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Abstract: 15 

FSH-FSHR interaction is critical for folliculogenesis as well as progression of several 16 

cancers. FSHR peptidic antagonists can circumvent the side effects associated with 17 

currently available steroidal contraceptives. The present study aims to identify the 18 

shortest peptidic stretch of FSH that can exhibit FSHR antagonistic activity. Based on 19 

homology and structural analysis of FSH-FSHR complex (PDB ID: 4AY9), a minimal 20 

continuous stretch within FSHβ seat-belt loop (FSHβ (89-97)) was identified to be crucial 21 

for FSH-FSHR interaction. Binding affinity and activity of FSHβ (89-97) peptide was 22 

evaluated using in silico, in vitro and in vivo methods. The peptide could significantly 23 

inhibit binding of [125I] FSH to rat FSHR as well as FSH-induced cAMP production. In vivo 24 

administration of this peptide resulted in reduced ovarian weight in immature Holtzman 25 

female rats. The peptide inhibited transition of follicles from pre-antral to antral stage as 26 

well as progression of granulosa cells beyond G0/G1 phase. Administration of FSHβ (89-27 

97) peptide in adult female rats inhibited conversion of testosterone to estradiol and could 28 

significantly retard folliculogenesis. In summary, FSHβ (89-97) peptide is a potential 29 

candidate for further optimization for use as fertility regulator or theranostic agent in 30 

cancer therapy.   31 
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Follicle stimulating hormone (FSH) and luteinizing hormone (LH) are gonadotropins 36 

secreted by anterior pituitary gland that play a critical role in reproductive health. These 37 

are heterodimeric glycoproteins composed of a common α subunit non-covalently 38 

associated with hormone specific β subunit. FSH interacts with its cognate receptor 39 

(FSHR) which belongs to the highly conserved G-protein coupled receptor (GPCR) family 40 

(1). FSHR is localized on the surface of granulosa cells in ovaries (2) and Sertoli cells in 41 

testes (3). LH interacts specifically with its receptor (LHR) expressed on surface of theca 42 

cell in ovaries (4) and Leydig cells in testes (5). The contribution of LHR to antral stage 43 

progression of follicles has not been documented. LHR expression on granulosa cells has 44 

been observed in early antral follicles and the expression increases as the follicle matures. 45 

LHR expression is found to be more in mural granulosa cells as compared to cumulus 46 

granulosa cells (6)(7)(8). In gonads, FSH-FSHR interaction predominantly activates cAMP 47 

pathway. Activated FSHR can mediate several downstream signaling pathways such as 48 

PI3K, ERK/MAPK and β-arrestin pathways depending on the target cell (9)(10). 49 

In female reproduction, FSH is responsible for folliculogenesis, mainly through follicle 50 

selection, and steroidogenesis (11)(12). In granulosa cells of mature follicles, FSH-FSHR 51 

interaction induces aromatase expression leading to estradiol production, while LH-LHR 52 

interaction leads to progesterone synthesis (13)(14). Estradiol and progesterone helps to 53 

maintain normal reproductive cycle in females (15)(16). Exogenous FSH is routinely used 54 

to induce superovulation in assisted reproductive technology (ART) and as a corollary, 55 

FSHR antagonists have been proposed for use in contraception (17)(18). Mice knockout 56 

for FSH or FSHR are infertile due to ovarian failure suggesting its central role in regulation 57 

of female fertility (19)(20)(21)(22). 58 

Beyond reproduction, FSHR activation by FSH is an important determinant in cancer and 59 

tumor progression. FSHR has been detected on the surface of vascular endothelial cells 60 

of many reproductive as well as non-reproductive solid tumors. FSHR expression has 61 

been reported in ovary, prostate and thyroid cancer cells (23)(24)(25). Around 50-70% of 62 

ovarian cancer tissues are known to express FSHR(26). 63 

Considering the importance of FSH-FSHR interaction in reproduction and cancer 64 

progression, FSHR antagonists have potential therapeutic applications as contraceptives 65 

and for cancer therapy. Currently, the contraceptives available for use are steroid based 66 

preparations of estrogen and progesterone and therefore have several side-effects such 67 

as weight gain, nausea, development of venous thrombosis and breast cancer 68 

(27)(28)(29). Contraceptives of non-steroidal origin and specific to FSHR will have fewer 69 

side effects as compared to the existing ones. Several FSHR small molecule modulators 70 

have been developed in recent years. Although FSHR small molecule modulators have 71 

shown promising results in vitro and in vivo, these molecules failed to show desirable 72 

results in human clinical trials (18)(30)(31)(32). 73 
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In case of the current regimen for cancer therapy, non-specific distribution of the drug is 74 

the primary cause of observed side-effects (33). The overexpression of FSHR on cancer 75 

cells can be exploited to develop targeted therapy. Chemotherapeutic drugs conjugated 76 

to molecules that specifically bind to FSHR will mainly be accessible to the FSHR-77 

expressing tumors thereby reducing non-specific biodistribution and elevating the 78 

cytotoxicity response (26)(34)(35). 79 

Previously, our group had predicted, by sequence analysis and structural bioinformatics 80 

methods, the important residues in the seat belt loop of FSHβ that can influence receptor 81 

binding (36). In the present study, we have evaluated the FSHR antagonistic activity of 82 
89SDSTDCTVR97 (FSHβ (89-97)) peptide by a combination of in silico, in vitro and in vivo 83 

methods and found that the peptide behaves as a FSHR antagonist. The binding affinity 84 

and antagonistic activity of this peptide was evaluated using in vitro assays such as radio 85 

receptor assay (RRA) and cAMP assay. We further validated the effect of peptide on FSH-86 

FSHR interaction in immature and adult female rats. The results collated from various in 87 

silico, in vitro and in vivo assays point to the fact that FSHβ (89-97) peptide has potential 88 

for therapeutic applications as FSHR modulator. 89 

Material and Methods: 90 

Molecular Modelling: 91 

Preparation of receptor structure: 92 

The model of FSHR was prepared starting from the crystal structure of FSHR bound to 93 

FSH described in the 4AY9 PDB file (37) [DOI: 10.1073/PNAS.1206643109], using the 94 

software MOE [Molecular Operating Environment (MOE), version 2015.10 Chemical 95 

Computing Group Inc.: 1010 Sherbooke St. West, Suite No. 910, Montreal, QC, H3A 2R7, 96 

Canada), 2015]. FSHR was derived from chain X (residues C18-T270), while FSH 97 

consisted of chains A and B of 4AY9.pdb (FSHα and FSHβ, respectively). Since a 98 

truncated sequence was used, FSHR was capped at both the N- and C-termini by acetyl 99 

and methylamino groups, respectively. Similarly, FSHα was capped at the N-terminus, 100 

since its sequence at the C-terminus was complete, while FSHβ was capped at the C-101 

terminus only. The complex was then protonated at physiological pH (pH=7) by using the 102 

Protonate 3D tool of MOE and energy minimized by using the Amber10EHT force field 103 

and the Born solvation model implemented in MOE. The system was then subjected to 104 

MD simulation in explicit TIP3P water(38) at constant temperature (300 K) and pressure 105 

(1 atm.), corresponding to the Isothermal–isobaric ensemble NPT, using the pmemd.cuda 106 

module (39) included in the Amber18 package(40). A 1.6 ns equilibration phase, followed 107 

by 10 ns of production were conducted by following a protocol described in detail 108 

previously (41). The root mean squared displacement (RMSD) vs time was monitored for 109 

all backbone atoms to assess the stability of the complex (Fig S1). Since the RMSD profile 110 

was rapidly converged, it was not deemed necessary to go on with the simulation further. 111 

The coordinates of the last frame of the MD trajectory were converted to PDB format, 112 
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water and ions were removed, and the protein complex was energy minimized with MOE 113 

using the same protocol as above. FSH was deleted and the resulting FSHR structure 114 

was used for docking using the FlexPepDock software (42) distributed within the Rosetta 115 

3.11 modelling package (43).  116 

 117 

Preparation of peptide model: 118 

The starting FSHβ (89-97) peptide was obtained from the FSHR-FSH complex model 119 

obtained as described above, by deleting all FSH residues except for the nonapeptide 120 

comprised by S89 and R97 of FSHβ. The complex between FSHR and FSHβ (89-97) 121 

peptide occupying the same site as observed within the full FSH, hereafter referred as 122 

FSHR-FSHβ (89-97)X, was used as the starting geometry for FlexPepDock. Indeed, it 123 

has been reported that FlexPepDock succeeded in driving tested peptides to their native 124 

binding conformation when starting close to the binding site (44).  125 

 126 

Peptide docking:  127 

Ab-initio peptide docking was performed according to the protocol described in (44). A 128 

library of trimer and pentamer peptide fragments (200 fragments for each category) was 129 

initially generated based on sequence similarity to the peptide and on the secondary 130 

structure predicted for the peptide by PSIPRED (45). Then, a prepacking stage was 131 

accomplished to the receptor in order to remove all possible side-chain clashes, 132 

accordingly to the energy function used by FlexPepDock. Docking was then performed 133 

using the same settings described in (44), requesting the generation of 50000 different 134 

models for each receptor. These models were then scored in terms of predicted binding 135 

affinity according to the reweighted_sc function implemented in FlexPepDock. It was 136 

recently reported that MM-PBSA and MM-GBSA calculations performed on energy-137 

minimized complexes deriving from protein-peptide docking significantly improved the 138 

ability to discriminate the correct binding pose (46). The top 2500 models were then 139 

energy-minimized using the pmemd software of the Amber18 suite. The geometry 140 

optimization was performed up to a gradient of 0.1 kcal mol−1 · Å, using the ff14SB force 141 

field (47) and the GB-Neck2 implicit solvent model (48), a combination that resulted 142 

successful in previous works (49). MM-GBSA binding energy calculations were then 143 

performed on the minimized geometries by using the same force field and solvent 144 

combination as above and requesting an ionic strength of 150 mM. 145 

 146 

MD simulations on docked complexes: 147 

The lowest-energy complexes obtained from the above steps, hereafter referred as 148 

FSHR-FSHβ (89-97)D were subjected to MD simulations in explicit water using the same 149 

protocol described above. The RMSD vs time profile resulted, in both cases, sufficiently 150 

converged within 10 ns (Fig S2). As a comparison, the starting FSHR-FSHβ (89-97)X 151 

conformation was also evaluated by MD using the same protocol (Fig S3). All MD 152 



5 
 

simulations were conducted on commercial GPUs using pmemd.cuda, while trajectory 153 

analyses were performed with the cpptraj software of Amber18.   154 

Nwat-MMGBSA analysis: 155 

Relative binding affinities of FSHβ (89-97)D for FSHR were computed using the Nwat-156 

MMGBSA approach (41) (50) (51), based on the inclusion of a limited number of explicit 157 

water molecules to improve the ranking capability of standard MM-PBSA/GBSA 158 

calculations(52). Accordingly, we requested the inclusion of 30 waters selected to be the 159 

closest to the peptide-protein interaction interface in every analysed frame; standard MM-160 

GBSA calculations (Nwat = 0) were also performed for comparison. Interface residues 161 

were selected by cpptraj by selecting all ligand/receptor residues that are at 2.5 Å from 162 

receptor/ligand residues. As suggested in previous studies, (50) only polar residues were 163 

considered for selecting explicit water molecules to be included, as part of the receptor, 164 

in the MM-GBSA calculation. The analyses were conducted on the 10th ns of the 165 

production run by selecting 100 evenly spaced out snapshots. The GB-Neck2 implicit 166 

solvent model was used for the GB calculations (48) and a 150 mM salt molar 167 

concentration in solution was set. In all calculations, entropy was neglected.  MM-GBSA 168 

calculations were performed with the MMPBSA.py script included in the AmberTools18 169 

package (53). The same analysis was also conducted on FSHR-FSHβ (89-97)X for 170 

comparison. 171 

 Chemicals and reagents: 172 

Pituitary purified human FSH (hFSH) was purchased from Dr. Parlow (National Hormone 173 

and Pituitary Program, CA, USA). [125I]NaI was procured from Board of Radiation and 174 

Isotope Technology, India. FSHβ (89-97) peptide was custom synthesized from peptide 175 

2.0 (Chantilly, VA USA) (HPLC and MS data: Fig S4).  176 

Radioreceptor assay (RRA): 177 

The FSHR binding affinity of FSHβ (89-97) peptide was determined using radioreceptor 178 

assay (RRA) as described previously (54). FSH was radioiodinated using iodogen method 179 

(55). [125I] FSH (200000 cpm; 30 µci/µg) in RRA buffer (pH 7.4) containing 0.3% (w/v) 180 

bovine serum albumin was used as a tracer. Membrane preparation of Human Embryonic 181 

Kidney (HEK)-293 cell line expressing rat FSHR (HEK-rFSHR) was used as a source of 182 

FSHR (54). FSHβ (89-97) peptide was incubated with membrane preparation of HEK-183 

rFSHR at different concentrations (600 µM-9600 µM) followed by incubation with [125I] 184 

FSH for 2 h at RT. The assay was terminated by addition of RRA buffer and 5% (w/v) 185 

polyethylene glycol (PEG) followed by centrifugation at 3000 rpm for 30 min at 4°C. The 186 

supernatant was decanted and radioactivity of each pellet was counted by ƴ counter 187 

(Wallac 1470, WIZARD, Turku, Finland). Individual assays were carried out in triplicate. 188 

RRA was also performed at the intermediate concentrations (4800 µM, 6000 µM, 7200 189 

µM, 8400 µM and 9600 µM) using the same protocol as mentioned above. The peptide 190 



6 
 

as well as FSH were first reconstituted in sterile distilled water and later dissolved in RRA 191 

buffer to get required concentrations. The individual assays carried out using intermediate 192 

concentrations (4800 µM-9600 µM) were performed in duplicate.   193 

cAMP assay: 194 

The activity of FSHβ (89-97) peptide was evaluated by their ability to alter the FSH 195 

mediated cAMP production. This assay was performed on HEK-rFSHR cells followed by 196 

measurement of cyclic adenosine monophosphate (cAMP) using commercially available 197 

enzyme immunoassay (EIA) kit (Cayman Chemical Company, Ann Arbor, MI, USA) as 198 

described previously (56). In brief, twenty-four hours after plating, cells were pretreated 199 

with Dulbecco's Modified Eagle's (DMEM/F12) serum free medium (SFM) containing 200 

1mM isobutylmethylxanthin (IBMX). Cells were later incubated with different 201 

concentrations of FSHβ (89-97) peptide for 30 min followed by incubation with hFSH (1 202 

ng/well) for 30 min at 37˚C. The cells were lysed using 0.1M HCl and centrifuged at 1000 203 

g for 10 min at 4 ˚C. Supernatant was diluted using EIA buffer and used to estimate cAMP 204 

levels by ELISA. cAMP levels in presence of 1 ng of hFSH and 0 ng hFSH (basal cAMP) 205 

were also calculated. The peptide as well as FSH were first reconstituted in sterile distilled 206 

water and later on dissolved in serum free- DMEM/F12 medium. Individual assays were 207 

carried out in triplicate.  208 

Animals 209 

In vivo assays involved in this study were performed on Holtzman female rats, bred at 210 

ICMR - National Institute for Research in Reproductive Health (ICMR-NIRRH). The 211 

animals were kept in polypropylene cages with autoclaved paddy husk for bedding and 212 

maintained at controlled temperature (23 ± 1 ̊C) and humidity (55 ± 5%), with a 14-h 213 

light/10-h dark cycle. Animals were supplied with food and water ad libitum. The use of 214 

animals for this study was approved by the Institutional Animal Ethics committee (IAEC 215 

no: 24/15). 216 

Treatment of animals 217 

A) Immature female rats: 218 

To determine the bioactivity of the FSHβ (89-97) peptide, in vivo Steelman-Pohley assay 219 

was carried out using immature Holtzman female rats(57). In this study the immature 220 

female rats (21-23 days old) were first subcutaneously injected with different 221 

concentrations of FSH (0 IU, 0.5 IU,1.0 IU and 1.5 IU/injection FOLICULIN; Bharat serum 222 

and vaccines limited) along with a fixed concentration of hCG (6.6 IU/injection HUCOG 223 

2000 I.U.; Bharat serum and vaccines limited n=5/group) in the scruff of the neck twice per 224 

day for 3 consecutive days to determine the minimal effective concentration. Later the 225 

immature female rats in positive control group were injected with 0.01M PBS followed by 226 
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injection of 1.0 IU of FSH in combination with 6.6 IU hCG twice daily for 3 consecutive 227 

days (n=7). Animals injected with 0.01M PBS followed by 6.6 IU hCG injection were treated 228 

as negative control group (n=7). In the test group, the peptide reconstituted in 0.01 M PBS 229 

was injected at a concentration of 20 mg/kg BW (200 µl) followed by hCG (test I; n=8) or 230 

combined FSH and hCG injection (test II; n=8) (58).The purity of the peptide was more 231 

than 95% (HPLC data Fig S4). FSH and hCG doses were made in 0.01 M PBS. Post 72 232 

h of first injection, animals were sacrificed. Ovaries were collected and weighed. Ovaries 233 

were further subjected to cell cycle analysis, hematoxylin and eosin (H and E) staining and 234 

gene expression analysis. 235 

B) Adult female rats: 236 

The effect of FSHβ (89-97) peptide was further studied on ovarian weight, hormonal profile 237 

and ovarian morphology of adult female rats (90 days old). Animals exhibiting normal 3 238 

consecutive estrus cycles (4 or 5 days), as determined by vaginal smears, were recruited 239 

in this study. Animals were divided into two test groups (n=5/group) and respective control 240 

groups (n=5/group). In test groups I and II, animals were injected with 4 mg/kg BW and 20 241 

mg/kg BW of peptide respectively. In test group I, a single injection of the peptide was 242 

administered on morning of diestrus day 1 (D1). In test group II, the peptide concentration 243 

(20 mg/kg BW) was divided into four doses and animals were injected on morning and 244 

evening of diestrus days 1 and 2 (D1 and D2). Control group was maintained with animals 245 

injected with vehicle (sterile injectable water). All injections were through intravenous (IV) 246 

route. 247 

All animals were monitored for 3 cycles post treatment and sacrificed on D1 of 4th cycle 248 

by CO2 asphyxiation and reproductive organs were harvested. For test group II, all the 249 

vital organs were also harvested and weighed to assess the effect of the higher dose of 250 

peptide. Ovaries were further stored for histopathology imaging. To study the effect of 251 

FSHβ (89-97) peptide on steroidogenesis, animals were bled on proestrus phase to 252 

estimate the serum estradiol levels and diestrus phase to estimate serum progesterone 253 

and testosterone levels of second estrous cycle post treatment (59). 254 

Cell cycle analysis: 255 

Cell cycle analysis was performed by flow cytometry after staining the granulosa cells 256 

with propidium iodide (PI). Ovaries of sacrificed animals were collected and processed 257 

for flow cytometry as described previously(60). A total of 10,000 cells were acquired for 258 

each experiment on BD FACS Aria with argon laser (Becton Dickinson; San Diego, CA). 259 

Data were analyzed using FACS Diva Version 6.1.3 software (BD Biosciences). 260 

Ovarian gene expression analysis: 261 
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Real time PCR was performed to study the effect of peptide on expression of aromatase, 262 

anti-mullerian hormone (AMH), inhibin A and inhibin B (Table 1). 263 

Briefly, RNA was extracted by using TRIZOL reagent (Thermo fisher scientific). 2 µg of 264 

RNA was reverse transcribed using a commercial cDNA synthesis kit (SuperScript™ III 265 

First-Strand Synthesis System, Thermo Fisher Scientific). 266 

Real timer PCR was carried out as detailed previously (61) using SYBR green chemistry. 267 

CFX Manager 3.1 software (Bio-Rad) was used to obtain a standard curve and generate 268 

mean threshold cycle (Ct) values for each experiment. The relative mRNA expression 269 

was calculated by ∆∆ Ct method (62). ∆Ct values were calculated as the difference of the 270 

Ct values of the target gene and reference gene (18S). The difference between the control 271 

and experimental group was then obtained as ∆∆Ct = [∆ Ct (experimental) - ∆Ct (control)]. 272 

Quantification of the gene expression level in each sample was the mean of duplicate 273 

RT- PCR experiments. 274 

Table 1: Sequence and annealing temperature of Primers: 275 

Gene name Primers 
Annealing 

temperature (0C) 

 

18S 

F: 5’-CCGCAGCTAGGAATAAT-3’  

59-62 R: 5’-AGTCGGCATCGTTTATGGTC-3’ 

Aromatase 
F: 5’- ACCTGGAGTAGGAGCCTTTA-3’  

60 R: 3’-GTTCAGCGGTTGGTCTGATA-5’ 

 

AMH 

F: 5’-GCTGAAGTGATATGGGAGCCT-3’  

62 R: 5’-AGGGTGGCACCTTCTTTGC-3’ 

 

Inhibin A 

F: 5’-GCACTTGAAGAAGAGACCCGAT-3’  

60 R: 5’-AATGCAGTGTCTTCCTGGC-3’ 

 

Inhibin B 

F: 5’-GCGGTGAAGAGACACATCTT-3’ 
62 

R: 5’-GCACCACAAATAGGTTCTGGTT-3’ 

 276 

Estimation of serum estradiol, progesterone and testosterone levels: 277 

Serum estradiol, progesterone and testosterone levels were estimated using ELISA kit 278 

(Diagnostics Biochem Canada Inc., Canada, N0L 1G2). In brief, a set of standards (range: 279 

0 to 3200 pg/mL for estradiol and 0 to 60 ng/mL for progesterone and 0 to 16.7 ng/mL for 280 
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testosterone) and the samples were loaded into the anti-estradiol or anti-progesterone or 281 

anti-testosterone antibody coated wells for estradiol, progesterone and testosterone 282 

estimation respectively. Competition assay was set up between hormones from serum 283 

samples and antigen-HRP (Horseradish Peroxidase) conjugate. The plate was incubated 284 

on a plate shaker for 1 h at RT. 150 µL of TMB substrate was added and the reaction was 285 

allowed to take place for 15 min at RT. Reaction was terminated by adding stopping 286 

solution and plate was read at 450 nm. 287 

Statistical analysis: 288 

All results are presented as mean ± S.E.M. and analyzed using student’s t test and 289 

ANOVA (when required). The values of *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 with respect 290 

to control group were considered as statistically significant. 291 

Results: 292 

Peptide docking: 293 

To better understand the molecular basis of the interaction between FSHβ (89-97) peptide 294 

and FSHR, we performed docking calculations using the ab-initio docking protocol of the 295 

FlexPepDock software distributed within the Rosetta 3.11 modelling suite, as described 296 

in detail in the Method section. The top-scored poses were subjected to MD simulations 297 

to obtain a 10 ns trajectory. The last 2 ns of the MD trajectory, where the RMSD vs time 298 

profile was sufficiently converged (Fig S2), were subjected to clustering, considering the 299 

RMSD of the backbone atoms as a metric and using a protocol described in detail in a 300 

previous work(63). The representative geometries of the most populated clusters 301 

obtained by the analyses of the FSHR trajectories are depicted in Fig 1. 302 

 303 

Fig 1. Predicted binding pose for FSHβ (89-97) peptide (purple) to FSHR: The ribbon 304 

representation of crystallographic FSH (light grey, with the region of FSHβ (89-97) colored in 305 

green) is also included. The Leucine Rich Repeats (LRRs) of FSHR(ECD) is represented in 306 

yellow. 307 
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It can be observed that the top pose predicted for the binding of FSHβ (89-97) 308 

(represented in purple, in Fig 1) deviates from the position occupied by the same peptide 309 

fragment belonging to the complete FSH sequence (represented in green, in Fig 1). This 310 

probably occurs because the peptide, outside its own protein environment, is not able to 311 

maintain the same conformation observed within the full FSH protein. Moreover, the 312 

binding site on FSHR is particularly flat and the binding of FSHβ (89-97) peptide can only 313 

rely on H-bonds and ionic interactions with the solvent-exposed polar residues on the 314 

receptor surface. This assumption is in concurrence with the relatively low potencies 315 

measured in in vitro experiments. However, several interactions can still be observed 316 

between FSHR and FSHβ (89-97) peptide (Fig 1). The peptide head triad made by S89, 317 

D90 and S91 show multiple H-bonds with R227 and D202 sidechains that are themselves 318 

joint by an ionic bond, also involving K179. Peptide T92 side chain makes a dual 319 

interaction with D224 (Thr-OH···OC(O)-D224) and R245 (Thr-O(H)···HNC(=NH2)NH-320 

Arg) side chains. Finally, peptide R97 side chain, conformationally stabilized by an 321 

intramolecular H-bond with D93 carbonyl, makes an ionic interaction with the sidechain 322 

of E197.  323 

Looking for a further confirmation to the above postulation, MD trajectories of FSHR 324 

complexes with docked FSHβ (89-97) were analyzed by Nwat-MMGBSA calculations. 325 

This method is a variant of MM-PBSA (52) that includes a number of explicit waters, 326 

selected to be the closest to the ligand or ligand-receptor interface and considered as part 327 

of the receptor, in the calculation(51). The method was found successful in improving 328 

computed relative binding energies for small molecule-receptor(64)(41) and protein-329 

protein interactions(50). By looking at Table 2, it can be observed that the binding pose 330 

selected by docking is ranked above the starting pose  even when MD simulatitions are 331 

performed and energy calculations are done with or without considering the role of explicit 332 

water molecules.   333 

Table 2. Nwat-MMGBSA energies (kcal/mol)a computed for the starting pose and for the top-334 

scored pose of FSHβ (89-97) docked to FSHR  335 

Complex Nwat=0 Nwat=30 

Starting poseb -9.6±0.4 -54.9±1.0 

Top-scored posec -26.6±0.4 -86.5±0.9 

a. Results are average MM-GBSA binding energies (kcal/mol) ± standard error of mean; the 336 

entropic contribution has been neglected. Nwat=0 corresponds to a standard MMGBSA 337 

calculation; Nwat=30 correspond to a MMGBSA calculation with 30 explicit water included at the 338 

receptor-peptide interface. b. The starting pose corresponds to the pose of the FSHβ (89-97) 339 

peptide as found in the full-length FSHβ sequence co-crystallized with FSHR. c. The top-scored 340 

pose corresponds to the highest-ranked pose obtained by docking.  341 
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Effect of FSHβ (89-97) peptide on binding of FSH and FSH induced signaling: 342 

FSHβ (89-97) peptide was assessed to evaluate its effect on binding of [125I] FSH to 343 

FSHR. FSHβ (89-97) peptide inhibited the binding of radiolabeled FSH to FSHR in dose-344 

dependent manner. 100% binding inhibition was observed in case of highest 345 

concentration of FSHβ (89-97) peptide (9600 µM) (Fig 2A). FSHβ (89-97) peptide at 346 

intermediate concentrations from 4800µM-9600 µM showed dose dependent inhibition of 347 

FSH binding to FSHR (Fig S5). 348 

Effect of the peptide on FSH stimulated cAMP production was evaluated in HEK-rFSHR 349 

cells pre-incubated with FSHβ (89-97) peptide. FSHβ (89-97) peptide, in a dose-350 

dependent manner, decreased the cAMP production. At highest concentration of this 351 

peptide, FSH induced cAMP production was equivalent to basal level cAMP production 352 

(Fig 2B). Cells incubated with the peptide alone showed negligible cAMP production (data 353 

not shown).  354 

 355 

Fig 2. Effect of FSHβ (89-97) peptide on A. binding of FSH to FSHR and B. FSH-induced 356 

cAMP production: A. HEK-rFSHR cell membrane preparations were incubated with increasing 357 

concentration of FSHβ (89-97) peptide along with [125I] FSH. %B/B0 represents the amount of [125I] 358 

FSH bound to HEK-rFSHR specifically. Nonspecific binding was determined in presence of 1 μg 359 

of FSH B. HEK-rFSHR cells were stimulated with 1 ng of hFSH in presence of different doses of 360 

FSHβ (89-97) peptide. cAMP levels measured at baseline and in response to 1 ng hFSH are 361 

indicated by dotted lines. Each point represents the mean ± SEM of a representative experiment 362 

performed in duplicates. 363 

Effect of FSHβ (89-97) peptide on ovarian weight of immature female rats: 364 

As compared to hCG alone, dose dependent increase in ovarian weight was observed 365 

with increasing concentrations of FSH in immature rats (Fig S6). The FSH-mediated (1.0 366 

IU) increase in ovarian weight was abrogated when the animals were injected with the 367 

FSHβ (89-97) peptide along with FSH and hCG (Fig 3). The reduction in ovarian weight 368 

due to treatment with FSHβ (89-97) peptide was statistically significant (p≤0.05). 369 
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Administration of FSHβ (89-97) peptide along with hCG showed slight reduction in ovarian 370 

weight as compared to hCG alone.  371 

 372 

Fig 3. Effect of FSHβ (89-97) peptide on ovarian weight of immature rats: Immature female 373 

rats were injected with FSHβ (89-97) peptide (20 mg/kg BW) followed by injection of hCG alone 374 

or hCG and FSH. Parallel positive and negative controls were maintained. Post 72 h of first 375 

injection animals were sacrificed and ovarian weights were determined. Each bar and vertical line 376 

represent the mean ± SEM weight. * and *** indicate significant difference (p ≤ 0.05 and p ≤ 0.001 377 

respectively). 378 

Effect of FSHβ (89-97) peptide on FSH-mediated cell cycle progression of rat 379 

granulosa cells: 380 

To study the effect of FSHβ (89-97) peptide on FSH mediated cell cycle progression, 381 

granulosa cells isolated from the ovaries were subjected to flow cytometry analysis. In the 382 

hCG treated animals, 90% of the cells were in G0/G1 phase and 10% of cells in S or 383 

G2/M phase. In response to FSH and hCG treatment, there was an increase in number 384 

of cells in S and G2/M phase and this increase was statistically significant as compared 385 

to hCG treated controls. The progression of cells that are actively proceeding through the 386 

cell cycle was inversely affected by treatment with FSHβ (89-97) peptide. There was a 387 

significant reduction in the number of cells in S and G2/M phase in animals treated with 388 

FSHβ (89-97) peptide along with FSH and hCG as compared to FSH + hCG group (Fig 389 

4; Fig S7). Injection of FSHβ (89-97) peptide along with hCG however; did not show any 390 

alteration in % cell population in G0/G1, S and G2/M phase of cell cycle as compared to 391 
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hCG alone. This data suggests that the FSHβ (89-97) peptide hinders the FSH-mediated 392 

folliculogenesis in the ovary. 393 

 394 

Fig 4. Effect of FSHβ (89-97) peptide on cell cycle progression in granulosa cells: Graphical 395 

representation of percentage of granulosa cell population in G0/G1, S and G2/M phase for FSHβ 396 

(89-97) peptide treated group. Each bar and vertical line represent the mean ± SEM for three 397 

independent experiments. * and ** indicate significant difference (p ≤ 0.05 and p ≤ 0.01 398 

respectively). 399 

Effect of FSHβ (89-97) peptide on ovarian morphology and folliculogenesis of 400 

immature female rats: 401 

The cross sections of hCG-treated ovaries showed that most of the follicles were at 402 

primary and secondary stage of folliculogenesis whereas FSH and hCG treated ovaries 403 

had majority of follicles in antral stage of folliculogenesis. The cross-sections of ovaries 404 

treated with FSHβ (89-97) peptide along with FSH and hCG injection displayed more of 405 

primary, secondary and preantral follicles and fewer antral follicles as compared to FSH 406 

and hCG treatment group. The ovarian morphology of animals treated with FSHβ (89-97) 407 

peptide were similar to hCG treated animals (Fig 5).  408 
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 409 

Fig 5. Effect of FSHβ (89-97) peptide on ovarian morphology: Representative images of H 410 

and E stained ovarian sections displaying primary follicles (PF), secondary follicles (SF), preantral 411 

follicles (PAF), antral follicles (AF) and empty follicles (EF) in A. hCG alone, B. hCG + FSHβ (89-412 

97), C. hCG + FSH, and D. hCG + FSH + FSHβ (89-97). Fewer AFs and higher number of SFs 413 

and PAFs were observed in case of animals treated with FSHβ (89-97) peptide (D) as compared 414 

to FSH and hCG treatment group (C). Scale bar is equal to 200 µM. 415 

Effect of FSHβ (89-97) peptide on ovarian gene expression: 416 

To further understand the effect of peptide administration on folliculogenesis, gene 417 

expression analysis was performed on ovarian samples of immature female rats using 418 

real time PCR. Since administration of FSHβ (89-97) peptide along with hCG alone did 419 

not show significant alteration in ovarian weight, cell cycle progression and ovarian 420 

morphology, gene expression study was restricted to the following three groups, (i) hCG 421 

alone, (ii) hCG + FSH and (iii) hCG + FSH + FSHβ (89-97) peptide.  422 

Animals treated with FSHβ (89-97) peptide prior to FSH and hCG injection showed 423 

reduced ovarian expression of inhibin A and aromatase genes and elevated expression 424 

of AMH, inhibin B as compared to animals treated with FSH and hCG (Fig 6). 425 

Expectedly, the expression level of aromatase was low in animals treated with hCG 426 
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alone. The data further confirms that FSHβ (89-97) inhibits FSH-FSHR interaction 427 

mediated folliculogenesis. 428 

 429 

  430 
Fig 6: Effect of FSHβ (89-97) peptide on ovarian gene expression: Quantitative real time 431 

PCR was carried out on representative cDNAs of each group. Bar graphs show fold change in 432 

expression of AMH (A), aromatase (B) inhibin A (C) and inhibin B (D). *, ** and *** indicate 433 

statistically significant difference (p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001 respectively). 434 

Effect of FSHβ (89-97) peptide on ovarian weight of adult female rats: 435 

To further investigate the effect of FSHβ (89-97) peptide on the endogenous circulating 436 

FSH, adult female rats were injected with the peptide at two concentrations (4 mg/kg BW 437 

and 20 mg/kg BW). Administration of peptide at 4 mg/kg BW did not affect the ovarian 438 

weight however, at 20 mg/kg BW of peptide significant reduction in ovarian weight was 439 

observed (Fig 7B). No significant effect was observed in weight of uterus and vital organs 440 

in animals treated with higher dose of peptide (Fig S8).  441 
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   442 

Fig 7. Effect of FSHβ (89-97) peptide on ovarian weight at diestrus phase: Adult female rats 443 
were administered with A. 4 mg/kg BW and B. 20 mg/kg BW of FSHβ (89-97) peptide. All animals 444 
were sacrificed on D1 phase of fourth estrus cycle. Each bar and vertical line represent the mean 445 
± SEM ovarian weight. * indicates a statistically significant difference (p ≤ 0.05) from mean of 446 
vehicle-treated control. 447 

Effect of FSHβ (89-97) peptide on steroidogenesis in vivo: 448 

The effect of FSHβ (89-97) peptide on steroidogenesis in adult rats was investigated by 449 

evaluating serum estradiol, progesterone and testosterone levels in control and treatment 450 

group animals. Serum estradiol levels were lower while serum progesterone and 451 

testosterone levels were elevated for peptide treated animals (4 mg/kg BW and 20 mg/kg 452 

BW) as compared to control group. Decrease in serum estradiol levels and increase in 453 

serum testosterone levels was statistically significant as compared to control group when 454 

higher dose of peptide (20mg/kg BW) was administered (Fig 8B and F). 455 
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 456 

 457 

 458 

 459 

Fig 8. Effect of FSHβ (89-97) peptide on serum A-B) estradiol level at proestrus phase and 460 

C-D) progesterone and E-F) testosterone levels at diestrus phase: Adult female rats were 461 

administered with two doses of peptide (4 mg/kg BW and 20 mg/kg BW). Blood was drawn 462 

through retro-orbital bleeding at morning of proestrus and diestrus phase of second estrus cycle 463 

post treatment. Each bar and vertical line represent the mean ±SEM estradiol, progesterone or 464 
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testosterone concentration. * and *** indicate a statistically significant difference (p ≤ 0.05 and p 465 

≤ 0.001 respectively) from mean of vehicle-treated control. 466 

Effect of FSHβ (89-97) peptide on ovarian morphology and folliculogenesis of adult 467 

rats: 468 

Ovaries collected from sacrificed animals were subjected to H and E staining to study the 469 

effect of peptide on ovarian and follicular morphology. The observations from H and E 470 

staining are focused on ovarian morphology, follicle morphology, oocyte and zona 471 

pellucida (ZP) morphology, cumulus granulosa cell morphology and theca cell 472 

morphology. Microscopic examination of ovarian tissues from treatment groups revealed 473 

atretic changes in granulosa cells and altered oocyte morphology of mainly late antral 474 

follicles. Theca cell morphology was however found to be unaltered in treatment group 475 

(Fig 9A). These alterations were found to be more significant in case of 20 mg/kg BW of 476 

peptide dose. To confirm the effect of the peptide administration (20 mg/kg BW) on 477 

follicular development, the secondary and antral stage follicles were counted and 478 

compared in control and treatment group. Although, ovarian tissues from control as well 479 

as treatment groups showed presence of empty follicles (no oocyte), its number was 480 

much higher in case of treatment group. In treatment group, the number of antral follicles 481 

was found to be significantly reduced and number of secondary follicles was higher as 482 

compared to control group indicating that the transition of follicles from secondary to antral 483 

stage, which is dependent on FSH-FSHR interaction (12), has been adversely affected 484 

due to peptide treatment (Fig 9B). 485 
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 487 

Fig 9A. Effect of FSHβ (89-97) peptide on ovarian morphology of adult female rat: 488 

Representative micrographs of ovarian morphology (a-c), follicle morphology (d-f), oocyte 489 

morphology (g-i), cumulus granulosa cells morphology (j-l) and theca cells morphology (m-o). 490 

Histopathology observations showed presence of higher number of antral follicles (AF) in control 491 

group as compared to treatment group. Treatment group ovaries showed higher number of 492 

secondary (SF) and preantral follicles (PAF) as compared to control group (a-c). Treatment group 493 

ovaries also showed increased vascularization (b and c). Large number of empty follicles was 494 

observed in treatment group ovaries (d-f). Ovarian tissues of control group showed healthy oocyte 495 

in antral follicles as compared to treated ovarian sections (g-i). Ovarian sections of treatment 496 

group also showed presence of atretic granulosa cells and pyknotic nuclei (PN) (j-l). Morphology 497 

of theca cells was found to be unaltered in control as well as the treatment groups (m-o). Scale 498 

bar is equal to 200 µM. 499 
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 500 

Fig 9B. Effect of FSHβ (89-97) peptide at 20 mg/kg BW on folliculogenesis: Effect of FSHβ 501 
(89-97) peptide on follicle development stages were monitored at diestrus phase. Animals 502 
sacrificed on D1 stage were subjected to histopathology imaging. Follicles at different stages of 503 
folliculogenesis (a. secondary follicles b. antral follicles c. empty follicles d. luteinized follicles) 504 
were counted. * indicates a statistically significant difference (p ≤ 0.05) from mean of vehicle-505 
treated control. 506 

Discussion: 507 

FSH-FSHR interaction plays a central role in regulation of female reproduction, mainly in 508 

ovarian function, by driving folliculogenesis and steroidogenesis (12)(13). Considering the 509 

importance of FSH-FSHR interaction in reproduction and tumor progression (24)(34), 510 

there is an increasing need to identify molecules harboring FSHR agonist or antagonist 511 

activity.  512 

The partial crystal structure of FSH-FSHR (ECD) complex reveals that amino acids 89 to 513 

105 of FSHβ forms a seat belt segment and interacts with leucine-rich repeat (LRR) 514 

region of FSHR (65). Prior to the elucidation of the crystal structure, these residues along 515 

with its neighboring residues (85-108) have been shown to be critical for receptor 516 

specificity by several chimeric studies involving hCG/FSHβ subunit (66) or LH/FSHβ 517 

subunit (67) or through use of hormone specific peptides (68). In an attempt to predict the 518 

residues important for binding specificity of FSH-FSHR, we had previously carried out 519 

sequence and structural analysis of bound FSH-FSHR complex(36)(37) (ECD; 4AY9). 520 

The analysis revealed that the amino acids S89, D90, T95, V96 and R97 are critical for 521 

FSHR binding (36). In the present study, to further evaluate the role of these amino acids 522 

in FSHR binding, a 9-mer peptide, FSHβ (89-97) was designed and subjected to several 523 
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rounds of docking simulations with hFSHR (ECD) in presence of FSH. Computational 524 

simulations suggested that FSHβ (89-97) peptide could bind to hFSHR (ECD) and 525 

prevent the binding of the native ligand FSH (Fig 1). Analysis of the docked complexes 526 

revealed that central residues of FSHβ (89-97) (S91, T92 and C94) do not interact with 527 

hFSHR (ECD). These observations (Fig 1) are in concurrence with our previous results 528 

obtained by sequence and structural analysis of hFSH-hFSHR (ECD) (36). The docking 529 

studies provide insight that FSHβ (89-97) peptide can bind to hFSHR (ECD) wherein the 530 

N- and C-terminal residues make critical contacts with ECD of hFSHR.  531 

To validate the in silico observations and evaluate the effect of FSHβ (89-97) peptide on 532 

FSH-mediated bioactivity, we further carried out various in vitro assays such as RRA and 533 

cAMP assay as well as in vivo assays which involved monitoring ovarian weight, 534 

examination of ovarian morphology, cell cycle analysis, gene expression analysis and 535 

hormonal profiling.  536 

We observed inhibition of [125I] FSH binding to FSHR in dose dependent manner in 537 

presence of FSHβ (89-97) peptide (Fig 2A). FSH-FSHR interaction induces cAMP 538 

production as a result of adenylate cyclase activation(9). In vitro experiments showed that 539 

this peptide significantly blocked FSH-mediated cAMP production in a dose dependent 540 

manner (Fig 2B). Taken together, the observations from docking studies, RRA and cAMP 541 

assays indicate that a) the peptidic stretch of 89-97 amino acids is critical for FSHR 542 

binding and b) the peptide has FSHR antagonistic activity. 543 

Subsequently, the FSHR antagonistic activity of FSHβ (89-97) peptide in in vivo was 544 

validated by monitoring ovarian weight of immature and adult female rats (57)(69). 545 

Steelman-Pohley assay was performed to understand the effect of peptide on ovarian 546 

weight of immature rats. In this assay, ovarian weight gain in response to exogenous FSH 547 

or FSH-like molecule in immature female rats is used as a surrogate indicator of FSH 548 

activity. We observed that exogenous administration of urofollitropin (hFSH) increased 549 

the ovarian weight of immature rats. This increase in ovarian weight was attenuated by 550 

subcutaneous administration of FSHβ (89-97) peptide (Fig 3). In adult female rats, 551 

endogenous circulating FSH stimulates development of ovaries. Females with FSH/ 552 

FSHR mutations are known to have small ovaries(70)(71)(72). When adult animals were 553 

injected with the peptide at 20 mg/ kg BW, significant reduction in ovarian weight was 554 

observed as compared to control group (Fig 7B), suggestive of the peptide having FSHR 555 

antagonistic activity both in vitro and in vivo.  556 

Decrease in the ovarian weight which was persistent in immature as well as adult female 557 

rats may be attributed to retarded granulosa cell division and follicle maturation. To 558 

confirm this, the granulosa cells of immature rats treated with FSH with and without the 559 

peptide were analyzed for cell cycle progression. As compared to hCG controls, FSH 560 

stimulated cell cycle progression in the granulosa cells with more numbers of cells in S 561 

and G2 phase. In response to the peptide, lesser population of granulosa cells were 562 

observed in S phase and subsequent G2/M phase of cell cycle, indicating that cell cycle 563 
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progression gets arrested at the preceding G1 to S phase transition (Fig 4; Fig S7). This 564 

observation further validates that FSHβ (89-97) peptide can inhibit FSH-FSHR 565 

interaction, which is a key mediator of cell growth and cell division in granulosa cells.    566 

Reduction in number of actively multiplying granulosa cells would subsequently lead to 567 

arrest in follicular development beyond secondary stage (73)(74). Effect of FSHβ (89-97) 568 

peptide on folliculogenesis was evaluated by assessing the ovarian morphology and gene 569 

expression analysis. In the immature rats due to low endogenous FSH levels, the ovaries 570 

are small and contain a large pool of primordial, primary and secondary follicles (75). In 571 

these animals, administration of exogenous FSH facilitates the transition of follicles from 572 

secondary to antral stage. Expectedly, the immature rats injected with hCG alone had 573 

small ovaries with primordial, primary and secondary follicles and no antral follicles. The 574 

treatment with FSH increased the number of growing follicles and multiple antral follicles 575 

were observed in the ovaries. When animals were injected with FSHβ (89-97) peptide 576 

prior to FSH and hCG injection, higher number of primary and secondary follicles and 577 

fewer antral follicles were observed as compared to FSH and hCG treated animals. This 578 

experiment revealed that FSHβ (89-97) peptide could inhibit folliculogenesis induced by 579 

exogenous FSH. Next, we studied the effect of the peptide on folliculogenesis induced by 580 

endogenous circulating FSH using adult female rats. In the adult rats, we studied the 581 

effect of FSHβ (89-97) peptide on ovarian, follicular and oocyte morphology. The 582 

histopathological observations of ovaries revealed that in both the treatment groups (4 583 

mg/kg BW and 20 mg/kg BW) the number of secondary follicles is higher and antral 584 

follicles are fewer as compared to control group (*p ≤ 0.05 at 20 mg/kg BW; Fig 9A and 585 

9B). Treatment group ovaries also showed large number of empty follicles as compared 586 

to control group (Fig 9A and 9B). Comparative and detailed analysis of follicles in 587 

treatment and control groups showed that the cumulus granulosa cells morphology is 588 

perturbed with presence of pyknotic nuclei in many preantral and antral follicles in 589 

treatment group. These observations suggest that FSHβ (89-97) peptide can adversely 590 

affect the follicular maturation in the ovaries. 591 

Secretion of reproductive hormones like AMH, inhibins A and B from the gonads are 592 

stringently regulated during the course of folliculogenesis. These are considered to be 593 

candidate biomarkers of ovarian reserve which are used to measure the follicle number 594 

and follicle quality (76)(77). AMH is predominantly secreted by granulosa cells of primary 595 

and secondary follicles and is one of the most important regulatory factors in early follicle 596 

development (78)(79). Apart from AMH, inhibin A and inhibin B are two other hormones 597 

which are heavily dependent on FSH for its secretion (80). Inhibin B is mainly produced 598 

by pre-antral or small antral follicles whereas inhibin A is predominantly secreted by large 599 

antral or pre-ovulatory follicles (81). The histopathological observations indicate that the 600 

follicles in the presence of FSHβ (89-97) peptide are mainly arrested at the pre-antral 601 

stage. To further validate the observation, the mRNA levels of AMH, inhibins A and B 602 

were evaluated in ovaries of immature rats treated with FSHβ (89-97) peptide (Table1). 603 

The ovaries showed elevated mRNA levels of AMH, inhibin B and reduced mRNA levels 604 

of inhibin A indicative of arrest in pre-antral phase (Fig 6 A,C and D)(78)(79)(80). The 605 
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gene expression analysis reaffirms the fact that folliculogenesis is being affected in 606 

response to peptide treatment.  607 

FSH-FSHR interaction in granulosa cells induces CYP19A aromatase expression that 608 

aids in conversion of testosterone to estradiol (79). LH-LHR interaction in theca cells leads 609 

to testosterone synthesis which in granulosa cells gets aromatized to estradiol under the 610 

action of aromatase enzyme (12)(13). Aromatase inhibition in the ovary has shown to 611 

reduce serum estradiol levels leading to accumulation of free testosterone in the serum 612 

(80). The mRNA levels of aromatase in ovaries of peptide-treated rats were reduced as 613 

compared to control animals (Fig 6B). The expression data obtained for aromatase gene 614 

was further confirmed by evaluating serum testosterone and estradiol levels in adult 615 

female rats. As expected FSHβ (89-97) peptide treated rats showed significantly high 616 

testosterone levels and low estradiol levels as compared to control animals (Fig 8F and 617 

B). We further evaluated serum progesterone levels in treatment as well as control group. 618 

Progesterone synthesis mainly occurs under the influence of LH-LHR interaction in mural 619 

and luteinized granulosa cells (12)(13). A recent report has shown that FSH can directly 620 

stimulate enzymatic activity of 3β-HSD and triggers conversion of pregnenolone to 621 

progesterone in human non-luteinized granulosa cells (81). In case of adult female rats, 622 

progesterone levels were found to be high in treatment group (4mg/kg BW) which were 623 

reduced at higher dose of peptide (20 mg/kg BW) however, at both the doses the 624 

progesterone levels were found to be higher as compared to control group (Fig 8C and 625 

D). The hormonal profiling results also correlate with the histopathology data of the adult 626 

female rats. We observed that in treatment group, follicles with atretic cumulus granulosa 627 

cells had absolutely healthy theca cells. Empty follicles present in treatment group also 628 

showed unaltered theca cell morphology (Fig 9A). The results obtained from hormonal 629 

profiling and histopathology indicate that FSHβ (89-97) peptide binds to FSHR and 630 

modulates its activity.  631 

Here we present a 9-mer peptide derived from FSHβ that harbors FSHR antagonistic 632 

activity. To the best of our knowledge, this is the shortest peptide that has been validated 633 

for FSHR modulatory activity using various in silico, in vitro and in vivo assays. However, 634 

the peptide should be further optimized for its use in fertility regulation and targeted drug 635 

delivery. Future work would entail modifying the peptide to incorporate pharmacophoric 636 

features that can enhance its potency and drug-like properties. 637 
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