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Abstract 

In earlier work, we used partially overlapped synthetic peptides as a tool to find regions 

of interaction between the human FSH hormone and its receptor, aiming to find possible 

antagonists or agonists. Years later, the FSH and FSH receptor 3D structures were reported 

by other laboratories. The 3D results were in close agreement with the interacting regions 

predicted by using synthetic peptides. These earlier studies are reviewed here, and the 

predicted regions of interaction compared to the FSH and FSH receptor 3D structures to 

illustrate the usefulness of the synthetic peptide strategy to find binding regions. Different 

contact regions contribute multiplicatively to the high affinity of the entire ligand; thus, 

peptides covering a fraction of the anchor sites and with low free energy density cannot 

reach the affinity of the entire molecule. The earlier use of multiple linear regression to 

find the relevant predictors for effective binding, and a new way to estimate ΔG° and 

nonadditive interactions for the synthetic peptides in solution, by using the buried surface 

area (BSA), will be discussed.  

 

1. Introduction 

Synthetic peptides have been used extensively to map interacting regions between 

proteins, including different types of ligands, receptors, and antibodies 1-4, or to identify 

interacting partners 5. Also, to produce synthetic agonists or antagonists with therapeutic 

purposes 6.  In this review, the usefulness of using overlapping synthetic peptides as a tool 

to map interacting regions will be discussed, using the glycoprotein hormone FSH as a 

model system 7. 

The glycoprotein hormones FSH, LH, hCG, TSH are essential for normal growth 

and reproductive function 8, 9.  FSH contains two subunits, FSH-α and FSH-β 7, 10, 11. The 
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α-subunit is common to all the gonadotropins and the β-subunit differs, conferring the 

binding specificity towards its receptor. Its primary, secondary, tertiary, and quaternary 

(heterodimer) structures are illustrated in Figure 1. The sequences of the mature subunits 

are shown. The sequence of the FSH-β, 111 amino acids, is longer than the FSH-α, which 

has 92 amino acids (Fig. 1A). The secondary structure (Fig. 1B) was derived from the X-

ray data 1FL7 (Protein Data Bank, PDB, entry 1FL7, rcsb.org). The sequences shown lack 

a few amino acids at the N and C-terminal regions that could not be assigned in the 3D 

structure. Fox et al. 12, by using X-ray diffraction, were the first to obtain the three-

dimensional structure of FSH using a βThr26Ala mutant of human follicle-stimulating 

hormone (FSH); it was with a 3.0 Angstrom resolution. The mutation Thr26Ala avoided 

the glycosylation at Asn24, making a protein suitable for crystallization, without 

compromising its receptor binding and activity. Figure 1C shows the 3D FSH molecule 

obtained by Fox et al. 12 corresponding to 1FL7. For a detailed discussion and features of 

the FSH structure, see the work of Fox et al. 12, Fan et al. 13-15, and Jiang et al. 16-18. Also, 

important structural features of the FSHR have been recently reviewed by Ulloa-Aguirre 

et al. 19. 

We focused our earlier work on the β subunit of FSH since it is unique for each 

gonadotropin and determines their specificity.  We first study the possible interacting 

regions of FSH-β with the FSH receptor (FSHR), and then, the possible contact regions 

between the FSH-α and β subunits. These earlier studies regarding the mapping of the 

interacting regions of FSH are reviewed here, now that the 3D of the FSH and the 

FSH::FSH receptor complexes are known, and we can compare the predicted binding sites 

assessed by using synthetic peptides with the actual binding regions in the 3D structures.   

Near three decades ago, using synthetic peptides, we found two receptor-binding 

regions in the FSH-β subunit, FSH-β-(33-53) and FSH-β-(81-95) 20-22.  However, when the 
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3D structure of FSH was determined 12, 19, these two regions were mistakenly disregarded 

as possible binding regions, given the wrong impression that the overlapping peptide 

approach was useless.  Thus, all future work neglected these earlier findings. However, 

later the 3D structure of the FSH-FSHR complex was determined 15, 18, and, as it will be 

discussed here, the regions FSH-β-(33-53) and FSH-β-(81-95) actually include the main 

receptor-binding regions of the FSH-β subunit, as the synthetic peptide approach predicted 

more than 20 years earlier 21, 22.   

The strategy of joining two separated binding regions to increase the affinity by 

mimicking the protein surface, used in earlier work 23, will be also discussed together with 

the limits that ΔG imposes on the ideal affinity of synthetic peptides. ΔG paradoxes, in the 

sense that they show a situation that is true but seems difficult to understand because it has 

opposite characteristics according to the value and sign of the ΔG terms enthalpy and 

entropy, will be also discussed.  In addition, earlier attempts to define the relevant 

parameters for binding and to predict the relative inhibitory ability by using multiple linear 

regressions will be discussed. Noteworthy, in these regressions, hydropathicity was not a 

good predictor as the structural Garnier’s parameters and average flexibility of the peptide. 

Finally, additive and nonadditive effects on the free energy of binding for these small 

synthetic fragments of FSH-β will be discussed together with a strategy to calculate their 

ΔG° values by using the buried surface area (BSA). 

These observations reinforce the idea of using overlapping synthetic peptides to 

map interacting regions of proteins, develop possible antagonists or agonists, and study 

additive and nonadditive interactions.  
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2. Finding the receptor-binding regions of FSH-β using synthetic overlapping 

peptides  

The studies aiming to map the receptor-binding regions of FSH were initiated more than 

three decades ago, in the laboratory of Leo E. Reichert Jr. at The Albany Medical College 

(Albany, NY). The goal was to find the interacting regions of FSH with its receptor and to 

evaluate the possibility of developing synthetic agonists or antagonists of FSH by using 

synthetic peptides. We focused on the FSH-β subunit since this subunit determined the 

binding specificity. This did not mean that the alpha-subunit was not important for 

productive binding. It was already known that both subunits of LH, TSH, and hCG were 

able to interact with the receptor and have intrinsic biological activity 11. Using a similar 

approach, Leng et al. 24 later found a region of interaction between the alpha subunit of 

gonadotropins and the FSH receptor, located between amino acids GPH-α-(32-46).  Thus, 

it was clear at that time that both subunits contributed to keeping the correct structure and 

binding to the receptor.  

Initially, it was observed that epidermal growth factor (EGF) was able to compete 

with the binding of FSH to its receptor, although with much less affinity 25. When the EGF 

and the FSH-β sequences were compared by using dot plots (similarity matrixes) 26, two 

tetrapeptides in common were found, TRDL (aa 34-37) and KTCT (aa 49-52). The KTCT 

sequence was within the pro-peptide of EGF, thus it was not involved in the binding 

competition. However, noteworthy, KTCT was also located near TRDL in the FSH-β, and 

synthetic peptides corresponding to these two sequences were both able to inhibit FSH 

binding to the receptor 25. Meanwhile, a computer program developed by Stanley Krystek, 

working at that time in the recently established laboratory of Thomas Andersen, showed 

that regions covered by these tetrapeptides were hydrophilic and probably exposed to the 

surface 27, 28.  Intriguingly, preliminary results 20, 29 also showed a cross-talk between the 
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EGF signaling and the FSH signaling, reflected in reduced general protein phosphorylation 

in Sertoli cells pretreated with EGF before FSH stimulation, suggesting the activation of 

phosphatases by EGF, and a cross-talk among the FSH and EGF signaling.  This crosstalk 

was later studied by other laboratories 30, including the possible involvement of the dual 

phosphatase DUSP6, which expression is upregulated by EGFR through ERK1/2 signaling 

31.   

Since these two peptides were close to each other in the FSH-β sequence (Fig. 1A), in 

preliminary work, Andersen et al. 32 synthesized a peptide including both regions TRDL 

and KTCT, and the sequence between them as a bridge, the peptide FSH-β-(33-53) (Fig. 

2A), and tested its inhibitory capacity 32. We later reported that FSH-β-(33-53)  had  ~100-

fold improved affinity (Kd = 1 x 10-4 mol L-1, Ka=1 x 104 mol-1L; Kd=1/Ka) compared to 

TRDL (FSH-β-(34-37), Kd= 1.25 x 10-2 mol L-1, Ka= 0.8 x102 mol-1L) or KTCT alone 

(FSH-β-(49-52), Kd= 0.71 x 10-2 mol L-1, Ka 1.41 x 102 mol-1L) 21 (Fig, 2A). These 

encouraging results prompted us to map the entire FSH-β subunit by using the 15 mer 

overlapping peptides shown in Figure 2B (5 overlapping amino acids at each extreme), a 

strategy previously used by Charlesworth et al.  33 to map the receptor-binding regions of 

the alpha subunit of gonadotropins, using thyroid-stimulating hormone (TSH) as a model 

system 11, 34, 35. Thus, using these peptides to compete for 125I-FSH binding to the receptor, 

we found that peptides FSH-β-(31-45) and FSH-β-(81-95) had the strongest inhibitory 

ability 22. FSH-β-(31-45) included the region FSH-β-(34-37), TRDL, that, as mentioned 

above, was previously identified as a receptor-binding region 25, 36. The peptide FSH-β-(81-

95) produced the strongest inhibition, suggesting that it formed another receptor binding 

region. FSH-β-(81-95) includes the “determinant loop” (amino acids Cys87-Cys94 in FSH, 

93-100 in hLH, hCG, and 88-95 in hTSH), a region previously thought to be determinant 
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for the interaction of glycoprotein hormones to receptors 37.  In conclusion, FSH-β-(33-53) 

and FSH-β-(81-95) were proposed to contain the receptor-binding regions of FSH-β 22. 

 

3. Regions of interactions between the alpha and beta subunits of FSH 

The same 15 mer overlapping peptides were then used to identify possible regions 

of interaction between the FSH-α and the FSH-β subunits 38.  The peptides were adsorbed 

to nitrocellulose and their ability to bind 125I-FSH-α was tested. The results suggested the 

presence of several regions of interaction. The 125I-FSH-α subunit was able to bind 

primarily to the synthetic peptides FSH-β-(11-25), (41-55), (51-65), (101-111). The 

regions of interaction with the beta subunit in the alpha subunit were not studied. A 

difficulty with this solid-phase approach is that some peptides might have stronger binding 

to the nitrocellulose than others. Also, the binding to the nitrocellulose can alter the peptide 

structure, and the bovine serum albumin used to block empty spaces could also have 

shielded some peptides, at least partially. The peptides were attached to the nitrocellulose 

surface by using their hydrophobic regions, thus hindering these regions from the 

interaction. In retrospect, these results should have been confirmed by adsorbing the FSH-

α subunit to nitrocellulose and evaluating the 125I-FSH-β binding in the presence of the 

different peptides, and then analyzing if the results had an agreement with those obtained 

by attaching the peptides to the membrane. It should be also considered that another 

difficulty for assays with synthetic peptides in solution is that some peptides may be 

partially insoluble or completely insoluble. Other laboratories later improved this initial 

solid-phase approach, and at present, the peptides can be labeled with fluorochromes, 

biotin, etc. for quantification,  and attached to the membrane by using linkers or BSA, or 

even custom made on chips, avoiding the above-mentioned difficulties by using a variety 

of different strategies 39-47.  
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Now that we have available the FSH 3D structure, we can analyze whether the 

strategy of using overlapping synthetic peptides to map the interface regions gave a 

reasonable approximation, as it will be discussed below. 

 

4. The FSH 3D structure and the location of the predicted regions of interaction  

We performed an initial work regarding the FSH 3D structure in collaboration with 

John W. Crabb from the W. Alton Jones Cell Science Center (Lake Placid, NY). It 

corresponded to a fragment of FSH, the peptide FSH-β-(33-53), obtained by using NMR48. 

Residues FSH-β-(38-40) and FSH-β-(46-48) were seen to form an antiparallel β-sheet, 

linked by a short loop formed by amino acids (41-45); thus, the peptide structure of FSH-

β-(33-53) showed the basic features of a β-hairpin at residues V38-Q48. Interestingly, β-

hairpins have been recognized as an important structural motif for the design of protein 

epitope mimetics 49, 50.   

As shown in Figure 3, the regions FSH-β-(33-53) and FSH-β-(81-95) form a 

continuous surface in the middle of the FSH-β subunit, as was previously postulated when 

the overlapping synthetic peptide approach was used 23. These regions are exposed to the 

surface and form possible anchor sites that could easily interact with the FSH receptor, as 

was later demonstrated when the structure of the FSH-FSHR complex was determined 

(discussed in the next section).  

On the other hand, the β-hairpin structure that we found by NMR at V38-Q48, using 

the synthetic peptide FSH-β-(33-53) in solution 48, was confirmed in the 3D FSH structure 

obtained by Fox et al. 12; these authors named the FSH-β-(38-48) hairpin as the βL2 loop. 

Despite the strong evidence that the region FSH-β-(33-53) includes a receptor-binding 

region 7, 21-23, 48, 51, and similar earlier work by Keutmann et al. with hCG and LH 11, 52, 53, 



Overlapping synthetic peptides and nonadditive interactions 

9 
 

Fox et al. 12, and Roth and Dias 54, the last authors, using alanine scanning, thought that 

this β-hairpin loop was not essential for FSH binding and that it rather stabilized the 

heterodimer association. Roth found that mutation of 48QKTCT52 to 48AAACA52 

produced an FSHβ-subunit that could not associate with the α-subunit to form the 

heterodimer. However, they did find that mutation of 37LVY39 to 37AAA39 caused a 20-

fold reduction in receptor binding. The mutations 34TRDL37 to 34AAAA37 or 44RPKI47 

to 44APAA47 caused lesser but measurable effects. The strongest inhibitory effect was in 

region FSH-β-(37-39). This was in agreement with our earlier results obtained with the 

synthetic peptide FSH-β-(31-45), which showed a high inhibition of FSH binding to the 

receptor 22, and with the previous work with the peptide FSH-β-(33-53) 7, 21, 23, 48, 51. 

Thinking that the binding reduction was actually due to a dissociation between the subunits, 

Fox et al. and Dias et al. erroneously thought that the entire region FSH-β-(33-53) was not 

important for binding to the receptor; they thought that it was only relevant for interaction 

with the α-subunit 12, 54, 55. However, later Fan & Hendrickson 13-15 concluded that the C-

terminal segments of both FSH-α and β-subunits, as well as the αL2 and βL2 loops, actually 

formed receptor binding sites. The reason for the controversy about the region (33-53) was 

that these amino acids interact with both the α-subunit and the receptor, as will be discussed 

in the next section. Thus, the βL2 loop (V38-Q48), included in the peptide FSH-β-(33-53), 

was indeed involved in the interaction with the FSH receptor, as the synthetic peptide 

approach showed originally 21, 25, 32.  

Regarding the second binding region FSH-β-(81-95), its synthetic peptide showed 

the strongest inhibition of 125I-FSH binding to FSHR 22. It includes the “cystine noose” or 

“determinant loop”, which constitutes a short loop between two disulfide-linked cysteines 

β87 and β94, known to be important for receptor binding and activity in hCG 56 and FSH 

7, 22, 23, 51, 57, 58. The regions of interaction buried in the interface of FSH-β-(81-95) with the 
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α-subunit can be found by using the Protein Interfaces, Surfaces, and Assemblies (PISA) 

server (ebi.ac.uk/pdbe/pisa). The PISA service analyzes the free energy of formation, 

solvation energy gain, interface area, hydrogen bonds, salt bridges across the interface, and 

hydrophobic specificity to analyze the 3D structure and make a prediction of the possible 

stable complex. The amino acids of FSH-β-(81-95) shown by the PISA results to be 

involved in the interaction with FSH-α are C87, S89, D90, S91, T92, D93, C94, T95 (Table 

1). Therefore, the region (81-95) has interactions with both the α-subunit and the receptor. 

This can be observed comparing Tables 1 and 2 (the complete data obtained from the PISA 

server are in Tables S1 and S2, suppl. file). This will be further discussed in the next section 

when considering the FSH::FSHR complex. 

Concerning the FSH-α subunit, a region implicated in binding to the receptor, GPH-

α-(32-46), was first found by Charlesworth 33, and further studied by Grasso et al. 24. It also 

forms a continuous surface region next to FSH-β-(81-95), as shown in Figure 3. Details of 

the interacting sites between the FSH-α and the FSH-β subunits can be found in the work 

by Fox, Dias, Fan, and collaborators, already mentioned 12-15, 19, 54, 57-61.  

The predicted interacting regions between the FSH-α and FSH-β subunits, obtained 

by using synthetic peptides, FSH-β-(11-25), (41-55), (51-65), and (101-111) 38, are 

illustrated in Figure 4.  As it can be observed, these peptides embrace the FSH-α subunit 

(GPH-α). However, some regions of interaction were missed by our solid-phase approach. 

The PISA server data of Table 1 (complete data in Table S1), obtained from the PDB 

(protein data bank) entry 1FL7, show buried surface areas (BSA) at amino acid residues 

FSH-β-(8), (10-11), (13), (15), (27-41), (44-53), (56), (58), (74), (76-77), (87), (89-101), 

(103), (105), and (107-109).  Thus, the residues at amino acids (8), (10), (27-41), (74), (76-

77), and (89-101) were not predicted by the synthetic peptide approach. The most important 

regions not predicted to be part of the interface between FSH-α and FSH-β were the regions 
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(27-41) and (89-101). The first region, (27-41), partially overlaps with the FSH-β-(33-53) 

region (38-48 is the βL2 loop involved in receptor binding, with residues 42-43 not buried). 

The second region, (89-101), partially overlaps with the synthetic peptide FSH-β-(81-95). 

Probably the missing residues were hindered by the attachment to the nitrocellulose. 

Nevertheless, all the peptides predicted to have interaction indeed corresponded to 

interacting sites, which include the amino acids FSH-β-(11), (13), (15), (44-53), (56), (58), 

(101), and (107-109).  

Thus, the overall prediction of the interacting regions by using the synthetic 

overlapping peptides was good, although not perfect, with few interactions missed when 

the solid-phase assay was used by attaching the overlapping peptides to the nitrocellulose 

membrane. A very good agreement was found when the peptides were used as competitors 

in solution instead of using the attachment to nitrocellulose. As will be discussed below, it 

was later determined the 3D structure of the FSH::FSHR complex, showing with a robust 

basis that the regions predicted by the synthetic peptide approach were indeed involved in 

receptor binding.  

 

5. Comparison between the predicted binding regions of FSH-β with the FSH-β 3D 

structure bound to the ectodomain of its receptor.  

Earlier attempts to identify the FSH binding regions in the FSH receptor have been 

reviewed in the doctoral thesis dissertation of Johann Sohn and previous work 62-64. These 

authors, using alanine-scanning and photoaffinity labeling of peptides, concluded that both 

the receptor endodomain (membrane inserted) and ectodomain, participate in the 

interaction with FSH, and signal transduction. They also concluded that the FSH-β subunit 

was close to the N-terminal region of the FSHR, and the α subunit should be projected 
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toward the exoloop 3 of the endodomain 62-64. However, the spatial FSH orientation was 

somehow controversial until Fan and Hendrickson 13-15 determined the 3D structure of FSH 

bound to the extracellular domain of its receptor. The structure obtained from the PDB 

database (1XWD), plotted by using PyMol, is shown in Figure 5A. The sequences of 

interaction with the FSH receptor, previously assessed by using synthetic peptides, are 

highlighted. As shown, FSH-β-(33-53) and FSH-β-(81-95) are both parts of the surface of 

interaction with the FSH receptor. FSH-β-(33-53) includes the βL2 loop, residues V38-

Q48. The regions of FSH interaction with the FSH receptor endodomain remain to be 

found. 

Regarding the βL2 loop, Fan and Hendrickson only considered the tip of the βL2 

loop (40-45) as a region of interaction 15. Interestingly, Jiang et al. 16, 18, further adding a 

region between the endo and ectodomain of the receptor (PDB entries 4AY9 18 and 4MQW 

16),  later showed that the βL2 loop constituted part of a hydrophobic pocket crucial for 

binding and activation of the receptor, through binding of a sulfated tyrosine Y335 from 

the receptor, as it was previously suggested by Costagliola et al. 65. This interaction with 

Y335, illustrated in Figure 5B (using the data from the PDB entry 4MQW), induces a 

conformational change essential for receptor activation 18. Thus, the βL2 loop, included in 

the synthetic peptide FSH-β-(33-53) is crucial for receptor binding and activation. 

The second binding region that we found by using synthetic peptides, FSH-β-(81-

95) was also correct. Fan & Hendrickson found that amino acids FSH-β (89), (90), (93-99), 

(103), and (105) were buried in the receptor-ligand interface. They did find that the actual 

binding site was extended beyond amino acid (95) and included (96-99), (103), and (105). 

Thus, it is immediate that a peptide including the amino acids (96-99) could be an even 

better inhibitor than FSH-β-(81-95), found in our initial screening. Interestingly, recently 

Prabhudesai et al. 66 designed the peptide FSH-β-(89-97) (the “seat-belt” region), which 
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behaves as an FSH antagonist, as FSH-β-(81-95) did. The two peptides were not measured 

in the same work, but the Kd values reported in each case were 0.4 x 10-3 mol L-1 for FSH-

β-(81-95) 23and 5.8 x 10-3 mol L-1 for FSH-β-(89-97) 66. The lower affinity (higher Kd) of 

FSH-β-(89-97) could be due to the smaller surface of interaction and capacity to emulate 

the native structure of a shorter peptide (15 mer vs 9 mer). Interestingly, Prabhudesai et al. 

also showed that the residues 91-STDC-94 could be substituted with alanine (AAAA), 

suggesting that the central residues of FSH-β-(89–97) are not critical for FSH-binding 67; 

this alanine analog had less inhibitory activity. These results agree with the PISA server 

data of Table 2, showing that amino acids 91 and 92 do not contribute to the buried surface 

area (BSA) in the interaction with FSHR, and therefore, are not directly involved in 

binding. However, amino acids FSH-β-(93) and FSH-β-(94) add 42.46 Å2 and 8.35 Å2 to 

the BSA respectively, contributing in some degree to ΔG° of binding. Now, it would be 

interesting to evaluate the inhibition ability of FSH-β-(88-106), which includes the entire 

buried ligand-receptor interface of this region (Table 2). Later in this review, the affinity 

of FSH-β-(34-47), FSH-β-(88-106), and FSH-β-(34-47)-(88-106), which include all the 

buried surface areas of FSH-β, will be calculated by using an empirical approach based on 

the buried surface area (Table 3). 

Again erroneously, most of the region FSH-β-(81-95) was also not considered 

involved in binding to the FSH receptor by Lindau-Shepard et al. 58, since residues Asp 88 

and Asp 90 were not found to be involved in the interaction, by using the alanine-scanning 

method. On the other hand, as shown in Table 2, the rest of the binding region defined by 

Lindau-Shepard, FSH-β-(93-99), was remarkably correct. As shown in Tables 1 and 2 (and 

Tables S1 and S2, suppl. file), the region Glu81–Asp88 does not form part of the interface 

FSH-β::FSHR (except Cys 87 which is partially buried in the interface), confirming that 

Asp88 was not involved. However, residues FSH-β-(89-95), including Asp90 that forms a 
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salt bridge and excluding S91 and T92, are buried in the interface between the FSH-β and 

the FSH receptor, and constitute a binding region, as it was previously predicted by the 

inhibition obtained with the synthetic peptide FSH-β-(81-95). On the other hand, 

biochemical data also assign a role for the C-terminal region of FSH-β in binding to the 

receptor 12. The corresponding interface and buried residues are illustrated in Table 2 (and 

Table S2, suppl. file), obtained from the PISA server. Grasso et al. 68 reported in vivo effects 

of hFSH-β-(81-95) and its subdomain hFSH-β-(90-95) on the mouse estrous cycle. In 

addition, the synthetic peptide hFSH-β-(90-95) inhibited the binding of 125I-hFSH to 

bovine calf testis membranes, antagonized FSH-stimulated estradiol biosynthesis by 

primary cultures of rat Sertoli cells, and prolonged vaginal estrus in normally cycling mice. 

On the other hand, a synthetic peptide corresponding to hFSH-beta-(81-86), was inactive 

in vitro and had no effect on the mouse estrous cycle, reinforcing the role of region hFSH-

β-(90-95) in FSH binding. This is also in agreement with the PISA data in Table 2  

(complete data in Table S2) showing that hFSH-beta-(81-86) has no contribution to the 

buried surface area. Thus, FSH-β-(81-95) included a receptor-binding region, as predicted 

by the synthetic peptide approach 22. 

Interestingly, the residues FSH-β-(42-43) not buried in the α::β interface of 1FL7 

(Table 1; obtained from the PISA server by using the PDB 1FL7 entry) are the most buried 

in the FSHR::FSH-β interface of the 4MQW crystal (Table 2, PISA server, 4MQW entry), 

demonstrating the importance of the βL2 loop in the interaction FSH-β::FSHR. It is also 

notorious how far from the FSHR are the loops βL1 and βL3, formed by amino acids FSH-

β-(11-25) and FSH-β-(62-76) respectively (Fig. 5A) 12. These regions might be involved 

in a trimer interaction 16. In this regard, the FSH binding to its receptor was partially 

inhibited (~50%) by peptides FSH-β-(11-25) and FSH-β-(21-35) and FSH-β-(61-75) 

(~25% inhibition), suggesting certain interaction of loops βL1 and βL3 with the FSH 
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receptor.  These suggested that additional receptor binding regions might be present in 

these loops, in particular in the N-terminal region FSH-β-(1-15), as it was postulated by 

Steward for luteinizing hormone (LH) 69. Interestingly, the peptide FSH-β-(1-15) was able 

to bind Ca2+, a cation also necessary for high-affinity binding to the receptor 70. The 

possible significance of this finding is unknown since the 3D structure does not appear to 

form an E-F hand in that region.  

The 15 mer peptides of FSH-β predicted to interact with FSHR were (> 60% 

inhibition) FSH-β-(31-45), (71-85), and (81-95). Analyzing the actual interactions in the 

3D structure by using the PISA server, the regions of interaction are FSH-β-(35-46), (89-

90), (93-99), (103), (105), as shown in Table 2 (complete data in Table S2, suppl. file).  

Only the residues (96-99), (103), and (105) were not predicted to bind the receptor by using 

the synthetic peptide approach. Also, the peptide FSH-β-(71-85) was able to inhibit 125I-

FSH binding to the receptor by more than 60% but does not appear in the interface between 

the FSH-β and FSHR, according to the PISA server results. However, in the trimeric 

structure reported by Jiang et al. 16, 18, βLeu73 is in the interface with another monomer of 

the proposed FSH-FSHR trimer, interacting with a second neighboring receptor monomer. 

Interestingly, mutation βLeu73Glu at the potential exosite also promotes signaling 18. 

Therefore, it seems that interference with this binding region between monomers increases 

the FSH-FSHR affinity. This also agrees with the results obtained by Jiang with a second 

amino acid in the interface between monomers, βThr60, since its mutation increases 

binding to the receptor. Probably the monomers are more active than the dimers or trimers 

and this mutation produces a repulsion due to the added negative charges that dissociate 

the trimer into monomers. The residues βThr60 and βLeu73 are buried between the 

monomer interfaces (interacting FSH-β of one monomer with the FSHR of another 

monomer) in the trimeric structure of FSH::FSHR (PDB entry 4MQW). For these 
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interactions, in the receptor, the buried residues at the interface are Arg59, Val60, Glu84, 

Val85, Glu87, Tyr110, and His134; in FSH-β, Tyr58, Glu59, Thr60, Arg62, Ala70, Asp71, 

Ser72, Leu73, and Thr75 (results of PISA server with structure 4MQW, interface #15, 

structures Z and B). Later Jian et al. provided further evidence for a functional trimer 16. 

These findings agree with our earlier results showing that the peptide FSH-β-(71-85), 

including βLeu73, inhibited the FSH binding to the receptor by more than 70% 22.   

Figure S1 (suppl. file) shows the FSH-β::FSHR interactions with more detail, 

obtained by using PyMol with the interfaceResidues.py plugin (Fig. S1A) and 

LigPlot+ v.2.2.5 (Fig. S1B). A detailed analysis of all the interactions between the FSH-α, 

FSH-β, and the FSHR is out of the scope of this work, which aimed to illustrate the 

usefulness of synthetic peptides to find putative binding regions. An initial analysis can be 

found in the review by Leo E. Reichert Jr. 71, and later in the work of Fox et al. 12, Fan and 

Hendrickson 13-15,  Jian et al. 16-18, and the reviews by Ulloa Aguirre et al. 19, 72.  We can 

conclude that the use of overlapping synthetic peptides is a good strategy as an initial 

screening to find putative receptor-binding regions and possible agonists/antagonists when 

the structures of the ligand-receptor complexes are unknown.  

 

6. Serine analogs of FSH-β-(33-53) and FSH-β-(81-95) - Induced fit or 

conformational selection?  

To avoid possible cross-linking difficulties with the free Cys 21,  serine (Ser, S) analogs 

of FSH-β-(33-53) and FSH-β-(81-95) were synthesized. These peptides also inhibited the 

FSH-β binding to its receptor, with a slightly improved affinity 51. However, we have a 

surprise and contrary to the Cys-containing peptides, the Ser analogs were not able to 

induce estradiol (E2) biosynthesis.  
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 Let us first briefly review the different models of ligand-receptor interactions for a 

better understanding of the results obtained with the serine analogs (Figure 6). It has 

occurred a long evolution in the ideas since the rigid key-lock model of the ligand-receptor 

interaction of Fisher was postulated (Fig. 6A)73, 74. It was then postulated the idea of a 

ligand-induced fit into the receptor structure leading to activation (Fig. 6B) and later a 

mutual fit in protein-protein interactions (Fig. 6C) 75. Alternatively, it was envisioned that 

the receptor might exist in multiple conformations and that the active receptor 

conformation is eventually selected upon binding, in a process called “conformational 

selection” (Fig. 6D) 75, 76, which may include also mutual fitting.   

Sticking to an “induced fit” model 77, 78, one might think that the entire ligand 

molecule should be present to effectively change the receptor conformation, allowing the 

signal to be transduced with full activity. Since the peptides that we used (15 mer) cover a 

small area and are flexible, an “induced fit” in the entire receptor molecule was not likely 

to be present. However, to our surprise, the peptides FSH-β-(33-53) and (81-95) partially 

induced estradiol (E2) biosynthesis 21, 22. Therefore, we originally thought that a 

“conformational selection” model could explain these results. According to the 

conformational selection model (Fig. 6D), the receptor should dynamically change from a 

series of conformational states from the fully active state to the completely inactive state. 

Then, the presence of a peptide corresponding to a receptor-binding region should increase 

the probability of activation by changing the equilibrium, so the fraction of receptor 

molecules in the active conformation increases. This should occur during a period enough 

to give productive signaling. However, since the serine analogs were not able to induce E2 

biosynthesis, the idea of a conformational selection was not supported by the results 

obtained, in which the Ser analogs behave only as antagonists, unable to activate the 

receptor. Perhaps the Cys-containing peptides were able to activate the receptor disrupting 
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the S-S bridges in the hinge region, a region that maintains the receptor in an inactive 

conformation in the absence of the hormone 19, 79. Therefore, at least for FSH, the induced 

fit theory is more adequate. We thought that the peptides were highly flexible and having 

only a subset of the anchoring sites might not be enough to obtain the adequate 

conformational change needed to activate the receptor. Thus, the lack of an “induced fit” 

and conformational change in the receptor due to the small region covered by these peptides 

or the lack of Cys residues to reduce disulfide bridges might explain why the Ser analogs 

did not induce E2 biosynthesis. On the other hand, the Cys-containing peptides might have 

a nonspecific redox activity due to the free R-SH groups, able to activate the E2 

biosynthesis by indirectly modifying the aromatase activity 80 or through some other 

nonspecific mechanism. 

Now that the 3D structure of FSH and the FSH::FSHR are known, the reciprocally 

induced fit model is supported by evidence. Thus, we can have a better idea of the reasons 

why the Ser analogs do not produce receptor activation. The receptor might in theory 

change dynamically from diverse active states; however, the ectodomain, and in particular 

the hinge region (296-331), precludes a basal activity, maintaining the receptor in an 

inactive conformation 81. Thus, a “conformational selection” is very unlikely to occur with 

the FSHR.  

It has been already discussed that FSH binds to the ectodomain and then reshapes 

its conformation to form a binding pocket for a sulfated receptor Tyr (sTyr335, PDB 

structure 4AY9) 18. Several other changes in the FSH were previously detailed by Fan and 

Hendrickson 14, 15.  If the interfaces between α and β subunits are compared between the 

free (PDB 1FL7) and bound FSH (PDB 4MQW) by using the PISA server data, clear 

changes in the buried amino acids can be observed, particularly in the already buried areas 

of the free FSH (results not shown).  These interactions eventually lead to receptor 
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activation, which also showed extensive conformational changes 14-16, 18. Therefore, an 

“induced fit” in both the FSH and the FSHR is evident in the FSH::FSHR interaction. This 

mutually induced fit suggests that the binding of a semi-rigid FSH induces a 

conformational change in the receptor that leads to receptor activation. On the contrary, a 

flexible peptide, like the synthetic Ser analogs, does not have enough rigidity to produce 

the induced fit needed to reshape the receptor and induce its activation.  

Interestingly, the FSH has a thioredoxin-like activity 82, 83, attributed to a CXXC 

motif in the FSH-β-(81-95) region, and glutathione and NEM affect FSH binding to 

receptor 84. However, the disulfide bridges in the FSH molecule, at first sight, are far away 

from the disulfide groups in the hinge region of the receptor (or any other Cys residue in 

the receptor), and any disulfide interchange seems unlikely unless the actual 3D structure 

of the FSH::FSHR complex in solution differs from the PDB data obtained from 

FHS::FSHR crystals. The glutathione and NEM effects on FSH binding might rather be 

due to the disruption of the disulfide bridges in the hinge region. NEM effects suggest that 

some S-S groups can dynamically change their redox status. Is it possible that the FSH 

structure in solution be enough flexible so that the CXXC region can reach the disulfides 

in the hinge region of the receptor? NMR or electron crystallography data with the entire 

receptor in its environment might be needed to study this possibility.  Alternatively, since 

the synthetic peptides FSH-β-(33-53) and FSH-β-(81-95) do have free sulfhydryl groups, 

these R-SH groups could disrupt the S-S bridges in the rigid hinge structure that maintains 

the FSH receptor inhibited, producing a partial activation by relaxing the structure, 

allowing the induction of the basal activity of E2 biosynthesis.  This also may explain why 

Ser analogs were unable to produce receptor activation. Further studies are needed to 

understand the reasons why Ser analogs do not induce E2 biosynthesis. In vitro, binding of 

these Cys-containing peptides can be optimized by using appropriate redox buffers that 
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include glutathione, DTT, β-mercaptoethanol, or similar reducing reagents; however, this 

strategy cannot be used in vivo, where the Ser analogs might be more appropriate. 

 

7. Mimicking two surface-adjacent binding regions 

The hydrophobic pattern of FSH-β 22 suggested that the regions FSH-β-(33-53) and 

FSH-β-(81-95) might form a continuous surface on the native protein. Thus, we decided to 

join them in one synthetic peptide and see if the affinity could be increased, as shown in 

Figure 7. This strategy was different from the earlier one using a peptide comprising the 

regions FSH-β-(34-37) (TRDL) and FSH-β-(49-52) (KTCT), the peptide FSH-β-(33-53) 

since these two peptides were close to each other in the FSH sequence and formed a defined 

FSH-β-(38-48) hairpin, the βL2 loop (Fig. 7A). Instead, the peptide FSH-β-(33-53)-(81-

95) comprised two binding regions separated by a long region (residues 54-80) on the 

primary FSH sequence, that was deleted (Fig. 7B). As expected, the association constant 

of FSH-β-(33-53)-(81-95) (Ka = 2 x 104 mol-1 L) increased compared to the Ka value of 

its individual components, KaA = 1.0 x 104 mol-1 L for peptide FSH-β-(33-53) and  KaB = 

2.5 x 103 mol-1 L for peptide FSH-β-(81-95) 23. These results suggested that the FSH-β-

(33-53)-(81-95) peptide mimicked the receptor-binding region on the FSH surface. As 

proved now by the X-ray structure of FSH (Figure 3), this was correctly predicted. 

However, its affinity towards the FSH receptor, Ka = 2 x 104 mol-1 L, was only slightly 

improved compared to the affinity of each peptide alone; it was still far away from the 

affinity of the entire β-subunit, Ka = 1.1 x 107 mol-1 L 23, or from the affinity of the native 

FSH hormone (α+β subunits),  Ka = 1.02 1010 mol-1 L 85.  

To increase the affinity, one may try to synthesize the entire region between the two 

peptides, an optimal bridge, but this would be close to synthesizing the entire FSH-β. A 

better approach would be to synthesize these two regions with a bridge designed with the 
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aid of the 3D structure. Most importantly, examining the buried surface area it was noted 

now that at least four amino acids were missing at the end of the binding region B (amino 

acids 96-99). These residues might contribute significantly to the free energy of binding, 

and it will be later considered.  

The affinity might be improved, at least partially, by adding bridges/linkers 86, or 

by restricting selected conformations making the peptide more rigid 87, 88. However, there 

are also limitations with this approach; in some cases, one can get the opposed result 

restricting the conformations, which constitutes a known ΔG paradox, the “paradox of 

conformational constraints” 89. In some cases, certain flexibility is needed for best 

interaction by mutual induced fitting 90-92, and fixing a suboptimal conformation may be 

detrimental. Another paradox is the presence of enthalpic/entropic compensations 93. When 

the entropy is changed to optimize binding, often the enthalpy changes in a way that ΔG° 

is maintained almost constant, and the same may occur when the enthalpy is modified.  

Therefore, some authors postulate that it is better to optimize ΔG° instead of trying to 

optimize entropy or enthalpy separately 93-95. 

The idea of joining two discontinuous binding regions to “mimic” the ligand-

receptor binding interface 23 was then applied by other laboratories to different proteins 6, 

96, 97, a strategy improved with the increased availability of 3D data. Joined peptides, or 

bound to a scaffold structure, may be used if they do not interfere with each other. 

Otherwise, it would be preferable to use them at the same time as separate molecules. 

However, the effects on the affinities are not multiplicative if the fragments are not joined. 

To have unjoin ligands would be equivalent to having two inhibitors bound independently 

to different sites in the receptor. Joining discontinuous epitopes can be useful as 

agonists/antagonists, but also as better antigens, with increased affinities for their 
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antibodies; the synthesis of tri- and tetracyclic FSH/hCG mimics is a good example of this 

strategy 98.  

8. Multiple linear regressions.  

After measuring the FSH binding inhibition capacity of each overlapping FSH-β 

peptide, a multiple linear regression (MLR) was performed to analyze the results 22. The 

contribution to the regression of the different predictors was used to evaluate their relative 

relevance in binding inhibition. The MLR and the different predictors were estimated by 

using the GCG package of the Wisconsin University 99, located in a remote computer at 

SUNNY and accessed from the Albany Medical College (NY, USA) by modem (those old 

times without internet!). The values of the different predictors were taken as the average 

for each 15 mer peptide. The antigenic index was highly correlated with the other 

parameters since it was derived from the same predictors, and therefore it was not included 

in the final MLR. From the different synthetic overlapping peptides used, three peptides 

that were quite insoluble were left outside of the regression set and then used to see if the 

model provided a reasonable estimation of their values.  

Surprisingly, hydrophobicity was not a significant predictor, and it was left out of 

the regression after an initial calculation. The multiple linear regression was statistically 

significant (P < 0.0001), and a high coefficient of correlation was obtained (r = 0.93). The 

obtained MLR regression was: 

 

 

where BI was the “binding index” of 125I-FSH in the presence of the different peptides (% 

125I-FSH binding), S the surface probability, F the flexibility, and H, E, and T were the % 

of the helix, extended and turn conformations according to the Garnier’s method 100. 

Finding the BI was equivalent to predicting the binding affinity or the binding free energy 

BI = 526.8 + 2.178 (S) - 381.6 (F) + 40.8 (H) - 48.6 (E) - 40.9 (T) 
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of each peptide. The contributions to the R2 were T = 0.35, E = 0.23, H = 0.15, F = 0.05, 

and S = 0.02.  The coil conformation, C, and the hydrophilicity did not contribute 

significantly to the regression.  

It was a counterintuitive result that the hydrophobicity showed no relevance. 

Instead, the more relevant predictors were those related to Garnier’s structural parameters 

and the peptide flexibility. Note the sign and magnitude of the corresponding coefficients 

in the regression. H and S >0, thus, an increased helix content or surface probability was 

detrimental to binding inhibition (BI). On the other hand, F, E, and T were <0; then, high 

flexibility or increased turn or extended conformations (beta sheets), favored the ability of 

these synthetic peptides to inhibit FSH binding to the receptor. The negative influence of 

surface probability was also unexpected. This suggested that the highly charged residues 

that are normally on the surface do not favor a strong affinity or that they are located away 

from the binding interface, but still have influence in the binding, as was later observed by 

Kastritis et al. in another model system 101. All this was reasonable except for the lack of 

contribution of the hydrophilicity (or the inverse, the hydrophobicity).   

Although we did not evaluate this method with other ligands, the results suggested 

that MLR strategy could be applied to characterize other model systems. Years later Chen 

et al. 102, by using a dataset of 113 protein-protein interactions, applied multiple linear 

regression to predict binding affinities. Noteworthy, they also found that hydrophilicity 

was not a relevant predictor. This lack of correlation with hydrophilicity was attributed to 

the fact that the binding regions can be hydrophobic, hydrophilic, or both 102-104.  

As mentioned, another significant predictor found by our earlier regression model 

was peptide flexibility. The importance of peptide flexibility has been later observed in 

several reports 90-92. It could be related to the ability of flexible peptides to better adapt to 

an “induced fit” and to increase the area of interaction, the buried surface area. However, 
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this will work only if we are looking for inhibitors. Analogs that activate the receptor might 

need a more rigid structure to be able to force a conformational change in the receptor, by 

induced fit or conformational selection. Figure S2 (suppl. file) shows the flexibility along 

the FSH-β sequence, obtained by using the online server CABSFlex 2.0 

(biocomp.chem.uw.edu.pl/CABSflex2)105. Interestingly, the binding regions FSH-β-(33-

53) and FSH-β-(81-95) are the most flexible regions and a notorious reduction in flexibility 

is observed upon binding, particularly in the binding region FSH-β-(33-53). On the other 

hand, the flexibility changes in the region FSH-β-(50-80), which is not a receptor-binding 

region, are small. Finally, the relevance of the helix stability for the binding affinity has 

also been later reported 106.  

Another interesting finding came up when the MLR approach was applied to the 

thioredoxin-like activity of these synthetic peptides. Since the FSH had a thioredoxin-like 

activity 82, 83, I thought that some of the 15 mer peptides could also have similar activity 

and that these overlapping peptides could help to confirm the active redox region. In 

addition, we could also find in this way the smallest enzyme-like activity ever described. 

And this was the case: several peptides, those with Cys residues, had thioredoxin-like 

activity. Noteworthy, as a predictor for high redox activity, the structural parameter H (% 

helix conformation) was even more important than the number of cysteines in the peptide. 

The relative contributions to the R2 were H> No. of Cys > T > S > F, all with p < 0.03.  

According to the regression model, a low H, T, and S content (low structured regions), and 

a high number of cysteines and surface probability (S), favor the redox activity. These 

results were quite different from those required for binding to the FSH receptor with high 

affinity, previously mentioned. All of them are reasonable since the redox CxxC motif must 

be exposed to the surface and be flexible to reach the target redox pair. These results 

showed that an enzymatic-like activity could be present in a noteworthy small peptide such 
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as FSH-β-(81-95) and that the redox activity of the R-SH residues can be modulated by the 

surrounding residues and structural motifs. 

Although these regression models were based on one sequence, they show that this 

kind of analysis could be a powerful tool to predict/analyze binding affinities and 

enzymatic activities. Recently, other regression models based on a large dataset of over 

100 proteins and different predictors have been developed, able to calculate ΔG° or Ka. 

One model often used is the PPA-prep2 server of Yugandhar and Gromiha 107. More 

recently, using ISLAND (island.pythonanywhere.com) 108, which included a multiple 

linear regression over several structural and thermodynamical parameters, taken from a 

large dataset of ligand-receptor complexes, a more precise prediction for Kd could be 

obtained. ISLAND is based on the earlier approach of Abbasi et al. 109. Both methods used 

only the amino acid sequences of the ligand and the receptor, without the need for 3D 

structural data. The sequences should have at least 20 amino acids.  

By using PPA-pred2, the predicted binding parameters for FSH-β were ΔG° = -11.32 

kcal/mol and Kd = 0.5 x 10-8 mol L-1. By using ISLAND, the values predicted for FSH-β 

were ΔG° = -10.87 and Kd = 1.06 x 10-8 mol L-1, both close to the experimental value of 

9.1 x 10-8 mol L-1. The Kd value is computed from predicted ΔG° at room temperature (25 

°C) by using the equation ΔG° = (1.9858775 x 10-3 kcal mol-1 K-1) x ((273.15 + 25) K) x 

ln (Kd). With ISLAND, not only the sequence is needed but also the protein class. However, 

with either PPA-pred2 or ISLAND, if only a fragment of the FSH-β sequence is used, for 

example, the sequence of FSH-β-(33-53), the results show near the same value as those 

obtained with the entire FSH-β, which is clearly wrong.  

On the other hand, if we know the 3D structure, PRODIGY can calculate the binding 

affinity of protein-protein complex, and the affinity of proteins with small ligands 110. For 

binding of FSH-β to FSHR, the results were ΔG°= -10.4 kcal/mol and Kd = 2.6 x 10-8 mol 
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L-1, close to the measured value of Kd = 9.1 x 10-8 mol L-1.  However, it cannot calculate 

the ΔG° for the synthetic peptides representing the different binding regions of FSH. 

Thus, these programs, as they are right now, only allow 6, 96, 97 estimations of entire 

proteins, not their fragments. This is a limitation that should be resolved, ideally for 15 mer 

peptides (or smaller), so we can predict the affinities of small overlapping peptides. 

However, to be able to do this, non-additive terms must be considered in ΔG° estimations, 

as will be discussed in the following sections. Abbassi et al. 109 recognized that even the 

state-of-the-art sequence-only predictors of binding affinities are far from satisfactory, as 

yet. A promising approach to build the 3D structure from the amino acid sequence is 

DeepMind’s AlphaFold 2 software 111. It could be also useful to predict the buried surface 

areas (BSA) of interactions for complexes with unknown 3D structures, and the BSA and 

ΔG° of synthetic peptides corresponding to their binding regions, as it will be discussed in 

the next sections. 

 

9. The principle of ΔG additivity – Limitations without nonadditivity terms 

Remembering a series of lectures given by Gregorio Weber during one of his visits 

to Buenos Aires in 1986, and his previous work 112-115, I decided to test whether the 

individual binding regions of FSH-β behaved additively. Before, William P. Jencks had 

described the principle of ΔG additivity and cooperativity applied to proteins 116, based on 

Weber’s ΔG of coupling 112, or the earlier and equivalent Wyman’s ΔG of interactions 117. 

This principle of additivity was applied often over the years, not always having 

present that it is only an approximation when ΔG° of coupling/interactions is not included 

118. As it was noted by Wyman 117, Weber 112, Jencks 116, and Rashin 119, entropy has a key 

contribution that cannot be neglected. Even more, it usually corresponds to entropic 

changes in the entire system that cannot be distributed as a sum of individual TΔS° 
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components (non-additivity in ΔS°), as it was proven by Mark and van Gunsteren 120. Let 

us see now how these ideas may apply to the binding of FSH-β and FSH-β synthetic 

peptides to the FSH receptor.  

Through binding competition, we estimated the association constants Ka = 1/Kd of 

the synthetic peptides corresponding to the different FSH binding regions (Fig. 7 and Table 

3)23. As previously reported in that work, the relation between the ΔG° values and the 

dissociation constant Ka is given by Gibbs´s equation (see Appendix 1, suppl. File, for 

details),  

𝛥𝐺° =  −𝑅𝑇 ln 𝐾𝑎 = 𝑅𝑇 ln 𝐾𝑑  

For binding of i ligands to receptor, it can be shown that (Appendix 2),  

 

 

Equation [1] summarizes the principle of free energy additivity: the free energy of binding 

ΔG° is the sum of the free energy of each binding region, anchor sites, hot spots, or residues 

at the interface, ΔG°i, plus the free energy ΔG°int, due to interactions among binding sites 

in the ligand and the receptor. This last term also includes all the interactions with solvent, 

conformational entropy changes 119, and any other non-additive contribution to the free 

energy, including entropic changes of the entire system.    

Although this equation was originally thought for two or more independent ligands 

bound to different receptor binding regions or subunits (i.e., O2 binding to hemoglobin), it 

also stands when two synthetic peptides corresponding to different binding regions are 

bound separately or are joined together and constitute a new molecule with two or more 

anchor sites 23.  

𝛥𝐺° = (∑ 𝛥𝐺°𝑖 ) + ΔG°𝑖𝑛𝑡

𝑖

    [1]    
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If we consider a simplified “ideal” condition in which ΔG°int = 0, then equation [1] 

becomes  

 

where 𝛥𝐺°𝑖 corresponds to the free energy of association for each binding region; applying 

the Gibbs equation to [2] (details in Appendix 2),  

 

 

Applying equation [3] to the FSH-β binding regions FSH-β-(33-53), with KaA = 1.0 

x 104 mol-1 L, and FSH-β-(81-95), with KaB= 0.25 x 104 mol-1 L, the association constant 

predicted for the joint peptide FSH-β-(33-53)-(81-95) is KaA.KaB = 2.5 x 107 mol-1 L (Fig. 

7). This predicted value is close to the affinity of the entire FSH-β-subunit, 1.1 x 107 mol-1 

L. However, as already mentioned, the joint peptide FSH-β-(33-53)-(81-95), actually had 

a Ka = 2 x 104 mol-1 L, three orders of magnitude less than the predicted value from the 

product KaA.KaB (Model 1). At first, we thought that this notorious difference might be due 

to incorrect folding of the joint peptide. However, if we consider a more realistic approach 

in which nonadditive interactions are included (ΔG°int ≠ 0), then the value seen 

experimentally is not that far from the predicted value. We will show the effects of 

including nonadditive interactions in the following sections (Models 2 and 3).  

  

𝛥𝐺° = ∑ 𝛥𝐺°𝑖  [2]𝑖     Model 1 

𝐾𝑎 (𝑡𝑜𝑡𝑎𝑙) =  ∏ 𝐾𝑎𝑖𝑖   [3]   Model 1 
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10. A more realistic approach:  including nonadditive interactions 

First, instead of adding ΔG°int to the total free energy in equation [1], it is possible to 

include a coefficient “c” of correction. Since (∑ x) +b ≅ c ∑ x; then, 𝛥𝐺° = (∑ 𝛥𝐺°𝑖𝑖 ) +

𝛥𝐺°𝑖𝑛𝑡 ≅  𝑐 ∑ 𝛥𝐺°𝑖𝑖 .  Thus 

 

The coefficient “c” can be obtained empirically from the ratio, 

 

where ΔG° is the free energy of binding and ∑ 𝛥𝐺°𝑖𝑖  is the sum of the observed free 

energies of each binding region. From [4], 𝑐 = 1 +
𝛥𝐺°𝑖𝑛𝑡

∑ 𝛥𝐺°𝑖𝑖
 . If  |𝛥𝐺°𝑖𝑛𝑡| ≪ |∑ 𝛥𝐺°𝑖|𝑖  then c 

→ 1. Here, ∑ 𝛥𝐺°𝑖𝑖 < 0  since it corresponds to the free energy of association, 𝛥𝐺°𝑎 =

 −𝑅𝑇 ln 𝐾𝑎. Thus, for example, in the presence of negative cooperativity among binding 

regions (negative interactions), 𝛥𝐺°𝑖𝑛𝑡  > 0 113 and c < 1. In the presence of positive 

cooperativity, 𝛥𝐺°𝑖𝑛𝑡 < 0  and c > 1.   

Wyman 117 defined a similar coefficient, “ω”, that instead of the ratio of ΔG°s, 

corresponds to the ratio of the association constants Ka
121,   

 

 

𝑐 =  
𝛥𝐺°

∑ 𝛥𝐺°𝑖𝑖
 

𝜔 =  
𝐾𝑎𝐴𝐵

𝐾𝑎𝐴
𝐾𝑎𝐵

 

𝛥𝐺° =  𝑐 ∑ 𝛥𝐺°𝑖

𝑖

   [4] 
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Since 𝛥𝐺° = (∑ 𝛥𝐺°𝑖𝑖 ) + 𝛥𝐺°𝑖𝑛𝑡 then 𝛥𝐺°𝑖𝑛𝑡 =  𝛥𝐺° −  (∑ 𝛥𝐺°𝑖𝑖 ), and replacing 

in terms of the equilibrium constants, 𝛥𝐺° = −𝑅𝑇 ln 𝐾, then 𝛥𝐺°𝑖𝑛𝑡 =  − RT ln
𝐾𝑎𝐴𝐵

𝐾𝑎𝐴𝐾𝑎𝐵

 

 and, 

                                       

If there are no coupling/interactions and both regions behave independently then c and ω 

= 1. If positive cooperativity exists c and ω > 1 and in the presence of negative cooperativity 

c and ω < 1.   

In this regard, as was already mentioned, the peptide FSH-β-(33-53)-(81-95) has a KAB 

= 2 x 104 mol-1 L,  really far from the predicted value of KA.KB = 2.5 x 107 mol-1 L for 

additive interactions (without nonadditive interactions, Model 1). In this case c = 0.58 and 

ω = 8 x 10-4 (Appendix 4). These values of c and ω suggest a strong contribution of ΔG°int 

to the free energy (alternatively, suggest that an interacting region KC is missing). The 

coefficient c not only includes cooperativity effects but also the free energy corresponding 

to all the interactions represented in the term ΔG°int.   

Now, in the term ΔG°int.  is also possible to separate additive interactions, ΔG°ad, from 

nonadditive interactions, ΔG°na.  

 

From equation [1], 𝛥𝐺° = (∑ 𝛥𝐺°𝑖𝑖 ) + 𝛥𝐺°𝑎𝑑 + 𝛥𝐺°𝑛𝑎. Again, since (∑ 𝑥𝑖𝑖 ) + 𝑏 ≅

 c ∑ 𝑥𝑖𝑖  , we can define a new coefficient of correction c´ that will include the additive 

term 𝛥𝐺°𝑎𝑑. Thus, 

ΔG°int   =  − RT ln ω 

ΔG°int = 𝛥𝐺°𝑎𝑑 + 𝛥𝐺°𝑛𝑎  
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On the other hand, if we have a predictor x that contributes linearly to the free energy 

observed for each component, then 𝛥𝐺°𝑖 = 𝑓(𝑥) and 𝑐´ ∑ 𝛥𝐺°𝑖𝑖 =  𝑐´ ∑ 𝑓(𝑥)𝑖  Replacing 

this term in [5] 

 

 

Since the sum of a linear function is a linear function, 𝑐´ ∑ 𝑓(𝑥)𝑖 = 𝑐´ 𝐹(𝑥) 

and replacing this term in [6], 

 

If some interactions are non-additive or are independent of x, then ΔG°na ≠0. Equation [7] 

is not a linear function; it is an affine function, a linear function plus a translation 

represented by 𝛥𝐺°𝑛𝑎. A graph ΔG°(x) vs F(x) will be still a line but with a different slope 

c´, and ordinate at the origin 𝛥𝐺°𝑛𝑎. On the other hand, if all the interactions are additive 

and depend on x, then 𝛥𝐺°𝑛𝑎 = 0,  and equation [7] becomes equation [8]: 

 

Since [8] is now a linear function, a graph ΔG° vs x will be a line passing through the origin 

(0,0) with slope c´. Equations [7] and [8] will be applied to FSH in the next section, in 

which the buried surface area (BSA) at the interface ligand-receptor is the predictor F(x) 

and c’ is the coefficient γ, the free energy density. The linear function represented by [8] 

can be observed in Figure 9, as Model 2, with ordinate to the origin equal to zero. The 

affine function of equation 7 is shown as Model 3 in the same figure. 

𝛥𝐺°(𝑥) =  𝑐´𝐹(𝑥)    [8] 

𝛥𝐺°(𝑥) =  𝑐´ 𝐹(𝑥) + 𝛥𝐺°𝑛𝑎    [7] 

 

𝛥𝐺° = 𝑐´ ∑ 𝛥𝐺°𝑖𝑖 + 𝛥𝐺°𝑛𝑎    [5] 

 

𝛥𝐺°(𝑥) = 𝑐´ ∑ 𝑓(𝑥)𝑖 + 𝛥𝐺°𝑛𝑎    [6] 
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11. ΔG°, the free energy density γ, and the buried surface area (BSA).  

The concept of accessible surface area was introduced by Lee and Richards 122. 

Then Chothia and Janin emphasized the relevance of the buried surface area (BSA) at the 

ligand-receptor interface to predict the free energy of binding, ΔG°binding 
102, 123-128,  

 

Equation [9] is a linear function, equivalent to equation [8]; here F(x) is the buried surface 

area BSA and c´= γ is the slope of the regression 𝛥𝐺° vs BSA; γ is the free energy density 

(kcal mol-1 Å-2). Some authors obtained the γ values considering only the hydrophobic 

residues of the BSA at the interface, other authors use the total BSA of the ligand, and 

others the total BSA of the ligand (L) plus the receptor (R), divided or not by two. For this 

reason, the γ values may differ from author to author. For example, Vallone et al. 129 

obtained an empirical value of -15 ± 1.2 cal mol-1 Å-2 using the burying hydrophobic 

residues. In more recent work, using average data from proteins and small ligands, Houk 

et al. 127 obtained a value of γ = -7 cal mol-1 Å-2, considering only the area of the ligand, 

and Chen et al. -16 to -4 cal mol-1 Å-2 depending on the BSA range, taken as BSA the 

buried areas of the ligand plus the receptor at the interface 102. A value of -25 cal mol-1 Å-2 

was obtained when only the hydrophobic buried surface area of the total complex was 

considered 128 or when the total BSA is considered to estimate ΔG of folding in studies of 

protein stability 119. We will use here averages BSA values from the 3 complexes of 

FSH::FSH receptor co-crystal 4MQW (Appendix 3, suppl. file), and BSA for FSH and 

FSH-β will be calculated as the buried surface area of the ligand (L) only. Since we know 

the equilibrium constant Ka for FSH, 1.02 ± 0.3 x 1010 mol-1 L (Triton X-100 solubilized 

𝛥𝐺°𝑏𝑖𝑛𝑑𝑖𝑛𝑔 =  𝛾 𝐵𝑆𝐴  [9] 
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receptor)130, which corresponds to a ΔG°= -13.65 kcal mol-1, we can estimate a γ value for 

FSH, in our experimental conditions. From equation [9],  

 

 

The BSA of both subunits α+β is 1882 ± 91 (n=3) Å2 (Appendix 3, suppl. file). In our 

experimental conditions with ΔG° = -RT ln Ka = -0.5925 x ln (1.02 x 1010 mol-1 L) = -13.65 

kcal mol-1. Then, from [10], γ´= -13.65/1882 = -0.00726 kcal mol-1 Å-2,   

 

 

Noteworthy, this γ´ value is identical to the γ value obtained by Houk et al. 127 by using 

the average BSA and Ka values for several proteins and ligands of different sizes, γ = -

0.00726 kcal mol-1 Å-2 (recalculated from Table 7 of Houk´s paper to add decimals). This 

value was calculated only from the BSA area of the ligand at the interface, as we did above.  

The surface free energy density γ for FSH is then 7.26 cal mol-1Å-2. Thus, the BSA 

that produces a change of 1 kcal/mol in FSH-β binding to receptor is,  

𝛥𝐺° =  −1
𝑘𝑐𝑎𝑙

𝑚𝑜𝑙
=  −0.00726

kcal

mol Å2
 x BSA 

and, 

 

 

This area is larger than the average area reported by Houk et al. of 67 Å2 127. A large area 

on the interface compensates for the lack of hot spots (HS), which are residues or small 

regions of high binding energy131. The presence of an HS can be predicted by using the 

SPOTON online software of Bonvin’s laboratory at the server alcazar.science.uu.nl 132, 133. 

In agreement with the high value of 138 Å2 per 1 kcal/mol of free energy (low free energy 

γ´ =    𝛥𝐺°𝐹𝑆𝐻/𝐵𝑆𝐴   [10] 

FSH BSA1 kcal/mol = 138 Å2 

𝛾´ =  −0.00726 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙−1Å−2 
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density), the SPOTON results show that FSH-β does not have HS residues.  However, the 

FSHR does have six HSs located at Leu55, Gln79, Arg101, Lys104, Tyr124, and Asn129. 

Several null spots (NS) were also identified by SPOTON, which are indicated in Appendix 

6 (suppl. file). On the other hand, according to the results obtained by using LigPlot+, the 

HS receptor residues Leu55, Gln79, Arg101, and Lys104 are involved in the interaction 

with FSH- β (Fig. S1B), and Tyr124 and Asn129 with FSH-α (PDB 4mqw, chain D).  Due 

to the lack of HS residues in FSH, the energy of binding is spread along the FSH interacting 

surface, including regions of both subunits.  In these conditions, it would be difficult to 

design a small peptide mimicking FSH effects or even to obtain a strong antagonist if the 

entire interface (BSA of FSH-α and FSH-β) is not somehow included in the synthetic 

peptide.  

 

12. Free energy prediction from BSA assuming additivity without interactions, as a first 

approach. 

From equation [8], [9] and [10], 

     

 

This is a linear function, a line in the graph ΔG° vs BSA with ordinate zero at the origin 

and slope γ´= -0.00726 kcal mol-1 Å-2 for FSH, as shown in Figure 9. The closed triangles 

represent the predicted ΔG° values from the BSA values of FSH, FSH-β, and the different 

FSH-β peptides shown in Table 3, using Model 2 (equation 11). The actual experimental 

values are also shown in Figure 9, as closed circles. 

Thus, for each binding region of FSH-β, such as A (33-53) and B (81-95), we can use 

the corresponding γ´.BSA(x) value to estimate ΔG°i, and compare them with the 

experimental values. This is equivalent to using equation [2] 𝛥𝐺° = ∑ 𝛥𝐺°𝑖  𝑖 or [3], 

𝛥𝐺°(𝑥) =  𝛾´ 𝐵𝑆𝐴(𝑥)     [11]      Model 2 
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 𝐾𝑎 (𝑡𝑜𝑡𝑎𝑙) =  ∏ 𝐾𝑎𝑖𝑖 . As shown in Figure 9 and Table 3, the ΔG°i values predicted for the 

synthetic peptides by using this approximation (Model 2) are far from the observed values. 

The differences increase at lower BSA values. This is in agreement with the results already 

shown for the joint peptide FSH-β-(33-53)-(81-95), in which the observed value was far 

from the predicted value of KaA.KaB (Model 1).   

The problem here is that equation [11] only works when all the interactions are additive 

in ΔG° terms and the nonadditive interactions can be neglected. This is the case of ligands 

and receptors without strong conformational changes upon binding or without additional 

entropic effects. In other words, when ΔG°na = 0. However, this is true only if the 

relationship is linear, additive, with ordinate at the origin zero (or near to zero), as occurs 

with the proteins and small ligands of Figure 29 in the work of Houk et al. 127. If nonadditive 

interactions are present, the system is no longer linear, as occurs when synthetic peptide 

fragments are used, or when the ligand or the receptor suffer strong conformational changes 

upon binding. In those cases, the system is rather represented by an affine function with a 

smaller slope and ordinate at the origin different from zero (equation [7]), as shown in 

Figure 9 (Model 3). This is due to the strong hydration and diversity of conformations that 

the synthetic peptides have in solution, which imply additional hydrophobic effects and 

significant conformational entropy changes upon binding. Other effects can also contribute 

to ΔG°na such as disulfide bridges and long-distance interactions. It is interesting to note 

here that the model of Chothia and Janin 125 does not apply for proteins in which strong 

conformational changes are present upon binding 128, for the same reasons: those systems 

are not linear and the contributions of the nonadditive interactions, ΔG°na, cannot be 

neglected. 

This lack of additivity expressed in the ordinate at the origin different from zero and 

in the reduced slope, explains why the predicted KAB = KA.KB value (Model 1 and 2) was 
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far from the observed value in the peptide FSH-β-(33-53)-(81-95). In the next section, we 

will consider nonadditive effects, which gives a much better approximation to correctly 

predict the observed ΔG°i values.  

 

13.  Free energies of the individual binding regions (ΔG°i) taken into account the 

nonadditive contributions (ΔG°na) 

As already mentioned, when the observed values (ob, closed circles) were added to 

Figure 9, a different slope γ´´ was noted. It reflects the additional conformational entropy 

of the free peptides in solution, which are only partially in their native states and partially 

unfolded and hydrated. According to equation [7], this corresponds to an affine function 

with slope 𝛾´´ and ordinate at the origin 𝛥𝐺° 𝑛𝑎,   

𝛥𝐺°𝑜𝑏(𝑥) = 𝛾´´ 𝐵𝑆𝐴(𝑥) +  𝛥𝐺°𝑛𝑎 + 𝜀(𝑥) 

Where 𝜀(𝑥) is the error or the vertical distance from each point to the fitted linear line, 

which corresponds to the interactions and properties of each residue not considered in the 

model. The fitted linear equation corresponding to the observed values (Fig. 9A) is:  

 

 

The ordinate at the origin accounts for the interactions that do not have a 

dependency on BSA, plus all the nonadditive interactions (conformational entropy, 

hydration, etc.), including entropy changes in the entire system. Thus, the predicted 𝛥𝐺° 

for a protein/peptide region from residue i to residue j is,  

 

𝛥𝐺°(𝑥) = 𝛾´´ 𝐵𝑆𝐴(𝑥) +  𝛥𝐺°𝑛𝑎     [12]    Model 3 

𝛥𝐺° = ∑ 𝛾´´ 𝐵𝑆𝐴𝑖
𝑗
𝑖 +  𝛥𝐺°𝑛𝑎 =  ∑ 𝛥𝐺°𝑖

𝑗
𝑖 + 𝛥𝐺°𝑛𝑎   [13] 
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where 𝛾´´is the predicted slope from equation [12], and 𝛾´´ BSAi are the predicted 𝛥𝐺°𝑖 

values for each residue in the region, from i to j;  𝛥𝐺°𝑛𝑎  corresponds to the ordinate at the 

origin of the fitted line [12]. Thus, Model 3 is similar to Model 2 but with a different slope, 

𝛾´´, and the addition of the term 𝛥𝐺°𝑛𝑎 . In other words, we can calculate the free energy of 

a fragment as the sum of each calculated additive free energy value 𝛥𝐺°𝑖 , adding the term 

𝛥𝐺°𝑛𝑎 at the end (equation [13]). Figure 9B and Table S3 show the predicted 𝛥𝐺°𝑖values 

for each FSH-β residue. 

According to the PISA server data (Appendix 3, suppl. file), in the complex 

FSH::FSHR, the buried surface area at the interface is BSA =  3608 ± 167 (n=3) Å2; in 

FSH alone is 1882 ± 91 (n=3) Å2, and in FSH-β 852 ± 37 (n=3) Å2; these values correspond 

to those shown in the PISA server data for each chain (Table S2), averaged. The BSA for 

each peptide used in the regression was calculated as the mean values of the PISA server 

BSA values for each amino acid residue of the 3 chains in the 3D structure 4MQW 

(interfaces #4 to #9 in the PISA server, values shown in Table S2, suppl. file).The 

association constant for FSH is Ka = 1.02 x 1010 mol-1 L 130, and for FSH-β is Ka = 1.1 x 

107 mol-1 L 23.   

Fitting the observed values of Figure 9 (and Table 3) to a line, we obtained a new 

slope γ´´ and ordinate to the origin ΔG°na, in agreement with equation [12], Model 3: 

 

 

where BSA is the buried surface area (ligand only) at the interface. This affine function 

[14] gives a more accurate prediction of ΔG° for each binding region than equation [11] 

(ΔG°(x) = -0.00726 * BSA(x)), which is a linear function that assumes additivity in all the 

interactions, without including nonadditive interactions. The results show that the observed 

free energy for the joint peptide FSH-β-(33-53)-(81-.95), ΔG°ob = -5.9 kcal mol-1, was not 

ΔG°(x) = (-0.00587 BSA(x) - 3.125) kcal mol-1    [14]   Model 3 
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that far from the predicted value ΔG° = -6.4 kcal mol-1 (Table 3 and Fig. 9, Model 3). In 

terms of Ka, 2 x 104 mol-1 L (observed value) and 5.1 x 104 mol-1 L (predicted value with 

Model 3) respectively. Before, without considering the nonadditive interactions, the 

predicted value was Ka = 9.6 x 102 mol-1 L (predicted values with Model 2), and 2.5 x 107 

mol-1 L (model 1). Thus, linear regression [12] (or [14] in numbers, model 3), provides a 

better prediction for the observed ΔG° values. 

Since the difference between the Ka 5.1 x 104 mol-1 L and the Ka of FSH-β 1.1 x 107 

mol-1 L was yet of three orders of magnitude, the rest of the sequence was analyzed to see 

if some other regions could contribute to binding. As already mentioned, examining the 

BSA values of Table 2 it was observed that in the joint peptide FSH-β-(33-53)-(81-95) an 

important region of the BSA was missing, corresponding to amino acids (96-99). These 

residues add an average of 238 Å2 to the BSA. Thus, by adding the peptides (96-99) and 

(100-106) and reducing (33-53) to (34-47), the peptide FSH-β-(34-47)-(88-106), according 

to the regression [14](Model 3), we might have a theoretical affinity of 0.9 x 106 mol-1 L, 

which is now closer to the value of FSH-β, 1.1 x 107 mol-1 L (Table 3). This predicted value 

will be even closer to the observed value if we force the fitted line to pass through the value 

of FSH-β by using a weighted regression (not shown).  

This illustrates the usefulness of the ΔG°i predictions. Interestingly, Prabhudesai et al. 

66 tested the peptide FSH-(89-97), which inhibits FSH binding but still misses the residues 

98 and 99 that should provide additional 98 Å2 to the interface and an increased affinity. 

By using this empirical method, we can explore the entire molecule searching for the 

smallest regions with the higher affinity, which will be in principle that with the highest 

buried surface area (Fig. 9B and Table S3).  In conclusion, a peptide FSH-β-(34-47)-(88-

106), as shown in Table 3, might behave similarly to FSH-β, provided that the correct 
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conformation can be achieved by using an optimized bridge between residues FSH-β-(34-

47) and FSH-β-(88-106). 

Thus, the ΔG additivity allows us to predict the affinities of the individual amino acids 

residues and binding regions, as long as the BSA of the interface can be calculated and we 

have some experimental data with synthetic peptides to estimate γ´´ and the ordinate at the 

origin from the regression ΔG° vs BSA (Fig. 9A). It would be especially useful to have a 

program similar to ISLAND, but able to calculate the affinity of the different synthetic 

peptides or binding regions.  However, such a program should consider nonadditive effects 

(i.e. conformational entropy), which is not the case so far.  

In recent years, molecular dynamic methods have also allowed the calculation of 

binding affinities; these methods require access to supercomputing capabilities 106, 134, 135. 

It would be interesting to test their capabilities to estimate the binding affinity of synthetic 

peptides corresponding to different binding regions of a protein in solution.  In this way, 

we could obtain a simulated regression similar to ΔG° = -0.00587 * BSA - 3.125 kcal mol-

1 without the need for experimentally obtained results. However, we should keep in mind 

the limitations of these approaches since, as was discussed, the entropy of the entire system 

cannot be decomposed into individual contributions, and the nonadditive effect must be 

considered. The nonadditivity is now an emerging issue 136-138, and it is a problem without 

a solution, as yet. Until the nonadditivity issues are solved, the use of synthetic overlapping 

peptides could be of major help to better understand these systems a to develop ligand 

agonists or antagonists. More accurate molecular simulations are needed, able to calculate 

the individual free energies of each anchoring region in the native protein and the free 

energy of interaction of corresponding synthetic peptides in solution, including enthalpic 

and entropic terms and nonadditive interactions, even in the absence of X-ray data. 
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14. Concluding remarks 

 

 

Remarks 

  

• The earlier mapping of regions FSH-β-(33-53) and FSH-β-(81-95) as FSH 

receptor-binding regions, by using overlapping synthetic peptides, was correct. 

• Solid-phase assays should be used with caution to map binding regions due to 

possible steric hindrance in the interactions, heterogeneity in the attachment and 

other issues. The soluble assays should also be used with caution due to 

restrictions to adopt the correct conformation or due insolubility difficulties 

with certain synthetic peptides. Ideally, both methods should be used to confirm 

the results. 

• The presence of free sulfhydryl groups in synthetic peptides may produce 

nonspecific biological responses due to their redox activity. Also, the 

concentration might be reduced due to polymerization by oxidation of the 

cysteine residues. Ser analogs may solve these problems in cases where Cys 

residues are not mandatory for an effective interaction or functional role. 

• The redox activity of synthetic peptides not only depends on the number of Cys 

residues. The structure, flexibility and surface probability also influence the 

redox activity. This could be used to modulate the redox activity of synthetic 

peptides or to design specific redox buffers. 

• Improved affinities using native sequences may be obtained by simultaneously 

using peptides corresponding to different anchor sites, and even more if the 

binding regions can be joined by using an optimized bridge or scaffold.  

• Due to the lack of a unique hot spot region in FSH, the ΔG° energy of binding 

is spread on the FSH molecule, and it would not be possible to design a minimal 

peptide with an affinity equivalent to the entire FSH, at least with the native 

sequence.  

• As a first approximation, the free energy of binding can be decomposed as the 

sum of the energies of each binding region, which is reflected in the product of 

their affinity constants. However, a high free energy of non-additive 

interactions, ΔG°na, can significantly affect these values. 

• If the 3D structure is known or can be predicted, a linear regression 𝛥𝐺°(𝑥) =
 𝛾´ 𝐵𝑆𝐴(𝑥) can be used to predict the affinity of new designed ligands covering 

different areas of the binding interface. A more precise linear regression can be 

obtained if empirical ΔG° data are measured by using synthetic peptides 

covering fragments from different binding regions and BSA values, allowing 

estimation of the free energy due to nonadditive or BSA-independent 

interactions, ΔG°na. For FSH fragments, ΔG°na is near -3 kcal mol-1, 
 

𝛥𝐺°(𝑥) = 𝛾´´ 𝐵𝑆𝐴(𝑥) + 𝛥𝐺°𝑛𝑎  
 

ΔG°(x) = (-0.00587 x BSA(x) - 3.125) kcal mol-1 
 



Overlapping synthetic peptides and nonadditive interactions 

41 
 

The results described here show that the use of synthetic overlapping peptides is a useful 

approach to map protein-protein interacting regions and to find possible receptor 

antagonists/agonists. The originally predicted FSH-β binding regions were later found on 

the FSH 3D structure, creating an almost continuous binding surface. Later, the 3D 

structure of the FSH::FSHR co-crystal showed that certainly FSH-β-(33-53) and FSH-β-

(81-95) include the most relevant receptor-binding regions of FSH-β.  

ΔG° values suggest that the entire ligand molecule is needed for fully productive 

interaction, selectivity, and signaling. Nevertheless, small peptides can function as 

antagonists provided that enough concentration is used, and several anchor sites are 

included in the synthetic peptide. The ΔG° values predict that it would not be possible to 

obtain a synthetic peptide with an affinity similar to the native ligand if only a few regions 

of the ligand are included; the entire interface is needed to obtain a full affinity, comparable 

to the native ligand. 

Improved results with the fragments of the native sequences may be obtained by 

simultaneously using peptides corresponding to different anchor sites or including the 

different anchor sites in the same peptide.  However, if the binding region of the ligand is 

highly structured (i.e. mostly alpha-helix), and covers most of the binding interface, as 

occurs with PTH analogs 139, then the receptor could be fully activated by a fragment. This 

is not the case with the complex heterodimeric FSH molecule, which does not have a 

unique hot spot region and the free energy density is low. On the other hand, the FSHR 

does have six HS residues, interacting with FSH-α and FSH-β, which should be considered 

(Appendix 6, suppl. file). There is still much to learn about synthetic peptides able to mimic 

the FSH-β subunit or other ligands. For example, the region FSH-β-(81-95) might be 

extended to cover the entire interface of interaction; the resulting FSH-β-(33-53)-(81-99) 
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or (34-47)-(88-106) joint peptides might provide increased affinities, and could be even 

improved by using an optimized bridge/linker between these two binding regions 86. 

The affinity of the fragments can be predicted by using the BSA, provided that the 

3D structure has been determined or predicted by homology modeling or similar 

approaches. The linear function ΔG° = γ. BSA is only a gross approximation when 

considering fragments of a ligand, or proteins/receptors that undergo extensive 

conformational changes upon binding. The ΔG° prediction can be improved if 

experimental Ka values are obtained for the entire ligand and different synthetic peptides, 

that can be used to estimate γ´´ and ΔG°na from the function ΔG°(x) = γ´´ BSA(x) + ΔG°na 

(equation [12]).  

It would be interesting to see if the value of ΔG°na = -3.12 kcal mol-1, corresponding 

to BSA = 0 in equation [12], is similar when it is measured using synthetic peptides from 

different ligand-receptor complexes. Determination of the nonadditive contributions that 

are expressed in ΔG°na needs empirical values, by now. Machine learning, molecular 

dynamics (MD), and other approaches that rely on free energy additivity are remarkably 

good in calculating the free energy of the entire system. However, these methods cannot 

predict the binding affinity of the individual regions in solution with accuracy, unless the 

nonadditivity effects are considered 136-138. In the future, improved algorithms might allow 

predicting ΔG° values for small fragments and ΔG°na values without the need for 

experimental data. 

The empirical method shown here was focused on the design of peptides with better 

affinity, independently of their possible agonist or antagonist activity. To predict how the 

synthetic peptides will behave regarding their activity as agonists or antagonists is far more 

complex. In this regard, considering the design of antagonists, it was mentioned that high 
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flexibility may be important since it will minimize a possible induced fit in the receptor, 

followed by receptor activation. As was mentioned, serine analogs may be used in the 

design of FSH antagonists to avoid possible nonspecific redox activities that can reduce 

the effective concentration, due to a random cross-linking 21, and produce some agonist 

activity.  However, it should also be considered that in some cases Cys residues may be 

key residues for binding interactions and structural stability; free cysteines can also add 

functional negative charges besides possible cross-linking reactions, which may be 

important in ligand-receptor interactions, and in particular for the FSH-FSHR interaction 

21, 83, 84.  Regarding the design of agonists, the problem with FSH is that the agonist activity 

of its synthetic peptides might be the result of non-specific redox activity of the Cys 

residues since the Ser analogs showed no agonist activity.  Perhaps the use of more Cys 

residues and a more rigid molecule might help in obtaining a better agonist response, but 

before considering how to improve this agonist response, we need to know the precise role 

of the redox activity of each Cys residue and the mechanism by which this redox activity 

activates the FSH-like response in cells.   

The analysis or design of synthetic peptides has been described in detail in the 

earlier work by William F. Degrado 140, and there are many interesting reviews now on the 

subject 141-144. Once the binding regions are identified, the affinity of the synthetic peptides 

could be increased by adding the different interacting regions in one peptide, optimizing 

the bridges, and introducing chemical modifications to optimize ΔG°, ΔH°, or ΔS°.  

 

Conflict of interest:  

The author declares no conflicts of interest. 

Data and Software Availability 



Overlapping synthetic peptides and nonadditive interactions 

44 
 

Data:  All the data used is available. The data have been previously published or 

obtained from the online servers indicated in the text and added to suppl. file. If further 

help is needed it will be provided by the author. 

Software:  All software used is from third parties.  

-Microsoft Office 365 with Word and Excel (microsoft.com). 
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(pymolwiki.org; pymol.org). Molecular visualization system. Free software 146. 

-GIMP 2.10 (gimp.org). To compose and final edit graphics as tiff files. Free software 

147.  

-RStudio 2021.09.1 Build 372 (rstudio.com). Integrated Development Environment for 

R. Free software 148.  
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Tables 

Table 1: FSH-β buried residues in the interface FSH-α/FSH-β. All the residues in the 

interface FSH-α/FSH-β #1 are shown (yellow). Only a few residues with solvation energy 

effect = 0 (solvent-accessible residues) are shown since all have the same BSA value 

(zero)(blue). The full table can be found as supplementary data, Table S1, corresponding 

to the values of the PISA interfaces #1, 2 and 3 in the PDB 1FL7 crystal. HSDC: Residues 

making Hydrogen/Disulphide bond, Salt bridge or Covalent link; ASA: Accessible Surface 

Area (Å2); BSA: Buried Surface Area (Å2); ΔiG: Solvation energy effect (kcal/mol); |||: 

Buried area percentage, one bar per 10%.  
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Table 2: FSH-β buried residues in the interface FSHR/FSH-β. All the residues in the 

interface FSHR/FSH-β #7 are shown (yellow). Only a few residues with solvation energy 

effect = 0 (solvent-accessible residues) are shown since all have the same BSA value 

(zero)(blue). The full table can be found as supplementary data, Table S2, corresponding 

to the values of the PISA interfaces #7, 8, and 9 in the PDB 4MQW crystal. HSDC: 

Residues making Hydrogen/Disulphide bond, Salt bridge or Covalent link; ASA: 

Accessible Surface Area (Å2); BSA: Buried Surface Area (Å2); ΔiG: Solvation energy 

effect (kcal/mol); |||: Buried area percentage, one bar per 10%. 
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Table 3:  Predicted and Observed Ka values for FSH-β synthetic peptides. Predicted 

values using Model 2 were obtained from 𝛥𝐺°(𝑥) =   𝛾′𝐵𝑆𝐴(𝑥) with γ´ = -0.00726 kcal 

mol-1 Å-2. Predicted values using Model 3 were obtained from 𝛥𝐺°(𝑥) =   𝛾´´𝐵𝑆𝐴(𝑥) −

3.124895, with γ´´= -0.0058697 kcal mol-1 Å-2.  ΔG° = -RT ln Ka;  Ka=  e- (ΔG°/RT) 

;RT=0.5925 kcal mol-1 ; Ka=1/Kd. 

Observed Ka values:   FSH-β-(49-52), FSH-β-(34-37), FSH-β-(81-95), FSH-β-(33-53), 

FSH-β-(33-53)-(81-95) and FSH-β from Santa-Coloma et al.23; FSH from 

Dattatreyamurty, et al. 130; FSH-β-(89-97) from Prabhudesai et al. 66. 

Peptide BSA  

Å2 

 

 

Observed 

Ka 

mol-1 L 

 

Observ

ed 

𝜟𝑮°𝒊  
kcal/mol 

 

Predicted  

Model 2 

𝜟𝑮°𝒊  
kcal/mol 

(from γ′. 
BSA(x)) 

Predicted  

Model 2 

Ka 

mol-1 L 

(from 

Predicted 

Model 2 

𝛥𝐺°𝑖) 

Predicted  

Model 3 

𝜟𝑮°𝒊  
kcal/mol 

(from 

regression 

of observed 

values) 

Predicted  

Model 3 

Ka 

mol-1 L 

(from 

predicted 

Model 3 

𝛥𝐺°𝑖) 

FSH-β-(49-

52) 

0 1.4 x 102 -2.9 0 1 -3.1 2.0 x 102 

FSH-β-(34-

37)  

38 0.8 x 102 -2.6 -0.3 1.6 -3.3 2.8 x 102 

FSH-β-(81-

95) 

157 2.5 x 103 -4.6 - 1.1 6.8 -4.0 9.2 x 102 

FSH-β-(33-

53) 

404 1.0 x 104  -5.5 - 2.9 1.4 x 102 -5.5 1.1 x 104 

FSH-β-(33-

53)-(81-95) 

561 2.0 x 104 -5.9 - 4.1 9.6 x 102 -6.4 5.1 x 104 

FSH-β 852 1.1 x 107 - 9.6 -6.2 3.4 x 104 -8.1 0.9 x 106 

FSH 1882 1.0 x 1010 -13.6 -13.6 1.0 x 1010 -14.2 2.4 x 1010 

FSH-β-(89-

97) 

297 1.7 x 102 -3.05 -2.2 3.8 x 101 -4.9 3.7 x 103 

FSH-β-(96-

99) 

238 ND ND - 1.7 1.8 x 101 -4.5 2.1 x 103 

FSH-β-(34-

47) 

404 ND ND - 2.9 1.4 x 102 -5.5 1.1 x 104 

FSH-β-(88-

106) 

447 ND ND -3.2 2.4 x 102 -5.7 1.6 x 104 

FSH-β-(34-

47)-(88-106) 

852 ND ND -6.2 3.4 x 104 -8.1 0.9 x 106 
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Legend to Figures 

Figure 1. FSH structure. A: Primary structure of FSH-α and FSH-β subunits, mature 

forms; the processed subunits without the signal peptide are shown. B: Secondary structure 

of FSH-α and FSH-β subunits according to the 3D structure reported in the PDB entry 

1FL7; a few amino acids are missing at the N and C-terminal ends in this structure; it was 

drawn using ESPript 3.0 (espript.ibcp.fr)145. C: FSH 3D structure corresponding to the PDB 

entry 1FL712. 3D images in all figures were built by using the open-source PyMol version 

2.5, running under Python 3.8 for Windows (pymolwiki.org; pymol.org) 146.  

Figure 2: Synthetic peptides used to map the receptor-binding regions of FSH-β. A: 

The first FSH-β binding regions found, by homology with EGF, were TRDL and KTCT. 

Then, the FSH-β-(33-53) peptide, holding both tetrapeptides plus the interconnecting 

region, was evaluated. The equilibrium constants of dissociation Kd and association Ka are 

shown (Ka = 1/Kd). B: Overlapping synthetic peptides that were used to further map the 

different regions of interaction in the FSH-β subunit. The predicted FSH-receptor binding 

regions FSH-β-(31-45), included in the FSH-β-(33-53) peptide, and FSH-β-(81-95), are 

labeled as “R”. The predicted regions of interaction with the FSH-α subunit (GPH-α) 

corresponded to the peptides FSH-β-(11-25), (41-55), (51-65), and (101-111), are labeled 

as “α”.  

Figure 3. FSH 3D structure showing the predicted receptor binding regions in the 

FSH-β. The predicted binding regions between FSH-β and its receptor are shown, 

corresponding to FSH-β-(33-53) and FSH-β-(81-95), mapped by using the 15 mer 

overlapping synthetic peptides shown in Fig. 2B. The regions FSH-β-(33-53) and FSH-β-

(81-95) form a continuous surface on the β subunit, as previously suggested without 

knowing the 3D structure 23. The figure corresponds to PDB entry 1FL7. The binding 

region FSH-α-(32-46) is also shown. 
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Figure 4. Regions of FSH-β predicted to interact with FSH-α. The 15 mer overlapping 

peptides were also used to find possible binding regions of FSH-β interacting with the α 

subunit. For this purpose, a solid phase binding assay over nitrocellulose was used, over 

which the different 15 mer peptides were adsorbed, and the binding of 125I-FSH-β was 

measured. The predicted binding regions FSH-β-(11-25), (41-65), and (101-111), form a 

continuous region that partially embraces the α subunit. The actual interacting regions at 

the interface are shown in Table 1 and with details in the supplementary Table S1, 

corresponding to the 1FL7 crystal, derived from the PISA server (ebi.ac.uk/pdbe/pisa). 

Figure 5. The 3D structure of the FSH-FSHR complex and the predicted binding sites 

using synthetic peptides. The three-dimensional FSH structure is shown together with the 

ectodomain of the FSH-receptor. The X-ray coordinates were obtained from the PDB 

database and plotted by using PyMol. A: The FSH-β-(33-53) and FSH-β-(81-95) regions 

are shown, corresponding to the synthetic peptides able to inhibit FSH binding to the 

receptor. The 3D structure corresponds to the PDB entry 1XWD. B:  Interactions of the 

FSH-β-(38-48) loop with the FSH receptor (PDB entry 4MQW, chains A, B, X). The 

sulfated tyrosine 335 (sY335) is shown (blue) in the hydrophobic pocket of the βL2 loop 

(V38-Q48). The rest of the interactions are listed in Table 2 and Table S2, in supplementary 

materials.  

Figure 6: The ligand-receptor models of interaction. Several models have been 

postulated to explain how a ligand interacts with its receptor. A) Lock and Key model. This 

was the first and more simple view of the possible interaction. Both the ligand and the 

receptor function as rigid molecules, fully complementary, as occurs with a lock and a key. 

B) Induced fit. A rigid ligand induces a conformational shift in the receptor, adapting its 

interacting surface to the ligand. C) The induced fit may be also bidirectional, with both 

the ligand and the receptor adapting their structures to each other for best binding.  D) 
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Conformational selection: the receptor exists in multiple conformations in equilibrium. The 

ligand binds to the complementary one and displaces the equilibrium towards the optimal 

conformation; a mutually induced fit can also occur. 

Figure 7: Joining two binding regions.  A: The amino acids TRDL, KTCT, and the bridge 

sequence among these receptor binding regions, were joined together in the synthetic 

peptide FSH-β-(33-53). B: the regions FSH-β-(33-53) and FSH-β-(81-95) were joined 

without the bridge sequence in the synthetic peptide FSH-β-(33-53)-(81-95).   Following 

the principle of additivity of ΔG, the expected Kd value (Kd = 1/Ka) for the joint peptide 

was similar to the value measured for FSH-β. The joint peptide had an increased affinity 

(lower dissociation rate) compared with both peptides separately; however, it was far from 

the expected value KAB = KaA.KaB (Model 1).  

Figure 8: The additive nature of free energy. The free energy of interaction results from 

the addition of the individual free energies of each binding component. These regions can 

be mimicked by synthetic peptides, with limitations imposed by synergistic or antagonistic 

interactions, reflected in the ΔG°int term. It can be replaced by a correction factor “c”. If 

3D data are available or can be predicted by homology modeling or a similar approach, the 

ΔG°i for each binding region can be estimated by using the buried surface areas (BSA) 

since ΔG°(x) = γ´. BSA(x) (Model 2). Considering the more realistic presence of 

nonadditive interactions, the free energy can be predicted from the affine function ΔG°(x) 

= γ´´. BSA(x) + ΔG°na (Model 3). The slope γ´´ can be calculated empirically from the 

observed values by linear regression and ΔG°na from the ordinate at the origin, as shown in 

Figure 9. 

Figure 9: Predicted and observed ΔG° values as a function of the buried surface area 

(BSA). A: Predicted and observed ΔG° values for the different FSH-β peptides, 
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corresponding to the values shown in Table 3. Closed triangles (▲) show the predicted 

ΔG° values by using ΔG°(x) = γ´. BSA(x) (Model 2), with γ´= -0.00726 kcal mol-1 Å-2; 

closed circles (●) show the experimentally observed ΔG° values of the peptides, in solution. 

The fitted line of the observed values shown corresponds to the function ΔG° (x) = γ´´. 

BSA(x) + ΔG°na (Model 3), which is ΔG° (x) = (-0.0058697 kcal mol-1 Å-2) BSA(x) - 

3.124895 kcal mol-1; it was used to calculate the predicted Model 3 values of Table 3. The 

gray area shows the 95% confidence interval. The graph was plotted by using Rstudio and 

the ggplot2 library as shown in the suppl. file. B: Additive values of free energy ΔG°i = γ´´. 

BSAi for each FSH-β residue i, where γ´´ corresponds to the slope of the regression ΔG° 

(x) = γ´´. BSA(x) + ΔG°na (panel A, model 3, γ´´ = -0.0058697 kcal mol-1 Å-2; ordinate at 

the origin ΔG°na = - 3.124895 kcal mol-1). The total free energy of a protein fragment, from 

amino acid i to j, can be calculated as ΔG°i→j = (∑ ΔG°𝑖
𝑗
𝑖  ) + ΔG°na. The first term 

corresponds to the additive part of the ΔG°, explained by the BSA values, and the last term 

corresponds to the nonadditive part, including values of BSA-independent properties and 

entropy changes; the corresponding BSA and ΔG°i values are indicated in Table S3 (suppl. 

file). Two “hot regions” appear between amino acid residues FSH-β-(34-47) and FSH-β-

(88-106) (Table S3), with a total ΔG°i of -2.37 ± -0.18 kcal mol-1 and -2.63 ± -0.05 kcal 

mol-1, respectively, plus ΔG°na = - 3.124895 kcal mol-1.  
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