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19Abstract:

20In mammals, interaction of follicle stimulating hormone (FSH) with its cognate receptor
21(FSHR) is essential for maintaining reproductive health. In our previous study, we had
22identified a 9-mer peptide (FSHB (89-97)) derived from seat belt loop of human FSHf3
23and demonstrated its ability to function as FSHR antagonist in vivo. Structure analysis
24revealed that the four central residues 91STDC94 within this peptide may not be critical
25for receptor binding. In the present study, 91STDC94 residues were substituted with
26alanine to generate AFSHB 89-97(91STDC94/AAAA). Analogous to the parent peptide,
27AFSHB 89-97(91STDC94/AAAA) peptide inhibited binding of iodinated FSH to rat Fshr
28and reduced FSH-induced cAMP production. The peptide could impede granulosa cell
29proliferation leading to reduction in FSH-mediated ovarian weight gain in immature
30female rats. The results indicate that substitution of 91STDC94 with alanine did not
31significantly alter FSHR antagonist activity of FSHB (89-97) peptide implying that these
32residues are not critical for FSH-FSHR interaction and can be replaced with non-
33peptidic moieties for development of potent peptidomimetics.
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35
36 1. Introduction:

37Follicle stimulating hormone (FSH) interacts with its cognate receptor FSHR and
38promotes folliculogenesis and steroidogenesis in gonads by engaging in several
39downstream signaling pathways such as cAMP, ERK/MAPK, PI3K, B-arrestin pathways
40(Casarini & Crepieux, 2019).

41FSHR is a G-protein coupled receptor (GPCR) expressed on granulosa cells in ovaries
42(Sanford & Batten, 1989) and Sertoli cells in testes (Fletcher & Reichert, 1984). FSH is
43a heterodimeric glycoprotein composed of a and [ subunits. a subunit is common
44among all the glycoprotein hormones namely thyroid stimulating hormone (TSH),
45|uteinizing hormone (LH) and human chorionic gonadotropic hormone (hCG) whereas 3
46subunit is hormone-specific and is responsible for receptor specificity.

47C-terminal residues, especially those residing within seat-belt loop (89-105) of FSHf,
48have been studied extensively for their role in FSH-FSHR interaction using custom
49synthesized peptides, mutation studies and antipeptide antibodies (Campbell, Dean-
50Emig, & Moyle, 1991; Santa Coloma & Reichert, 1990). Chimera generated by replacing
51hFSHPB residues ®*TVRGLG' with corresponding residues of hLHB could not bind to
52FSHR indicating importance of these residues in FSH-FSHR interaction (Dias, Zhang, &
53Liu, 1994). D®A, T*A and V*A mutations led to loss of FSHR binding activity (Lindau-
54Shepard, Roth, & Dias, 1994). hFSHp (90-95) peptide could inhibit binding of FSH to
55FSHR in vitro as well as prolonged vaginal estrus when administered in mice (Grasso,
56Rozhavskaya, & Reichert, 1998). These studies indicate that amino acids 90 to 100 of
57hFSHp are critical for receptor binding and activation.

58Several low molecular weight compounds (LMW) have been identified as FSHR
59antagonists based on their FSHR inhibitory activity observed in cell-based assays and
60animal studies. These compounds are known to have several disadvantages such as
61poor in vivo activity, off-side targets, and synthesis issues which curtail its transition into
62clinical settings (Anderson, Newton, & Millar, 2018; Nataraja, Yu, & Palmer, 2015).
63Peptides have the advantage of higher safety, tolerability, and efficacy. However,
64peptides are sensitive to proteases and have very short half-life in vivo (Lenci &
65Trabocchi, 2020).

66Use of peptidomimetics as drugs has gained popularity over the recent years, as many
670f the limitations of peptides can be overcome using this approach. Such an exercise,
68however, would require the information of substitutable elements in the pharmacophoric
69space. The peptidomimetic analogs, generated by modifying the parent compounds, are
70initially assessed through in vitro methods such as radio-receptor and cAMP assays and
71eventually tested for in vivo activity. Analogs that do not display a remarkable difference
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72in potency as compared to the parent or template molecule through in vitro studies may
73prove to be significantly more potent based on in vivo analysis (Stefanucci et al., 2019).

74In our previous study, FSHB (89-97) peptide was identified to inhibit FSH-FSHR
75interaction based on the observations from in vitro and in vivo assays (Prabhudesai et
76al., 2020). Structural and sequence analysis revealed that the central residues within
77this peptide may not be critical for FSH-FSHR interaction and therefore could be
78replaced for peptidomimetic conversion of FSHB (89-97) peptide (Sonawani, Niazi, &
79ldicula-Thomas, 2013). To confirm this, the four central residues (*'STDC*) were
80substituted with alanine and the peptide analogue (AFSHB 89-97(*'STDC*/AAAA)) was
8levaluated for its potential to inhibit FSHR binding using various in vitro and in vivo
82experiments.

83 2. Materials and methods:
842.1 Peptide docking:

85The starting structure for hFSHR was generated using the MOE software (Chemical
86Computing Group ULC, 2019) by modifying the hFSH-hFSHR complex crystal structure
87(PDB ID: 4AY9;Jiang et al., 2012). The hFSHR(ECD) receptor model was prepared
88from chain X as described previously (Prabhudesai et al., 2020). Since crystal
89structures are not available, theoretical structures of human LHR and LH were
90generated by homology modeling using MOE software and default settings. 3D
91structure of hLHB was modeled using hLHB sequence (UniProt ID: Q8WXLO, aa P22-
92L136) as the target, and hFSHB (chain B of 4AY9.pdb) as the template (identity =
9334.8%). Ten different models were generated and refined using default options. The a
94chain of gonadotropins are identical and hence structure of hFSHa was duplicated as
95hLHa. 3D structure of hLHR was modeled using hLHR sequence (UniProt ID. P22888,
96aa E27-T274) as the target, and hFSHR (4AY9.pdb) as the template (identity = 45.6%).
97The hLHR-LH model was later refined by MD simulations, followed by energy
98minimization, as described for hFSHR-FSH in our previous work (Prabhudesai et al.,
992020). The RMSD vs time profile was evaluated for all backbone atoms and was found
100to be sufficiently converged. The hFSHR and hLHR receptor models were obtained by
101removing FSH and LH, respectively, from the MD refined complexes.

102The AFSHB 89-97(°*'STDC%/AAAA) peptide was generated from chain B of 4AY9.pdb
103by deleting all FSH residues except S89-R97. Residues S91-C94 were mutated to Ala
104to generate AFSHB 89-97(°*'STDC*/AAAA) peptide. The FlexPepDock algorithm
105(Raveh, London, & Schueler-Furman, 2010) implemented in Rosetta 3.11 software suite
106(Leaver-Fay et al., 2011) was used, applying the same protocol described in our earlier
107study (Prabhudesai et al., 2020). Eighty independent runs, each generating 625 models,
108were performed. A total of 50,000 different complex models were obtained and scored



109according to the reweighted_sc function implemented in FlexPepDock. The scores of
110the top ten docked poses of AFSHB 89-97(*'STDC*/AAAA) peptide with hFSHR and
111hLHR are reported in Supplementary Tables S1 and S2, respectively. Structural
112representation of the top ten poses are depicted in Fig S1 (panels A and B) and S2
113(panels A and B).

1142.2 Molecular dynamic simulations:

115To assess the stability of the docked poses generated in the previous step, the top ten
116docked complexes of hFSHR and hLHR were subjected to molecular dynamic (MD)
117simulations using AmberTools18 and Amber18 packages (Case, 2018). The systems
118were prepared using tleap. The total charge of AFSHB 89-97(*'STDC*/AAAA) peptide
119complex with hFSHR and hLHR was neutralized by adding five or two Na® ions,
120respectively. The systems were solvated by adding an octahedral box of TIP3P
121(Jorgensen, Chandrasekhar, Madura, Impey, & Klein, 1983) water up to a distance of
12210 A from the solute. Topology and coordinate files were generated using ff14SB force
123field (Maier et al., 2015). Each system was equilibrated through multiple steps; wherein
124restraints were applied to the solute, and gradually reduced during the process,
125according to protocols used in previous studies (Prabhudesai et al., 2020) (Macut et al.,
1262019). Finally, 50 ns of unrestrained NPT production runs were performed at 300 K. All
127the MD simulations were executed by applying an electrostatic cutoff of 8.0 A; PME for
128long-range electrostatic interactions; SHAKE algorithm to constrain all bonds involving
129hydrogen; Langevin thermostat with a collision frequency of 2.0 ps™'; and when needed,
130a Berendsen barostat. MD simulations were performed on commercial GPUs with
131pmemd.cuda software (Le Grand, Gotz, & Walker, 2013). All analyses of the MD
132trajectories were conducted with cpptraj. Mass weighted root mean square
133displacements (RMSD) were computed on MD production runs considering backbone
134atoms only and using the starting geometry as reference. Cluster analyses were done
1350n the last 25 ns of the MD trajectory using average-linkage algorithm and mass
136weighted RMSD as a metric, leading to a total of 5 clusters. The representative
137geometries of the most populated cluster for hFSHR and hLHR poses are represented
138in Fig S1 (panels C and D) and S2 (panels C and D), respectively. RMSD vs time plots
1390btained are depicted for hFSHR (Fig S3) and its ligand (Fig S4); hLHR (Fig S5) and its
140ligand (Fig S6).

141

1422.3 Nwat-MMGBSA analysis:

143To compute reliable binding energies, Nwat-MMGBSA (Maffucci & Contini, 2020)
144(Maffucci, Hu, Fumagalli, & Contini, 2018) (Maffucci & Contini, 2016) (Maffucci &
145Contini, 2013) calculations were performed as described previously (Prabhudesai et al.,
1462020) (Maffucci & Contini, 2016). The analyses were conducted on the last 10 ns of the
147production runs by selecting 100 evenly spaced out snapshots.



1482.4 Chemical and reagents:

149Pituitary purified hFSH used in radioreceptor assay and cAMP assay was purchased
150from Dr. Parlow (National Hormone and Pituitary Program, CA, USA). ['®I]Nal was
151purchased from Board of Radiation and Isotope Technology, India. AFSHB 89-
15297(*'STDC*/AAAA) peptide was custom synthesized from peptide 2.0 (Chantilly, VA
153USA) (HPLC and MS data: Fig S7).

1542.5 Radioreceptor assay:

155The binding affinity of AFSHB 89-97(°*'STDC*/AAAA) peptide to FSHR was evaluated
156by incubating the peptide with human embryonic kidney (HEK-293) cell line expressing
157rat Fshr (HEK-rFshr) in presence of ['?°I]-FSH, as described previously (Kene, Nalavadi,
158Dighe, lyer, & Mahale, 2004). Radioiodination of hFSH was performed using iodogen
159method (Fraker & Speck, 1978). ['*®I]-FSH with specific activity of 30 pci/ug (200000
160cpm) was used as a tracer. Membrane preparation of HEK-rFshr was incubated with
161increasing concentration (600 uM-9600 uM) of peptide in presence of iodinated FSH for
1622 h. The radioactivity of the pellet was determined by y counter (Wallac 1470, WIZARD,
163Turku, Finland). The assay was performed twice independently. The ICs, value was
164calculated using the formula

_ Bottom+(Top —Bottom)

165 Y T -Eq 1
1+107¢
166Kd was calculated using the formula
By X X"
167 Y=—7—+ -Eq 2
K,/ +X

168GraphPad Prism 8.0 was used for calculations (GraphPad Software Inc., CA, USA).

1692.6 cCAMP assay:

170hFSH-induced cAMP production post peptide treatment was measured by commercially
171available enzyme immunoassay (EIA) kit (Cayman Chemical Company, Ann Arbor, MI,
172USA) as described previously (Dupakuntla, Pathak, Roy, & Mahale, 2012). HEK-rFshr
173cells treated with 1mM isobutylmethylxanthin (IBMX) were incubated with increasing
174concentrations (600 uM-9600 pM) of peptide followed by incubation with hFSH (1
175ng/well) for half an hour at 37°C. The cells stimulated with 1.0 ng of FSH were used as
176positive control whereas cells without FSH/peptide treatment were used as negative
177control. The assays were performed thrice independently. The ICs, value was calculated
178using Eq 1.

1792.7 Animals:



180Immature (21-23 day old) Holtzman female rats bred and maintained in breeding
181colonies of ICMR - National Institute for Research in Reproductive Health (ICMR-
182NIRRH) were used to validate the activity of AFSHB 89-97(*'STDC*/AAAA) peptide in
183vivo. The animals were maintained at controlled temperature (23 + 1 C) and humidity
184(55 £ 5%), with a 14-h light/10-h dark cycle. The animals were supplied with water and
185food ad libitum. Animal study protocol was approved by institutional ethics committee
186recognized by Committee for the Purpose of Control and Supervision of Experiments on
187Animals (CPCSEA; project no: 24/15).

1882.7.1 Treatment of animals:

189Steelman-Pohley assay was performed to evaluate the bioactivity of AFSHB 89-
19097(°*'STDC*/AAAA) peptide in immature female rats. To decide the minimal effective
191FSH concentration, immature female rats were treated with varying concentrations of
192human urinary FSH (0, 0.5, 1.0 and 1.5 IU/injection; Foliculin; Bharat Serum and
193Vaccines Limited; n= 5/group) along with 6.6 IlU of hCG (HUCOG; Bharat Serum and
194Vaccines Limited) as described previously (Prabhudesai et al., 2020). Animals used to
195determine the effect of AFSHB 89-97(°*'STDC*/AAAA) peptide on FSH-induced ovarian
196weight gain were administered with the peptide (20 mg/kg BW) followed by FSH (1.0 1U)
197and hCG (6.6 IU) injection (n=6). Parallel positive and negative control groups were
198maintained with the animals injected with 0.01 M PBS followed by FSH and hCG
199injection or only hCG injection respectively (n=5/group). All injections were administered
200subcutaneously morning (9:00 h) and evening (16:00 h) for 3 consecutive days. Post 72
201h of first injection animals were sacrificed, ovaries were collected, weighed and
202subjected to flow cytometry.

2032.8 Cell cycle analysis:

2040varies harvested from sacrificed animals were collected on ice cold serum free
205DMEM/F12 medium supplemented with L-glutamine. Granulosa cells were released
206from the ovaries mechanically and processed for propidium iodide (PI) staining (Chitnis
207et al., 2008). Each tube contained granulosa cells pooled from 2 ovaries of 2 different
208animals of same group. A total of 10,000 cells were acquired for each experiment on BD
209FACS Aria with argon laser (Becton Dickinson; San Diego, CA). Data were analyzed
210using FACS Diva Version 6.1.3 software (BD Biosciences). Each experiment was
211performed in triplicates.

2122.9 Gene expression analysis:

213The effect of FSHR 89-97(°*'STDC*/AAAA) peptide on ovarian physiology was further
214evaluated by quantitatively measuring gene expression profiles for estrogen receptor-
215alpha (ERa), beta (ERP) and androgen receptor (AR). Briefly, RNA was extracted as
216per manufacturer’'s protocol from whole ovaries using RNeasy Mini Kit (Qiagen)
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217(n=1/group). cDNA was synthesized from 2ug of RNA using SuperScript™ Ill First-
218Strand Synthesis System (Thermo Fisher Scientific). Real-time PCR was carried out
219using gene specific TagMan assay probes (Table 1) (Thermo Fisher Scientific) with 18s
220as an internal control. The PCR reaction was carried out for 35 cycles at a T, of 60°C
221for all the probes. CFX Manager 3.1 software (Bio-Rad) was used to obtain Ct values
222and the relative level of each gene was calculated using double-delta CT method
223normalized to 18s.

224Table 1- List of probes used for gene expression analysis

S.No | Gene TagMan probe

1 ERa Rn00560747_m1-FAM?
2 ERB Rn00433142_m1- FAM?
3 AR Rn00562610_m1- FAM?
4 18S Rn03928990 g1- VIC®

225°FAM: Fluorescein amidites; *VIC:2'-chloro-7'phenyl-1,4-dichloro-6-carboxy-fluorescein
2262.10 Statistical analysis:

227Normality of the data was tested using Shapiro-Wilk test. Normally distributed data was
228analyzed using one-way ANOVA with Tukey's multiple comparisons test whereas, not
229normally distributed data was analyzed using Kruskal-Wallis test followed by Dunn’s
230multiple comparisons test. The values of *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
2310.0001 with respect to control group were considered as statistically significant.

232

233 3. Results:

2343.1 AFSHB 89-97(°’STDC*/AAAA) peptide could bind to bind at hFSHR (ECD):

235The top ten binding poses obtained by peptide docking were subjected to 50 ns of MD
236simulation. We observed that two poses moved away from the original binding site
237during the simulation (poses 038-0049 and 079-0315; Fig S1). All the remaining poses
238remained close to the original binding site, similar to the observation for FSHB (89-97)
239peptide (Prabhudesai et al., 2020). Among these poses, 023-0004 showed the lowest
240variation in RMSD during the MD simulation (Table 2 and Fig S3 and S4), and also the
241lowest binding energy computed by either standard or Nwat-MMGBSA calculations
242(Table 2).

243

244Table 2 MD simulation analysis of the top 10 FlexPepDock poses



Pose AVg RMSD? AENwatb =0° AENwatb= 30°
(#run-#model) | (A) (kcal/mol) (kcal/mol)
003-0367 1.7+0.3 -11.910.4 -61.3+1.1
010-0195 2.0£0.9 -14.4+0.7 -65. 9+1.1
017-0226 2.3+0.8 -19.040.7 -70.3+1.2
023-0004 1.4+0.3 -29.0%0.6 -88.2+1.1
038-0049 3.2+0.5 -28.8+0.3 -66.8+1.0
038-0104 2.2+0.9 -10.940.3 -63.7+0.9
045-0498 2.0£0.7 -24.7+0.4 -73.3+1.2
055-0622 3.0+0.8 -7.5+0.2 -51.5+1.0
071-0349 2.4+0.8 -7.2+0.3 -58.6+1.3
079-0315 3.0+0.8 -10.240.5 -55.6+1.3

245°%Calculated on the whole trajectory (50ns) for ligand backbone atoms only; starting geometry
246was used as reference. "Average MM-GBSA binding energies (kcal/mol) + standard error of
247mean; the entropic contribution has been neglected. The last 10 ns of MD trajectory were
248analyzed. °Nwat = 0 corresponds to standard MMGBSA calculation; Nwat = 30 corresponds to
249MMGBSA calculation with 30 explicit water molecules (as part of receptor) that are in each
250frame closest to the ligand atoms. The top-ranked pose is highlighted in bold.

251

252

253Fig 1 Binding mode predicted for the top-scored pose obtained by docking, followed by
25450 ns of MD simulation and cluster analysis. A. Global view of AFSHB 89-
25597(*'STDC*/AAAA) peptide (purple ribbon) complexed with ECD of hFSHR (grey ribbons);
256crystallographic FSH (white ribbon) is depicted for reference. B. Details of hFSHR(ECD) binding
257site.

258We observed that binding energy computed for AFSHB 89-97(*'STDC*/AAAA) peptide
259is comparable to that obtained for the parent FSHpB (89-97) peptide. While average MM-
260GBSA binding energies (kcal/mol) of the top pose obtained for FSHB (89-97) peptide at
261Nwat=0 and Nwat=30 were —26.6% 0.4 and -86.5 + 0.9 respectively (Prabhudesai et al.,
2622020); similar results were obtained for pose 023-0004 of AFSHB 89-



26397(°*'STDC*/AAAA) peptide (-29.0 + 0.6 and —88.2 + 1.1 for Nwat=0 and Nwat=30,
264respectively). Moreover, as previously reported for FSHB (89-97), computational
265analysis revealed that AFSHB 89-97(°*'STDC*/AAAA) peptide can interact with hFSHR
266(ECD) providing steric interference to the binding of FSH (Fig 1A). A deeper analysis of
267the binding mode shows that the peptide mostly interacts with the receptor through its
268N- and C-terminal residues (Fig 1B). The NH3; group of S89 participates in H-bond with
269side chains of S201 and salt bridge with D202. Additionally, S89 interacts with N199
270and D224 through its hydroxyl side chain. A salt bridge is also formed between D90 and
271R227 side chains. Another salt bridge is observed between C-terminal R97 and E197.
272Two intramolecular H-bonds that might contribute in stabilizing the peptide binding
273conformation are observed within AFSHB 89-97(*'STDC*/AAAA). The first generates a
274y-turn involving D90 carbonyl and A92 NH. The second involves A93 carbonyl and T95
275side chains. Overall, the data suggest that the central residues of FSHpB (89-97) peptide
276are not essential for its binding to hFSHR (ECD).

277To predict selectivity of AFSHB 89-97(*'STDC*/AAAA) peptide towards hFSHR, as
278compared to its closest homolog hLHR, the in silico experiments were repeated with
279hLHR and the observations were compared. Computed binding energies, as well as
280average RMSD during the 50 ns of MD simulation, are reported in Table S2. The time
281levolutions of receptor and ligand RMSD are depicted in Fig S5 and S6, respectively.
282Two of the ten evaluated poses, namely 027-0322 and 049-0353, were stable through
283the course of simulation (Fig S2). The lowest binding energy was computed for the
284former pose by Nwat-MMGBSA using either Nwat=0 or Nwat=30 (-23.2+0.5 and
285-68.3+1.1 kcal/mol, respectively; Table S2). Based on the overall analysis, AFSH3 89-
28697(*'STDC*/AAAA) peptide seems to have a higher binding affinity to hFSHR as
287compared to hLHR.

2883.2 AFSHP 89-97(°'STDC*/AAAA) peptide inhibited FSH binding and FSH-induced
289cAMP production in HEK-rFshr cells:

290AFSHB 89-97(*'STDC*/AAAA) peptide was assessed for its effect on binding of ['#I]-
291FSH to FSHR. The peptide could inhibit binding of iodinated hFSH to rFshr expressed
292on membrane preparation of HEK-293 cells. The binding affinity of this peptide was
293compared with that of the parent FSHB (89-97) peptide (Prabhudesai et al., 2020).
294Highest concentration (9600 uM) of AFSHB 89-97(°'STDC*/AAAA) peptide showed
295around 80% binding inhibition of FSH to FSHR; whereas highest concentration (9600
296uM) of FSHP (89-97) peptide showed 100% binding inhibition (Fig 2A). ICs, and Kd of
297AFSHB 89-97(*'STDC%*/AAAA) peptide were observed to be (7.945 + 0.0535) x 10° M
298and (7.799 + 0.105) x 10 M respectively.

299Effect of AFSHB 89-97(°'STDC*/AAAA) peptide incubation on downstream signaling
300process was evaluated by estimating hFSH-induced cAMP levels. HEK-rFshr cells
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301stimulated with 1 ng of FSH showed 200-fold increase in cAMP production. The peptide
302could reduce hFSH-induced cAMP production. The activity of AFSHB 89-
30397(°*'STDC*/AAAA) peptide was compared with that of FSHB (89-97) peptide
304(Prabhudesai et al., 2020). At lowest concentration (600 pM), AFSHB 89-
30597('STDC*/AAAA) and FSHB (89-97) peptide decreased FSH-induced cAMP
306production by 1.2-fold and 1.5-fold respectively. At highest concentration (9600 uM) of
307both the peptides, hFSH-induced cAMP levels were equivalent to basal cAMP level (Fig
3082B). ICs of AFSHP 89-97(°*'STDC*/AAAA) peptide was observed to be 1.631 x 10 M.
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310Fig 2 Effect of FSHB (89-97) and AFSHB 89-97(*'STDC®*/AAAA) peptides on A. binding of
311FSH to FSHR and B. FSH-induced cAMP production: A. HEK-rFshr cells were incubated with
312increasing concentration (600 uM-9600 uM) of FSHPB (89-97) or AFSHB 89-97(*'STDC*/AAAA)
313peptide in presence of ['*I]-FSH. %B/B, indicates the amount of iodinated-FSH bound to HEK-
314rFSHR specifically. Nonspecific binding was evaluated by incubating 1 ug of FSH at each
315individual experiment. Each point represents the mean * SEM of three independent
316experiments for FSHB (89-97) peptide and two independent experiments for AFSHB 89-
31797(°'STDC*/AAAA) peptide. B. cAMP levels measured in HEK-rFshr cells treated with 1 ng of
318hFSH in presence of different doses (600 uM-9600 uM) of FSHP (89-97) or AFSHB 89-
31997(*'STDC*/AAAA) peptide. cAMP levels measured in presence of 1 ng hFSH and in absence
3200f FSH/peptides (basal cAMP) are indicated by dotted lines. The assay was performed three
321times. Each point represents the mean + SEM of a representative experiment performed in
322duplicates.

3233.3 AFSHB 89-97(°'STDC*/AAAA) peptide decreased FSH-mediated increase in
324ovarian weight of immature female rats:

325Effect of AFSHB 89-97(°*'STDC%*/AAAA) peptide on ovarian weight of immature rats was
326studied by Steelman-Pohley assay. As compared to hCG alone, treatment of FSH along
327with hCG significantly increased the ovarian weight in immature rats. The increase in
328ovarian weight was observed to be directly proportional to the amount of FSH
329administered exogenously (Fig S8). Administration of AFSHB 89-97(*'STDC*/AAAA)
330peptide prior to FSH and hCG injection reduced FSH-mediated ovarian weight gain. The
331reduction in ovarian weight was however not found to be statistically significant (Fig 3).
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332The experiment in which AFSHB 89-97(*'STDC%*/AAAA) and FSHB (89-97) peptide
333have been studied together along with negative and positive controls showed that
334AFSHB 89-97(°*'STDC*/AAAA) peptide could reduce ovarian weight gain similar to
335FSHp (89-97) peptide (Fig S9).
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337Fig 3 Effect of AFSHB 89-97(*'STDC®/AAAA) peptide on FSH-mediated ovarian weight
338gain in immature rats: Box and Whisker plot representation of fold change in ovary weight to
339body weight ratio in immature female rats. Immature female rats were administered with AFSH[
34089-97(°*'STDC*/AAAA) peptide (20 mg/kg BW) along with hCG and FSH injection (n=6). Parallel
341positive and negative controls were maintained by animals injected with hCG along with FSH or
342only hCG respectively (n=5/group). Animals were sacrificed after 72 h of first injection and
343ovarian weights were measured. Comparison of each treatment group was conducted using
3440ne-way ANOVA with Tukey's multiple comparisons test on normally distributed data. **** and
345*** indicate statistically significant difference (p < 0.0001 and p < 0.001 respectively).

3463.4 AFSHB 89-97(°'STDC%/AAAA) peptide impaired FSH-mediated cell cycle
347progression of rat granulosa cells:

3480varies of animals treated with hCG, hCG+FSH and hCG+FSH+AFSH@ 89-
34997(*'STDC*/AAAA) peptide were stained with Pl for cell cycle analysis. Animals treated
350with hCG had highest number of cells in GO/G1 phase of cell cycle and lowest number
3510f cells in S and G2/M phase of cell cycle. Treatment of animals with FSH in
352combination with hCG promoted cell cycle progression beyond GO0/G1 phase as
353observed from increase in number of cells in S and subsequent G2/M phases of cell
354cycle. It was observed that the treatment of peptide along with FSH and hCG decreased
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355number of granulosa cells in S phase of cell cycle. However, the number of granulosa
356cells in G2/M phase in peptide-treated group were observed to be same as hCG+FSH-
357treated group. Decrease in the number of granulosa cells in S phase was found to be
358statistically significant (Fig 4; Fig S10). AFSHB 89-97(*'STDC®*/AAAA) peptide inhibited
359transition of granulosa cells from G0/G1 to S phase similar to FSHp (89-97) peptide (Fig
360S11).
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362Fig 4 Effect of AFSHR 89-97(*'STDC*/AAAA) peptide on granulosa cell cycle progression
363in immature female rats: Scatter plot representation of fold change in percentage of granulosa
364cell population in GO/G1, S and G2/M phases of cell cycle. Each point represents the fold
365change in % granulosa cells pooled from 2 ovaries/group in each experiment (total number of
3660varies=6/group). The mean value of hCG-treated negative control is taken as 1. The vertical
367line represents the mean + SEM for three independent experiments. Comparison of each
368treatment group was conducted using one-way ANOVA with Tukey's multiple comparisons test
3690n normally distributed data. ****, *** and * indicate statistically significant difference (p< 0.0001,
370p=< 0.001 and p=< 0.05 respectively).

3713.4 AFSHp 89-97(91STDC94/AAAA) peptide reduced AR and ERa expression and
372increased ERp expression

373Effect of AFSHB 89-97(*'STDC*/AAAA) peptide on ovarian physiology was studied by
374real-time PCR using TagMan assay probes for AR, ERa and ERp genes. In our
375previous study, we reported that administration of the parent peptide FSHB (89-97) at
376the same concentration of 20mg/kg BW in adult female rats resulted in reduced antral
377follicles, high serum testosterone and reduced estradiol levels (Prabhudesai et al.,
3782020). It is well known that FSHR inhibition leads to increase in testosterone and
379decrease in estradiol production (Danilovich et al., 2000). /In vitro assays, using rat
380granulosa cells, have demonstrated that addition of dihydrotestosterone (DHT) to
381medium markedly reduces AR expression (Tetsuka & Hillier, 1996). In concurrence with
382the above observations, we observed that AR expression is reduced in the peptide-
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383treated group as compared to the controls (Fig 5). In ovaries, response to estrogen is
384mediated by estrogen receptors a and . FSHR inhibitor when injected intramuscularly
385in mice has been reported to cause reduced expression of ERa (Lai et al., 2018).
386Likewise, we also observed that the peptide-treated group had reduced ERa levels as
387compared to controls (Fig 5). ERp is known to be expressed by granulosa cells and is
388the predominant form during the follicular phase in ovaries (Fitzpatrick et al., 1999;
389Paterni, Granchi, Katzenellenbogen, & Minutolo, 2014). Administration of FSH is known
390to increase ERp expression which is attenuated in presence of LH or hCG (Byers,
391Kuiper, Gustafsson, & Park-Sarge, 1997). ERp is known to be expressed mainly by
392medium-sized follicles as compared to preovulatory/large follicles. (Bao, Kumar, Karp,
393Garverick, & Sundaram, 2000). The level of ERp is known to dramatically decline
394following the ovulatory surge of gonadotropins (Fitzpatrick et al., 1999). Based on these
395known facts, we would expect the peptide-treated group to have higher ERf expression
396as compared to the control group, since the peptide has FSHR antagonist activity,
397which will prevent the transition of medium sized follicles to preovulatory follicles.
398Expectedly, levels of ERB were amplified in AFSHB 89-97(°'STDC%/AAAA) peptide
399group as compared to the hCG/FSH+hCG control groups (Fig 5).

400

401

B hCG
OFSH +hCG

CIAFSHP 89-97(91STDC94/AAAA) +FSH + hCG

+

Fold change in gene expression

ol

ER-alpha ER-beta AR

402 Genes
403 Fig 5 Effect of AFSHB 89-97(°*'STDC®/AAAA) peptide on gene expression profile in

404ovaries: Quantitative analysis of mRNA levels of ERa, ERf and AR in immature female rat
4050varies. Decreased expression was observed for ERa and AR genes while ERf was
406upregulated in peptide-treated ovaries as compared to controls (hCG/FSH+hCG). Data is
407represented as mean £ SEM performed twice in triplicates (n = one per group).

408Discussion:
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4090ver the past few decades, use of peptides as drugs has gained momentum because of
410their unique biochemical and therapeutic properties. The larger binding interface of
411peptides gives them the advantage of having high specificity towards their targets
412leading to higher efficacy and fewer side effects as compared to small molecules.
413Peptides, derived from natural proteins, are less toxic and immunogenic as compared to
414small molecules and recombinant antibodies or proteins. Being smaller in size, peptides
415have lower production complexity that eventually translates to lower production cost and
416rapid synthesis. In spite of these advantages, direct therapeutic application of bioactive
417peptides is often constrained. Peptides are sensitive to cleavage by serum proteases
418and often suffer from short half-life and low bioavailability in vivo (Lenci & Trabocchi,
4192020) (Fosgerau & Hoffmann, 2015). These drawbacks can be bypassed by introducing
420non-peptidic moieties in a manner to retain the overall pharmacophoric features
421required for bioactivity (Lenci & Trabocchi, 2020). Hence, the knowledge of
422pharmacophoric residues in a bioactive peptide is of utmost importance in
42 3peptidomimetic design.

424ldentification of pharmacophore elements and minimal active residues within a peptide
425can be achieved by analyzing the structure-activity relationship of peptides. Several
426successful attempts have been made to improve the pharmacokinetic properties of
427peptides by replacing the non-critical amino acids while retaining the pharmacophores
428of peptide (Mabonga & Kappo, 2020) (Zhang et al., 2008) (Sethi et al., 2008).

429Campbell and co-workers, using chimeric studies, showed that the receptor binding
430activity of FSH[ is confined to its C-terminal residues (88-108). The chimera generated
431by replacing C-terminal residues of hCGB (94-145) with residues of hFSHB (88-108)
432could activate FSHR similar to FSH (Campbell et al., 1991). A triple alanine mutant
433involving residues D%, T% and V* of hFSHB had very low FSHR binding affinity and
434activity. Alanine substitution in place of R¥, G* and L* of hFSHp also showed lower
435binding affinity as compared to wild type hFSH suggesting that the residues within
436hFSHPB sequence 93-99 play a vital role in receptor binding (Lindau-Shepard et al.,
4371994). By in vitro assays, Santa-Coloma and Reichert, Jr. demonstrated that peptide
438corresponding to hFSHp residues 81-95 can behave as partial agonist of FSHR at high
439doses (Santa Coloma & Reichert, 1990). Another peptide-based study showed that
440residues 90-95 are involved in FSHR binding as the peptide corresponding to these
441amino acids could inhibit FSH-FSHR binding and alter estrous cycle in mice at 200 ug/g
442BW dose (Grasso et al., 1998). Interestingly, a study carried out by Dias and co-workers
443demonstrated that hFSH chimera having hLHB residues '"'GGPKDH'® instead of
444hFSHPB residues *TVRGLG' did not bind to FSHR suggesting that FSHR binding
445activity is located within residues 95 to 100 of hFSHB (Dias et al., 1994). From the
446above studies, the role of D* of hFSHP in FSHR binding and activation is unclear.
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447In our previous study, we reported a minimal continuous stretch in the seat belt loop of
448hFSHB (FSHP (89-97) peptide) that can influence receptor binding activity in vitro and in
449vivo (Prabhudesai et al., 2020). Pairwise sequence alignment of hFSHf residues (89-
45097) with corresponding residues of hLHB (95-103) revealed that all residues except D%
451and C* are dissimilar in hFSHB and hLHB, suggesting that these residues may
452contribute to receptor binding specificity. Structural analysis of binding interface of
453hFSH-hFSHR (ECD) complex (4AY9; Jiang et al., 2012) revealed that residues S%, D,
454T%, V* and R* of FSHB engage in intermolecular interactions with ECD of hFSHR
455(Sonawani et al., 2013). These observations led us to postulate that *’STDC* may not
456be critical for FSHR interaction. This hypothesis was validated in the present study, by
457critically evaluating the binding affinity and activity of peptide analogue AFSHB 89-
45897(°*'STDC*/AAAA) by in vitro and in vivo experiments.

459AFSHB 89-97("'STDC*/AAAA) peptide could dock with hFSHR(ECD) with similar
460binding affinity as FSHB (89-97) peptide indicating that 91-94 residues may not be
461critical for FSHR binding (Fig 1). We further evaluated the binding affinity and activity of
462AFSHPB 89-97(°*'STDC*/AAAA) peptide by in vitro methods such as RRA and cAMP
463assay and in vivo studies using rat as animal model. AFSHB 89-97(*'STDC®*/AAAA)
464peptide could inhibit binding of ['®I]-FSH to FSHR and reduce hFSH-induced cAMP
465production in HEK-rFshr cells. Efficacy of AFSHB 89-97(*'STDC*/AAAA) peptide was
466lower than FSHB (89-97) peptide for inhibiting binding of iodinated FSH to rFshr.
467However, the inhibitory effect of AFSHB 89-97(°'STDC*/AAAA) peptide on hFSH-
468mediated cAMP production was comparable to FSHf (89-97) peptide (Fig 2A and B).

469Bioactivity of AFSHB 89-97(*'STDC*/AAAA) peptide was determined by Steelman-
470Pohley assay performed on immature female rats devoid of circulating FSH. In these
47 1rats, ovarian weight gain is achieved by injecting FSH exogenously (Steelman & Pohley,
4721953). Immature rats treated with hFSH (urofollitropin) along with hCG had enlarged
473ovaries. Expectedly, the weight of these ovaries was significantly higher as compared to
474ovaries of animals treated with only hCG (Fig S8). The FSH-mediated increase in
475o0varian weight was abrogated when AFSHB 89-97(*'STDC*/AAAA) peptide was
476injected prior to FSH and hCG injection (Fig 3). Reduction in ovarian weight suggests
477that the peptide can inhibit FSH-FSHR interaction in vivo.

4780varian weight gain, stimulated by FSH, is due to the downstream effect of FSH-FSHR
479interaction that eventually leads to growth and division of granulosa cells and follicular
480development (Hsueh, Kawamura, Cheng, & Fauser, 2015) (Dewalilly et al., 2016). Thus,
481linhibition of FSHR will retard granulosa cell proliferation. As expected, ovaries of
482animals treated with hCG (devoid of FSH) had lowest number of granulosa cells in S
483and G2/M phases of cell cycle whereas ovaries of animals treated with FSH along with
484hCG had highest number of granulosa cells in S and G2/M phases of cell cycle
485suggestive of FSH-mediated granulosa cell cycle progression. Administration of AFSHf

15



48689-97(*'STDC*/AAAA) peptide arrested transition of granulosa cells from G0/G1 phase
487to S phase as observed by significantly reduced number of granulosa cells in S phase
488of cell cycle (Fig 4; Fig S10). The ovarian weight gain assay and granulosa cell cycle
489analysis demonstrated that the AFSHB 89-97(°*'STDC%/AAAA) peptide can impair
490granulosa cell cycle progression leading to reduction in ovarian weight gain by inhibiting
491FSH-FSHR interaction in the ovary. Through gene expression analysis, we observed a
492decline in AR and ERa expression and increase in ERB expression in peptide-treated
493ovaries as compared to controls (Fig 5); further strengthening the inference that AFSHf
49489-97(*'STDC*/AAAA) peptide can inhibit FSH-FSHR interaction similar to FSHB (89-
49597) peptide. It is noteworthy that a FSHR antagonist peptide can be designed by
496retaining only 5 amino acids (¥*SD and *TVR?") of FSHB.

497 4. Conclusion:

498In the present study, we have identified four residues within a 9-mer FSHB (89-97)
499peptide that are not crucial for FSH-FSHR interaction and hence can be replaced for
500development of peptidomimetics. AFSHB 89-97(*'STDC*/AAAA) peptide could inhibit
501binding of ['*I]-FSH to rat Fshr and reduced hFSH-induced cAMP production. In vivo
502administration of the peptide in immature female rats led to reduced FSH-mediated
503ovarian weight gain and granulosa cell cycle progression beyond G0/G1 phase of cell
504cycle by inhibiting FSH-FSHR interaction in the gonads. These observations indicate
505that alanine substitution did not affect FSHR antagonist activity of FSH (89-97) peptide
506and the knowledge of the pharmacophoric and non-pharmacophoric residues of FSH
507(89-97) peptide can be utilized for design of peptidomimetic modulators of FSHR.
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