------------------------------------- AHFNPWGGKRDGTHT 117
-DSVRVKQEDGEEDEERSFAPWGGKRG---- 112
---------------------------------------------------------------- ERSFAPWGGKRG---- 76
------------------------------------------------------------------ VFAPWGGKR----- 125

RAAAGDRF GSWGGKRE TFNAWGGKRQQD -KNSF SPNGGKRAVRSPTARNEDAARARQDDGEEDEERSFAPWGGKRG-- -~ 232
R- - AGDHF GSWGGKRDTF SANGGKRQQDSKNAF SPWGGKRAVRSPTARN - DAARAKQEDGEEDEERSFAPWGGKRG---- 230
-------------------------------------------------------------- DKELSFNPWGGKRGTFSS 151
--DKELSFNPWGGKRGSFSS 151
-------------------------------------------------------------- DKELSFNPWGGKRGSFSS 128

XGEDXAFS==mzmomommzmomooooom oo oo PWGGKRXDDGD- - -- - TXFXPWGGKREDR- - -FNPWGGKRE

250 260 270 280 290 300 310 320
T — 154
-AGEDQAFS- - 153
~AAEDQAFS- - - oo 117
~AAEDRAFS - - - - - oo 168
-TGEDQAFS-- 273
~TGEDQAFS- - - - === mmmm oo 271
WGGKRDTFGomm === == == mm oo m oo 201
WGGKRDTFGmm === mmm oo PWGG---- -~ KRDTFGPWGGKRQDKESGFNPWGGKRE 191
WGGKRDTFGSWGGKRDTFGPWGGKRDTF GPWGGKRDTF GPWGGKRDTF GPWGGKRDTF GPWGGKRQDKESGFNPWGGKRE 208
GPENPWGGKRE - ------ GSNKEGFFNPWGGKRGADDS - FNPWGGKR- === - EDSFNPWGGKXX--XDTAFXPWGGK

330 340 350 360 370 380 390 400
N-FNPWGGKKD- - ----------- NFNPWGGKK--DSSTFNPWGGKRSDGSKDKELSFNPNGGKRQDGVGTTFGPWGGK 217
GPFNPWGGKRD-- - GSNKEGFFNPWGGKRGADDS - FNPWGGKRG- - - - - ADDSFNPWGGKR---QD-SFNPWGGK 215
GPFNPWGGKRE - - - - - - -~ GSNKEGFFNPWGGKRGADDS - FNPWGGKR - - - - -~ QDSFNPWGGKR---ESGVFRPWGGK 178
GPFNPWGGKRE -------- GSNKEGFFNPWGGKRGADDS - FNPGGKRG - - - -~ ADDAFNPWGGKGG--ADAAFNPWGGK 232
GPFNPWGGKRD- - - - - - - - GSNKE GF FNPWGGKRGADDS - FNPWGGKR - - - - - - -QDSFNPWGGKR - - -EDGVFRPWGGK 334
GPFSPWGGKRD-------- GSNKEGFFNPWGGKRGADDP - FNPWGGKR - - - - -~ QDSFNPWGGKK---EDGVFRPWGGK 332
DPFNPWGGKKEDKNAF SPWGGKREQNFNPWGGKKTSKDSTF SPWGGKR - - - - - - - EGPFNPWGGKKGD-SDTAFAPWGGK 273
DPFNPWGGKKEDKNAF SPWGGKREQNFNPWGGKKTTKDSTF SPWGGKR- - - - - - -EGPFNPWGGKKGD - SDTAFAPWGGK 263
DPFNPWGGKKEDKNAF SPWGGKRDQNFNPWGGKKTTKDS TF SPWGGKR - - - - - - - EGPFNPWGGKKGD-SDTAFAPWGGK 280

227



Majority RED-VFNPWGGKRD- - - -DXVFSPWGGKRED-------------- FGXXA---DXLEDAXSXRKKRDSSXSEHKGTTSXG

410 420 430 440 450 460 470 480

0.turicata REN-LFNPWGGKREKS - -EMTFNPWGGKKSE------------ LAFSPWM-------- SASSRIKRDSTINTDMFIQHPK 274
H.dromedarii REDGVFRPWGGKKD- - - -DNVFRPWGGKKED---------- NV--FGPWG- - -GKREDAGSLRKKRDSSTSEHKVTTSHG 276
D.variabilis KEDKVFGPWGGKRD----DDVFGPWGGKREQVSSSSSHSAGRGFPFGGAT - - -EHGVDAESLRKKRDSSMSEHQVTTSYS 251
A.sculptum RQD-SFNPWGGKRE - - - -DVVFRPWGGKKED----N-------- VFRPWG- - - GKKEDN-VFRPWGGKRQGD--GFKPWG 289
R.sanguineus KEDNVFRPWGGKKE - ---DNVFAPWGGKREDALPS--LYVGRGFNYGGTA---SHGVDAGSLRKKRDSSTSEHKGTTSYG 405
R.microplus KEDNVFRPWGGKKE - - - -GNVFGPWGGKREDATPS - - LSVSRALNYGGPA- - - SHDVDAGSLRKKRDSSASEQKGTTSNG 403
Ix.ricinus RDN-NFNPWGGKRDNGNKDSSFSPWGGKRES-------------- FGVQASDPDSLEDHSPSRNKRDSSSRVPKTKNSAR 338
Ix.scapularis-mRNA RDN-NFNPWGGKRDNGNKDSSFSPWGGKRES-------------- FGVQALDPDSLEDHSPSRNKRDSSSRVPKTKNSAQ 328
Ix.scapularis-gDNA RDN-NFNPWGGKRDNGNKDSSFSPWGGKRES-------------- FGVQALDPDSLEDHSPSRNKRD 332

Majority GKSGST----

—_—

490

—_—
0.turicata VQKASPRPL 283
H.dromedarii GKSASA 282
D.variabilis GKSGGT 257
A.sculptum GKREEDT 296
R.sanguineus GKSGST 411
R.microplus EKSGRT 409
Ix.ricinus SAISSVAKTF 348
Ix.scapularis-mRNA STIRSVAKTF 338
Ix.scapularis-gDNA 332

Supplementary Figure 3.3 Multiple amino acid sequence alignment of the deduced kinin
precursors from eight tick species using Clustal W method by MegAlign (Lasergene,
Madision, W1).

There are two sequences from Ixodes scapularis, the first one was deduced from three
transcriptome sequences (GBBN01023680.1, GG1X01408871.1, GBBN01027580.1), and the
second was deduced from a genome scaffold (DS680282) (Gulia-Nuss and Caffrey, 2016). The
amino acid sequence from the latter lacks 23 residues at the N- terminus and also 23 residues at
the C-terminus. The sequence deduced from the transcriptome (Ix. scapularis-mRNA) misses
some internal amino acids within positions 250-293.

Gulia-Nuss, M., et al., (2016). Genomic insights into the Ixodes scapularis tick vector of Lyme

disease. Nat. Commun. 7, 10507.
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Supplementary Table 3.1 List of primers used in this study

Primers used in 5/3'-RACE PCR

Primer name Orientation
RmkininP1-F Forward
RmkininP1-R Reverse

Universal primer
short

Universal primer long

Template for primer design
GEEZ01003316.1
GEEZ01003316.1

Clontech® Universal primer mix

Sequence (5'-3")
GGGAGGCAAGAGGGACACGTTCAGC

CTTCCCCGGTTCCCCTCTTTCCTCC

CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAG

T
CTAATACGACTCACTATAGGGC

Purpose
3'RACE PCR
5'RACE PCR

3'/5' RACE PCR

Primers used for cloning cDNA ORF in one product and gene amplification

Primer name Orientation
Rmk-ORF-F Forward
Rmk-ORF-R Reverse
Bmkinin-g-long-F Forward
Bmkinin-g-long-R Reverse
Bmk-ORF-5'end-F Forward
RmkininP1-R Reverse

Template for primer design

cloned cDNA of the putative Kinin
precursor
cloned cDNA of the putative Kinin
precursor

LYUQ01126194.1

LYUQ01126194.1

cloned cDNA of the putative kinin
precursor
cloned cDNA of the putative kinin
precursor

Sequence (5'-3")
CGCTGCTAGAGGCCCCATCGACG
GTTTTTCGAACGGGCGCTTCGCTAC
ACCTCAGTCCCTCTGCTGGTTCAGG
CCAACAGGCAGTGCGTTACCTCAGC
ACATGGGGAGCAACAGGCGCTGC

CTTCCCCGGTTCCCCTCTTTCCTCC

Purpose

regular PCR to amplify the ORF from cDNA and
gDNA
regular PCR to amplify the ORF from cDNA and
gDNA

regular PCR to amplify the 3'end of kinin gene
regular PCR to amplify the 3'end of kinin gene
regular PCR to amplify the 5'end of kinin gene

regular PCR to amplify the 5'end of kinin gene

Primers used for sequencing

Primer name Orientation
Bmk-g-2ndF Forward
Bmk-g-thirdF Forward
Bmk-g-thirdR Reverse
Rmk-ORF-F Forward
Rmk-ORF-R Reverse
Rmkinin-5'end-R Reverse
Bmkinin-g-long-F Forward
Bmkinin-g-long-R Reverse
T7 Promoter Primer Forward

M13 reverse primer Reverse

Template for primer design
partial kinin gene
partial kinin gene

partial kinin gene

cloned cDNA of the putative kinin
precursor
cloned cDNA of the putative kinin
precursor

partial kinin gene
LYUQO01126194.1
LYUQO01126194.1
vector pCR2.1®

vector pCR2.1®

Sequence (5'-3")
CTGAGACACTGCGCAAGCAC
GACTTCCGTTTGGTAATCAAC
GCAGAAGCGAGTACATGATG
CGCTGCTAGAGGCCCCATCGACG
GTTTTTCGAACGGGCGCTTCGCTAC
CGTCTACGCTTCATCGAAACG
ACCTCAGTCCCTCTGCTGGTTCAGG
CCAACAGGCAGTGCGTTACCTCAGC
TAATACGACTCACTATAGGG

CAGGAAACAGCTATGACC

Purpose

sequencing 4kb ORF region of kinin gene
sequencing 4kb ORF region of kinin gene
sequencing 4kb ORF region of kinin gene
sequencing 4kb ORF region of kinin gene
sequencing 4kb ORF region of kinin gene
sequencing the 5'-end of kinin gene
sequencing the 3'-end of kinin gene
sequencing the 3'-end of kinin gene
sequencing cloned cDNA sequences

sequencing cloned cDNA sequences




Supplementary Table 3.2. List of chemicals tested.

Small molecule name in this
paper

TKSM1

TKSM2

TKSM3

TKSM4

TKSM5

TKSM6

TKSM7

TKSM8
TKSM9

TKSM10
TKSM11
TKSM12

TKSM13
TKSM14

Peptidomimetics
Hemokinin 1 (Human)
Antagonist G
Spantide |

Product Name
(Tocris™)

L-732,138

L-733,060 hydrochloride

GR 159897
SB 218795
SB 222200
RP 67580

SDZ NKT 343

FK 888

CP 96345

SSR 146977
hydrochloride
CP 99994
dihydrochloride

SR 140333

L 760735
SB 223412

CAS number
491851-53-7
115150-59-9
91224-37-2

Chemical Name

N-Acetyl-L-tryptophan 3,5-bis(trifluoromethyl)benzyl ester
(2S,3S)-3-[[3,5-bis(Trifluoromethyl)phenylJmethoxy]-2-phenylpiperidine hydrochloride
5-Fluoro-3-[2-[4-methoxy-4-[[(R)-phenylsulphinyl]methyl]-1-piperidinyl]ethyl]-1H-indole
(R)-[[2-Phenyl-4-quinolinyl)carbonyl]amino]-methyl ester benzeneacetic acid
3-Methyl-2-phenyl-N-[(1S)-1-phenylpropyl]-4-quinolinecarboxamide

(3aR,7aR)-Octahydro-2-[1-imino-2-(2-methoxyphenyl)ethyl]-7,7-diphenyl-4H-isoindol
1-[[(2-Nitrophenyl)amino]carbonyl]-L-prolyl-N-methyl-3-(2-naphthalenyl)-N-(phenylmethyl)-L-
alaninamide
(4R)-4-Hydroxy-1-[(1-methyl-1H-indol-3-yl)carbonyl]-L-prolyl-N-methyl-3-(2-naphthalenyl)-N-
(phenylmethyl)-L-alaninamide

(2S,3S)-N-(2-Methoxyphenyl)methyl-2-diphenylmethyl-1-azabicyclo[2.2.2]octan-3-amine
N1-[1-3-[(3R)-1-Benzoyl-3-(3-(3,4-dichlorophenyl)-3-piperidinyl]propyl]-4-phenyl-piperidinyl]-
N,N-dimethylurea hydrochloride

(2S,3S)-N-[(2-Methoxyphenyl)methyl]-2-phenyl-3-piperidinamine dihydrochloride
1-[2-[(3S)-3-(3,4-Dichlorophenyl)-1-[2-[3-(1-methylethoxy)phenyl]acetyl]-3-piperidinyl]ethyl]-4-
phenyl-1-azoniabicyclo[2.2.2]octane chloride
5-[[(2R,3S)-2-[(1R)-1-[3,5-Bis(trifluoromethyl)phenyl]ethoxy]-3-(4-fluorophenyl)-4-
morpholinyl]methyl-N,N-dimethyl-1H-1,2,3-triazole-4-methanamine hydrochloride

3-Hydroxy-2-phenyl-N-[(1S)-1-phenylpropyl]-4-quinolinecarboxamide

Amino acid sequence

Thr-Gly-Lys-Ala-Ser-GlIn-Phe-Phe-Gly-Leu-Met-NH2 (TGKASQFFGLMa)
Arg-D-Trp-N(Me)Phe-D-Trp-Leu-Met-NH2 (RWFWLMa)
D-Arg-Pro-Lys-Pro-GIn-GIn-D-Trp-Phe-D-Trp-Leu-Leu-MH2 (RPKPQQWFWLLa)

Mol
Wit

472.39
439.83
423.55
396.44
380.48
443.07

584.15

597.7
412.57

694.14

373.83

674.14

620.99
386.95

Mol
Wit

1185.4
951.2
1497.8
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Supplementary Table 3.2 Continued

Small molecule name in this

paper Primary Action
TKSM1 Potent, selective NK1 antagonist
TKSM2 Potent NK1 antagonist
TKSM3 Non-peptide, potent NK2 antagonist
TKSM4 Potent, selective non-peptide NK3 antagonist
TKSM5 Potent, selective non-peptide NK3 antagonist. Brain penetrant
TKSM6 Potent and selective NK1 antagonist
TKSM7 Highly selective, human NK1 antagonist
TKSM8 High affinity NK1 receptor antagonist
TKSM9 Potent and selective NK1 antagonist
TKSM10 Potent and selective NK3 antagonist
TKSM11 High affinity NK1 antagonist
TKSM12 Potent NK1 receptor antagonist
TKSM13 High affinity NK1 receptor antagonist
TKSM14 Potent, selective non-peptide NK3 antagonist. Brain penetrant
Peptidomimetics Primary action
Endogenous substance P homolog that is a selective agonist at the tachykinin
Hemokinin 1 (Human) NKZ1 receptor
Substance P analog that is a broad spectrum neuropeptide antagonist and
Antagonist G antiproliferative agent.
Spantide | Selective NK1 receptor antagonist

Activitiy on vertebrate endogenous receptors

IC50 =2.3nM

Ki values are 0.08, 0.2 and 93.13 nM for gerbil, human and rat
receptors, respectively)

Competes for binding of [3H]GR100679 to hNK2-transfected
CHO cells with a pKi of 9.5

(Ki =13 nM at hNK3). Displays 90-fold and 7000-fold
selectivity over hNK2 and hNK1 receptors respectively.

Ki values are 4.4, > 100,000 and 250 nM for human NK3,

NK1 and NK2receptors respectively

Ki values are 2.9 nM and > 10 uM for rat NK1, and rat NK2 and
NK3 receptors respectively

IC50 values are 0.62 and 451 nM for human and rat receptors
respectively

(Ki = 0.69 nM) that displays 320-fold selectivity for human over
rat NK1receptors.

Attenuates substance P-induced salivary response and inhibits
neurogenic inflammation in vivo.

Ki values are 0.26 and 19.3 nM in CHO cells expressing the
human NK3 and NK2 receptor respectively

Ki =0.145 nM in vitro

Ki=0.74 nM. IC50 = 1.6 nM

IC50 = 0.19 nM at human NK1 receptors). Selective (>300-fold)
over h-NK2 and h-NKS3 receptors.

Ki values are 1, 144 and >100000 nM for human NK3, NK2 and
NK1 receptors respectively

Activtiy on vertebrate endogenous receptors
IC50 values are 1.8, 370 and 480 nM for NK1, NK3 and
NK2 receptors respectively

Ki values are 230, 8150 and > 10000 nM for rat NK1, NK2 and
NK3 receptors respectively
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Supplementary Table 3.3 First screening of the whole library in 384-well plate format.

Panel A shows in each well the 10x concentration of each compound; final concentration in the assay is 1x; Panel B is the response (1- 4min after the 1st injection) of BMLKS3 cells (tick kinin rceptor recombinant cell line), to
the compound; Panel C is the response of BMLKS3 cells (5-9 min after the 2nd injection) to the agonist, 1 uM FFFSWGa. Panel D is the normalized response of panel C represented as the percentage of the response of
positive control (blank solvent + agonist). In each panel of readout (B-D), the wells were coded by color gradient from red (highest RFU) to blue (lowest RFU).

A. Screen plate layout. Small molecules were serially diluted 1: 1.4, 19 times, from the initial concentration (1mM for 15 small molecules or 100 uM for thapsigargin, in column 3, 80 ul) into the most diluted column 22, by
transferring 56 pl solution of previous higher concentration into the next well and mixing with 24 pl of blank solvent (2 % DMSO). The magenta gradient in the arrow below represents the dilution direction from high
concentration (dark), to low concentration (light color).

Compound Unit: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
2-APB A 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 576 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1

TKSM1 B 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 576 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1

TKSM2 C 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 576 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1

TKSM3 D 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 576 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 11

TKSM4 E 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 576 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1

TKSM5 F 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 576 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1

TKSM6 G 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 57.6 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1 Blank
TKSM?7 H I:;a;.k];;}[‘:gt 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 576 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1 solvent 2 %
TKSMS I in HHBS) 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 57.6 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1 Diﬁ?gsl)n
TKSM9 J 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 576 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1

TKSM10 K 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 576 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1

TKSM11 L 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 576 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1

TKSM12 M 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 576 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1

TKSM13 N 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 57.6 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 1.1

TKSM14 (o] 1000.0 700.0 490.0 343.0 240.1 168.1 117.6 824 57.6 404 282 198 13.8 9.7 6.8 4.7 3.3 2.3 1.6 11
Thapsigargin P 100.0 700 49.0 343 240 168 118 8.2 5.8 4.0 2.8 2.0 1.4 1.0 0.7 0.5 0.3 0.2 0.2 0.1

Screen plate: 10x of the final concentration solution, prepared in 2 % DMSO in Hanks’ Saline Buffer containing 20 mM Hepes (HHBS)



Supplementary Table 3.3B Cell response in RFU (relative fluorescence units) to the first injection of 10X library compound (panel A): average of two reads (0-4 min) after the injection of 5 pL 10x compound or blank
solvent from compound plate (top panel) into the assay plate. Two reads are obtained by performing a first reading and then inverting the orientation of the plate in the plate reader for the second read.

Compound 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
2-APB A 0.2635 0.2464 0.3559 0.3277 0.2216 0.2656 0.2116 0.1895 0.1932 0.2002 0.2272 0.1869 0.2148 0.1705 0.1941 0.1711 0.2184 0.2143- 0.2031- 0.1827 0.19 0.2531
TKSM1 B 0.1884 0.2082 0.2399 0.225 0.2235 0.256 0.2451 0.2196 0.2249 0.2063 0.2305 0.1954 0.2081 0.2078 0.2314 0.2221 0.2286 0.2173 0.2275 0.2333 0.1995 0.1764 0.18 0.2019
TKSM2 C 0.2393 0.247] 0.848 0.71 0.7441 0.6354 0.3742 0.3461 0.3378 0.2928 0.2631 0.2655 0.2263 0.2141 0.2599 0.2498 0.2181 0.244 0.2239 0.2579 0.2405 0.226 0.21 0.2037
TKSM3 D 0.2229 0.2307 0.3386 0.3325 0.3281 0.3388 0.276 0.2749 0.2643 0.2696 0.2548 0.2418 0.2676 0.2716 0.2505 0.2763 0.2633 0.2362 0.2617 0.2602 0.2626 0.2492 0.22 0.2997
TKSM4 E 0.241 0.2388 0.2481  0.26 0.2825 0.2919 0.2362 0.2764 0.2617 0.2452 0.2862 0.272 0.2538 0.2146 0.2188 0.2338 0.2666 0.2769 0.2358 0.2682 0.2566 0.2314 0.21 0.3022
TKSM5 F 0.1968 0.252 0.2377 0.2817 0.2817 0.2754 0.2934 0.2861 0.2978 0.2594  0.29 0.2941 0.268 0.2712 0.2661 0.2622 0.2314 0.2562 0.2543 0.2438 0.2429 0.225 0.23 0.2863
TKSM6 G 0.2509 0.2398 0.2804 0.2706 0.2606 0.3075 0.2917 0.2596 0.2965 0.2728 0.2536 0.2572 0.2444 0.2732 0.2827 0.2613 0.2662 0.264 0.2522 0.2275 0.2183 0.2434 0.24 0.2236
TKSM7 H 0.1954 0.2369 0.2426 0.2208 0.2464 0.2678 0.2971 0.274 0.2388 0.288 0.2907 0.2719 0.2732 0.2601 0.2927 0.2615 0.2592 0.2861 0.3093 0.2265 0.2576 0.2473 0.24 0.2533
TKSMS | 0.2475 0.2722 0.2398 0.2779 0.2877 0.2541 0.2465 0.2488 0.2474 0.2825 0.2817 0.2583 0.2566 0.2487 0.2675 0.2785 0.2352 0.237 0.2598 0.2492 0.2422 0.2381 0.25 0.2707
TKSM9 J 0.2263 0.2124 0.2779 0.3043 0.3058 0.3539 0.3247 0.3177 0.2892 0.3013 0.2997 0.2634 0.277 0.2594 0.2651 0.2844 0.2448 0.2692 0.2554 0.2158 0.2477 0.2178 0.25 0.2016
TKSM10 K 0.2146 0.2017 0.4795 0.4706 0.5303 0.3728 0.3175 0.3266 0.2939 0.299 0.281 0.2955 0.2498 0.2506 0.2755 0.2743 0.2986 0.2727 0.2433 0.2652 0.2675 0.2236 0.2 0.2749
TKSM11 L 0.273 0.2637 0.3161 0.3456 0.3225 0.3095 0.3226 0.2879 0.2948 0.288 0.2595 0.2806 0.2569 0.2877 0.2804 0.2752 0.2598 0.2699 0.2754 0.2506 0.2257 0.2033 0.21 0.242
TKSM12 M 0.2643 0.3024 0.3003 0.2856 0.3141 0.2791 0.2855 0.2797 0.2722 0.3071 0.3014 0.2755 0.2827 0.2552 0.2688 0.2579 0.246 0.271 0.2445 0.2547 0.2602 0.2274 0.24 0.2477
TKSM13 N 0.3915 0.3041 0.4036 0.381 0.3601 0.3409 0.26 0.2845 0.2982 0.2791 0.2503 0.2693 0.2531 0.2765 0.3062 0.2684 0.2593 0.2623 0.2276 0.2342 0.2666  0.23] 0.17 0.2045
TKSM14 o 0.2419 0.3179 0.3873 0.3871 0.3562 0.3056 0.2844 0.2826 0.2983 0.2515 0.2641 0.2281 0.225 0.2221 0.2138 0.2375 0.2445 0.2349 0.2545 0.2304 0.2053 0.223 0.33 0.2554
Thapsigargin P 0.2786 0.2965 0.2401 0.3109 0.3862 0.3115 0.2556 0.2816 0.2632 0.3413 0.2804 0.2359 0.2471 0.3001 0.2687 0.2548 0.2514 0.2709 0.283 0.2877 0.2509 0.2282 0.3 0.2946
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Supplementary Table 3.3C Cell response in RFU (relative fluorescence units) to the 2nd injection of 1uM FFFSWGa: average of two reads (5-9 min) obtained 5 min after the 2nd injection of 5.6pL 10x FFFSWGa (10uM).
Two reads are obtained by performing a first reading and then inverting the orientation of the plate in the plate reader for the second read.

Compound 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
2-APB A 1.0327 0.8862- 0.2471 0.2108 0.2436 0.2312 0.2533 0.2338 0.4746 0.7305 0.8645 0.9691 0.7289 0.7415 0.8813 1.0167 0.9865 0.6347 1.0478 0.7315 0.7805 0.77 0.9271
TKSM1 B 0.6508 0.8239 0.9206 0.8843 0.9491 0.9887 0.9581 0.9474 0.8788 0.9336 0.8801 0.8326 0.8234 0.8571 1.0149 0.7342 0.8026 0.7449 0.6987 0.8018 0.9967 0.8786 0.75 0.9432
TKSM2 C 0.82 0.8995] 0.3135 0.2762 0.3001 0.4312 0.9134 0.8612 1.0278 0.8367 0.8917 0.8731 0.796 0.8376 0.7613 0.8044 0.8113 0.9014 0.7764 0.8088 0.8123 0.7265 0.73 0.7742
TKSM3 D 0.7984 0.8217 0.997 1.0914 0.9826 0.97 0.9088 0.9062 0.9134 0.8973 0.9579 0.8864 0.8734 0.8626 0.8402 0.8983 0.8926 0.8552 0.8416 0.8435 0.8042 0.8105 0.65 1.0166
TKSM4 E 0.7529 0.7101 0.7803 0.8776 1.0547 1.0158 0.9766 1.0623 1.149 1.0262 0.9637 1.0068 0.9148 0.7725 0.8643 0.8529 0.8513 0.9553 0.7841 0.9768 0.8178 0.7959 0.68 1.0773
TKSM5 F 0.8017 0.8995 0.9288 1.0574 0.9779 0.9895 1.0227 1.0156 1.1065 0.3189 1.0217 0.9107 1.0029 0.9303 0.9399 0.906 0.8299 0.9794 0.9687 0.9424 0.8026 0.7255 0.74 0.9554
TKSM6 G 0.8446 0.7452 0.9136 0.9827 1.0626 1.1159 1.0543 0.9691 0.9838 0.9612 0.8328 0.9409 0.9573 0.978 0.8393 0.8867 0.9885] 0.282 0.9928 0.9598 0.7871 0.7801 0.74 0.7887
TKSM7 H 0.8026 0.7589 0.8384 0.9392)0.2922 0.9674 1.0387 0.9267 0.999 1.0207 1.1385 0.9501 1.0438 1.0217 0.8665 0.9477 0.9672 0.9692 0.8775 0.8897 0.7777 0.7523 0.88 0.9897
TKSMS8 1 0.9602 0.7894 0.8937 1.0277/0.3339 1.0333 1.0195 1.0084 0.9741 0.9339 1.0303 0.9509 0.985 0.9614 1.0288 0.9744 0.9064 0.8385 1.0158 0.9553 0.9733 0.7251 0.98 0.8709
TKSM9 J 0.8498 0.7099 1.0117 1.0607 1.0384 1.0472 1.1244 0.3277 1.0776 1.0344 1.0459 1.0028 0.9672 0.9709 0.9585 0.9564 0.9226 0.9407 0.9399  0.83 0.8231 0.8859 0.79 0.7038
TKSM10 K 0.8012 0.7501 0.6441 0.8397 0.7416 0.9204 1.1122 1.0964 1.1177 1.0413 1.0857 1.1109 1.031 1.0078 0.9887 1.0976 0.9774 1.0156 0.8912 0.9358 0.8027 0.8859 0.86 1.011
TKSM11 L 1.0132 0.7644 1.0033 1.1037 1.1532 1.0461 1.1263 1.039 1.0558 1.0641 1.0331 0.8653 0.9582 0.9664 0.9799 0.9254 0.9927 0.9335 0.9174 0.823 1.0046 0.8477 0.81 0.9493
TKSM12 M 0.8769 0.836 0.9034 0.9364 1.0402 1.072 0.9428 0.9944 0.967 1.0167 1.0433 1.0309 0.9971 0.9547 0.9592 0.8732 0.8702 0.9654 0.9723 0.8961 0.9625 0.8342 0.82 0.7784
TKSM13 N 1.2174 0.8037 0.572 0.6593 0.8581 0.9704 1.0051 1.0363 1.0513 1.0417 0.8922 1.0193 1.0055 0.8833 0.9165 0.9246 0.9129 0.9767 0.7564 0.9422 0.9407 0.8397 0.68 0.7138
TKSM14 o 0.7777 0.8007 0.2707 0.3042 0.3105 0.6211 0.9056 0.9489 0.9617 0.8705 0.9493 0.9545 0.9272 0.8362 0.803 0.8901 0.903 0.8988 0.897 0.7983 0.7962 0.7922| 1.12 0.8055
Thapsigargin P 0.9231 0.9707 0.7776 0.98781.2028 0.9811 0.8872 0.9553 0.8703 1.1182 0.8832 0.8365 0.792 0.9442 0.8622 0.7843 0.809 0.8964 0.9633 0.9326 0.7965 0.8323 0.94 0.9229
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Supplementary Table 3.3D % of the RFU of the Positive Control on the four edge columns (blank buffer + FFFSWGa).

% of the RFU of PC

2-APB
TKSM1
TKSM2
TKSM3
TKSM4
TKSMS5
TKSMé6
TKSM7
TKSMS8
TKSM9
TKSM10
TKSM11
TKSM12
TKSM13
TKSM14

Thapsigargin

= T a = =2 g a0 & @

v~ 0 Z 2 F R «

1
122%
77%
97%
95%
89%
95%
100%
95%
114%
101%
95%
120%
104%
144%
92%
109%

2

3

4

toswal 1% 29%

98%
106%
97%
84%
107%
88%
90%
93%
84%
89%
91%
99%
95%
95%
115%

109%
37%
118%
92%
110%
108%
99%
106%
120%
76%
119%
107%
68%
32%
92%

105%

33%
129%
104%
125%
116%
111%
122%
126%

99%
131%
111%

78%

36%
117%

5
29

112%
36%
116%
125%
116%
126%
35%
40%
123%
88%
137%
123%
102%
37%
142%

6

117%

51%
115%
120%
117%
132%
115%
122%
124%
109%
124%
127%
115%

74%
116%

7

113%
108%
108%
116%
121%
125%
123%
121%
133%
132%
133%
112%
119%
107%
105%

8

112%
102%
107%
126%
120%
115%
110%
119%

39%
130%
123%
118%
123%
112%
113%

9

104%
122%
108%
136%
131%
116%
118%
115%
128%
132%
125%
114%
124%
114%
103%

10

% 27% 30% 28% 56%

111%

99%
106%
121%

38%
114%
121%
111%
122%
123%
126%
120%
123%
103%
132%

11
86%
104%
106%
113%
114%
121%
99%
135%
122%
124%
129%
122%
124%
106%
112%
105%
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12
102%
99%
103%
105%
119%
108%
111%
112%
113%
119%
132%
102%
122%
121%
113%
99%

13
115%
97%
94%
103%
108%
119%
113%
124%
117%
115%
122%
113%
118%
119%
110%
94%

14
86%
101%
99%
102%
91%
110%
116%
121%
114%
115%
119%
114%
113%
105%
99%
112%

15
88%
120%
90%
99%
102%
111%
99%
103%
122%
113%
117%
116%
114%
109%
95%
102%

16
104%
87%
95%
106%
101%
107%
105%
112%
115%
113%
130%
110%
103%
109%
105%
93%

17
120%
95%
96%
106%
101%
98%
117%
115%
107%
109%
116%
118%
103%
108%
107%
96%

18
117%
88%
107%
101%
113%
116%
33%
115%
99%
111%
120%
111%
114%
116%
106%
106%

19
75%
83%
92%
100%

93%
115%
118%
104%
120%
111%
106%
109%
115%

90%
106%
114%

20
124%
95%
96%
100%
116%
112%
114%
105%
113%
98%
111%
97%
106%
112%
95%
110%

21
87%
118%
96%
95%
97%
95%
93%
92%
115%
97%
95%
119%
114%
111%
94%
94%

22
92%
104%
86%
96%
94%
86%
92%
89%
86%
105%
105%
100%
99%
99%
94%
99%

23
91%
89%
86%
77%
80%
88%
88%

104%
116%
93%
102%
96%
97%
80%
132%
111%

24
110%
112%

92%
120%
128%
113%

93%
117%
103%

83%
120%
112%

92%

85%

95%
109%



Supplementary Table 3.4 Second screening of "library subset " in 384-well plate format. Panel A shows in each well the 10x concentration of each compound; final concentration in the assay is 1x; Panel B is the response
(1-4 min after the 1st injection) of BMLKS3 (tick kinin rceptor recombinant cell line, left half of the assay plate) and vector only cells (empty vector transfected cell line, right half of the assay plate) to the compound; Panel C
is the response of BMLKS3 and vector only cells (5-9 min after the 2nd injection) to the agonist, 1 uM FFFSWGa. Panel D is the normalized response of panel C, represented as the percentage of the response of the positive
control (blank solvent + agonist). In each panel of readout (B-D), the wells were coded by color gradient from red (highest RFU) to blue (lowest RFU).

A. Screen plate layout. Small molecules were serially diluted 1: 1.4, 9 times, from the various initial concentrations (in column 3, 80 pl ) into the most diluted column 12, by transferring 56 pl solution of previous higher
concentration into the next well and mixing with 24 pl of blank solvent (10% DMSO). A duplicate dilution was made from column 22 (initial highest concentration) to column 13 (most diluted). The magenta gradient in the
arrows below represents the dilution direction from high concentration (dark), to low concentration (light color).

Compound
Thap
TKSMS5
TKSM7
TKSMS8
TKSM14
TKSM2
TKSM10
TKSMI13
TKSM4
TKSMé6
TKSMY
2-APB
TKSM2
TKSM10
TKSM13

TKSM14

Unit: pM

-~ = =2 @O0 =9 B 9 6 @ @

o 2z =z B R

P

1 2

Blank solvent
(10 % DMSOQ in
HHBS)

2% DMSO in

HHBS * (see
note at the
bottom)

3
100.00
100.00
100.00
500.00
500.00

1000.00
1000.00
1000.00
50.00
10.00
100.00
100.00
1000.00
1000.00
1000.00

500.00

4
70.00
70.00
70.00

350.00

350.00

700.00

700.00

700.00
35.00

7.00
70.00
70.00

700.00

700.00

700.00

350.00

5
49.00
49.00
49.00

245.00
245.00
490.00
490.00
490.00
24.50
4.90
49.00
49.00
490.00
490.00
490.00

245.00

6

34.30
34.30
34.30
171.50
171.50
343.00
343.00
343.00
17.15
3.43
34.30
34.30
343.00
343.00
343.00

171.50

7

24.01
24.01
24.01
120.05
120.05
240.10
240.10
240.10
12.01
2.40
24.01
24.01
240.10
240.10
240.10

120.05

8
16.81
16.81
16.81
84.04
84.04

168.07
168.07
168.07
8.40
1.68
16.81
16.81
168.07
168.07
168.07

84.04

9
11.76
11.76
11.76
58.82
58.82

117.65
117.65
117.65
5.88
1.18
11.76
11.76
117.65
117.65
117.65

58.82

10
8.24
8.24
8.24

41.18
41.18
82.35
82.35
82.35
4.12
0.82
8.24
8.24
82.35
82.35
82.35

41.18

11
5.76
5.76
5.76

28.82
28.82
57.65
57.65
57.65
2.88
0.58
5.76
5.76
57.65
57.65
57.65

28.82

12
4.04
4.04
4.04

20.18

20.18

40.35

40.35

40.35
2.02
0.40
4.04
4.04

40.35

40.35

40.35

20.18

13
4.04
4.04
4.04

20.18

20.18

40.35

40.35

40.35
2.02
0.40
4.04
4.04

40.35

40.35

40.35

20.18

14
5.76
5.76
5.76

28.82

28.82

57.65

57.65

57.65
2.88
0.58
5.76
5.76

57.65

57.65

57.65

28.82

Screen plate: 10x of the final concentration solution, prepared in 10 % DMSO in Hanks’ Saline Buffer containing 20 mM Hepes (HHBS)
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15
8.24
8.24
8.24

41.18
41.18
82.35
82.35
82.35
4.12
0.82
8.24
8.24
82.35
82.35
82.35

41.18

16
11.76
11.76
11.76
58.82
58.82

117.65
117.65
117.65
5.88
1.18
11.76
11.76
117.65
117.65
117.65

58.82

17
16.81
16.81
16.81
84.04
84.04

168.07
168.07
168.07
8.40
1.68
16.81
16.81
168.07
168.07
168.07

84.04

18
24.01
24.01
24.01

120.05
120.05
240.10
240.10
240.10
12.01
2.40
24.01
24.01
240.10
240.10
240.10

120.05

19
34.30
34.30
34.30

171.50
171.50
343.00
343.00
343.00
17.15
3.43
34.30
34.30
343.00
343.00
343.00

171.50

20
49.00
49.00
49.00

245.00
245.00
490.00
490.00
490.00
24.50
4.90
49.00
49.00
490.00
490.00
490.00

245.00

21
70.00
70.00
70.00

350.00
350.00
700.00
700.00
700.00
35.00
7.00
70.00
70.00
700.00
700.00
700.00

350.00

22
100.00
100.00
100.00
500.00
500.00

1000.00
1000.00
1000.00
50.00
10.00
100.00
100.00
1000.00
1000.00
1000.00

500.00

23 24

Blank solvent
(10 % DMSO in
HHBS)

2% DMSO in

HHBS ! (see
note at the
bottom)



Supplementary Table 3.4B Cell response in RFU (relative fluorescence units) to the first injection of 10x library compound (panel B): average of two reads (0-4 min) after the injection of 5 pL 10x compound or blank
solvent from compound plate (top panel) into the assay plate. Two reads are obtained by performing a first reading and then inverting the orientation of the plate in the plate reader for the second read.

Compound 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Thap A 0.065 0.225 1.6121 2.1302 2.1519 1.7569 2.1769 1.4702 2.374 1.2116 1.0908 0.6384| 1.0694 0.5071 1.8103 1.9908 2.4275 2.458 2.1758 2.8492 2.3463 2.4557 0.0625 0.1138
TKSMS5 B -0.0392 0.0419] -0.0278 -0.0094 0.054 0.0658 0.0551 0.04 0.0424 0.0564 -0.0266 0.0106| 0.1018 0.0047 0.089 0.0408 0.08 -0.0268 0.0154 0.0527-0.0351 0.0524 0.0729 0.0263
TKSM7 C 0.0791 0.0624 0.0142 0.0043 0.109 -0.0069 0.0737 0.0106 0.0057 0.0612 0.066 0.0448| 0.0724 0.0341 0.0827 0.0247 0.0499 0.087 0.0367 -0.0373 0.0607 0.0626 0.0307 0.0355
TKSMS8 D -0.0144 0.0029 0.081 0.0131 0.0313 0.0226 0.0709 0.1582 0.0288 0.0323 0.047| 0.0309 0.0413 0.055 0.0672 0.0308 0.0562 0.0877 0.0093 0.0398 0.0714 0.0341 0.0624
TKSM14 E 0.0347 0.0053 0.2728 0.112 0.1054 0.1757 -0.0175 0.1483 0.0912 0.0991 0.0863 0.0198( 0.0459 0.0689 0.0777 0.0079 0.0901 0.0979 0.1665 0.1785 0.1118 0.2437 0.1585 -0.0142
TKSM2 F 0.0179 0.0296 0.7043 0.8064 0.6633 0.5832 0.4893 0.4156 0.2236 0.1943 0.1295 0.1726| 0.0408 0.0723 0.2744 0.3283 0.3752 0.6272 0.7111 0.5455 0.5652 0.3954 0.045 0.0351
TKSM10 G 0.0259 0.0153 0.2522 0.3523 0.3408 0.1871 0.2543 0.1404 0.1999 0.0553 0.0595 0.0271( 0.0329 0.0478 -0.0143 0.0539 0.0841 0.1991 0.3078 0.2654 0.4409 0.4897 0.0068 0.02
TKSM13 H -0.0292 0.0057 0.2434 0.2273 0.2891 0.3242 0.3349 0.2527 0.2065 0.0757 0.0813 0.0899| 0.0875 0.0928 0.1087 0.2197 0.3128 0.2629 0.3992 0.2677 0.3457 0.3006 0.045 0.0267
TKSM4 I 0.0728 0.0492 0.1125 0.1164 0.0828 0.0506 0.034 0.0382 0.0532 0.0735 0.0224 0.04| 0.0623 0.0327 0.0626 0.0211 0.066 0.0825 0.0076 0.0256 0.0363 0.0097 0.0535 0.0119
TKSM6 J 0.1054 0.0533 0.0892 0.0674 0.0105 0.0192 0.0351 0.0474 0.0646 0.072 0.0745 0.0444| 0.0546 0.0421 0.0699 0.0438 0.0511 0.068 0.0535 0.0123 -0.0517 0.0465 -0.0207 -0.0129
TKSM9 K 0.124 0.0685 0.1572 0.0387 0.0226 0.095 0.0066 0.0334 0.0513 0.083 0.0858 0.0445| 0.0151 0.0329 0.0635 0.0693 0.0732 0.078 0.1372 0.0572 -0.0117 0.1765 0.073 0.0284
2-APB L 0.0878 0.0594 0.1355 0.1858 0.1434 0.118 0.1489 0.0512 0.0808 0.0626 0.0612 0.0934] 0.0387 0.0972 0.0113 0.1503 0.1417 0.1397 0.1146 0.1268 0.1316 0.0957 0.0262 0.0312
TKSM2 M 0.056 0.0392 0.3559 0.3201 0.3253 0.3914 0.3821 0.3105 0.0919 0.1336 0.1095 0.1109| 0.0775 0.0724 0.1159 0.2231 0.3132 0.2489 0.4245 0.5752 0.4924 0.4382 0.0057 0.0217
TKSM10 N 0.003 0.0377 0.2124 0.1574 0.1739 0.076 0.1014 0.0316 0.0696 0.0148 0.0132 0.051| 0.0559 0.086 0.0235 0.0233 0.0899 0.0306 0.0117 0.0471 0.0396 0.1007 0.001 0.0435
TKSM13 o 0.0211 0.0329 0.1242 0.1315 0.101 0.1283 0.086 0.1495 0.0644 0.0338 0.0276 0.0122| 0.0759 0.1067 0.045 0.0918 0.2172 0.1377 0.0805 0.1253 0.1257 0.1286 0.0663 0.0694
TKSM14 P 0.0433 0.0122 0.0871 0.0891 0.1213 0.1116 0.0044 0.0399 0.0509 0.0213 0.0073 0.0347| 0.0416 0.0017 -0.0352 0.0446 0.0252 0.0516- 0.1242 0.1046 _ -0.009 0.0488 0.0045

BMLK3 cells Vector Only cells
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Supplementary Table 3.4C Cell response in RFU (relative fluorescence units) to the 2nd injection of 1uM FFFSWGa: average of two reads (5-9 min) obtained 5 min after the 2nd injection of 5.6pL 10x FFFSWGa (10uM).
Two reads are obtained by performing a first reading and then inverting the orientation of the plate in the plate reader for the second read.

Compound 1* 2 3 4 5 6 7 8 9 10 11
Thap A 0.5575 0.5712
TKSM5 B 0.6062 0.5728 0.59705 0.5434 0.652 0.7803 0.5994 0.566 0.6435 0.5961 0.5169
TKSM7 C 0.7454 0.6256 0.65305 0.4385 0.6229 0.7111 0.639 0.6275 0.6451 0.6466 0.719
TKSMS8 D 0.492 0.5807 0.53175 0.6509 0.588 0.5757 0.6655 0.5579 0.7074 0.6372 0.6781
TKSM14 E 0.7591 0.6848 0.2203 0.2215 0.3267 0.5848 0.4675 0.5849 0.6394 0.6884 0.5951 0.1375
TKSM2 F 0.501 0.6365 0.17 0.3688 0.5996 0.9953 0.8555 0.8369 0.8341 0.7757 0.1792 0.214 0.2449 0.3231 0.314 0.3176 0.2872] 0.1093
TKSM10 G 0.5143  0.59 0.13585 0.2936 0.7831  0.68 0.8093 0.8035 0.7811 0.7781 0.7113 0.1162 0.2078 0.2118 0.2272 0.3029 0.34055 m
TKSM13 H 0.5828 0.7478 0.40345 0.5791 0.2242 0.314 0.2766 0.5048 0.6594 0.6011 0.716 0.1528 0.1773 0.2098 0.209 0.2228 0.1921 0.2745 0.206
TKSM4 1 0.6677 0.6484 0.56545 0.6795 0.6205 0.5307 0.6849 0.6749 0.6617 0.6583 0.5345
TKSMé6 J 0.5822 0.61615 0.7005 0.7757 0.7792 0.6187 0.6728 0.6368 0.6411 0.7111
TKSM9 K 0.7112  0.7349 0.6717 0.6501 0.686 0.6147
2-APB L 0.7102 0.5551 0.1985 0.2246 0.422
TKSM2 M 0.6544  0.593 0.7087 0.8868 0.7748 0.8835 0.7775- 0.9831 0.6315 b 0.2661 0.3165 0.4203 0.3519  0.2478
TKSM10 N 0.6749 0.8583 0.8799 0.8387 0.7587 0.7677 0.7225 0.6947 0.1342- 0.1262 0.1276 0.23245
TKSM13 o 0.4507 0.6446 0.7065 0.7632 0.7525 0.4241 0.4661 0.4489 0.8189 0.6434 0.5924 0.135 0.1122 0.1957 0.151 0.1308 0.1545  0.1547
TKSM14 P 0.5263  0.6067 0.5351 0.4268 0.4669 0.5275 0.445 0.5467 0.789 0.752
BMLK3 cells Vector Only cells

* the reads from columnl were not used for calculating response of BMLK3 to PC.
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Supplementary Table 3.4D % of the RFU of the Positive Control (blank buffer + FFFSWGa).

Thap
TKSM5
TKSM7
TKSMS8
TKSM14
TKSM2
TKSM10
TKSM13
TKSM4
TKSM6
TKSM9
2-APB
TKSM2
TKSM10
TKSM13
TKSM14

- @z = =8B °© 0 % B

G

~ 0 2z Zz £ =®

1*

87%
95%
116%
T7%
119%
78%
80%
91%

104%

70%

82%

2 3 4 5 6 7 8 9 10 11

89%
89% 93% 85% 102% 122% 94% 88% 101% 93% 81%
98%  102% 69% 97% 111% 100% 98% 101% 101% 112%
91% 83% 102% 92% 90% 104% 87% 111% 100% 106%
107% 34% 35% 51% 91% 73% 91% 100% 108% 93%
99% 27% 58%  94% 134% 131% 130% 121%
92% 21%  46% 122% 106% 126% 126% 122% 122% 111%
117% 63% 90% 35% 49% 43% T9% 103% 94% 112%
101% 88% 106% 97% 83% 107% 105% 103% 103% 84%
91% 96% 109% 121% 122% 97% 105% 100% 100% 111%
111% 100% 135% 105% 102% 107% 96%
111% 87% 31% 66%
102% 93% 111% 139% 121% 138% 121% 99%
105% 134% 137% 131% 119% 120% 113% 109%
101% 110% 119% 118% 66% 73% 70% 128% 101% 93%
95% 84% 67% 73% 82% T0% 85% 123% 118%

BMLK3 cells

21% 29% 21%  36%

28% 33% 38% 50%  45%
36% 47%

30% 43%

Vector Only cells

55%
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Supplementary Information File 5. Below is the screen shoot of the alignment of fourteen kinin precursors shown in Mesquite
window (Version 3.6) for phylogenetic analysis in the manuscript.
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Supplementary Figure 4.1 Multiple sequence alignment of kinin precursors from seven hard tick species. The protein sequences
were obtained from Xiong et al., (2019)(Xiong et al., 2019a) and were aligned using MAFFT with E-INS-i algorithm by MegaPro
(DNASTAR, Lasergene v16.0). R. microplus kinins and corresponding sequence Logo areas were boxed. The height of each letter on
the sequence logo represents the frequency (in bits) of each amino acid residue across tick species. The gray areas in the sequences

of Dermacentor variabilis and Amblyomma sculptum indicate the gaps in the transcriptomes (Xiong et al., 2019a).



Supplementary Table 4.1. Tukey's multiple comparison test on the potency (ECso) of endogenous tick kinins, * p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001

IK:

Rhimi- A Ih- Rhimi- 1728 Rhimi- Rhimi- Rhimi- Rhimi- Rhimi- Rhimi- Rhimi- Rhimi- Rhimi- Rhimi- Rhimi- Rhimi-
K-14 ) {]- K-3 K-1 K-10 K-8 K-17 K-13 K5 K-11 K-6 K-15 K-16 K9 K4
1D Sequence ECs 0 0 0 2E-09 0 0 0 0 0 0 0 0 0 0 0 0

Rhimi-K-14 QDSFNPWGa 1E-09
IK-Aib-20 [Ab]FH[AIb]WGa 2E-09 ns
Rhimi-K-3 DKDQTFNPWGa 2E-09 ns ns

1728 [Aib]FF[Aib]WGa 2E-09 ns ns ns
Rhimi-K-1 QFSPWGa 3E-09 ns ns ns ns
Rhimi-K-10 DDRFNPWGa 4E-09 ns ns ns ns ns

Rhimi-K-8 TGEDQAFSPWGa 6E-09 ns ns ns ns ns ns

Rhimi-K-17 EGNVFGPWGa 1E-08 ns ns ns ns ns ns ns

Rhimi-K-13 GADDPFNPWGa 1E-08 ns ns ns ns ns ns ns ns

Rhimi-K-5 DTFSAWGa 2E-08 ns ns ns ns ns ns ns ns ns

Rhimi-K-11 EGPFSPWGa 2E-08 ns ns ns ns ns ns ns ns ns ns

Rhimi-K-6 JQDSKNAFSPWGa 2E-08 ns ns ns ns ns ns ns ns ns ns ns

Rhimi-K-15 EDGVFRPWGa 3E-08 ns ns ns ns ns ns ns ns ns ns ns ns
Rhimi-K-16 EDNVFRPWGa 4E-08 ns ns ns ns ns ns ns ns ns ns ns ns ns

Rhimi-K-9 iDDGDTSFTPWGa 6E-08] ** *ox * * * * * * * ns ns ns ns ns




Supplementary Table 2.2 Tukey's multiple comparison test on the potency (ECso) of Aib-analogs incorporating tick sequence
and other modifications, * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

IK-Aib-
20
2414 2412 2411 (2356) 2359 1728 2415 2416 2345 2413 2361 2346 2173-1
ID Sequence ECsq 0 0 0 3E-09 0 0 0 0 0 0 0 0 0

2414 [Aib]FS[AiIb]WGa 9E-10
2412 [Aib]FG[AiIb]WGa 1E-09 ns
2411  [Aib]JFN[Aib]WGa 3E-09 ns  ns
IK-Aib-20  [Aib]JFH[Aib]WGa 3E-09 ns ns  ns
2359 AKFS[AIb]WGa 4E-09 ns ns ns ns
1728 [Aib]JFF[AiD]JWGa 6E-09 ns ns ns ns ns
2415 [Aib]FR[AIb]WGa 7E-09 ns ns ns ns ns ns
2416 [AIb]JFA[AIb]WGa 7E-09 ns ns ns ns ns ns ns
2345 pQRFH[Aib]WGa 9E-09 ns ns ns ns ns ns ns ns
2413 [Aib]FT[Aib]WGa 1E-08 ns ns ns ns ns ns ns ns ns
2361  A[Aib]FS[Aib]WGa 2E-08 ns ns ns ns ns ns ns ns ns  ns

2346 c-[dRJFH[AID]WGa SE-08 ik stk sk bkl dobiok bk ik kb ook ok ok

2173 Hea-F[AIb]WGa BE-07 %% sekiok sookk sk sk dobkk | okior sokoik odior olobk ok ko
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position3
(position
3)

Position4

Purpose
Protocol

Program
Steps
1
2
3

Position3
Position4
Purpose
Protocol

Program
steps
1
2

CyBio Program #1 Cell Plating

>15 mL of cell suspension in an Integra™ 150ml reservoir

384 well plate, CELLSTAR® flat, black wall, clear bottom, Greiner Bio-one 781091. Plates were coated with 10
pl/well of 0.05 mg/ml solution in water of poly-D-Lysine (Sigma) before use.

Cell plating: Take 25 pl of cell suspension from position3 to position4 and mix 10l for three times in the 384
well plate.

Piston speed 5pl/s

Aspirate 25 pl of cell suspension from position3 from 805 (805 is Z position in Cybio equipment; vertical axis)
Dispense 25 pl into position4 at 800

Mix 10 pl for three times at 800

Cybio Program #2 Addition Of FLUOFORTE®(ENZO) Dye
>15 mL of 1x loading dye
384 well assay plate (cell inside, medium removed)
take 25 pl of 1x dye from position3 to position4

Piston speed 4 ul/s
Aspirate 25 pl of 1x dye from position3 from 805
Dispense 25 pl into position4 at 790

CyBio Program #3 Addition of test compounds
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Position3 384 well plate (Corning®, 3680) with 40 ul of 5 x compound solution of the final concentration in each well
Position4 384 well assay plate (contains cells in 25 pl of 1x dye)

Purpose take 5.2 pl of compound solution from position3 to position4

Protocol

Program

Steps Piston speed 3pl/s
1 Mix of compound at position3 by aspirating (810) and dispensing (790) 10 ul of compound solution
2 Aspirate 5.2 pl of compound solution from position3 from 810
3 Dispense 5.2 ul into position4 at 790
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APPENDIX D

FOR CHAPTER 5

CyBio Program #1 Cell Plating
position3
(position
3) >15 mL of cell suspension in an Integra™ 150ml reservoir

384 well plate, CELLSTAR® flat, black wall, clear bottom, Greiner Bio-one 781091. Plates were coated with
Position4 10 pl/well of 0.05 mg/ml solution in water of poly-D-Lysine (Sigma) before use.

Cell plating: Take 25 pl of cell suspension from position3 to position4 and mix 10ul for three times in the 384
Purpose  well plate.

Protocol

Program
Steps Piston speed 5pl/s

1 Aspirate 25 pl of cell suspension from position3 from 805 (805 is Z position in Cybio equipment; vertical axis)
2 Dispense 25 pl into position4 at 800
3 Mix 10 pl for three times at 800

Cybio Program #2 Addition Of FLUOFORTE®(ENZO) Dye
Position3 >15 mL of 1x loading dye
Position4 384 well assay plate (cell inside, medium removed)
Purpose take 25 pl of 1x dye from position3 to position4
Protocol

Program
steps Piston speed 4 ul/s

1 Aspirate 25 pl of 1x dye from position3 from 805
2 Dispense 25 pl into position4 at 790



CyBio Program #3 Addition of test compounds
Position3 384 well plate (Corning®, 3680) with 30 pl of 50 x compound solution of the final concentration in each well
Position4 384 well assay plate (contains cells in 25 pl of 1x dye)
Purpose  take 0.5 pl of 1x dye from position3 to position4
Protocol

Program
Steps Piston speed 3pl/s

1 Mix of compound at position3 by aspirating (810) and dispensing (790) 10 ul of compound solution
2 Aspirate 0.5 pl of 1x dye from position3 from 810
3 Dispense 0.5 ul into position4 at 790

CyBio Program #4 Addition of peptides
Position3 >15 mL of cell suspension in an Integra™ 150ml reservoir
Position4 384 well assay plate (contains cells in 25 pl of 1x dye)
Purpose take 3 pl of peptide solution from position3 to position4

Protocol
Program
Steps Piston speed 3pl/s
1 Aspirate 25 pl of 1x dye from position3 from 805

2 Dispense 3 pl into position4 at 790

Viaflo Program #1 Cell Plating
Position
A >15 mL of cell suspension in an Integra™ 150ml reservoir
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Position
B

Purpose

Protocol
Program
Steps

Positiona
Positionb
Purpose
Protocol
Program
Steps

1

2

3

Positiona
Positionb
Purpose
Protocol

384 well plate, CELLSTAR® flat, black wall, clear bottom, Greiner Bio-one 781091. Plates were coated with
10 pl/well of 0.05 mg/ml solution in water of poly-D-Lysine (Sigma) before use.

Cell plating: Take 25 pl of cell suspension from positionA to positionB

Piston speed 3.1pl/s

Aspirate 12.5 pl of cell suspension from positionA from 11.8 mm ('is Z position in Cybio equipment; vertical
axis),

Dispense 25 pl into positionB at 11.8 mm

Repeat 1-2 once

Viaflo Program #2 Addition of FLUOFORTE®(ENZO) Dye
>15 mL of 1x loading dye in an Integra™ 150ml reservoir
384 well assay plate (cell inside, medium removed)
take 25 pl of 1x dye from positionA to positionB

Piston speed 3.8 pl/s

Aspirate 12.5 pl of 1x dye from positionA from 12.2 mm
Dispense 12.5 pl into positionB at 12mm

Repeat 1-2 once

Viaflo Program #3 Addition of Test Compounds
384 well plate (Corning®, 3680) with 30 ul of 50 x compound solution of the final concentration in each well
384 well assay plate (contains cells in 25 pl of 1x dye)
add 0.5 pl of 50x test compound into 25 pl 1x dye in cell plate
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Program
Steps Piston speed 1pl/s

1 Mix of compound at positionA by aspirating (11.2 mm) and dispensing (11.2 mm) 10 pul of compound solution
2 Aspirate 1.5 pl of drug from positionA at 11.4 mm
3 Dispense 0.5 pl into positionB at 12.5 mm

Viaflo Program #3 Addition of agonist peptide
Positiona >15 mL of cell suspension in an Integra™ 150ml reservoir
Positionb 384 well assay plate (contains cells in 25 pl of 1x dye and 0.5 pl compound)
Purpose add 3 pl of 10x peptide solution into 25 pl 1x dye in cell plate

Protocol
Program
Steps Piston speed 3.1 pl/s

1 Aspirate 3 pl of drug from positionA at 12.1 mm
2 Dispense 3 pl into positionB at 12.5 mm
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Please see the separate excel file for Supplementary Table 5.1-5.7.



