








Chapter 2 Tripeptides as insect protease inhibitors

containing RCL tripeptides (TRE, PRN and PRY). The growth reduction was prominently
observed on the 10™ day of RCL feeding, wherein the insects showed growth reduction of 40%
upon feeding with 200 ppm peptides. A dose dependent reduction in larval mass was observed
from 50 to 200 ppm (Figure 2.16). Further, a reduction in survival rate of the larvae by ~10 to
15% was caused by the RCL peptides. Between the selected tripeptides, PRN showed the highest
negative effect on larval growth, followed by TRE and PRY. Interestingly, when the peptides
were fed in combinations, it led to higher deleterious effect (~10% increase in growth reduction)
as compared to peptides fed individually (Figure 2.17). Also, an adverse effect on insect
moulting and metamorphosis was observed upon RCL ingestion as indicated by 10 to 15% pupal
deformities and delayed eclosion. Approximately 25% moths were deformed, as identified by the

presence of curled wings, deformed appendages and small body size.

Figure 2.16: Effect of RCL peptides on growth and development of H. armigera. Decrease in
mass upon feeding larvae (n=90) on artificial diet containing 50, 100 and 200 ppm of TRE, PRN
and PRY individually, also deformities observed during development.
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Figure 2.17: Physiological effect of RCL peptides on H. armigera larvae (a) Decrease in mass
upon feeding larvae (n=90) on artificial diet containing 200 ppm of TRE, PRN and PRY
individually and in combinations, also deformities observed during development (b) Difference
in growth observed on feeding first instar H. armigera larvae (n=90) on artificial diet containing
50,100 and 200 ppm of TRE, PRN and PRY for 10 days (c) Reduction in insect survival during
feeding experiment

Further, calculation of nutritional parameters, which are indicative of digestion efficiency
was done. The values obtained for efficiency of Conversion of Ingested Food (ECI), Efficiency
of Conversion of Digested Food (ECD) and Approximate Digestibility (AD) showed that these
parameters were reduced by 10 to 20% upon peptide treatment. These observations clearly
indicate a negative impact of RCL tripeptides on insect growth and digestive metabolism (Farrar
et al., 1989) (Table 2.5). The growth inhibitory effect of RCL peptides on H. armigera larvae is
comparable to that observed for feeding with whole Pin-II PI or IRDs, indicating that RCL

region of Pin-II PI is primarily responsible for the protease inhibition in larval gut.

2019 Ph.D. Thesis: Nidhi Saikhedkar, (CSIR-NCL, Pune) AcSIR 56



Chapter 2 Tripeptides as insect protease inhibitors

Table 2.5: Effect of tripeptides on dietary utilization of H. armigera. ECI: Efficiency of
conversion of ingested food; ECD: Efficiency of conversion of digested food; AD: Approximate
digestibility

ECI ECD AD
Control 24.9 48.0 70.1
(£3.24) (£2.0) (£1.5)
TRE 11.4 21.7 52.6
(£2.8) (£5.9) (£5.0)
PRN 18.6 253 41.2
(£1.8) (+1.8) (£3.4)
PRY 17.3 34.0 50.6
(£2.1) (£5.2) (£9.0)
TRE+PRY 13.4 252 533
(£2.5) (£2.0) (£5.0)
PRN+PRY 18.6 33.9 42.5
(£2.1) (+1.8) (£3.4)
PRN+TRE 16.5 35.7 36.2
(£2.2) (+4.5) (£9.0)
TRE+PRN+PRY 16.8 34.0 493
(£3.2) (£2.3) (£1.5)

The inhibition of insect gut proteases by RCL peptides was evident in the biochemical
activity assessment for serine proteases. It was observed that the residual protease activity
showed up to ~40% reduction in trypsin, chymotrypsin and total protease activity (Figure 2.18).
These observations show that TRE, PRY and PRN bind to insect proteases in vivo, resulting in
the inhibition of proteolytic digestion required for the growth and development of H. armigera.
Furthermore, the peptides were tagged with fluorescent dye, carboxyfluorescein to trace their
retention in insect gut. Time dependent fluorescence observed in the insect faeces was
considered indicative of retention time in the insect gut. Carboxyfluorescein tagged TRE was
detected in the faeces of third instar larvae up to 6h, followed by PRN, which was retained for
more than 3h. This indicates that the peptides are retained in the insect midgut (Figure 2.18).
Whereas, carboxyfluorescein dye was excreted within 1h. Thus, the changes in developmental

cycle of the insects may lead to reduction in their fecundity in long term(Ryan, 1990).
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Figure 2.18: In vivo interaction of RCL peptides with insect gut. Reduction in residual gut
serine protease activity (c) Retention time of tripeptides in insect gut, as measured by residual
fluorescence intensity in frass after 1, 3 and 6 h after feeding carboxyfluorescein-tagged
tripeptides

2.3.6 Effect of RCL tripeptides ingestion on H. armigera midgut physiology

Insects are known to regulate the expression of proteases upon feeding with protease
inhibitors. Therefore, in order to understand the effect of RCL peptide feeding on the midgut
protease expression, we performed gene expression analysis of representative trypsin and
chymotrypsin genes by q-RT-PCR. It was observed that majority of the trypsin genes were
downregulated in response to insect feeding, except for HaTryl, which was upregulated upon
exposure to all three RCL tripeptides. Also, chymotrypsin genes showed reduced expression
upon RCL peptide feeding (Figure 2.19). It implies that the tripeptides cause inhibition of major
serine proteases, in response to which insects alter their expression. The results obtained for
downregulation of protease transcripts correlate with the reduction in residual gut protease

activity, thus validating the in vivo potential of the RCL peptides.
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Figure 2.19: Relative protease expression upon peptide feeding. qRT-PCR profile of H.
armigera trypsin and chymotrypsin genes upon peptide feeding. Asterisks indicate significant
difference compared to control, analyzed by one way ANOVA for three independent
experiments (*p<0.05, **p<0.01, ***p<0.001).

2.3.7 Stability of RCL peptides in insect gut

Proteolytic stability of RCL peptides was studied by incubation with HGP and analysing
the mass spectra by MALDI-TOF MS at different time intervals. In the presence of HGP, TRE
was highly resistant to proteolytic degradation up to 6h. Whereas, PRN showed the presence of
smaller fragment peaks within 1h, suggesting that it was susceptible to initial degradation by
HGP, after which no further degradation was observed. On the other hand, continuous decrease
in intensity of intact PRY, as well as the appearance of smaller peaks, which increased in
intensity with time, indicated that it was more prone to digestion by insect gut proteases (Figure
2.20). Thus, TRE shows enhanced proteolytic stability as compared to Pin-II PI from C. annuum,
which shows a reduction in availability when incubated with HGP for long time(Mishra et al.,
2010). Correspondingly, the revival of HGP activity in presence of RCL was monitored by in
vitro biochemical assays. TRE and PRN in complex with HGP retained the inhibition up to 6h
while PRY-HGP complex regained proteolytic activity with time. The stability of TRE and PRN
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in presence of HGP highlights that RCL tripeptides can insert and freeze into the protease active

site, forming a stable complex for a long time.
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Figure 2.20: Stability of RCL peptides. MALDI-TOF spectra of (a) TRE-HGP (b) PRN-HGP
and (c) PRY-HGP complex at 1, 3 and 6 h after incubation with HGP at 37°C. Arrows indicate
the increase or decrease in intensity of peptides. Bar graphs underneath the spectra represent

restoration of H. armigera gut protease activity after incubation with peptides at 1, 3 and 6h
(HGP+ TRE/PRN/PRY).
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2.4Conclusion

Potato type II protease inhibitors (Pin-II PIs) impede the growth of lepidopteran insects by
inhibiting serine protease-like enzymes in the larval gut. The three amino acid reactive centre
loop (RCL) of these proteinaceous inhibitors is crucial for protease binding and is conserved
across the Pin-II family. However, the molecular mechanism and inhibitory potential of the RCL
tripeptides in isolation of the native protein has remained elusive. In this study, six peptides
corresponding to the predominant RCLs of the Pin-II PIs were synthesized and evaluated for in
vitro and in vivo inhibitory activity against serine proteases of the polyphagous insect, H.
armigera. RCL peptides with sequences PRN, PRY and TRE were found to be potent inhibitors
that adversely affected the growth and development of H. armigera at sub-millimolar
concentration. They showed higher inhibition of insect proteases compared to bovine trypsin,
and enhanced efficacy at alkaline gut pH. Further, the RCL peptides showed retention in insect
gut upto 6h and proteolytic stability towards insect proteases. The binding mechanism and
differential affinity of the RCL peptides with serine proteases was delineated by crystal
structures of complexes of the RCL peptides with trypsin. RCL peptides bind to serine proteases
by deeply inserting into the active site pocket. Residues P1 (Arg) and P2 (Thr or Pro) of the
inhibitors play a crucial role in the interaction and specificity of these inhibitors. Molecular
responses of the insect upon ingestion of the RCL tripeptides were analysed by enzymatic assays
and gene expression analysis, showing that the protease activity is reduced upon peptide
ingestion. The current study provides new avenues to explore the potential of the RCL

tripeptides for application in crop protection.

Key highlights of the study:

e RCL tripeptides inhibit serine proteases without parent IRD protein

e RCL tripeptides are deeply seated in active site pocket of trypsin, as shown by crystal
structures

o They show greater activity at alkaline pH, and preference towards insect proteases than
mammalian enzymes

e Interaction of peptide P2 residue with Tyrl13 of trypsin is crucial for determining
relative potency of RCL peptides

e They cause adverse effects on growth and life cycle of H. armigera

e RCL tripeptides are retained and stable in insect gut upto 6 h post feeding
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Chapter 3 Cyclic RCL peptides for insect protease inhibition

3.1 Introduction

For the control of lepidopteran pests, several chemical and biological methods are available.
However, the use of chemical pesticides is toxic to the environment and to non-target species.
The biological methods, on the other hand, are limited by difficulty in synthesis and formulation
applications, as well as lead to development of resistance(Dawkar et al., 2013). Therefore,
alternate pest control methods are proposed based on the inactivation of insect digestive
proteases by means of protease inhibitors(Dunaevsky et al., 2005). In this direction, we have
shown the potential of peptide based protease inhibitors as insect control molecules. The
tripeptide reactive centre loop (RCL) of Potato type-II serine protease inhibitors is capable of
inhibiting trypsin-like enzymes without the native protein scaffold. Crystal structures of RCL
peptides TRE, PRN and PRY in complex with porcine trypsin showed that the P1 Arg is deeply
seated in the active site, and stabilized by number of H-bonds. These tripeptides also showed in
vitro and in vivo inhibition of serine proteases in the lepidopteran pest, H.armigera(Saikhedkar et
al., 2018). However, their potency was limited, since sub-millimolar concentrations of the
peptide (~200uM) were required for effective protease inhibition. This necessitated for
modification of linear tripeptides, so that more potent dietary insect control agents can be
developed.

In native Pin-II protein, this tripeptide loop is flanked by conserved cysteine residues and
held in the “canonical conformation” by means of a protein scaffold of 47 amino acids, featuring
3-4 disulphide bonds(Joshi et al., 2014; Schirra et al., 2008, 2010) (Figure 3.1). Therefore, we
speculated that the flexibility of linear RCL tripeptide might be one of the reasons for its low
binding affinity. Also, since the RCL in native Pin-II protein is held by disulphide bridges, it is
possible that cyclization of tripeptides using the conserved Cys residues might enhance their
inhibitory potential. Yet, in order to develop small molecule protease inhibitors, it was essential

to replace the large protein scaffold by a small linker molecule.

A number of methods are available for cyclization of cysteine rich peptides(Hill et al.,
2014; Northfield et al., 2014), most common being the formation of disulphide bridges(Chung
and Yudin, 2015; Zha et al., 2018). But, the lower stability of disulphide bonds in reducing
conditions, and their isomerization were not the desirable characteristics.In recent years,
synthetic scaffolds have been used for cyclization of cysteine-containing peptides. First reported

in 2005 by Timmerman et al., reaction of bromomethyl benzene derivatives with thiol group of
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cysteine leads to generation of mono, bi or tricyclic peptides(Timmerman et al., 2005) (Figure

3.2).
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Figure 3.1: Reactive center loop of Pin-ll protease inhibitors (Taylor et al., 2014). (a)
Representative sequences of IRDs from Nicotianaalata (NaTI), and Capsicum annuum (IRD7, 9
and 12) with disulphide connectivity marked by yellow lines, (b) Structure of IRD7 with
highlighted RCL region held by disulphide bridges shown as yellow lines

Screening of phage displayed libraries of peptides cyclized by tris(bromomethyl)benzene
(TBMB), led to selection of potent inhibitors of urokinase-type plasminogen activator, a serine
protease(Angelini et al., 2012). Thereafter, TBMB scaffold has been optimized to generate linker
molecules, which direct the folding and affinity of bicyclic peptides(Chen et al., 2014; Liu et al.,
2017; van de Langemheen et al., 2017). The reaction with TBMB is efficient with small

peptides, and specific towards Cys residues.
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Figure 3.2: Cyclization of peptides by treatment with bromomethyl benzene
derivatives(Timmerman et al., 2005)
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Thus, in order to immobilize the tripeptide RCL sequences, TBMB was chosen as the favoured

scaffold, with the following objectives:

e Design of peptide library by using combinations of RCL sequences and TBMB

e Synthesis of cyclic peptides

e Evaluation of in vitro protease inhibition by cyclic peptides

e Study of in vivo effects of cyclic peptides on lepidopteran pests, H. armigera and
Spodoptera litura

e Identification of target proteins in insect gut

e Determination of binding modes of peptides with proteases
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3.2 Methods

3.2.1 Synthesis of cyclic peptides

Linear peptides, as mentioned in table 3.1, were synthesized by Fmoc-Solid phase
peptide synthesis on MBHA resin. Cleavage was performed by TFA/thioanisole/EDT/TFMSA
procedure as mentioned in section 2.2.1. Peptides were precipitated in cold diethyl ether, and
washed twice. After air drying, the crude peptide was dissolved in 1:1 mixture of ACN: H,O.
1,3,5-Tris(bromomethyl)benzene (TBMB) (5mM) (for bicyclic peptides) or 1,3-
Bis(bromomethyl)benzene (DBMB) (for monocyclic peptides) was dissolved in ACN. Reaction
buffer was prepared by adding 5% DMSO and 45% 10mM NH4HCOs. Peptides and TBMB were
added to the reaction mixture in equal volumes, and the reaction was incubated at 30 °C for 3 hr.
After lyophilisation, purification was performed by RP-HPLC on a semi-prep C-18 column using
a linear gradient from solvent A (95% H,0O, 0.1% TFA) to solvent B (50% ACN, 0.1% TFA).
The mass of peptides was measured by MALDI-TOF mass spectrometry (Applied Biosystems,
Framingham, MA, USA) equipped with 337-nm pulsed nitrogen laser. The mode of operation
was in a positive linear mode with an accelerating voltage of 25 kV. All spectra were acquired by
accumulating 250 single laser shots over each sample spot in the range of 200-2000 Da. They
were processed for baseline correction and noise removal using Data Explorer software (Applied
Biosystems). Confirmation of mass of P1 and P2 was performed by LC-HRMS analysis. MS
acquisition was performed on the Q-Exactiveorbitrap mass spectrometer (ThermoFisher, MA,
USA) operated in positive electrospray ionization (ESI) mode.

Disulphide bridged peptides were synthesized using air oxidation(Tam et al., 1991).
0.5mM peptide in 5% DMSO/water was vigorously mixed at room temperature for 12 h to
incorporate atmospheric oxygen. Disulphide bridge formation was monitored by HPLC and

MALDI-TOF MS.

Table 3.1 Sequences of synthesized peptide library

Linear peptide | Scaffold used Product peptide
sequence

CTRECTREC 1,3,5-Tris(bromomethyl)benzene | Bicyclic
CTRECPRNC 1,3,5-Tris(bromomethyl)benzene | Bicyclic
CTRECPRYC 1,3,5-Tris(bromomethyl)benzene | Bicyclic
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CPRNCPRNC 1,3,5-Tris(bromomethyl)benzene | Bicyclic
CPRNCPRYC 1,3,5-Tris(bromomethyl)benzene | Bicyclic
CPRNCTREC 1,3,5-Tris(bromomethyl)benzene | Bicyclic
CPRYCPRYC 1,3,5-Tris(bromomethyl)benzene | Bicyclic
CPRYCPRNC 1,3,5-Tris(bromomethyl)benzene | Bicyclic
CPRYCTREC 1,3,5-Tris(bromomethyl)benzene | Bicyclic
CTREC 1,3-Bis(bromomethyl)benzene Monocyclic
CPRNC 1,3-Bis(bromomethyl)benzene Monocyclic
CPRYC 1,3-Bis(bromomethyl)benzene Monocyclic
CTREC Disulphide bridge Monocyclic
CPRNC Disulphide bridge Monocyclic
CPRYC Disulphide bridge Monocyclic
TRE None Linear
PRN None Linear
PRY None Linear

3.2.2 Surface Plasmon Resonance

All SPR kinetics experiments were carried out on Biacore T200 (GE Healthcare,
Bengaluru). Bovine trypsin was purchased from Sigma Aldrich (T8003). Bovine trypsin powder
was resuspended in acetate buffer pH 5.5 and immobilized by the amine coupling method on a
CMS5 sensor chip according to the manufacturer’s protocol (GE Healthcare). The immobilization
level obtained was 4500 RU. Peptides were diluted in HBS-EP+ with 0.1 M CaCl,at
concentrations ranging from 0.5 to 50 uM, with a series of 10 fold escalations for kinetics
screening using multi-cycle kinetics format (three concentrations injected as separate cycles),
and 2 to 32 uM with 2 fold escalations for kinetics characterization of selected molecules using
single cycle kinetics format (5 concentrations injected serially in one cycle). The association and
dissociation times were 180 seconds each for multi cycle kinetics, and 60 seconds each for single
cycle kinetics. The sensor surface was regenerated after each injection cycle with 10 mM
Glycine-HCI pH 2.5 (GE Healthcare) for 60 seconds. The sensorgrams of test flow cells were

subtracted from the reference flow cell. The kinetic fitting was carried out with Biacore T200
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evaluation software by global fitting using 1:1 binding model. The kinetics data were described
as ka (association rate or On-rate) and kd (Dissociation rate or Off-rate) and Kp (affinity constant
or Equilibrium constant of Dissociation). Each SPR run was evaluated based on the statistical

measurements provided by the Biacore T200 evaluation software, like Chi’.

3.2.3 Biochemical activity assays

Trypsin activity was estimated through chromogenic substrate BApNA (Benzoyl-L-
arginyl-p-nitroanilide), as mentioned in section 2.2.2. Total HGP activity was measured by
azocaseinolytic assay, as described in section 2.2.2.

Superoxide dismutase assay was performed according to the method of Winterbourn et
al.(Winterbourn et al., 1975) 10ul of HGP was incubated with 30 ul 0.12mM riboflavin, 10 pl
1.5mM Nitroblue tetrazolium (NBT), 250ul of 12 mM methionine, which was followed by
illumination for 10 min in 16W fluorescent light. Absorbance was measured immediately at

560nm.

3.2.4 Docking and Molecular Dynamics simulation

HaTry (Uniprot ID: BINLE4) was modelled using Modeller 9.17(Sali and Blundell,
1993) and porcine trypsin (PDB: 4DOQ) as template. Bovine trypsin coordinates were obtained
from crystal structure (PDB: 4I8H). 3D structures of peptides were prepared by Marvin Sketch v
16.10.17.0, and energy minimized by PRODRG online tool(Schiittelkopf and van Aalten, 2004).
Docking was performed by AutoDockVina(Trott and Olson, 2009) using grid boxes of 25x25x25
points and 1A spacing centred on the catalytic triad. Analysis of docking poses was carried out
by using Autodock tools: out of the eight possible binding modes, the one with greatest
proximity to the active site and most negative free energy of binding was selected. 2D
interactions were mapped by Discovery studio Visualizer (Dassault Systemes BIOVIA,
Discovery studio Visualizer, v 16.1.0.15350, San Diego: Dassault Systeémes, 2015.

The best docked pose was used for molecular dynamics simulations. All MD simulations
were performed with AMBER99SB forcefield using GROMACS 4.6.3 package (Van Der Spoel
et al., 2005). Topologies for the peptides were prepared by acpype server(Sousa da Silva and
Vranken, 2012). During the MD simulations, all the protein atoms were surrounded by a triclinic
water box of TIP3P water molecules. The systems were neutralized with Na+ and Cl— counter

ions replacing the water molecules and energy minimization was performed using steepest
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descent algorithm. NVT and NPT equilibrations were done for 100ps each using PME
electrostatics and Parrinello-Rahman pressure coupling. 200ns production MD simulations with
a time step of 10 ns were performed. Upon completion, the most representative structures of the
peptide-protease complexes were selected using the GROMACS cluster tool with a root mean
square deviation (RMSD) threshold of 2.0 A. The RMSD, RMSF values were calculated using
GROMACS, and given as graphs in Figure 3.3 and 3.4. 3D structure representations were
prepared by PyMol (The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC.),
Chimera (Chimera is developed by the Resource for Biocomputing, Visualization, and
Informatics at the University of California, San Francisco (supported by NIGMS P41-
GM103311)(Pettersen et al., 2004) and Discovery Studio Visualizer programs.
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Figure 3.3: RMSD and RMSF plots for selected ligands after 200ns MD simulation with H.

armigera trypsin
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Figure 3.4: RMSD and RMSF plots for ligands after 200ns MD simulation with bovine trypsin
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3.2.5 Feeding assays

3.2.5.1 Choice assay

Two independent sets of 30 insects each of H. armigera and S. litura were subjected to
open choice between untreated and peptide treated castor leaves (CPRNCPRYC or
CPRNCTREC).The leaves were painted with peptides on both sides of leaves, 10 neonates of S.
lituraand H. armigera were placed in each dish, having two leaves of untreated (control) and two
leaves of peptide painted leaves (test). Moist tissue paper was used to provide moisture to
overcome early dryness of leaves, on alternate days leaves were replaced. Images of eaten area
were captured on each day, followed by calculation of eaten area by ImageJ software(Rueden et

al., 2017).

3.2.5.2 No choice assay

Obligatory feeding assay was done independently with two Lepidopteran insects H.
armigera and S. litura on castor leaf and cotton leaves. Three independent sets of 100 neonates
were fed on untreated and peptide treated (CPRNCPRYC and CPRNCTREC) leaves. 20 insects
were placed in five replicates on one peptide painted leaf in a petri dish. Moist tissue paper was
used to provide moisture to overcome early dryness of leaves, on alternate days leaves were
replaced. Insects were counted daily to check their mortality, after insects reached in to second

instar; their weights were measured on every day.

3.2.6 Pull down assay

For this assay, biotinylated cyclic peptide CPRNCPRYC, CPRNCTREC, and linear
peptide PRN were synthesized as mentioned above. Streptavidin slurry was incubated at 25°C
with biotinylated peptide. Unbound peptide was washed off. To this slurry, HGP was added and
incubated at 25°C for 5 min. The flow through was collected and slurry and washed three times
with 0.1M glycine NaOH buffer at pH10. For elution, Sodium citrate buffer at pH 5 was added.
Eluted proteins were collected and total proteins were estimated by Bradford assay. 1pg/ul of
eluted proteins was used for in solution trypsin digestion. The proteins were diluted in 100mM
ammonium bicarbonate, followed by denaturation at 80°C for 15min. Thereafter, to reduce
disulphide bonds, dithiothreitol was added at 65°C for 20min, followed by iodoacetamide for

alkylation. After incubation in dark for 30min, added trypsin at 1mg/ml concentration and
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incubated for 16 hours at 37°C. To stop the reaction, formic acid was added followed by
centrifugation at 4°C for 15min at 15000rpm. The supernatant was used for peptide purification
by zip tip. Ziptip eluted peptide samples were reconstituted in 3%ACN+ 0.1% formic acid and
used for identification by MS/MS.

Peptide samples were subjected to a NanoAcquity ultra performance liquid
chromatography (UPLC) coupled to MALDI-SYNAPT HDMS (Waters Corporation, Milford,
MA, USA). The nano-LC separation was performed using a bridged-ethyl hybrid (BEH) C18
reversed phase column (1.7um particle size) with an internal diameter of 75um and length of
150mm. Each sample of total digested protein was injected into the trapping column and flushed
with 0.1% solvent A (0.1% formic acid containing water) for 3min at a flow rate 15uL/min.
Upon each injection, peptides were eluted into the NanoLockSpray ion source at a flow rate of
300nL/min using a gradient of 2%-40% B (0.1% formic acid containing acetonitrile) over
1100)min. The data was processed and analyzed using Protein Lynx Global Server 2.5.2 software
(PLGS; Waters Corporation, Milford, MA, USA). Protein identifications were obtained by
searching Helicoverpa database (www.uniprot.org). LC-MSE data was analysed with a fixed
carbamidomethyl modification for Cys residues, along with a variable modification for oxidized
Met residues. Ion Accounting search parameters used for data independent analysis (DIA) were
precursor and product ion tolerance (automatic setting), minimum number of peptide matches
(3), minimum number of product ion matches per peptide (5), minimum number of product ion
matches per protein (7), and maximum number of missed tryptic cleavage sites (2). The false
positive rate was 4%. The results of DIA (proteins and the individual MS/MS spectra) with

confidence level >95% were accepted.

3.2.7 Quantitative Real-Time PCR

Total RNA was isolated from the insect gut tissues using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) and synthesis of the first strand cDNA was carried out with High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster, CA, USA) using random primers
based on the manufacturer’s protocol. Relative transcript abundance of trypsins and
chymotrypsins was determined by quantitative Real-Time PCR (qRT-PCR) using 7900HT Fast
Real-Time PCR System (Applied Biosystems, Foster, CA, USA) and Fast start Universal SYBR
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Green Master (Rox) 2 concentrate (Roche Diagnostics, GmbH, Germany). The relative

expression of trypsin and chymotrypsin genes (Table 3.2) was assessed as described in section

2.2.6. (Dawkar et al., 2013; Mahajan et al., 2013). For each treatment, two biological replicates

(each constituting three technical replicates), the average transcript abundance and sub-sequent

fold difference with respect to the control were calculated.

Table 3.2: Primers used for gqRT-PCR analysis

Target Genbank Forward Primer Reverse Primer
gene acc.

HaTry4 | EF600059 GTGCTACCCCTTCTGAT | AACTTGTCGATGGAGGTGAC
TC

HaTry7 | Y12271 CAGAGGATTGTGGGTG | GCGGTGAGGATAGCCCTGTT
GTTCG

HaTry6 | Y12283 TGGCTGGGGTGACACTT | GTCTCCCTGGCACTGGTC
TCT

HaChy4 | Y12273 CACCATCTTCATCTTCC | GTGTTGATACGAGTACCACCG
AATCCGTGTGC AAGAAC

HaChy9 | Y12287 TGCTGGTTCGATGGTCG | TTACCAGAGGGCAGGGC

CuSOD | JQ009331 CTGACCCTGATGACCTT | GATAACACCGCAGGCAATAC
GGAG G

MnSOD | GU115810.1 | TGCCCTATGAGTACAG | GGGAGCTAAACTGATG

HaGAP | JF417983 TGCTGAATACGTCGTTG | TTCTTAGCACCACCCTCTAAA

DH AATCC TGAG
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3.3 Results and discussion

3.3.1 Design and docking of cyclic RCL peptides

Based upon our previous study, we have used the most abundant Pin-II RCL sequences,
namely, TRE, PRN, PKN, PLN, TLN and PRY for design of bicyclic peptides. Since in nature,
the RCL sequence is flanked by two cysteine residues, we used these cysteines to cyclize the
peptides. Scaffolds TBMB and DBMB were used to generate bicyclic and monocyclic peptides,
respectively. Also, disulphide linkages and N- to C- terminus cyclized peptides were designed. A
virtual library of 142 combinations of peptides was screened in silico by docking on bovine
trypsin and five representative H. armigera trypsins. A comparison of binding energies (AG)
revealed that cyclic peptides were effective binders of trypsins as compared to their linear
counterparts (Figure 3.4, table 3.3). Among these peptides, TBMB linked peptides were the
strongest interacting partners with bovine as well as insect trypsins. A few peptides with N- to C-
terminus cyclization also showed potential binding as indicated by a highly negative AG value.

Interaction analysis of the best docking pose with bovine trypsin showed that bicyclic
peptide covered higher interface surface area with trypsin than linear peptides, thus blocking the
active site (Figure 3.5). Bicyclic peptides showed H-bonding interactions as well as hydrophobic
interactions with the active site and nearby amino acids of bovine trypsin. Also, both Arg of the
two loops were interacting with trypsin, which might be the reason for higher binding affinity of
bicyclic peptides (Figure 3.6) Moreover, the extended structure of bicyclic peptide allowed the
reactive loop peptides to stay in a rigid confirmation, thereby may enhance the favourable H-
bond interactions with active site residues. Hence, scaffold attachment leading to stabilization of

peptide structure may increase the potency of the RCL peptide inhibitors.
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CPRNC  CPKNC

CPRYC \/ CTLNC
CTREC =——_N\g7~ _— CPLNC

| Pin-llRCLs

DisulphideandN | TBEMB

Unmodified  to C termini DEME ] Disulphide

linkage ﬁ linkage

Hatry3

Hatry4

Hatry6

Hatry8

CPRNCTREC!
CPRNCPRYC
CPRYCPRYC'

CPRYC I
CYRPCPRNC!
CPRNCPRYCI
CPRNCTREC!
CTRECPRNCI!
CPRYCPRYC!

Figure 3.4: Representative structures of ligands designed for virtual screening. Peptides are
shown as sticks, Tris-bromomethyl benzene (TBMB), Di-bromomethyl benzene (DBMB) and
disulphide linkages (S-S) are marked by boxes. Amino acid residues are marked as single letter
codes. Heat map showing relative binding affinities of peptides with different trypsins obtained
after docking studies: red-strong binding; green-poor binding.
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Table 3.3:Binding energies (kcal/mol) obtained for peptides upon docking using AutoDockVina.
B: Biyclic peptide with TBMB Sacffold; M: Monocyclic peptide with DBMB scaffold; N-C:
Bicyclic peptide with N to C cyclization and disulphide bridge; SS: Monocyclic peptide with

disulphide bridge
Name Bovtry | Tryl | Try3 | Try4 | Try6 | Try8 Name Bovtry [ Tryl [ Try3 | Try4 | Try6 | Try8
CTRECTREC B -7.6 -1.1 -5 -5.9 -74 5.1 CYRPCPRYC B -8.5 -7.5 -7.3 -6.8 -8.9 -7.2
CTRECTLNC B -7.9 -6.9 -5.7 -5.4 -6.9 -5.4 CYRPCPRNC B 9.9 -8 -7 -7.7 -7.6 -6.4
CTRECPKNC B -8.1 -7 -6 -6.3 -8.1 -6.1 CNRPCPRYC B 9.2 -7 -7.1 -7.5 -7.7 -7.2
CTRECPRYC B -8.65 -7.7 -6.5 -7.1 -6.7 -6.8 CERTCPRYCiB -8.3 8.1 -7 -5.9 -8 -5.5
CTRECPRNC B -8.25 -6.95 -6.4 -7.2 -7.6 -5.7 CNLPCPRYCiB -8.2 8.1 -6.6 -6.6 -8.5 -7
CTRECPLNC B -7 -6.4 -6.1 -5.2 -6.6 -6.9 CNRPCTLNC B 8.1 7.4 -6.2 -6.9 -7.9 -6
CTLNCTREC B -7 -1.3 -5 -5.6 -6.8 -4.7 CNLPCPRNC B 9.5 -8.3 -7 -7.4 -7.8 -7.1
CTLNCTLNC B -7.1 <12 -5.7 -5.5 -7 -6 CPRYCYRPC B -10.5 -8.8 -8.4 -6.3 -9 -5.9
CTLNCPKNC B =74 -7.1 -5.7 -5.8 -6 -6.3 CPRYCNRPC B -9.6 -8.2 -6.5 -5.9 -7.6 -4.7
CTLNCPRYC B -9.8 -6.9 -7 -6.2 -7.2 -5.8 CPRNCYRPC B -8.3 -7.4 -6.6 -6.9 -7.4 -4.9
CTLNCPRNC B -1.7 -7 -5.9 -6.6 -7.2 -5.8 CTRECYRPC B -10.7 -8.4 -6.7 -6.6 -7.6 -5.1
CTLNCPLNC B -1.5 -7 -5.8 -6 -7.1 -6 CPLNCYRPC B -10.7 -8.5 -7.1 -6 -8.1 -5
CPKNCTREC_B -5.9 -7 -4.6 5.1 -6.7 -5.8 CPRNCNLTC B -8.3 -6.9 -6.3 -5.1 -8.3 -4.4
CPKNCTLNC B -6.3 <11 -5.7 -5.1 -7 -5.6 CPLNCNRPC B -7.8 -8.5 -7.1 -5.9 -7.7 -5.2
CPKNCPKNC B -7.6 -6.8 -5.1 -5.3 -7 -5.5 CPRYCPRY N-C -10.15 -8.8 -8.2 -7.95 -8.5 -7.5
CPKNCPRYC B -10.5 -8.5 -7.5 -6.3 -8 -6.5 CPRYCPRN N-C 8.4 8.7 -8 72 -8.1 -6.9
CPKNCPRNC B -1.7 -7.1 -6.5 -5.9 N -5.6 CPRNCPRY N-C -8.85 -8.1 -6.9 -7.6 -7.4 -6.8
CPKNCPLNC B -7.2 -7.3 -5.7 -5.1 -7.8 -6.1 CTRECPRY N-C -8.2 -7.5 -7 -6.5 7.4 -6.1
CPRYCTREC B -8.55 -6.8 -5.55 -6.65 -6.2 -6.05 CPLNCPRY N-C 9.25 -8.6 -7 -5.95 -7.7 -6.9
CPRYCTLNC B -8.4 -8.1 -7.2 -5.7 -7.1 -6.3 CPRNCTLN N-C 7.9 7.4 -6.7 -6.55 -7.3 -6
CPRYCPKNC B -8 <13 -6.6 -7 -7.4 -6.4 CPLNCPRN N-C -7.85 -7.5 -5.8 -7.2 -7.8 -6.7
CPRYCPRYC_B -9.25 <72 -1.6 -8.5 -8 -7 CPRNCTREC N-C -7.1 -7.6 -6.8 -6.9 -5.2 -6.1
CPRYCPRNC_B -8.4 -8.3 -6.8 -8 -8 -6.55 CTREC M -8.3 7.1 6.3 -5.7 -7 -5.8
CPRYCPLNC B -7.4 -8.1 -5.9 -6 -7.1 -6.4 CTLNC M -6.7 7.1 -5.3 -5.8 7.2 -5.9
CPRNCTREC B -9.1 -8.3 -6.8 -6.7 -7.9 -6.6 CPRNC M 7.7 -7.5 -6.6 -6.9 -7.1 -6.6
CPRNCTLNC B -7.45 -7.15 -6.05 -7.1 -7.2 -7.75 CPKNC M -7 -7 -5.6 -5.9 -6.7 -6.4
CPRNCPKNC B -7.5 -7.2 -6.3 -6 -7.7 -5.6 CPLNC M -7.8 -7.5 -7 -6.1 -7.3 -7.1
CPRNCPRYC B -10.2 -7.6 -8.7 -7.2 -7.8 -6.9 CPRYC M 7.9 7.4 -7.5 -7.4 -7.3 -6.9
CPRNCPRNC B -7.7 -7.9 -7 -6.1 -8.3 -6 CTREC SS 7.1 -6.8 -6.1 -5.6 -6.2 -6.2
CPRNCPLNC B -7.5 -7.85 -6.1 -7.15 -7.85 -6.05 CTLNC SS 7.7 -6.3 -6.7 -5.9 -6.5 -5.9
CPLNCTREC B -7 -6.4 -5.6 -5.8 -6.6 -6.8 CPRNC SS -8.5 -7 7.1 -6.1 -7.2 -5.5
CPLNCTLNC B -6.2 -6.6 -5.4 -5.2 -6.6 -5.3 CPKNC SS -6.5 -6.6 -5.3 -5.9 -6.2 -6.1
CPLNCPKNC B -7.8 -7.1 -6.2 -6.4 -6.8 -6 CPLNC SS -6.8 5.7 2.2 -5.9 -6.2 -54
CPLNCPRYC B -8.95 -8.45 -7.9 -7.4 -6.95 -5.8 CPRYC SS -6.3 5.7 -6.2 -5.7 -5.9 -5.3
CPLNCPRNC B -8.05 -7.85 -6.6 -6.7 -8.65 -5.75 TLN 7.1 -5.8 -6.1 -5.6 -6.2 -6.2
CPLNCPLNC B -7.3 -7.2 -6.1 -5.9 -7.6 -7.5 PRN 1.7 -6.3 -6.7 -5.8 -6.5 -5.9
PRY -8.5 -7 -7.1 -6.1 -7.2 -7.5
PLN -6.5 -6 -5.3 -5.9 -6.2 -6.1
PKN -6.3 -5.7 -5.2 -5.9 -6.2 -5.4
TRE -6.3 -5.7 -6.2 -5 -5.9 -5.3
(a) PRNLinear CPRNC Monocyclic CPRNCPRYC Bicyclic

" N

Area (A2) Affinity
(A2) {kcal/mol) {kcal/mol)
375 |77 250 87
358 |85 385 ]
246 |77 344 B89
1486 |-85 521 76
536 |-102 627 87

Figure 3.5: Docking of peptides. (a) Docking poses of linear, monocyclic and bicyclic peptides
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bound to bovine trypsin, (b) Comparison of interface surface area and binding affinities obtained
after docking with bovine trypsin and H. armigera trypsin 4.
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Figure 3.6: Comparison of docked poses of representative peptides with bovine trypsin.
Docking was performed by AutoDockVina, and 2D representations prepared by Discovery
Studio Visualizer

3.3.2 Synthesis of cyclic peptides

Linear peptides with flanking cysteine residues were synthesized by Fmoc-solid phase
synthesis, after which, the crude peptides cleaved from the resin were used for cyclization
reaction with TBMB. We synthesized a collection of eighteen peptides, comprising of nine
bicyclic peptide combinations from TRE, PRN and PRY, six monocyclic peptides (disulphide
and scaffold linked), and three linear peptides. The synthesis reaction with TBMB scaffold was
optimized as given in table 3.4. Completion of reaction was monitored by observing change in
molecular weight by MALDI-TOF MS (Figure 3.7). Thereafter, the peptides were purified by
HPLC and molecular weights were confirmed by MALDI TOF MS (Figure 3.8, 3.9). Also, the
peptides CPRNCTREC and CPRNCPRYC were confirmed by LC-HR-MS analysis (Figure
3.10).
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Table 3.4: Optimization of reaction conditions with TBMB

] Reducing TBMB ] Peptide
Peptide Buffer Solvent Time ]
agent conc. obtained
On resin - DMF/ACN - SmM 0-4h Linear
40mM
Crude ACN - SmM 0-4h Linear
NH,HCO;
Pure 20mM 45% ACN;
B3-Me SmM 1h Linear
(1mM) NH,HCO, 5%DMSO
Pure 20mM 45% ACN; -
3-Me S5mM 12h Bicyclic
(1mM) NH4HCO; 5%DMSO
Pure 20mM 45% ACN;
DTT SmM 12h Linear
(1mM) NH,HCO; 5%DMSO
20mM 45% ACN; o
Crude 3-Me 5mM 12h Bicyclic
NH4HCO; 5%DMSO
- " 1312Da
| y | CPRYCPRYC-Bicyclic
“ CPRYCPRYC-Linear "
1196 Da "
—_—
+116Da | o
Sb[l 54"[1 98.6 1320 1660 2[)[1.6 B‘[J[J 1[.';4[) S 12.3[1 152l[l 1?5l[l 2000

Figure 3.7: Confirmation of cyclization reaction by MALDI-TOF MS.
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Figure 3.8: Purification of synthesized monocyclic peptides by HPLC and confirmation of

molecular weights by MALDI-TOF MS
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Figure 3.9: Purification of synthesized bicyclic peptides by HPLC and confirmation of
molecular weights by MALDI-TOF MS
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Figure 3.10: Confirmation of molecular weights of peptides by LC-HR MS

3.3.3 In vitro screening of cyclic peptides

We screened the collection of 18 peptides for in vitro inhibition of trypsin-like midgut
proteases of H. armigera. The inhibitory potential was compared with linear RCL peptides. It
was observed that bicyclic peptides showed strongest inhibition of insect proteases. At the
studied concentration of 20uM, bicyclic peptides were ten times more potent than linear
peptides. Out of the bicyclic peptides, CPRNCTREC and CPRNCPRYC were the most potent
inhibitors which showed more than 70% reduction in trypsin activity. The ICsy values obtained
were significantly lesser than the previously reported inhibition constants for linear RCL
peptides (Table 3.5, Figure 3.11). Further, cyclic peptides showed higher inhibitory activity
against H. armigera trypsin-like proteases than bovine trypsin. Cyclic peptides showed ~80%
inhibition at 20 pM, while similar inhibition was achieved at 1mM for bovine trypsin.

Therefore, the selectivity of RCL peptides towards insect proteases is retained upon cyclization
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with TBMB (Saikhedkar et al., 2018). Whereas, disulphide linked RCL peptides, or peptides
attached to dimethylbenzene scaffold were not effective inhibitors at 20uM, which states that

cyclization of two RCL peptides using TBMB is a better strategy to enhance their potency.

Table 3.5: I1C5 values (uM) obtained for bicyclic and linear RCL peptides

Peptide H.armigera trypsin-like | Bovine trypsin
CPRNCTREC 15 250
CPRNCPRYC 20 400
TRE 200 900
PRN 40 500
PRY 200 400
H. armigera gut trypsin inhibition Bovine trypsin inhibition
[Peptide]= 20 uM [Peptide]= 1000 uM _
5 T crveRye |
I CPRNCTREC I |
"""""""""" S CPRNCPRNC SRR | O
— E cPRYCPRNC [ 9
—— E CPRYCTREC [ 2
I CPRYCPRYC [
- EEN CTRECPRYC [N
 E CTRECPRNC =
— S CTRECTREC [N J
— I PRY MONO 0 2
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— E TREMONO S 1 s
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Figure 3.11: Screening of peptides for protease inhibition. Peptide library comprising of
bicyclic, monocyclic and linear peptides was screened for in vitro inhibition of bovine trypsin
and H.armigera trypsin-like proteases. Selected peptides are highlighted in box.
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Interestingly, the sequence orientation of tripeptides around TBMB scaffold also affected
the inhibition potency. For instance, CPRNCTREC showed higher inhibition than CTRECPRNC
at the same concentration. This suggested that the scaffold might help the RCL to adopt a
specific conformation, which could be optimized depending on the sequence of first and second

loop.

3.3.4 Peptide-trypsin interaction analysis by Surface Plasmon Resonance (SPR)

Interaction of the synthesized peptides with trypsin was studied by SPR. Since purified
insect midgut trypsin is challenging to express, bovine trypsin was used as an alternate system.
Initial screening of interacting peptides was performed by multi-cycle kinetics assay. Increasing
concentrations of the peptides (0.5, 5 and 50 pM) were injected onto immobilized trypsin. Based
on the kinetic screening results, we rejected the peptides which did not show significant
interaction, as indicated by sensorgramshape and kinetics parameters (Figure 3.12, table 3.6).
Among the peptides that showed binding, there was a variation in the binding constant (Kp),
which is a measure of binding affinity. Bicyclic peptides CPRNCTREC and CTRECTREC had
Kp< 5uM, CPRNCPRYC and CTRECPRNC had Kp of 11 and 16 uM respectively. While, other
peptides showed Kp above 50uM. But, in addition to high affinity, we desired a peptide which
shows fast binding, as well as releases from the trypsin at a slow rate. Analysis of kinetic
parameters (on-rate, ka for association and off-rate, kd for dissociation), highlighted bicyclic
peptides CPRNCTREC, CPRNCPRYC and CTRECTREC as potent binders. As seen from
figure 3.13, CPRNCTREC was having lowest kd (in the range of 10™), hence, would dissociate
from trypsin slowly. However, its ka value (10%) was also low, meaning it shows slow binding
with trypsin. CPRNCPRYC and CTRECTREC were selected because of high ka (~10°) and
slightly high kd value (~107), indicating fast complex formation with trypsin, and slow rate of
dissociation. Other bicyclic peptides like CTRECPRNC and CPRYCPRYC had high ka (~10%),
but also high kd values (~107), indicating that they form an unstable complex with trypsin,
which rapidly dissociates. Comparatively, only linear peptide TRE was potent to bind to trypsin,
while none of the disulphide linked peptides showed strong interaction. But, DBMB linked
monocyclic peptides, CPRNC and CPRYC displayed binding with low ka (~10") values,
signifying that they form a slow complex. Thus, we based our selection on kd, as the stability of
trypsin-inhibitor complex is dependent on slow dissociation rate of peptides. We further

evaluated kinetic parameters from single cycle kinetics assay for CPRNCTREC and
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CPRNCPRYC (Figure 3.13, table 3.7). The values obtained for Kp for both these peptides were
below 10uM. Thus, we selected these two peptides as best hits for further studies.

Table 3.6: Kinetic parameters obtained from multicycle kinetics in SPR.

Peptide ka (1/Ms) kd (1/s) KD (M) Rmax (RU) | Chi2(RU?
CPRNC 3.04 7.96e-03 2.62e-03 46.4 0.0265
CPRNC(S-S) | 2.78e+04 2.14e-03 7.69¢-08 0 0.0375
CPRNCPRNC | 30.3 2.98e-03 9.87e-05 80.2 0.198
CPRNCPRYC | 244 2.75e-03 1.13e-05 3.9 0.0736
CPRNCTREC | 50.5 1.45e-04 2.88e-06 9.2 0.00871
CPRYC 1.5 7.56e-04 5.02e-04 537.8 0.0693
CPRYC(S-S) | 9.60e+04 1.72e-03 1.79e-08 0 0.0184
CPRYCPRYC | 119 9.24e-02 7.76e-05 6.4 0.0859
CPRYCTREC | 1.74e+05 2.13e-03 1.22e-08 0 0.101
CPRYPRNC 9.31e+04 2.21e-03 2.38e-08 0 0.544
CTREC 8.00e+04 2.27e-03 2.84e-08 0 0.0721
CTREC(S-S) | 562 2.48e-02 4.41e-05 1.4 0.0178
CTRECPRNC | 1.80e+03 2.90e-02 1.62e-05 1.6 0.0422
CTRECPRYC | 1.09¢+05 2.60e-03 2.38e-08 0 0.275
CTRECTREC | 1.16e+03 4.51e-03 3.88e-06 10.5 0.0802
PRN 2.54¢e+05 4.72e-02 1.85e-07 0 0.218
PRY 1.18e+05 1.25e-02 1.06e-07 0 0.0264
TRE 246 4.00e-03 1.63e-05 2.4 0.0986

Table 3.7: Kinetic parameters for peptide-trypsin interaction obtained by SPR single cycle
kinetics

Peptide ka (1/Ms) kd (1/s) KD (uM) Chiz (RU?)
CPRNCTREC 2.32¢+02 6.94e-04 2.7 0.023
CPRNCPRYC 3.24+02 2.25e-03 6.9 0.054
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Figure 3.12: Sensorgrams of peptides screened by single cycle SPR kinetics. Colored lines
represent original sensorgram, and black lines indicate fitted curves.
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Figure 3.13: Screening of 18 peptides by SPR. (a) On/off plot representing the ka (vertical)
and kd (horizontal) values is shown, with dotted diagonal lines showing the dissociation
constant, KD. Peptides in red circle were rejected, green circles are best hits, (b)Single cycle
SPR kinetics of the selected peptides

3.3.5 Effect of RCL peptides on feeding of lepidopteran insects

In vivo evaluation of RCL peptides was performed on two major lepidopteran pest
species, H. armigera and Spodoptera litura. To test whether cyclic peptides can be used as pest
deterrent molecules, a preferential feeding choice was provided to the insects from neonate stage.
The peptides CPRNCTREC and CPRNCPRYC were sprayed on castor leaves, which is a general
host plant for both insects. Thereafter, the insects were allowed to choose between untreated and
peptide treated leaves for feeding. Very clearly, the insects preferred to feed on untreated leaves,
whereas peptide treated leaves were consumed in minimal amount by the end of four days
(Figure 3.14). The insects consumed ~50% lesser leaves when treated with cyclic peptides.
However, upon complete foliage of untreated leaves, the insects also consumed the peptide
treated leaves on day 6 of the assay. Therefore, although the cyclic peptides were not the first
choice of insects, they were still prone to be consumed by the pests if there are limited untreated
leaves. It is thus necessary to evaluate the effect of obligatory peptide feeding on the
development of insects. For this, neonates of H. armigera and S. litura were fed on peptide

treated castor leaves for 10 days. It was evident that feeding on peptide treated leaves led to
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severe reduction in growth of insects, which led to delay in their developmental cycle. Feeding

on BP1 led to more than 60% reduction in larval weight of both insect species.
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Figure 3.14: Feeding choice assay. H. armigera and S. litura were subjected open choice
assay with castor leaves treated with peptides at 10pM/cm?.
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Figure 3.15: Effect of peptides on growth of insects. H. armigera and S. litura were exposed to
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peptide treated leaves (10uM/cm?) for 7 days. Significant difference in foliage and larval
weights is represented by asterisks (***p<0.001; **p<0.05; *p<0.01).
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Figure 3.16: Effect of peptide treated cotton leaves on insects. (a) H. armigera and S. litura
were exposed to peptide treated cotton leaves (10uM/cm?) for 7 days. Difference in foliage
(b) and larval weights (c) is shown for six consecutive days.

Similarly, feeding with CPRNCPRYC resulted in 40 to 50% reduction in larval weight
(Figure 3.15). However, we could not see a significant difference in the mortality of pests, even
when the insects were exposed to peptides from neonate stage. Similar results were obtained
when the first instar larvae of H. armigera were fed on another host plant, cotton, treated with
peptides CPRNCTREC or CPRNCPRYC. There was growth reduction of 50% in peptide fed
insects relative to untreated leaves (Figure 3.16). Correspondingly, the leaf area consumed by
insects was significantly higher in untreated leaves than peptide treated cotton leaves. This
clearly showed that the peptides causing distaste in the insects, which leads to negative effect on
growth of insects. Furthermore, the peptides were found to be stable on leaf surface for 10 days

in environmental conditions, as analysed by MALDI-TOF spectra (Figure 3.17). Hence, RCL
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cyclic peptides could serve as excellent molecules for development of alternative pest control

strategies.
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Figure 3.17: Stability of peptides on leaf surface. MALDI-TOF MS of leaf washed with water
after 10 days of feeding assay.

3.3.6 Identification of target proteins in insect gut

Based on the in vivo inhibitory activity, we asked that whether cyclization of RCL
peptides hints to a possibility of interaction with other proteins in the insect midgut. Therefore,
we identified the target proteins in the gut of H. armigera by affinity based pull down assay
using biotin tagged peptides. As control, insect gut extract treated with biotin was also used.
MS/MS based identification of eluted proteins showed that the cyclic peptides interact majorly
with serine proteases (Figure 3.18). We identified both trypsin and chymotrypsin-like enzymes
(table 3.8). We also identified antioxidant enzyme, superoxide dismutase (SOD) as one of the hit
proteins. This points out that the peptides might interfere in the antioxidant mechanism of insects
by binding to SOD. Remarkably, SOD was found to bind only to cyclic peptides, and not for
linear peptide PRN. The possibility of interaction with biotin was also ruled out, since SOD was
not found in the proteins eluted with biotin treated midgut. Therefore, the cyclic peptides may
bind to SOD, which might mead to reduction in the availability of antioxidant enzyme,
ultimately leading to accumulation of free radicals. This mode of action is opposite to that of the
insect response to stress, wherein the antioxidant enzymes are known to upregulate under stress
conditions. We also validated these results by in vitro biochemical activity assays. It was seen

that both the residual protease as well as SOD activity was reduced in the insects fed with RCL
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cyclic peptides (Figure 3.18). Thus, the cyclization of peptides leads to functional differentiation
of the RCL, which might be reason for enhancement in their in vivo adverse effects.
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Figure 3.18: In vivo targets of cyclic peptides. (a) Identifiedproteins from H. armigera gut
extract by MS/MS, (b) Residual proteases and SOD activity in midgut of H. armigera larvae
(fourth instar) upon feeding with peptides

Table 3.8: Proteins identified by MS/MS analysis after pull down assay.

Accession Description PLGS Peptide | Coverage
Score s (%)

CPRNCPRYC-Biotin

J7IF09 Trypsinogen OS Helicoverpa punctigera PE 2 SV 1 477.2182 11 21.2

018436 Serine protease 5 OS Helicoverpa armigera PE 2 SV 1 1360.533 10 44.0

018444 Chymotrypsin like protease Fragment OS Helicoverpa | 874.7203 11 31.5
armigera PE2 SV 1

018447 Serine protease OS Helicoverpa armigera PE 2 SV 1 1348.475 18 37.0

018450 Chymotrypsin like protease OS Helicoverpa armigera PE | 5925.833 20 51.5
2SV1

076515 Fatty acid binding protein OS Helicoverpa zea PE2 SV 1 | 2855.326 20 63.1

B6CMF9 Fatty acid binding protein 2 OS Helicoverpa armigera PE | 3739.546 31 79.8
28Vl

B6CMGO Fatty acid binding protein 3 OS Helicoverpa armigera PE | 4611.932 32 64.3
2SV1

H9BEW2 Superoxide dismutase Cu Zn OS Helicoverpa armigera | 1661.042 12 64.0
PE2SV1

076336 Cytochrome b5 OS Helicoverpa armigera PE 2 SV 1 3971.662 18 71.6

CPRNCTREC-Biotin

AOA1BORHP | Serine protease 3 Fragment OS Helicoverpa zea GN SP3 | 295.0183 5 19.3

3 PE2SV1

018447 Serine protease OS Helicoverpa armigera PE 2 SV 1 2480.579 26 55.9

018450 Chymotrypsin like protease OS Helicoverpa armigera PE | 2053.362 10 21.3
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28V

018436 Serine protease 5 OS Helicoverpa armigera PE 2 SV 1 2239.99 22 45.2

QIN6C6 HzC4 chymotrypsinogen OS Helicoverpa zea PE 2 SV 1 1144.139 10 35.5

QIONHO07 HzC20 chymotrypsinogen OS Helicoverpazea PE2 SV 1 | 335.319 5 23.3

B6CMF9 Fatty acid binding protein 2 OS Helicoverpa armigera PE | 2121.107 10 65.6
28V

B6CMGO Fatty acid binding protein 3 OS Helicoverpa armigera PE | 6009.566 27 72.7
2SV1

076515 Fatty acid binding protein OS Helicoverpa zea PE2 SV 1 | 2984.685 8 45.1

H9BEW?2 Superoxide dismutase Cu Zn OS Helicoverpa armigera | 2275.891 7 49.6
PE2SV1

CPRYCTREC-Biotin

018434 Trypsin like protease OS Helicoverpa armigera PE2 SV 1 | 5225.509 17 48.0

018436 Serine protease 5 OS Helicoverpa armigera PE 2 SV 1 3402.905 21 38.5

018450 Chymotrypsin like protease OS Helicoverpa armigera PE | 1902.373 6 17.9
2SV1

QIN6C6 HzC4 chymotrypsinogen OS Helicoverpa zea PE 2 SV 1 3527.733 20 37.2

B6CMF8 Fatty acid binding protein 1 OS Helicoverpa armigera PE | 1894.092 21 51.4
28V

B6CMF9 Fatty acid binding protein 2 OS Helicoverpa armigera PE | 1009.689 3 335
2SV1

B6CMGO Fatty acid binding protein 3 OS Helicoverpa armigera PE | 3405.637 19 65.9
2SV1

076515 Fatty acid binding protein OS Helicoverpazea PE2 SV 1 | 1859.93 6 31.5

AO0A291ARU | Glutathione S transferase OS Helicoverpa armigera GN | 524.4631 13 58.1

4 GST8PE2SV 1

PRN-Biotin

018434 Trypsin like protease OS Helicoverpa armigera PE 2 SV 1 | 1082.954 7 22.4

018436 Serine protease 5 OS Helicoverpa armigera PE 2 SV 1 800.7201 7 24.0

018436 Serine protease 5 OS Helicoverpa armigera PE 2 SV 1 2485.677 8 33.0

018447 Serine protease OS Helicoverpa armigera PE 2 SV 1 992.827 8 27.1

018448 Chymotrypsin like protease Fragment OS Helicoverpa | 1635.499 7 28.5
armigera PE2 SV 1

018450 Chymotrypsin like protease OS Helicoverpa armigera PE | 1758.566 10 34.2
28V

076515 Fatty acid binding protein OS Helicoverpazea PE2 SV 1 | 2791.753 2 23.3

076515 Fatty acid binding protein OS Helicoverpa zea PE2 SV 1 | 2788.983 4 31.5

B6CMGO Fatty acid binding protein 3 OS Helicoverpa armigera PE | 772.1895 7 34.0
2SV1

BIUCQS5 Ultraspiracle isoform 1 OS Helicoverpa armigera PE 2 SV | 585.9171 10 17.8
1

14ZS17 Ribosome recycling factor OS Acinetobacter sp HA GN | 373.3872 7 21.7
firPE3SV 1

14ZW46 Uncharacterized protein OS Acinetobacter sp HA GN | 448.5259 | 2 20.0
HADU 01907 PE4 SV 1

076336 Cytochrome b5 OS Helicoverpa armigera PE 2 SV 1 365.6363 1 12.5

Biotin

B6CMF9 Fatty acid binding protein 2 OS Helicoverpa armigera PE | 695.3282 5 47.0
2SV1

B6CMGO Fatty acid binding protein 3 OS Helicoverpa armigera PE | 645.2405 5 28.7
2SV1

L7R1Y9 Putative enolase protein Fragment OS Helicoverpa zea PE | 460.2393 12 322
28V

Q8T7V0 Cytoplasmic actin A3a2 OS Helicoverpa zea PE 3 SV 1 560.1713 4 11.7
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3.3.7 Insect response to RCL cyclic peptide feeding

The effect of RCL peptide feeding on the midgut physiology of insects was studied by
relative gene expression analysis using qRT-PCR (Figure3.19). Representative trypsin,
chymotrypsin genes and SOD, as identified in pull down assay were selected for gene expression
analysis. The results indicated differential expression as compared to control (untreated) insects.
HaTry7 was downregulated upon bicyclic peptide feeding, whereas it was upregulated in PRN
fed insects. Similarly, HaChy4 was downregulated upon bicyclic peptide ingestion. Similar to
the biochemical activity results, Cu/Zn SOD was downregulated in bicyclic peptide fed insects,
while feeding with linear peptide PRN caused upregulation of SOD expression. Thus, cyclic
RCL peptides might bind to several proteins in the insect gut, which causes alteration in the

midgut physiology.
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Figure 3.19: Relative gene expression of protease and SOD genes upon exposure to peptides
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3.3.8 Binding modes of cyclic peptides with proteases

We explored the possible binding modes of bicyclic peptides CPRNCTREC and
CPRNCPRYC with trypsin like enzymes by molecular dynamics simulation with bovine and H.
armigera trypsin (HaTry, Uniprot ID: BINLE4). Comparison of the “most populated cluster”
obtained after 200 ns MD simulation with HaTry showed that cyclization enhances the
interaction of RCL peptides with active site residues His69 and Ser211, specificity determining
residue GInl192, and other residues which line the active site cavity (Figure 3.20, 3.21).
Hydrophobic interactions also increased as compared to linear peptides, thus resulting in higher
binding affinity. Being larger in size, they cover a higher interface surface area on the trypsin
molecule. In particular, Arg3 of first loop in both CPRNCTEC and CPRNCPRYC, lies in close
proximity to the active site His69 of HaTry. However, the poses of peptides differ in other
interactions, such as, Asn4 in CPRNCTREC forms H-bond with GIn213 of HaTry, whereas in
CPRNCPRYC, it forms H-bond with GIn192. Also, Pro2 of PRN is positioned near Tyrl13,
where it makes Van der Waals interaction in CPRNCTREC, but it is involved in H-bond in
CPRNCPRYC. It is important to note that this residue determines the relative potency of linear
RCL peptides towards trypsin(Saikhedkar et al., 2018). It helps to stabilize the complex by
hydrophobic interaction with P2 Pro residue of the inhibitor, when simultaneously P1 Arg is in
involved in hydrophilic contact at active site.

Also, the second loop of bicyclic peptide CPRNCTREC, TRE, is positioned near
nonspecific substrate binding pocket of HaTry(Chen et al., 2015; Schmidt et al., 2005), lined by
residues Trp46-Ser51. Arg7 and Thr6 of the peptide make H-bond with Gly214 (oxyanion hole),
and His69 (active site). In addition to it, this loop contributes in numerous hydrophobic contacts
with residues close to the active site, like Glyl12, Tyr113, Tyr108, Phe71 etc. Similarly, in
CPRNCPRYC, the second loop, PRY is placed near specificity determining residues, Gly235,
Tyr185, and GIn160 of HaTry, where it participates in hydrophobic interactions.

Switching of sequences on the two loops led to significant decrease in the number of
interactions. CTRECPRNC was placed in a similar orientation as CPRNCTREC, but could not
interact with HaTry, which might be leading to reduction in binding potency (Figure 3.20B,
3.21B). Crucial interactions with HaTry, like His69, Tyr113, Gly235 were missing, however, H-
bonds with Gly233, GIn190, GIn160 and Ser47 were present. Similarly, reversing the sequence
of CPRNCPRYC to CPRYCPRNC led to shifting of the peptide far from HaTry active site, with
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TBMB facing towards HaTry and the P1 Arg3 sticking out from the complex. Therefore, none of
the Arg was making interaction with HaTry.

Study of intramolecular H-bond patterns for bicyclic peptides showed that the peptides
fold around TBMB scaffold, and these interactions help in stabilizing the peptide as well as its
interactions with trypsin(Angelini et al., 2012; Chen et al., 2014). This observation is supported
by previous reports, which show that the TBMB scaffold stabilizes the peptide structure by

formation of intramolecular interactions, thereby optimizing the conformation of peptides.

Comparison of binding poses for bovine trypsin showed that the bicyclic peptides showed
lesser interactions with the active site residues of protease. This might be one of the reasons for
lower affinity of the peptides with bovine trypsin as compared to HaTry. Specifically, the peptide
CPRNCTREC and CPRNCPRYC lied close to active site of BovTry, and made H-bond contact
with active site Ser195, oxyanion hole Gly193, and other residues close to substrate binding
pocket. Further, the second loop of the bicyclic peptides was not significantly involved in
interactions with the BovTry. Thus, the sequence of peptide greatly affects the resulting
conformation of bicyclic peptide, and thus the interaction with target protease (Figure 3.22,

3.23).
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Figure 3.20: Binding poses of cyclic peptides CPRNCTREC and CTRECPRNC with HaTry. HaTry is shown in surface
representation, with interacting residues as shown as wires. Peptides are shown as sticks. Also shown 2D interaction diagrams of
peptides with HaTry, colour coded according to legend. Intramolecular H-bond pattern of peptides in bound pose is shown as wire, H-
bonds are represented as yellow dotted lines
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Figure 3.21: Binding poses of cyclic peptides CPRNCPRYC and CPRYCPRNC with HaTry. HaTry is shown in surface
representation, with interacting residues as shown as wires. Peptides are shown as sticks. Also shown 2D interaction
diagrams of peptides with HaTry, colour coded according to legend. Intramolecular H-bond pattern of peptides in bound
pose is shown as wire, H-bonds are represented as yellow dotted lines
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3.22: Binding poses of cyclic peptides CPRNCTREC and CTRECPRNC with Bovine trypsin. BovTry is shown in
surface representation, with interacting residues as shown as wires. Peptides are shown as sticks. Also shown 2D interaction
diagrams of peptides with BovTry, colour coded according to legend. Intramolecular H-bond pattern of peptides in bound
pose is shown as wire, H-bonds are represented as yellow dotted lines
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3.4 Conclusion

In this study, we have demonstrated that tripeptide RCL regions of Pin-II type protease
inhibitors can be grafted on a small scaffold TBMB, which enhances their effectiveness
compared to linear peptides. The bicyclic peptides provide a fixed conformation to the RCL
peptide, which might be leading to similar potency as the native Pin-II protein(Taylor et al.,
2014) (Table 3.9). In comparison to their linear counterparts, bicyclic RCLs showed
enhanced inhibitory potency and cause feeding avoidance in lepidopteran pests, H.
armigera and S. litura. They not only inhibit the serine proteases, but also might interfere with
the antioxidant mechanism of insects, as indicated by affinity based pull down assay. Further,
molecular dynamics simulation suggested that the probable mode of inhibition by bicyclic
peptides involves concurrent interaction with the active site and specificity-determining
residues of trypsin-like insect proteases. Hence, characteristics like environmental
stability, and specificity and potency towards lepidopteran insects suggests that they can be
used as peptide based pest control agents. In order to tackle the adaptive nature of lepidopteran
pests, combinations of bicyclic RCL peptides could be generated using the natural Pin-II RCL

sequences, making them value-added molecules in pest management strategies.

Table 3.9: Comparison of inhibitory potential of Pin-11 PIs and RCL peptides

CanPIl(Tamhane et IRD(Joshi et al., RCL(Saikhedkar et RCL-
al., 2005) 2014) al., 2018) cyclic
ICso (uM) 300 60 200 10
% Insect growth 30 50 40 70
reduction

Key highlights of this study:

e Cyclic RCL peptides are more potent as compared to parental linear tripeptides

e Cyclic RCL peptides show feeding deterrent and growth inhibitory activity against insect
pests, H. armigera and S. litura
e Cyclic RCL peptides interact with serine proteases and also with antioxidant enzymes in

insects

e They show proteolytic stability in insect midgut and are stable in ambient conditions.

e Mode of interaction of cyclic peptides involves interaction of P1 Arg with trypsin active

site and additional contacts with substrate binding residues.

2019 Ph.D. Thesis: Nidhi Saikhedkar, (CSIR-NCL, Pune) AcSIR

97




Chapter 4

Design and evaluation of RCL peptidomimetics
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4.1 Introduction

In vitro and in vivo studies on the RCL regions of Pin-Il Pls highlighted PRN as one of the
selective inhibitor of insect trypsin. Analysis of three dimensional crystal structure of PRN in
complex with trypsin showed that the P1 Arginine was deeply seated in the active site of trypsin
and forming hydrogen bonds with the active site residues His 48, Asp 92 and Ser 185 (Figure
4.1). Also, it formed crucial interactions with Asp 179. Hence, the P1 residue determined the

potency of the tripeptide.

Figure 4.1. Reactive loop peptide -protease interactions. (a) Reactive loop peptide PRN in
active site of trypsin, trypsin is represented as surface with active site residues highlighted in
blue sticks; (b) 2D interaction diagram of PRN with trypsin

In order to enhance the reactive potential of these peptides, arginine residues can be
targeted for modification. Peptidomimetics have been recently popular for design of molecules
with enhanced functional properties and stability towards proteases. The underlying reason is
that the proteases are unable to identify the modified residues, and thus cannot cleave in the
scissile bond. Particularly, peptide bond modification results in enhanced stability of peptides.
For example, the replacement of amide linkages by carbamate bonds leads to enhanced stability
and potency, as shown in the case of R-X-R motifs for cell penetrating properties(Patil et al.,
2012). The carbamates have also been popular as pest control molecules. Recently, the
carbamate linkages have been used in the design of protease inhibitors. Carbamate-containing
kallikrein, thrombin, and elastase inhibitors showed high potency and stability to
degradation(Ghosh and Brindisi, 2015).
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Further, the use of modified amino acids for altering the inhibitory potential of peptides
has also been well documented. Plants are reported to produce unnatural amino acids as a
defence mechanism upon insect attack(Huang et al., 2011). The arginine analogue, canavanine is
a non-protein amino acid produced in plants for defence against insects. L-canavanine is used a
nitrogen storage compound in the seeds of Leguminosae family. It is an analogue and
antimetabolite of I-arginine, and shows structural similarity to the natural amino acid. Thus, it
disincorporates into proteins in place of arginine. This is considered as the major mode of action
of this amino acid. Also, due to this property, I-canavanine is shown to be highly toxic to other
organisms including bacteria, fungi, yeast, algae, plants, insects, and mammals(Staszek et al.,
2017) (Figure 4.2).
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° (©) 0 N
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\H/ OH

NH NH,

L-homoarginine

Figure 4.2: Peptide modifications. (a) Amide bond in the peptide backbone is replaced by
carbamate bond (b); (c) Structure of naturally occurring arginine and its un-natural
analogcanavanine (d), and homoarginine (e).

Thus, PRN was modified in order to improve the potency, which will be evaluated for its

activity against H. armigera gut proteases. The following modifications were incorporated:
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e The peptide bond was replaced with carbamate bond

¢ Unnatural amino acid canavanine was used as an anti-metabolite in place of arginine

e Arginine side chain was elongated by addition of methyl group, in order to increase
penetration into the active site [this modified version of the arginine residue will be
represented as ‘hr’ (homoarginine)].

Based on the above background, the following objectives were defined:

e To design modified peptides based on reactive centre loops of IRDs

¢ Insilico binding analysis of peptides with H. armigera and bovine trypsin
e Synthesis and purification of peptides

e Evaluation of protease inhibitory activity by in vitro assays

e Biophysical assessment of peptide interactions

e Assessment of proteolytic stability of peptides
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4.2 Methods

4.2.1 Insilico analysis

a. Design of peptides

Eight peptides were designed using Marvin Sketch and Discovery Studio (Table 4.1). The

2D structures were cleaned in 3D with hydrogenation to remove steric clashes using the

inbuilt tool from Marvin sketch. The 3D structures were then saved as PDB files.

Table 4.1: List of Peptides designed for in silico analysis

Peptide Sequence Modification
PcnN Pro-Canavanine-Asn Arg was substituted by canavanine
PhrN Pro-M-Arg-Asn Arg side chain elongated with -CH, (Homoarginine)
PorN Pro-Ornithine-Asn Arg was substituted by Ornithine
TcnE Thr-Canavanine-Glu Arg was substituted by canavanine
ThrE Thr-M-Arg-Glu Arg side chain elongated with -CH, (Homoarginine)
TorE Thr-Ornithine-Glu Arg was substituted by Ornithine
TRE-C | Thr-Cab-Arg-Cab-Glu | The amide bond was replaced by a carbamate bond
PRN-C | Pro-Cab-Arg-Cab-Asn | The amide bond was replaced by a carbamate bond

The structures of peptides are given in figure 4.3.

a. Docking

Energy minimization of peptides was performed by Prodrg server. The peptide 3D

structures were prepared for docking with the help of AutoDock tools 1.5.6. The structure of
bovine trypsin was downloaded from RCSB-PDB (PDB-ID: 4I8H), while H. armigera

trypsins were used as modelled structures. The ligand molecules were docked into the active

site of bovine trypsin and H. armigera trypsins by AutoDockVina. All dockings were

performed by running virtual screening shell script on the NCL-HPC Linux cluster. Grid

boxes were designed using 25x25x25 points and 1A spacing centred on the catalytic triad.

Analysis of docking results was carried out manually by using Autodock tools: out of the

eight possible binding modes, the one with greatest proximity to the active site and most

negative free energy of binding was selected. All the solutions were catalogued and

represented as heat maps.
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ThrE

OH

§ HN
TRE-carb PRN-carb

Figure 4.3: Structures of modified peptides designed for in silico analysis
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4.2.2. Synthesis of peptides

Modifications were performed for the RCL sequence, PRN. PRN-carbamate, PhrN, PKN-
carbamate were synthesized. As controls, PRN and PKN were used. Activated monomers for
carbamate bond containing peptides were synthesized as mentioned in (Patil et al., 2012).
Oligomeric peptides were then synthesized by Fmoc- solid phase synthesis on MBHA resin. For
homoarginine containing peptide, lysine (Fmoc-Lys(boc) OH) was used during the synthesis of
oligomer. The lysine side chain amine group was deprotected in 50% TFA/DCM and then
neutralization with 5% DIPEA/DCM. Conversion to homoarginine was achieved by treatment
with 10 eq. of 3,5-Dimethylpyrazole-1-carboximidamide in DMF. Cleavage of the peptides from
resin was performed by TFA/thioanisole/EDT/TFMSA procedure as mentioned in section 2.2.1.
Peptide purification was performed by RP-HPLC using Agilent TC-2 C18 column, and linear
gradient of 5% ACN/water to 50%ACN/water. Peaks were collected and dried in rotary
evaporator. Molecular weights were confirmed by MALDI-TOF spectra obtained on AB Sciex
TOF/TOF 5800 spectrometer using DHB (2, 5 dihydroxybenzoic acid) as matrix.

4.2.3. Biochemical assays

Trypsin activity was estimated through chromogenic substrate BApNA (Benzoyl-L-
arginyl-p-nitroanilide), as mentioned in section 2.2.2. 1Cs, values for inhibition of H.armigera
gut trypsin were determined. The HGP was incubated with increasing concentrations of peptides

(10uM to 2mM) and residual protease activities were determined as mentioned above.

4.2.4 Surface plasmon resonance studies

SPR Kkinetics experiments were carried out on Biacore X100 (GE Healthcare, Bengaluru).
Bovine trypsin was purchased from Sigma Aldrich (T8003). Bovine trypsin powder was
resuspended in acetate buffer pH 5.5 and immobilized by the amine coupling method on a CM5
sensor chip according to the manufacturer’s protocol (GE Healthcare). Peptides were diluted in
HBS-EP+ with 0.1 M CaCl, at concentrations ranging from 4 to 32 uM, with 2 fold escalations
for Kinetics characterization of selected molecules using single cycle kinetics format (5
concentrations injected serially in one cycle). The association and dissociation times were 60
seconds each for single cycle kinetics. The sensor surface was regenerated after each injection
cycle with 10 mM Glycine-HCI pH 2.5 (GE Healthcare) for 60 seconds. The sensorgrams of test
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flow cells were subtracted from the reference flow cell. The kinetic fitting was carried out with
Biacore X100 evaluation software by global fitting using 1:1 binding model. The kinetics data
were described as aska (association rate or On-rate) and kd (Dissociation rate or Off-rate) and Kp
(affinity constant or Equilibrium constant of Dissociation). Each SPR run was evaluated based

on the statistical measurements provided by the Biacore X100 evaluation software, like Chi®.

4.2.5 Proteolytic stability assays

Stability of peptides in presence of HGP was monitored by MALDI-TOF analysis(Mishra
et al., 2010). Reduction in the intensity of the RCL peptide is monitored by MALDI-TOF-MS on
the addition of target protease. Peptides were incubated with HGP for 1h, 3h and 6h at 37°C. The
reaction mixture of 5 pl volumes was mixed with 20 pl of freshly prepared DHB matrix for
peptides and 2 pl aliquots in three replicates were spotted on the stainless steel plate and
MALDI-TOF profiles were acquired.
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4.3 Results and discussion
4.3.1 In silico designing and docking

Docking of modified peptides in the active site of H. armigera trypsin 4 and bovine
trypsin indicated that the peptides show differential binding with proteases. Also, their increased
binding energy with respect to tripeptides suggested that modification of P1 Arg might increase
the potency of peptides. The binding affinities generated by AutodockVina are shown in Table
4.2.

Table 4.2: Binding affinities of peptides with insect and bovine trypsin

Sr. No Peptide H. armigera trypsin 4 (kcal/mol) Bovine trypsin (kcal/mol)
1 PcnN -6.3 -6.6
2 PhrN -5.3 -4.7
3 PorN -5.3 -5.5
4 PRN -5.2 -6.5
5 TcnE -6.1 -6.5
6 ThrE -5.1 -5.8
7 TorkE -5.3 -5
8 TRE -5.3 -6.1

Carbamate linked peptides
9 PKN-C -5.5 -6.1
10 PRN-C -6.8 -6.3
11 TRE-C -6.3 -6.5

The results showed that few modifications showed positive effects on the binding of modified
peptides as compared to parental peptides. On the basis of in-silico analysis, PgIN, PRN-C and

PKN-C were selected for further studies.

4.3.2 Interaction between H. armigera Try4 (HaTry4) and peptides

Study of binding modes generated by AutoDockVina highlighted the possible orientation
of peptides in the active site of HaTry4. The detailed interactions visualized by Discovery studio
indicated that these peptides interact by means of hydrogen bonds with the active site residues of

protease (His 69, Ser211). This suggests that the peptides are deeply seated in the protease active
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site and are held by strong H-bonds. In addition, various hydrophobic contacts like Pi-alkyl
interactions and Pi-donor hydrogen bond were observed in PRN-C, which might help in better
placement of PRN-C in protease catalytic site (Table 4.3). Furthermore, PKN-C was oriented by
means of additional Carbon hydrogen bonds, Pi-sigma and alkyl hydrophobic interactions. These
differences in bonding might reflect in the inhibition potential of these peptides. On the other
hand, it was seen that PgIN was penetrating deep inside the HaTry4 active site and formed three
hydrogen bonds with active site His69. These analyses provided an insight into the probable

mechanism of peptide-protease binding (Figure 4.4, 4.5).

Tyr183

Met111
[ H-bond [ Pi-alkylinteraction
'Pi-donorinteraction [l CarbonHbond

Figure 4.4: Modified peptides in interaction with H. armigera Trypsin. Trypsin is shown
as surface, with active site represented as cyan sticks. Peptides are shown as orange sticks (a)
PRN-carbamate, (b) PKN-carbamate, (c) TRE-carbamate, interactions are shown as dotted
lines, color coded according to legend.
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GIn208

Gly228

" |H-bond
Il carbonHbond Pi-donorinteraction

Figure 4.5: PhrN interactionswith H. armigera Trypsin. Trypsin is shown as surface, with
active site represented as cyan sticks. Peptides are shown as orange sticks. Interactions are shown
as dotted lines, color coded according to legend.

4.3.3. Purification of peptides

The crude extract of synthesized peptides were purified to 90% by RP-HPLC. The
retention time of PRN-C and PKN-C was similar at 30% ACN and 35% ACN respectively.
Whereas, PgIN eluted at 10% ACN. This can be attributed to the difference in polarity of these
compounds. As carbamate bond is more hydrophobic as compared to amide bond, this results in
slower elution on C18 column. The collected HPLC fractions were checked for presence of
desired peptide by MALDI-MS. The m/z peaks obtained were compared with expected
molecular weights and the aliquots containing the expected mass were selected for further
analysis (Figure 4.6, 4.7 and 4.8).
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Figure 4.6: MALDI MS spectrum and HPLC chromatogram for PhrN
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Figure 4.8: MALDI MS spectrum and HPLC chromatogram for PKN-carbamate

4.3.4 Biochemical activity assay

The reactive potential of peptides was exhibited in the protease inhibitory assays, highlighting
PRN-C as the most potent inhibitor. The modified peptides showed better reactivity than the
native peptides, suggesting that the modifications have been helpful in enhancing the affinity of
peptides with proteases (Figure 4.9). Similar to the parent peptides, the mimetic peptides showed
differential activity towards insect trypsin-like enzymes and bovine proteases. At 200uM
concentration, the peptides were less active against bovine trypsin, showing that they have
retained the selectivity of parent peptides. 1Cso values of peptide binding further explained the
differential inhibitory activity of peptides. It was observed that PgIN showed 50% inhibition at
105uM, which was lower than the other peptides. Among the carbamate peptides, PKN-C
showed ICsp0f 110uM, while PRN-C showed a lower ICsp at 90uM (Figure 4.10). Therefore,
PRN-C and PgIN are selected as the best hits among the modified peptides.
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Figure 4.9: Inhibition potential of RCL peptidomimetics. (a) Activity of peptides against H.
armigera gut proteases and (b) Bovine trypsin. Assay was performed using chromogenic
substrate BApNA, at 200uM peptide concentration.
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Figure 4.10: Dose dependent inhibition of H. armigera gut proteases. Inhibition of trypsin-
like proteases was measured by BApNA assay, with increasing peptide concentrations till
saturation was achieved.

4.3.5 Surface plasmon resonance studies
The binding kinetics for the peptides PRN-Carbamate and PhrN was studied by surface

plasmon resonance, and compared with their unmodified peptide sequence, PRN. Bovine trypsin
was immobilized on a CM5 chip as the ligand (Figure 4.11). The peptides were used as analytes
from concentrations of 4 to 32uM, with 2 fold escalaltions. Kinetic constants obtained for the
peptides are given in Table 4.3. It was found that out of the three peptides, PRN-Carbamate
showed slow association with trypsin, as indicated by sensorgram shape. PRN and PhrN showed
fast association. Comparison of values for dissociation constant (kq) showed that PRN-carbamate

dissociated slower from the trypsin molecule, followed by PRN and PhrN. Thus, the mimetic
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peptide PRN-C shows advantage over PRN in terms of stable binding and low binding constant

(KD= 1.2uM).
RU RU
40000 1 (a) Immoblization Immobilization __(b) PRN
Blocking
35000 10 7 Concentration (M)
8__
=1}
230000 @ 5 4 8 16 32 64
g 2 67 1
= S
2 Activation & 4
o 25000 a 1
e 27
20000 r\‘ o4
15000 22—ttt ——t——t——1t——
0 500 1000 Tjme 500 2000 2500 -100 0 100 200 300 400 500 600 700
s Time <
{c)PRN-c (d) PhrN
R Concentration (M) RU Concentration (M)
600 — 4 8 16 32 64 15 H
| 1 4 8 16 32 64
500 - l l 101 | |
200+ s+ ]
% 300 1 x 07
- f = _5,,
200 —+ ] ]
@ 1 o 10
=3 100 T & _15_’
07_ .20 _
JE e S L B B R R B
-200 0 200 400 600 800 1000 1200 1400 100 0 100 200 300 400 500 600 700
Time Time [

Figure 4.11: Binding study of RCL peptidomimetics by SPR. Bovine trypsin was used as

ligand for immobilization (a) Immobilization curve (b) Sensorgram for binding of PRN, (c)
PRN-carbamate and (d) PhrN are shown. Red lines represent original sensorgram, and black line

shows fitted data.

Table 4.3: Kinetic parameters obtained by SPR

Peptide ka (1/Ms) kd (1/s) KD (M) Chi2 (RU?) U-value

PRN 316.7 0.005965 1.88E-05 368 5
PRN-C 955.4 0.001205 1.26E-06 0.0449 26
PhrN 3190 0.01828 5.73E-06 2.57 73
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4.3.6 Proteolytic stability assay

The stability of peptides in presence of H. armigera gut proteases was evaluated by MLDI-TOF based assays. It was found that
PRN-carbamate was highly stable to degradation by proteases, possibly because of the presence of carbamate linkage, as reported in
earlier studies(Patil et al., 2012). Whereas, PRN and PhrN showed degradation after 6h of treatment with proteases. Hence, carbamate

linked peptides could be used as highly stable and active molecules for H. armigera control.
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Figure 4.12: Proteolytic stability of peptides. MALDI-TOF spectra of (a) HGP (b) PRN-HGP (c) PRN-Carb-HGP and (d) PhrN-
HGP complex at 1, 3 and 6 h after incubation with HGP at 37°C.
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4.4 Conclusion

Peptidomimetic modifications are an interesting approach to develop novel molecules, which
show enhanced functional attributes, like stability and potency. Also, RCL peptides from Pin-II
type inhibitors are excellent lead molecules for generation of pest control agents, owing to their
small size and ability to preferentially inhibit proteases. In this study, we have attempted to
augment the proteolytic stability and potency of RCL peptides by incorporating modifications in
the side chains as well as the peptide backbone. Based on the crystal structures of RCL peptides,
we envisaged a deeper penetration of RCL into the active site pocket of trypsin, and thus,
increased the side chain length of Arginine, by converting to homoarginine. Also, we replaced
the peptide backbone with carbamate bonds, with the aim of improving stability and functional
differentiation. Modified RCL peptides were synthesized, and assayed for in vitro inhibition of
proteases. Interestingly, they showed higher potency towards insect trypsin like enzymes
compared to linear peptides. Also, they were proteolytically stable than their parental peptide,

PRN. Thus, peptidomimetic RCL peptides could be used for inhibition of insect serine proteases.

Key highlights:

e RCL peptides were modified by incorporation of homoarginine and replacement of amide
backbone by carbamate bond

¢ Invitro assays indicated higher potency of modified peptides for inhibition of insect
proteases

¢ Binding kinetics by SPR showed affinity with trypsin

e Carbamate peptides are more stable than amide linked peptides in presence of proteases
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Chapter 5

Summary and future prospects

““Science of today is the technology of tomorrow”

-Edward Teller
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5.1 Summary

Protease inhibitors are of interest as pest control molecules, since they interfere with the
digestive proteases of the insects, and lead to reduction in their growth. In contrast to the “wipe
out” effect, caused by toxic insecticidal molecules, the protease inhibitors affect the growth and
development of insects. Thus, the development of resistance is delayed, making dietary
inhibitors more suitable pest control agents from ecological perspective. But, application of these
proteins is limited due to lack of environmental stability because of large molecular weight and
complexity in formulation due to their labile nature. In this direction, various small molecules
and peptides have been used for control of insect pests. In this work, we have tried to develop
small peptide-based pest control agents derived from Pin-1l type protease inhibitor family from
plants.

The Pin-Il type inhibitors are wound inducible, multidomain proteins which inactivate
serine proteases. This protease-inhibitor interaction is governed by tripeptide reactive center
loops (RCL), which fits into the active site of proteases. In native Pin-Il inhibitor, this RCL is
held by 50 amino acid scaffold, which is stabilized by disulphide bonds. We have identified the
RCL of Pin-Il type protease inhibitors as potential candidate for development of peptide-based
insect control agents. Among the 387 Pin-Il inhibitor sequences reported till date, only 21 RCL
sequences are present. Further, out of these 21, only 6 sequences are predominant. Thus, we
synthesized these 6 RCL tripeptides by solid phase peptide synthesis, and evaluated their activity
against serine proteases by in vitro biochemical assays. All the six peptides exhibited inhibition
of trypsin and chymotrypsin. However, the RCL peptides were less potent in comparison to their
parent IRD. Three peptides with sequences, TRE, PRN and PRY were selected as best inhibitors,
with Ki values of ~200uM for trypsin like proteases. Interestingly, the RCL peptides showed
higher inhibition of midgut proteases for the lepidopteran pest, H. armigera in in vitro
experiments. Also, the peptides were more potent at pH 10 as compared to pH 7, which indicated
that the peptides are specific towards insect serine proteases, and show optimum inhibitory
activity at the alkaline physiological pH of insect gut. These are beneficial characteristics for use
of RCL peptides as targeted insect control molecules. Therefore, the in vivo effect of RCL
peptides was evaluated on H. armigera. Feeding on tripeptides containing artificial diet showed
adverse effects on the growth of H. armigera larvae. At 200ppm concentration, PRN exhibited

40% decrease in the larval mass. Also, upon continuous exposure to the peptides, the larvae
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showed alteration in the life cycle, as indicated by deformities in pupa and moth formation. In
response to the peptide feeding, there was a differential regulation of trypsin and chymotrypsin
genes in the insect gut, specifically, there was downregulation of several protease isoforms.
Overall, there was a decrease in the residual protease activity post feeding, showing that the
peptides are causing inhibition of proteases in the insect gut, ultimately leading to reduction of
growth. Also, the peptides TRE and PRN were retained in the insect gut for upto 6h. TRE was
stable in the presence of midgut proteases for upto 6h, while PRN and PRY showed degradation
after 3h. We analyzed the binding modes of peptides in complex with porcine trypsin by means
of X ray crystallography, and found that the peptides bind in the “canonical conformation” of
Laskowskiinhibiton. The P1 residue, Arginine was deeply seated into the active site pocket, and
showed multiple interactions with Aspl79 of the trypsin. Also, the peptide backbone was
involved in numerous H-bond and hydrophobic interactions with active site residues of trypsin.
The reason for differential affinity of peptides for mammalian and insect proteases was
delineated by the P2 residue of the peptide. P2 Thr of TRE was making hydrophobic interaction
with Leu89 of porcine trypsin, and simultaneously hydrophilic interaction with the solvent. This
led to stabilization of the peptide-protease complex. Whereas, P2 Pro of PRN and PRY did not
make hydrophobic contact with Leu89, and hence were less active against porcine trypsin.
However, PRN and PRY were more active against insect trypsins, because Leu89 was replaced
by Tyr in insect trypsin, allowing the hydrophobic interaction with P2 Pro. Thus, P1 Arg was
critical in determining the potency and P2 Pro was important for specificity of the RCL peptides.
Hence, our study is the first report establishing that the RCL regions of Pin-I1 type Pls are able to
inhibit serine proteases independent of the native Pin-I1 scaffold.

Further, with the aim of enhancing potency of the linear RCL peptides, we proposed that
the linear peptides could be constrained in a way similar to that in the native Pin-Il inhibitor. The
cysteine residues flanking the tripeptide RCL sequence were used for this purpose. We
performed grafting of two RCL tripeptides on a chemical scaffold (mesitylene) to generate
bicyclic peptides. The cysteine containing linear peptides were synthesized and cyclized by
means of 1,3,5-Tris(bromomethyl)benzene to yield bicyclic peptides, and with 1,3-
Bis(bromomethyl)benzene to yield monocyclic peptides. In silico screening of peptide
combinations highlighted CPRNCTREC and CPRNCPRYC bicyclic peptides as best hits.
Screening for affinity with bovine trypsin by surface plasmon resonance gave the same peptides
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as most potential hits, which showed rapid association and slow dissociation with trypsin.
Further, a library of 18 peptides, comprising of bicyclic, monocyclic and linear peptides was
tested for in vitro inhibition of insect trypsin like enzymes. The bicyclic peptides showed tenfold
enhanced inhibition of insect trypsin like proteases as compared to linear RCL tripeptides, with
ICso of ~20uM. Thereafter, the peptides were evaluated for feeding preference and antibiosis
against two lepidopteran pests, H. armigera and S. litura. Interestingly, upon cyclization, the
peptides showed insect deterrent activity, wherein the larvae did not prefer to feed on peptide
treated leaves. Also, upon obligatory feeding, there was a severe growth reduction of the larvae,
with ~60% reduction at 100ppm peptide concentration. Target identification by pull down assays
showed that in addition to protease inhibition, these peptides interfere with the antioxidant
enzymes, which was also reflected by decrease in residual protease and antioxidant enzyme
activities. The prediction of binding modes by molecular dynamics simulation studies showed
that the bicyclic peptides cover a larger interfacial surface area on trypsin, and hence
simultaneously bind to the active site as well as the substrate selective pocket of trypsin.
Furthermore, the cyclic peptides are stabilized by a network of intramolecular H-bonds, which
might also be a reason for enhanced potency.

Thereafter, peptidomimetics were designed based on RCL regions. Since in parent RCL
peptide, the P1 arginine is the major binding partner, we hypothesized enhanced binding
interactions by addition of homoarginine (elongated side chain of arginine by —CHy) in place of
P1 Arg. Also, replacement of peptide bonds with carbamate linkages was performed envisaging
higher proteolytic stability over parent peptides and functional differentiation as carbamate
linkages have been used in pesticides. The modified RCL tripeptides were designed in and in
silico analyzed for their affinity with bovine and insect proteases. The mimetic peptides showed
slightly higher binding affinity towards proteases than their parent peptides. Then, they were
synthesized by solid phase synthesis, and assayed for in vitro inhibition of bovine and insect
proteases. The RCL mimetic peptides were twofold more potent compared to linear peptides, and
retained the specificity towards insect proteases. Also, biophysical characterization by surface
plasmon resonance studies showed that the peptides bind to trypsins with high association rate.
Remarkably, the carbamate peptides were stable to proteolysis for more than 6h, compared to

their linear peptide, PRN.
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Hence, this work shows that an arena of peptide combinations can be designed for coping
with diverse insect proteases, making RCL peptides as potential pest control agents. Our results
highlight the importance of targeted reactive loop engineering, as opposed to random screening
of peptides. Being small peptides, there is an ease of formulation and application by targeted
delivery systems. Our work will be of interest to develop next generation of bio-inspired peptides

for agriculture or medicinal applications.

5.2 Future prospects
Tripeptide reactive loop regions are promising candidates for engineering of peptide based pest
control molecules. The work presented in this thesis opens up new avenues in this direction:
e Cyclic peptide combinations could be generated for all 21 RCL regions, making a library
of varied molecules.
e Field trials of peptides and its study for successive generations will enable
commercialization of these peptides.
e Formulations and large scale synthesis of peptides can be optimized.
e Mimetic peptides could be studied for in vivo effects on insects.
e The incorporation of toxic amino acids or arginine analogs in the RCL region can help in
enhancing the potency.
e Off-target effects of mimetic peptides can be studied.
e The expression of RCL peptides in tandem can be done to generate a plethora of RCLs,

and their effect on the insect digestive physiology can be studied.
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