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A Introduction  

1 Cyclic g-amino acids 

More than hundreds of amino acids are found in nature, and without them, life on planet Earth 

would not be feasible.1-3 Already in microorganisms, amino acids and peptides are responsible 

for keeping the viability of the cell and for the interactions of the microbe with other organisms.4 

In humans, amino acids are an essential source of nitrogen in anabolism and catabolism, and 

also as constituents of peptides and proteins, they play highly diverse roles, e.g., as signaling 

molecules (neurotransmitters, hormones), receptors, enzymes, transporters, and antibodies.5 

Even though twenty-one L-a-amino acids are involved in the synthesis of all peptides in the 

human body, the natural peptides consisting of only a-amino acids are not commonly used as 

therapeutic agents because of their weak resistance to proteolysis (short plasma half-life) and 

poor physiochemical properties (flexibility, aggregation, solubility).6  

Since peptides are diverse and, in some cases, extremely efficacious as therapeutics, various 

strategies to improve their limitations have been disclosed over the years: this involves 

modifications such as alkylations and amino acid substitutions at a sensitive position, as well 

as an enhancement of well-defined secondary structure elements.6 In particular, the replacement 

of a-amino acids with cyclic b-amino acids, which are able to stabilize peptide proteolytically 

and conformationally, is a common modification that has been extensively studied for over two 

decades.7-17 

Less studied are cyclic g-amino acids, which present an additional challenge in the research 

field of peptidomimetics because of their flexibility and diversity: indeed, peptides with g-amino 

acids have expanded backbone, multiple possible stereocenters, and several dihedral angles. 

Apart from the torsion angles f and Y, which are present also in a-peptide, a peptide with a g-

amino acid possesses two additional torsion angles: q and z (Figure 1.1A).18 In the case of cyclic 

g-amino acids, at least one of these dihedral angles is constrained (Figure 1.1B). Cyclic g-amino 

acids are thus introduced in the peptide to promote the conformational rigidity of the unnatural 

backbone and to increase the peptide stability against proteases. 

 
Figure 1.1: Backbone dihedral angles, which describe the spatial conformation in peptides with acyclic and cyclic 

g-amino acids. Cyclic g-amino acids are divided into three types, based on their constrained dihedral angles.  

 

A wide variety of (a)cyclic g-amino acids and corresponding peptides have been studied over 

the years, the synthesis and application of which are covered in a handful of reviews.19-26 This 

chapter primarily focuses on the achievements in the field of cyclic g-amino acids in terms of 
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their influence on the peptide conformation and application. Selected g-amino acids are 

presented based on their locked dihedral angles and the ring size. 

The conformational versatility of cyclic g-amino acid results from all the possible variations of 

its structural features: the ring placement, ring size, and stereocenter configuration. The 

cyclic g-amino acids can be classified into three categories based on the ring position and non-

flexible dihedral angles (Figure 1.1B). Cyclic g-amino acids can contain rings of different sizes, 

but only the compounds with up to 6-membered rings are presented here (Figure 1.2). 

 

Figure 1.2: Selected cyclic g-amino acid, presented in this chapter.  

 

1.1 Cyclic g-amino acids with six-membered rings  

3-Aminobenzoic acid (mABA) favors the extended conformation in oligomers and, thus, has 

been, along with its derivatives (e.g., 3,5-diaminobenzoic acid, 3-amino-5-methylbenzoic acid), 

extensively used in the studies of hairpin motif and sheet-like arrangements, including those 

formed by (cyclic) peptides with application as self-assembled nanostructures.27-33 

Heterocyclic mABA derivative, 6-aminopicolinic acid (APIA), on the other hand, has found 

application in g-peptides, which form helical systems,34-36 and in anion-binding a,g-

cyclopeptides.37, 38 

One of the uses of 3-aminocyclohexanecarboxylic acids (g-ACC), which are saturated 

derivatives of mABA, is in the flat cyclic a,g-peptides, which can self-assemble to form 

cylindrical sheet-like nanotubes (self-assembling cyclic peptide nanotubes, SCPNs).39-44 

SCPNs are consisting of stacked cyclic peptides, in which the amide groups are oriented 

perpendicularly to the plane of the cyclic peptide backbone and form b-sheet-like hydrogen 

bonds with another cyclic peptide. 

Initially, the g-ACC residues in the cyclic a,g-peptides were chosen to generate a partially 

hydrophobic character in the internal cavity of the ring as opposite to the hydrophilic character 

of the parent cyclic a-peptides: indeed, the pores were suitable for capturing the chloroform 

molecules.45, 46 as well as water molecules, 47 revealing the amphiphilic nature of the cavity.  
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It has been observed that peptide stacking occurs when the lead D,L-a-cyclic peptide has an 

alternating sequence. In this context, (1R,3S)-g-ACC and (1S,3R)-g-ACC act as substitutes for 

L- and D-amino acids, respectively, in a,g-peptides (Figure 1.3A),45, 47-51 3:1 a,g-peptides 

(Figure 1.3B)52 or g-tetrapeptide (Figure 1.3C).53 Selective N-methylations of the cyclic 

peptides also limited the stacking of these monomer units: instead of nanotubes, dimers were 

formed. 

 

Figure 1.3: Cyclic peptides containing g-ACC residues and the corresponding self-assemblies. A) 1:1 a,g-peptides. 

B) 3:1 a,g-peptide. C) g-peptide.  

 

Following the idea to capture different charged species, tailored deviations on the cyclic a,g-

backbones, such as changing the number and the features of monomer units (e.g., 

functionalization with hydrophilic moieties, positioning the side chains inside or outside the 

cavity), allowed the development of various dimers, clusters, and nanotubes, which efficiently 

encapsulate or transport ions.54-57 However, since many cyclic peptides consist of both six- and 

five-membered g-amino acid residues, more detailed literature research is described later in 

chapter 1.2 (Figures 1.12 and 1.13). 

Moreover, it has been shown by Horne and coworkers that the unnatural g-ACC residue is also 

tolerated in an internal b-strand of the b-hairpin from the Streptococcal protein GB1: The use 

of g-ACC at two cross-strand positions in a host a-peptide hairpin sequence led to the formation 

of the a,g-peptide with more stable folded state to the one found in a native a-oligomer. The 

same result was obtained when mABA was used instead of g-ACC.27 Further investigation on 

the extended strands of the GB1 showed that g-ACC is indeed tolerated in every strand 

(regardless of the g-ACC placement in the GB1 analogs) and has a minimal influence on the 

stability of GB1 analogs (but only when the critical hydrophobic contacts supporting the tertiary 

structure are not disrupted).21, 58  

The influence of 2-(2-aminocyclohexyl)acetic acid (g-ACHA) with 2-ethyl (Et) or 2-aminobutyl 

(Ab) chains (g-ACHAEt and g-ACHAAb, respectively) to promote the formation of secondary-
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structure elements was examined by Gellman and coworkers (Figure 1.4). The constrained cis-

g-ACHAEt was shown to strongly support the formation of 12-helix stabilized by C=O(i)éH-

N(i+3) hydrogen bonds in 1:1 a,g-peptides, observed in chloroform and the solid state.59 More 

hydrophilic derivative, the a,g-octapeptide containing g-ACHAAb, also adapted the 12-helical 

conformation in chloroform as well as in polar solvents, such as methanol and water.60  

 

Figure 1.4: 12-helical hydrogen-bond patterns in the linear 1:1 a,g-peptides containing g-ACHAEt and g-ACHAAb. 

 

Similar to the 1:1 backbone pattern, also 2:1 and 1:2 linear a,g-peptides with cis-g-ACHAEt 

displayed C=O(i)éH-N(i+3) hydrogen-bonded 12-helices (Figure 1.5A).61 Both enantiomers 

(R,R,R)- and (S,S,S)-g-ACHAEt together with D- and L-alanine, respectively, were examined. 

The study of g-peptides with (S,S,S)-g-ACHAEt residues has shown that the cyclic residues 

enhanced the stability of the 14-helical secondary structure (with C=O(i)éH-N(i+3) hydrogen 

bonds observed) in the solution and the solid state (Figure 1.5B).62 

 

Figure 1.5: A) The hydrogen-bond network of the oligomers with 1:2 and 2:1 a,g-backbone pattern, containing 

Ala and g-ACHAEt residues. B) The hydrogen-bond network of the g-pentapeptide, which contains (S,S,S)-g-

ACHAEt residues.  
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The crystal structure of 1:1 b,g-peptide, containing enantiomer (S,S,S)-g-ACHAEt together with 

(S,S)-trans-2-aminocyclopentanecarboxylic acid, shows the propensity of the cyclic residues to 

promote the formation of the 13-helix (Figure 1.6).63 

Overall, the helices with C=O(i)éH-N(i+3) hydrogen bonds have been observed in various 

peptides, which all contain a cis-g-ACHAEt residue (Figures 1.4-6).  

 

Figure 1.6: Structure of b,g-pentapeptide containing (S,S,S)-g-ACHAEt and (S,S)-b-aminocyclopentanecarboxylic 

acid. Arrows indicate the hydrogen bonds in the crystal structure. 

 

A more complex hydrogen-bond network was observed in a heterogenous a,b,g-peptide with 

agaaba sequence (Figure 1.7). The peptide, which contained (S,S,S)-g-ACHAEt and (S,S)-b-

aminocyclopentanecarboxylic acid, adopted a-helix-like conformation in aqueous solution.64  

 

Figure 1.7: The hydrogen-bond network in a,b,g-peptide (agaaba sequence), which adopts the a-helix-like 

conformation in an aqueous solution. 

 

Although it was later shown that the cyclically constrained g-ACHAEt residue alone does not 

have a major impact on helical folding, the monomer was still used in the studies of the a,b,g-

helical peptidomimetics.65-67 In particular, the peptides with agaaba motif were studied for 

their mimicry of BH3 helical domains, Bim. The most active a,b,g-peptide exhibited 

comparable Bcl-xL binding affinity to that of the a-Bim 15-mer and showed improved stability 

against degradation by proteinase K compared to the 15- and 18-mer a-Bim.  

 

The impact of the C4 stereocenter configuration of the cyclic g-ACHAEt residue on the local 

peptide conformation was explored. In this regard, the study of (S,S,R)-g-ACHAEt isomer 

disclosed the strong propensity of the cyclic g-residue to promote 12/10-helical conformation, 

which features C=O(i)éH-N(i+3) and C=O(i)éH-N(iï1) hydrogen-bonding patterns, in a,g-

peptides (Figure 1.8).68  

 

Figure 1.8: A selected example of the (S,S,R)-g-ACHAEt-containing a,g-pentapeptide, displaying 12/10-helical 

conformation.  
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The positional isomer of g-ACHAEt, the (1R,2R)-2-((S)-1-aminopropyl)cyclohexane-1-

carboxylic acid (g2,3-APCH), was also evaluated for its influence on the conformation of the 

a,g-peptides. Through crystallographic and NMR analysis, the study examined two a,g-

peptides with trans-g-APCH and D-alanine, which displayed 12/10-helical conformation 

(Figure 1.9).69  

 

Figure 1.9: A selected example of a,g-hexapeptide with trans-g-APCH residues and 12/10-hydrogen-bond 

network. 

 

In the crystal structures of 1:1 a,g-peptides with (1S,2R)-2-

(aminomethyl)cyclohexanecarboxylic acid (cis-g2,3-AMCH), two different conformations were 

observed (Figure 1.10): 12/10-helical conformation in the tetrapeptide (C=O(i)éH-N(i+3) and 

C=O(i)éH-N(iï1) hydrogen bonds) and 12-helical conformation in the hexapeptide 

(C=O(i)éH-N(i+3) hydrogen bonds).70 

 

Figure 1.10: Two examples of a,g-tetrapeptide and a,g-hexapeptide with cis-g-AMCH residues and their 12/10-

and 12-hydrogen-bond network, respectively.  

 

The heterocyclic derivative of ACC, g-4-aminopipecolic acid (g-APA), has been found to have 

applications in medicinal chemistry. Because of its ability to extend and constrain the peptide 

backbone, g-APA has been investigated in the cyclic peptides with tripeptide motif -Arg-Gly-

Asp- (RGD).71 The RGD sequence is recognized by many integrins, including a5b1, avb5, and 

avb3, which are transmembrane glycoproteins involved in the cell adhesion and, expressly, in 

tumor angiogenesis.72 In the presented study, the ability of cyclic pentapeptides with different 

g-APAs, cyclo-(-Arg-Gly-Asp-cis-g-APA-), to inhibit the adhesion of cells was compared to the 

lead compound cyclo-(-Arg-Gly-Asp-D-Phe-N(Me)-Val-). The latter, Cilengitide, is a highly 

potent avb3 antagonist with IC50 in the nanomolar range, whereas the cyclic peptides with g-

APA and g-APACp residues are 7-fold and 6-fold weaker inhibitors than Cilengitide, 

respectively (Figure 1.11).73, 74   
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Figure 1.11: Two examples of cyclic peptides with g-APA and RGD motifs, which showed inhibition activity 

toward avb3.  

 

1.2 Cyclic g-amino acids with five-membered rings  

In various tubular assemblies of cyclic a,g-peptides mentioned earlier, also 3-

aminocyclopentane-1-carboxylic acid (g2,4-Acp) was used as a monomer building block (Figure 

1.12).39 Briefly, using the Acp residue, which has a larger angle between C-N and Ca-C than g-

ACC (144 ° vs. 120 °, respectively), resulted in the formation of larger cyclic peptides.50  

Many dimers, as well as nanotubes, which contained g-Acp residues, were studied over the 

years.46, 75, 76 

 

Figure 1.12: Structures of cyclic a,g-peptides, containing g-Acp residues, and their general application. 

 

Moreover, it has been found that g-Acp-containing cyclic peptides have various applications.43 

Cyclic a,g-peptides can self-assemble into dimer structures, used for encapsulation of xenon 

atom,77 transmembrane transportation of cations and anions (Figure 1.13A),78 or as 

photoinduced electron- and energy-transfer systems.79-82 Moreover, cyclic a,g-peptides with 

g-Acp residues can self-assemble into nanotubes, which are used in the studies of hybrid 

materials.43, 83, 84 

 

Cyclic peptides containing 4-amino-3-hydroxytetrahydrofuran-2-carboxylic acid (ɔ-Ahf) 

residue can form dimers with hydrophilic cavities (Figure 1.13B)85 or self-assembled spherical 

clusters (Figure 1.13C).55 In flat cyclic peptides, the hydroxy groups are oriented toward the 

lumen of the dimer, which allows the encapsulation of various polar species, such as water, 

oxalic acid, and Ag+ (Figure 1.13C).56 Later on, the dimer of cyclic decapeptide containing 

functionalized ɔ-Ahf residue was tested for potential application in medicinal chemistry. In 

particular,  the corresponding cis-platinum complex showed a cytotoxic effect at A2780 ovarian 

cancer cells (Figure 1.13D).57  
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Figure 1.13: Various applications of g-Acp and g-Ahf-containing cyclic peptides. A) External functionalization of 

cyclic peptides. B-D) Internal functionalization of cyclic peptides. 

 

Like g-APA, g-Acp can also be used as a conformationally constrained residue in RGD-based 

cyclic peptides. Both cis- and trans-g-Acp-containing cyclic peptides have been shown to bind 

at avb3 and avb5 integrin receptors (Figure 1.14A).86, 87 By replacing g-Acp with (2S,4S)-4-

aminopyrrolidine-2-carboxylic acid (g-APCA), higher selectivity for avb3 was achieved (Figure 

1.14B).87 The avb3 integrin-selective peptide, which contained an alkylated g-APCA derivative 

(g-APCAAe), was later used for conjugation and labeling with a fluorophore or a radioisotope 

(Figure 1.14C).88, 89 More recently, the RGD-type peptides were also examined as selective drug 

carriers, being attached to a small-molecule drug, such as sunitinib or nintedanib -both tyrosine 

kinase inhibitors-, via linker moiety (Figure 1.14D-E).90-96 Interestingly, an expansion of the 

peptide backbone by two hydrophobic a-residues, for example, the cyclo-(-Leu-Arg-Gly-Asp-

Leu-cis-g-APCAAzb-) or cyclo-(-Leu-Arg-Gly-Asp-Leu-cis-g-APCAAzh-), formed the avb6-

integrin selective ligands (Figure 1.14E).93, 95, 97   
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Figure 1.14: A) RGD-based cyclic peptides containing g-Acp residues. B) RGD-based cyclic peptides containing 

g-APCA residues. C) The avb3-integrin selective ligand containing cis-g-APCAAe. D) The cyclo-(-Arg-Gly-Asp-

cis-g-APCAAzb-), used for avb3-integrin ligand conjugates. E) The RGD-based peptides cyclo-(-Leu-Arg-Gly-Asp-

Leu-cis-g-APCAAzb/Azh-), used for the nintedanib-avb6-integrin ligand conjugates.  

 

Proteogenic amino acid Pro promotes specific conformational preferences in the peptides, and 

its structure has influenced the design of various constrained cyclic amino acids. Some 

examples where the native Pro amino acid was substituted with the cis-g-APCA are found 

among the opioid peptides. Two endogenous agonists of the µ-opioid receptor have structurally 

similar N-terminal sequence Tyr-Pro-Phe/Trp-Phe-NH2. These are: endomorphin-2 (Tyr-Pro-

Phe-Phe-NH2) and endomorphin-1 (Tyr-Pro-Trp-Phe-NH2). The similar structure also has an µ-

selective opioid peptide morphiceptin (Tyr-Pro-Phe-Pro-NH2), which is derived from the milk 

protein.98-100 Firstly, the linear endomorphin-2 analog ïwith the sequence Tyr-g-APCA-Phe-

Phe-NH2ï bind weakly at the µ opioid receptor (Ki 310 nM), but the side-chain to tail cyclized 

derivatives Tyr-cyclo(-g-APCA-Phe-Phe-) showed the binding affinities in the range from 38 

to 660 nM, depending on the stereochemistry of the Phe residues (L- or D-Phe) used.101, 102 The 

second example is the morphiceptin analog, in which two Pro residues are exchanged. This 

promising example, which showed good binding affinity (Ki 0.59 nM) but had attenuated 

potency compared to the endomorphin-2 (pEC50 7.11 vs. 7.95, respectively), is a tetrapeptide 

with the following sequence: Tyr-g-APCA-Phe-g-APCA-NH2.
103 

 

Constrained cyclic g2,3-amino acid 2-(aminomethyl)cyclopentane-1-carboxylic acid (g-AMPC) 

was examined for its influence on peptide conformation. The 1:1 a,g-hexapeptide, containing 

trans-g-AMPC residues, displayed only a modest tendency to adopt 12/10-helical conformation 

(Figure 1.15A).104 In comparison to trans-g-AMPC residue, the stereoisomer cis-g-AMPC 

promoted the peptide folding (Figure 1.15B). The characteristic long-range NOE cross peaks 

of 12/10-helical secondary structure were observed in ROESY 1H-NMR, and five residues of 

the a,g-hexapeptide adopted a well-defined 12/10-helix in the NMR solution structure. The 
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crystal structure of a corresponding dipeptide showed strongly a restricted z-torsion angle (29 °), 

which is the smallest reported z-angle in a mixed 12/10-helix to date.105  

 

Figure 1.15: a,g-decapeptide containing trans-g-AMPC and cis-g-AMPC residues and the 12/10-helical hydrogen-

bonding network.  

 

Turning attention to heterocycles as more peculiar g2,3-constrained residues, the g-hexapeptides, 

with 4-(aminomethyl)-2-methylthiazole-5-carboxylic acid residues (g-AMTCMe and g-AMTCBn) 

displayed a preference for the right-handed 9-helical conformation with the C=O(i)éH-N(i+2) 

hydrogen-bonding network (Figure 1.16 A).106 In 1:1 a,g-peptides, the absolute configuration 

of g-AMTCMe had influence on cyclic turn formation: while the conformation of a,g-

hexapepetide with (S)- g-AMTCMe was not stable, a,g-hexapeptides with (R)-g-AMTCMe 

adopted ribbon-like conformation, supported by 9/12 hydrogen-bond network (Figure 1.16 

B).107 Moreover, it has been shown that gramicidin S analog (cyclic octapeptide) and the helical 

amphiphilic oligomers, all containing g-AMTC derivatives, exhibit antimicrobial activity.108-110 

Meanwhile, the g-hexapeptide containing AMTC-type building blocks was shown to act as an 

inhibitor of amyloid fibril formation,111 g-hexapeptide containing mannose-based g-AMTC 

derivatives as mannose-6-phosphate receptor ligand,112, 113 and g-AMTC-type oligomers as the 

organocatalysts.114  

 

Figure 1.16: A) The 9-helical conformation of g-hexapeptide with g-AMTCMe and g-AMTCBn residues. B) 9/12-

hydrogen-bond network of the 1:1 a,g-hexapeptide (R)-g-AMTCMe residue. 

 

Fluorinated sugar-derived g2,3-amino acid (2R,3R)-2-(aminomethyl)-3-fluorotetrahydrofuran-3-

carboxylic acid (g-AMFCF) was successfully incorporated in the linear tripeptides (Boc-Xaa-
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g-AMFCF-Val-OMe: Xaa=Ala, Leu) (Figure 17A),115 as well as in cyclic a,g-tetrapeptide and 

a,g-hexapeptide, which self-assembled into nanotubes and were recognized as supramolecular 

anion transporters (Figure 1.17B).116, 117  

 

Figure 1.17: A) g-AMFCF in the linear tripeptide. B) g-AMFCF in the cyclic a,g-tetrapeptide and a,g-hexapeptide. 

 

1.3 Cyclic g-amino acids with four-membered rings  

Various g-amino acids were also applied in the ribosomal peptide synthesis. For instance, 

g-ACC, g-Acp, and 3-aminocyclobutane-1-carboxylic acid (g-ACBC) were successfully 

incorporated in the heterogenous-backbone cyclic a,g-peptides (Figure 1.18A).118, 119  

 

Figure 1.18: A) The selected example of ribosomally synthesized g-ACC/g-Acp/g-ACBC-containing 

heterogeneous cyclic peptide. B) Structures of linear peptides prepared by the ribosomal incorporation of multiple 

constrained g-ACBC. C) The constrained g- and b-residues tolerated in the ribosomal peptide synthesis.  

 

Interestingly, only two out of four tested g-ACC isomers, namely (1R,3R)-ACC and 

(1R,3S)-ACC, were tolerated by the ribosome. In comparison, all four g-Acp stereoisomers were 

successfully incorporated in the same sequence cyclo-(-g-Acp-Phe-Arg-Gly-Asp-Trp-Pro-Gln-
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Gly-). Ribosome also tolerated both cis- and trans-ACBC isomers. Quantitative analysis 

showed the highest incorporation efficiency for ACBC residues.119 The study further 

investigated the possibility of multiple g-ACBC incorporations (Figure 1.18B). The results 

show that incorporating two consecutive g-ACBCs was not tolerated. However, the peptides 

could be expressed when at least one a-amino acid was present between two trans-g-ACBC 

residues. Moreover, the g-ACBC residues were also successfully included in the ribosomal 

synthesis of macrocyclic peptides together with another cyclic residue, b-amino acid (1S,2S)-

2-aminocyclopentane-1-carboxylic acid (Figure 1.18C). 

 

Cyclic g2,4-amino acid (1S,3R)-3-amino-2,2-dimethylcyclobutane-1-carboxylic acid 

(g-ACBCMe) in combination with (2S,4S)-4-aminopyrrolidine-2-carboxylic acid (g-APCA) 

formed oligomers, which had rigid and defined conformations. (Figure 1.19A).120 To improve 

the cell-uptake properties, the g-APCA was functionalized with the Nw-guanidinopentanoyl (Gp) 

group (g-APCAGp). The corresponding fluorophore-conjugated hexapeptide was tested in HeLa 

cells and was shown to be a cell-penetrating peptide (Figure 19B).121 Later, two modifications 

of the peptide sequence were examined: (i) longer peptide sequence and (ii ) change of the 

g-APCAGp stereoisomer (Figure 1.19C).122 The corresponding tetradecapeptides showed higher 

accumulation in Leishmania cells than dodecapeptides and were used as drug-carriers for 

doxorubicin.  

Other example of the studied cell-penetrating peptide includes the b,g-peptide, in which 

g-ACBC was substituted with (1S,2S)-b-2-aminocyclobutane-1-carboxylic acid. This 

dodecapeptide showed modest intracellular uptake and notable activity on Leishmania 

parasites.123  

 

 

Figure 1.19: A) The g-peptides containing g-ACBC and g-APCA residues. B) The g-ACBC and g-APCAGp residues 

in the cell-penetrating peptide. C) Dodeca- and tetradecapeptides with g-ACBC and g-APCA residues, studied for 

their cell-penetrating activity.  

 

Additionally, g-ACBCMe was incorporated in short neuropeptide Y (NPY) analogs to potentially 

promote the secondary-structure elements and induce biological activity. In contrast to peptides 

with cyclic b-residues, short peptides containing g-ACBCMe residue showed no binding affinity 
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at NPY receptor.124 However, g-ACBCMe found another application in tripeptides (Pro-g-

ACBCMe-Pro) that acted as organocatalysts for aldol reactions.125  
 

The exploration of conformational preferences of short peptides, which contain cyclic (1R,2S)-

2-(aminomethyl)cyclobutane-1-carboxylic acid (g2,3-ACBC), have shown concentration-

depending results (Figure 1.20A): in dilute solutions, rare seven-membered hydrogen-bonding 

network was observed in the peptides, which folded into ribbon-like structure (Figure 1.20B). 

In concentrated solutions, g-tetrapeptide self-assembled to form an organogel in a variety of 

solvents, including toluene, ethyl acetate, and isopropanol.126 

 

Figure 1.20: A) The short g-peptides based on the g2,3-ACBC. B) The 7-membered hydrogen-bond network 

displayed in the g-tripeptide. 

 

1.4 Cyclic g-amino acids with three-membered rings  

The cis-g-AMCPPh-NEt2, an amidated derivative of 2-(aminomethyl)-1-phenylcyclopropane-1-

carboxylic acid (g-AMCPPh), is a small molecule that acts as an inhibitor of 

serotonin/norepinephrine reuptake (Figure 1.21).127, 128 The racemic mixture and 

enantiomerically pure (1S,2R)-AMCPPh-NEt2 are antidepressant agents, available under generic 

names Milnacipran and Levomilnacipran, respectively. 127, 128  

While already the steric repulsion of the cis-configuration partially limits the rotation about Cb-

Cg bond, the dihedral angle q can become highly restricted by further functionalization of the g-

carbon with larger substituents:129-131 In particular, when the g-carbon was functionalized with 

an ethyl group, minimal steric repulsion was observed when the larger groups were oriented 

away from the carbonyl group, resulting in limited Cb-Cg rotation.132, 133 The evaluation of the 

pharmacological activity of this constrained compound, namely (1S,2R,1`S)-AMCPPh/Et-NEt2, 

revealed reduced activity as a serotonin uptake inhibitor compared to Milnacipran (Ki 24 µM 

vs. 8.5 nM, respectively).132  

 

Figure 1.21: 2-(aminomethyl)-1-phenylcyclopropane-1-carboxylic acid (cis-g-AMCPPh) and the derivatives.  

 

For the application in the mRNA display method, N-chlororacetylated a,g-dipeptide (N-

chlororacetyl-(cis-g-AMCPiBu)-phenylalanine; ClAc-(cis-g-AMCPiBu)-Phe-OH) was tested as 

an initiator in the ribosomal synthesis of the macrocyclic-peptide library (Figure 1.22A).134 The 

choice of cis-g-AMCPiBu in the oligopeptides was due to its ability to promote constrained 

conformation and to improve proteolytic stability. Apart from showing that the ribosome 

accepts non-proteinogenic cis-g-AMCPiBu during the initiation process, the study also disclosed 

that when two cysteine residues were introduced in the peptide sequence, the peptides 
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containing cis-g-AMCPiBu preferred the formation of macrocyclic peptides via thioether linker 

by bonding with the C-terminal cysteine instead of an internal cysteine. After screening with 

mRNA display, the evaluation of the inhibition activity of the selected cyclic peptides (Figure 

1.22B) against phosphoglycerate mutase (CeiPGM) showed good binding affinity and potency 

(KD 0.3-0.8 nM, IC50 9.5-15 nM), as well as high enzymatic stability of both tested cyclic 

diastereoisomers. 

 

Figure 1.22: A) Initiator ClAc-(cis-g-AMCPiBu)-Phe. B) Ribosomally synthesized cyclic peptides with 

(1R,2S,1`S)- and (1S,2R,1`R)-cis-g-AMCPiBu residues.  

 

Amino acid g-AMCP has three stereocenters; thus, eight stereoisomers are possible (Figure 

1.23A). The study on the structure conformation of BnCO-g-AMCPEt/Me-NHBn has shown that 

in all eight isomers, the three dihedral angles z, q, and Y are constrained. Thus, diverse spatial 

orientations of the backbones were formed, from the extended to more folded ones. Authors 

concluded that preferred orientations of cyclopropane functional groups are the result of 

stereoelectronic effects, described as cyclopropylic/allylic strain and bisected conformational 

preference.130 The result of the peptide with trans-g-AMCPEt/Me is also in consistency with the 

previously described dipeptide containing trans-g-AMCPPh/Me, which also adopted an extended 

conformation in the solid state (Figure 1.23B).135 The pharmacological evaluation of the a,g-

dipeptide, a MCR ligand analog (Figure 1.23C), exhibited an antagonistic activity at 

melanocortin (MC4) receptor with modest binding affinity and high enzymatic stability (Ki 32 

nM, IC50 0.22 µM).130  

 

Figure 1.23: A) Eight isomers of BnCO-g-AMCPEt/Me-NHBn. B) Dipeptide Cbz-(trans-g-AMCPPh/Me)-Phe-OMe 

with extended conformation. C) MC4 receptor antagonist, based on trans-g-AMCP.  
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The g-aminocyclopropyl carboxylic acids are the smallest constrained cyclic derivatives of g-

aminobutyric acid (GABA), which is an important inhibitory neurotransmitter in mammalian 

central nervous system.136 The effects of GABA are mediated through its interactions with 

ionotropic (GABAARs and GABACRs) and metabotropic receptor (GABABR), and the actions 

of GABA are terminated by the GABA reuptake transporters (GATs), namely BGT1, GAT1, 

GAT2, and GAT3.137 One of the approaches in GABA-related drug design is to target GABAA 

receptors, like depressant drugs benzodiazepines that increase the activity of the receptor and 

produce calming effects.138 Another approach in the GABA-related drug design is to increase 

the extracellular GABA concentrations by targeting the GATs. For example, Tiagabine is a drug 

that acts as a selective inhibitor of GAT1 and is used for the treatment of epileptic seizures.137  

The simplest g-amino acid containing cyclopropane 2-((1S,2R)-2-aminocyclopropyl)acetic acid 

(trans-g-ACPA) is a moderate inhibitor of GAT subtypes BGT1 and GAT3 (IC50 5.5 and 14 

µM, respectively, Figure 1.24).139 Changes in absolute configuration, position of cyclopropane 

ring, or functionalization on Ca position of trans-g-ACPA decreased the inhibition activity.139, 

140 Studies on Ca derivatization concluded that the weak inhibitory activity was a result of 

unfavorable steric hindrance of the newly introduced functional groups, which obstructed the 

formation of necessary network of binding interactions.140  

In contrast to the more flexible but still partially constrained (ñcyclopropylic strainò) trans-g-

ACPA, studies show that more rigid bicyclic derivatives g-ACPACp exhibit much higher 

selectivity toward BGT1.141-143 The best results were obtained with the compound g-ACPACp, 

which has proved to be a selective BGT1 inhibitor with the IC50 in the low micromolar range 

(IC50 (BGT1) 0.59 µM, IC50 (GAT3) 76 µM).141, 142  

 

Figure 1.24: trans-g-ACPA and bicyclo[3.1.0]hexane GABA (g-ACPACp) analogs. 

 

 

In summary, constrained g-amino acids have shown to be attractive molecules, exhibiting 

biological activities as small molecules or as constituents of larger peptides. Especially because 

of their constrained scaffold, which can stabilize the secondary structure elements, they are 

studied in linear as well as cyclic oligomers, with applications in material and medicinal 

chemistry.  
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B Main Part  

2 Cyclobutane-based g-amino acids 

2.1 Abstract 

The G-protein-coupled Y4-receptor (Y4R) and its endogenous ligand, pancreatic polypeptide 

(PP), suppress appetite in response to food intake and, thus, are attractive drug targets for body-

weight control. The C-terminus of human PP (hPP), T32-R33-P34-R35-Y36-NH2, penetrates deep 

into the binding pocket with its tyrosine-amide and di-arginine motif. Here, we present two C-

terminally amidated a,g-hexapeptides (2.1a/b) with sequence Ac-R31-g-CBAA32-R33-L34-R35-

Y36-NH2, where g-CBAA is the (1R,2S,3R)-configured 2-(aminomethyl)-3-

phenylcyclobutanecarboxyl moiety (2.1a) or its mirror image (2.1b). Both peptides bind Y4R 

(Ki of 2.1a/b: 0.66 nM/12 nM), and act as partial agonists (intrinsic activity of 2.1a/b: 

50%/39%). Their induced-fit binding poses in the Y4R pocket are unique and build ligand-

receptor contacts distinct from those of the C-terminus of the endogenous ligand hPP. We 

conclude that energetically favorable interactions, although they do not match those of the 

native ligand hPP, still guarantee high binding affinity (with 2.1a rivaling hPP), but not the 

maximum receptor activation. 
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2.2 Introduction  

2.2.1 Exploring the interactions of peptide ligands with NPY Y4 receptor 

Pancreatic polypeptide (PP) is a member of the neuropeptide (NPY) family that, in addition to 

PP and NPY, also includes peptide YY (PYY).1, 2 These three 36-residue C-terminally amidated 

peptides are agonists of the four G-protein-coupled Yn receptors (YnR, n = 1, 2, 4, 5), although 

with different preferences: NPY and PYY bind Y1R, Y2R, Y5R and, to a lesser extent, Y4R, 

while PP binds Y4R, and, to a lesser extent, Y5R.1, 3-5 The YnR-mediated biological activities of 

PP, NPY and PYY are manifold, covering the regulation of food intake, the release of 

neurotransmitters, and the control of cardiac and gastrointestinal functions.1, 6 Moreover, this 

multiligand-multireceptor system plays a role in diseases like cancer,7-9 obesity,10, 11 

neurodegenerative12 and cardiovascular13 diseases, stress14-18 and mood disorders.19-21 Given 

their implication for human health, many efforts have been made to develop molecules capable 

of selectively activating or blocking the YnR subtypes.4, 5, 22-50 

Recently, the cryo-EM structures of porcine NPY (pNPY) bound to Y1R and Y2R, and of human 

PP (hPP) bound to Y4R have been solved.51 This represents a remarkable milestone in the four 

decades of research since PP and NPY were isolated for the first time from chicken pancreas52 

and porcine brain.53 Indeed, the binding poses of hPP and pNPY in the respective ternary 

complex (ligand-YnR-Gi1) highlight the structural prerequisites of the ligand to obtain high 

affinity and selectivity for the receptor subtype, as well as its activation. In particular, the C-

terminally amidated pentapeptide 32ï36 of hPP and pNPY is crucial for all three aspects 

mentioned above, as it is the part of the ligand that penetrates deep into the binding pocket, 

forming both an energetically and functionally favorable network of polar and hydrophobic 

interactions. Most significant are the interactions of the C-terminal amide and the di-arginine 

motif R33-X-R35, which are shared by all members of the NPY family.51 As for the C-terminal 

amide, this is H-bonded to the same YnR residues in all three receptor subtypes, which are 

threonine at position 61 of the transmembrane (TM) helix II (T2.61), Q3.32, and H7.39 (Figure 

2.1A). In contrast, the di-arginine motif displays an interaction network that is unique for each 

receptor subtype: in Y2R, both R33 and R35 are salt-bridged with D6.59, and, additionally, R35 

is salt-bridged with E205 from the extracellular loop 2, whereas only R35 is salt-bridged with 

D6.59 in Y1R and Y4R, while R33 is H-bonded to N6.55. However, due to the presence of an 

additional acidic residue in Y4R, E6.58 (otherwise phenylalanine in Y1R and valine in Y2R), 

R33 forms a second ionic interaction.  

In summary, a salt bridge between R35 and D6.59 allows the anchoring of the di-arginine motif 

into the binding pocket of all three YnR subtypes, while a second salt bridge between R33 and 

E6.58 is a feature only of the Y4R subtype.  

Short linear a-peptides displaying the C-terminally amidated, di-arginine motif of NPY/PP 

have been developed, which, despite their small size (four to eight residues), bind Y4R with 

high affinity but act as partial agonists, indicating that they are unable to induce maximum 

receptor activation.4 Two examples are the partial agonists UR-KK236 and UR-AK32, whose 

sequences are reported in Figure 2.1B: by analyzing the results of their induced-fit docking into 

a Y4R homology model based on the crystal structure of a ə-opioid receptor,4 we noticed that 

the network of interactions between the di-arginine motif of the ligand and the two Y4R acidic 

residues E6.58 and D6.59 differs significantly from that found in the cryo-EM structure of the 

endogenous ligand hPP in the Y4R binding pocket.51 
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Moreover, the C-terminal amide group of UR-KK236 and UR-AK32 does not interact with any 

of the three Y4R polar side chains of T2.61, Q3.32, and H7.39, as done by hPP (Figure 2.1A), 

but instead with the side chain of Y2.60 and D6.59, respectively (Figure 2.1B).  

 

Figure 2.1: Ligand-receptor interactions of the conserved NPY/PP di-arginine motif Arg33-X-Arg35 and the C-

terminal amide. (A) Electrostatic contacts (H-bonds , and salt bridges ) of the di-arginine motif and C-

terminal tyrosine-amide of pNPY and hPP bound to the human Y1,2R and Y4R, respectively, as found in the cryo-

EM structures reported recently (PDB ID: 7X9A, 7X9B and 7X9C).51 For the complete view of the ligand-receptor 

interactions, see reference 51. The sequence 32-36 of pNPY and hPP is reported in the box: the positions conserved 

across all species for each peptide are in bold.1 (B) Electrostatic contacts of the Y4R-selective partial agonists UR-

KK236 and UR-AK32 containing the conserved NPY/PP di-arginine motif and C-terminal amide, as generated by 

induced-fit docking into a Y4R homology model and reported recently4 (for the complete view of the ligand-

receptor interactions, see reference 4). 

 

In the present work we evaluated how the type of ligand-receptor contacts involving the 

NPY/PP di-arginine motif and the C-terminal amide could influence the Y4R binding and 

agonism of small peptides based on the hPP segment 32ï36. For this, we developed a mixed 

a,g-peptide analog (2.1) of the Y4R-selective partial agonist UR-KK236 and investigated its 

biological properties and induced-fit binding poses. We envisaged modifying the neighboring 

positions of the conserved NPY/PP di-arginine motif by the incorporation of mirror images of 

a bulky and conformationally constrained g-residue to assess the effect of the geometric 

placement of the two basic side chains and the C-terminal end on receptor binding and activity 

(Scheme 2.1). We show that we could, indeed, obtain different ligand-receptor interaction 

networks for each stereoisomeric a,g-peptide (2.1a/b), which, however, were distinct from 

those found in the ternary complex hPP-Y4R-Gi1,
51 but nevertheless resulting in low-nanomolar 

or even subnanomolar binding rivaling the natural ligand. Along with this, we observed only 
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partial receptor activation, whereas the binding affinity could benefit from the energetically 

favorable interaction network of the di-arginine motif with Y4R. 

Scheme 2.1: a,g-Peptide Analogues of the Y4R-Selective Partial Agonist UR-KK236. 

 
 

2.3 Results and discussion 

2.3.1 Design of  a,g-peptide analogs of the Y4R-selective partial agonist UR-KK236 

We performed amino-acid substitutions in the Y4R-selective partial agonist UR-KK236, with 

the aim of obtaining analogs that can bind Y4R, but whose structural characteristics require 

binding poses different from those of UR-KK236. Although previous work indicates Y32 and 

L34 to be particularly suited for N-terminally truncated PP and NPY analogs preferring Y4R 

over the other receptor subtypes,4, 24, 36, 39 we decided to modify the a-amino-acid sequence of 

the C-terminally amidated hexapeptide UR-KK236 at these two positions, as both showed good 

tolerance towards non-conservative substitutions (Scheme 2.1). For example, Y32 could be 

replaced with other aromatic residues, such as tryptophan and phenylalanine, or with glycine, 

without significant loss of Y4R binding affinity.4 Concerning the double substitution at positions 

32 and 34, besides hydrophobic a-amino acids, conformationally constrained b-amino acids 

derived from cyclobutane (b-CBAA) and cyclopentane (b-CPAA), like the cis-configured 

(1R,2S)-2-amino-cyclobutane or cyclopentane carboxylic acids, could also be incorporated.54 

Because hydrophobic moieties are preferred, and a geometry-controlled expansion of the 

peptide backbone is, in principle, possible, we chose our recently developed g-amino acid 2-

(aminomethyl)-3-phenyl-cyclobutanecarboxylic acid (g-CBAA),55 whose inherent structural 

features include both hydrophobicity (i.e., phenyl-cyclobutyl moiety) and residue-directed 
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peptide-backbone expansion along with partial rigidification (i.e., cyclobutyl ring with cis-con-

figuration of the a-carboxyl and g-aminomethyl substituents, in analogy with the well-tolerated 

b-CBAA used in a previous work54). Moreover, using the mirror images of the g-amino acid 

gives the opportunity to modify the backbone sterically without changing the side-chain 

functionality. Thus, following the amino-acid substitution pattern applied in previous work,4, 54 

we designed the a,g-peptides 2.1 and 2.2 containing g-CBAA at position 32 or at both positions 

32 and 34, respectively (Scheme 2.1). The a,g-peptides were assembled by solid-phase peptide 

synthesis (SPPS) from Na-fluorenylmethyloxycarbonyl(Fmoc)-protected a-amino acids and 

Ng-Fmoc-protected g-amino acids, which were then purified by reverse-phase high-performance 

liquid chromatography (RP-HPLC) to reach purities of at least 95% (Figures S2.1 and S2.2). 

 

2.3.2 Stereoisomeric a,g-peptides 2.1a and 2.1b bind the Y4R with different affinities and act 

as partial agonists 

To evaluate the impact of the incorporation of (1R,2S,3R)-g-CBAA and its enantiomer at 

positions 32 and 34 of UR-KK236 on YnR binding, we performed a radioligand competition 

binding assay on the following cell lines: Y1R-expressing SK-N-MC, CHO-hY2R, CHO-hY4R-

Gqi5-mtAEQ, and HEC-1B-hY5R (Table 2.1 and Figure 2.2A). The replacement of Y32 with 

(1S,2R,3S)-g-CBAA was well tolerated, resulting in only a threefold lower affinity of the a,g-

peptide 2.1b for Y4R compared to UR-KK236 (Ki 12 nM vs. 3.4 nM36). The enantiomer 

(1R,2S,3R)-g-CBAA was tolerated even better: the a,g-peptide 2.1a binds to the Y4R 18-times 

more strongly than 2.1b (0.66 nM vs. 12 nM), and as strongly as the native human ligand hPP 

(0.66 nM vs. 0.69 nM5), which highlights the importance of the stereochemistry of the 

constrained g-residue. In analogy with UR-KK236, both a,g-peptides 2.1a and 2.1b exhibit very 

high Y4R selectivity, with Ki (Y1R/Y4R) ratios of 350 and >250, respectively.  

In contrast to 2.1a and 2.1b, the a,g-peptides 2.2a and 2.2b, which contain (1R,2S,3R)-g-CBAA 

or (1S,2R,3S)-g-CBAA at both positions 32 and 34, displayed only submicromolar Y4R binding 

affinity, with Ki values of 340 nM and 910 nM, respectively. We attribute the lack of binding 

after the replacement of L34 with g-CBAA mainly to the bulkiness of the unnatural g-residue, in 

accordance with the recently reported data4 on an analog of UR-KK236 containing tryptophan 

instead of leucine at position 34, which show moderate Y4R binding affinity (Ki 97 nM) and, 

moreover, no receptor activation. Therefore, hydrophobicity and steric hindrance play an 

important role at position 34 and need to be balanced to retain strong Y4R binding and activity. 

In the light of this, we desisted from preparing mono-substituted g-CBAA34-containing analogs 

of UR-KK236. 

Next, we assessed the functional activity of the strong Y4R ligands 2.1a and 2.1b by using a 

recently reported mini-Gsi protein recruitment assay56 (Table 2.1 and Figure 2.2B). Both a,g-

peptide ligands act as partial agonists, inducing 40-50% receptor activation compared to that 

induced by hPP. However, the stronger ligand 2.1a is also the more potent partial agonist, 

displaying an EC50 value of 20 nM against the 30-fold higher value (610 nM) of 2.1b. 
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Table 2.1: Binding Affinity and Agonistic Potency of the a,g-Peptide Analogues of UR-KK236 at the YnR 

Subtypes, and Comparison with the Endogenous Agonists hPP and pNPY, as well as with the Y4R-Selective Partial 

Agonist UR-KK236 (n.d., not determined). 

aDetermined by competition binding with [3H]UR-MK299 (Kd = 0.044 nM,33 c = 0.15 nM) at hY1R-expressing 

SK-N-MC neuroblastoma cells. bDetermined by competition binding with [3H]propionyl-pNPY (Kd = 0.14 nM,4 c 

= 0.5 nM) at CHO-hY2R cells. cDetermined by competition binding with [3H]UR-KK200 (Kd = 0.67 nM,35 c = 1 

nM) at CHO-hY4R-Gqi5 -mtAEQ cells. dAgonistic potency (pEC50, EC50) and intrinsic activity a (relative to the 

effect of 1 µM hPP, a = 1) determined in a mini-Gsi protein recruitment assay performed at HEK293T-NlucN-

mGsi/Y4R-NlucC cells.56 eDetermined by competition binding with [3H]propionyl-pNPY (Kd = 11 nM,57 c = 5 nM) 

at HEC-1B-hY5R cells. (a-c,e) The structures of the tritiated compounds are shown in Figure S2.3. (a-e) Data 

represent mean values from three independent experiments performed in triplicate. fReported by Berlicki et al.54 

Reported Ki values were converted to pKi values. gReported by Konieczny et al.5 hReported by Kuhn et al.36 

Reported Ki values were converted to pKi values. iThe competition binding curve is shown in Figure S2.4. 

 

 

Figure 2.2: Y4R binding and activation by the a,g-peptide analogs of UR-KK236. (A) Binding curves of hPP, UR-

KK236, 2.1a, 2.1b, 2.2a, and 2.2b, obtained from competition binding experiments with the Y4R radioligand 

[3H]UR-KK193 (Kd = 0.67 nM,35 c = 0.6 nM) (UR-KK236) or [3H]UR-KK200 (Kd = 0.67 nM,35 c = 1 nM) (hPP, 

2.1a, 2.1b, 2.2a, 2.2b) performed at intact CHO-hY4R-Gqi5-mtAEQ cells. The structures of the tritiated compounds 

are shown in Figure S2.3. Data of hPP and UR-KK236 were taken from Konieczny et al.5 and Kuhn et al.36, 

respectively. (B) Concentration-response curves of hPP, UR-KK236, 2.1a and 2.1b, obtained from a hY4R mini-

Gsi protein recruitment assay performed with HEK293T-NlucN-mGsi/Y4R-NlucC cells.56 (A, B) Data represent 

mean values ± standard error of the mean (SEM) from three independent experiments performed in triplicate. For 

Ki and EC50 values, see Table 1. 

 

2.3.3 Stereoisomeric a,g-peptides 2.1a and 2.1b show different susceptibilities towards the 

metalloprotease angiotensin-converting enzyme (ACE) 

The stability of the g-CBAA-containing peptides 2.1a and 2.1b in human plasma was 

investigated and compared to that of the a-peptide ligand UR-KK236. The time-dependent loss 

of intact peptide was monitored using the recovery ratios between peptide and internal standard 

(1-methyl-d-tryptophan) at increasing incubation times (Figure 2.3, and Tables S2.1 and S2.2). 

Peptide ligand 

hY1R  hY2R  hY4R  hY5R 

pKi ± SEM/  
Ki (nM)a 

 pKi ± SEM/  
Ki (nM)b 

 pKi ± SEM/  
Ki (nM) c 

pEC50 ± SEM/  
EC50 (nM)d 

a ± SEMd 
 pKi ± SEM/  

Ki (nM)e 

hPP 6.35/440±74 f 0  <5.3/>5000 f 0 9.16±0.03/0.69g 8.94±0.13/1.4 1.0 0 7.75/17±1.5 f 

pNPY 

  

9.42±0.06/0.39g  9.31±0.02/0.50g  7.92±0.02/12 n.d. n.d.  8.78±0.08/1.7g 

UR-KK236 5.93/1180±380 h  <5.3/>5000h  8.47/3.4±1.3h 6.98±0.14/110 0.58±0.04  <5.3/>5000h 

2.1a 6.64±0.06/230 i  <6.0/>1000  9.19±0.04/0.66 7.73±0.13/20 0.50±0.03  <5.5/>3000 

2.1b <5.5/>3000  <5.5/>3000  7.93±0.09/12 6.33±0.25/610 0.39±0.02  <5.5/>3000 

2.2a <6.0/>1000  <5.5/>3000  6.48±0.07/340 n.d. n.d.  <6.0/>1000 

2.2b <6.0/>1000  <5.5/>3000  6.05±0.07/910 n.d. n.d.  <6.0/>1000 
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Based on the extrapolated rate constants, 2.1a degraded six times faster than its stereoisomer 

2.1b, and more than three times faster than UR-KK236. 

Recently, we identified the dipeptidyl carboxypeptidase ACE as the protease responsible for 

the degradation of analogs of UR-KK236 in plasma by cleaving the peptide bond between L34 

and R35.5 Thus, we incubated the g-CBAA-containing peptides 2.1a and 2.1b in human plasma 

in the presence of ramipril, which is a selective ACE inhibitor. The a,g-peptides remained intact 

over four hours of incubation at 37 °C (Figure S2.5), confirming that they are also ACE 

substrates. However, the fact that 2.1a is degraded faster than UR-KK236 and 2.1b indicates 

that the three peptides have different ACE susceptibilities: since, in general, the structural 

stability of peptides and proteins inversely correlates with their susceptibility to proteolysis,58 
58 we hypothesize that the six times faster cleavage of the bond L34-R35 in 2.1a is related to 

higher flexibility and,  consequently, to a quick adaptation of the substrate to the active site of 

the protease. Yet, we cannot exclude that, besides different conformational preferences, the 

steric fit of the residue at position 32 might also affect the adaptation of the three peptides to 

the active site of ACE positively or negatively.58 

Despite the perceptible, although weak, effect of g-CBAA32 on the proteolytic susceptibility of 

the dipeptide L34-R35, a substantial chemical modification of the latter will be necessary, to 

avoid ACE-mediated hydrolysis. Based on our previous data about the tolerance of b-CBAA 

and b-CPAA at position 34 (Scheme 2.1),54 we believe that a,b,g-analogs of the partial a,g-

peptide agonists 2.1a and 2.1b are promising future candidates to gain stability against ACE. 

 

Figure 2.3: Degradation rates of the a,g-peptide analogues of UR-KK236 in human blood plasma. Time-dependent 

loss of intact peptide (from an initial concentration of 100 ɛM) in plasma/PBS (1:2 v/v). The data points represent 

mean values ± SEM from three independent experiments and were fitted by nonlinear regression (monoexponential 

decay, Figures S2.6īS2.8) to extrapolate the time constants (Ű), rate constants (ə), and half-life times (t1/2). 
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2.3.4 Stereoisomeric a,g-peptides 2.1a and 2.1b adopt distinct locally ordered structures in a 

polar environment 

 Short amino-acid sequences generally possess inherent flexibility; however, the formation of 

locally ordered structures can occur through short-to-medium-range interactions, like those 

formed in the initial stages of the folding of larger peptides and proteins.59-61 We investigated 

the conformational properties of 2.1a and 2.1b by circular dichroism (CD) and 2D-NMR 

spectroscopy. The CD spectra of the two stereoisomeric a,g-peptides in phosphate buffer are 

almost mirrored (Figure 2.4A): this suggests that the major contributions to the CD signals of 

2.1a and 2.1b derive from (1R,2S,3R)-g-CBAA and its enantiomer, respectively. A minor 

contribution from the flanking a-amino-acid residues at 195-208 nm and 220-235 nm is visible, 

as evidenced by the superposition of the CD curve of 2.1b and the mirrored CD curve of 2.1a 

(the lack of overlap between the two CD curves is highlighted by the hatched area and is 

alternatively represented by the corresponding difference CD spectrum in the inset of Figure 

2.4A). 

 

Figure 2.4: CD spectra of the a,g-peptide analogues of UR-KK236. (A) CD curves of 2.1a and 2.1b in phosphate 

buffer (50 mM, pH 7.3). The hatched area highlights the lack of overlap between the CD curve of 2.1b and the 

mirrored CD curve of 2.1a, especially at 195ī208 nm (**) and 220ī235 nm (*), as shown also in the inset. (B) 

CD curves of 2.1a and 2.1b in phosphate buffer (50 mM, pH 7.3) with 30% TFE. (C) CD curves of 2.2a and 2.2b 

in phosphate buffer (50 mM, pH 7.3) with and without 30% TFE. 

 

Conversely, in the presence of a secondary-structure stabilizing solvent such as 2,2,2-

trifluoroethanol (TFE),62-66 2.1a and 2.1b show CD spectra that are no longer specular, 

revealing substantially different intrinsic structural propensities dictated by the configuration of 

the g-amino-acid residue and the organic solvent (Figure 2.4B). Interestingly, the CD spectrum 

of 2.1a is much more intense than that of 2.1b, which indicates that the TFE-stabilized 

conformation of 2.1a is better defined than that of 2.1b; however, since the reference CD spectra 

for the secondary structures of polypeptides based on the proteinogenic a-amino-acids are not 

applicable for the interpretation of CD spectra of mixed a,g-peptides, one should refrain from 

making assumptions about the type of secondary structure adopted by 2.1a and 2.1b in 30% 

TFE.  

The CD spectra of the a,g-peptides 2.2a and 2.2b, which contain g-CBAA at positions 32 and 

34, maintain the same shape both in the absence and presence of TFE, while the intensity of the 

CD signal changes slightly (2.2b) or moderately (2.2a). This indicates that TFE does not induce 

a conformational transition but, rather, further stabilizes the structure already partially formed 

(Figure 2.4C).67, 68 Therefore, the two higher g-substituted analogs of UR-KK236, especially 

2.2b, display a more rigid and, consequently, less environment-dependent structure. 
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To search for local structures in the a,g-peptides 2.1a, 2.1b, 2.2a, and 2.2b, whose presence 

would explain the different degrees of conformational flexibility suggested by the results of the 

enzymatic degradation and the CD measurements, we recorded NMR spectra in water and used 

both the chemical shifts and the NOE cross-peaks to characterize the structural properties of the 

peptides. NOE-constrained structure calculations delivered an ensemble of low-energy 

conformations for each peptide, as shown in Figure 2.5. The two nanomolar Y4R ligands 2.1a 

and 2.1b display a well-defined conformation of the a,g-dipeptide R31-g-CBAA32, with the side 

chain of R31 and the phenyl ring of g-CBAA32 being in close proximity (Figure 2.5A,B). Such 

compact side-chain arrangement is supported not only by the NOE cross-peaks (Table S2.11) 

but also by the increasing up-field shift of the NMR resonances from the He to the Hb protons 

of R31 with respect to the corresponding random-coil chemical shifts,69 which reflects a ring-

current effect of the phenyl group especially on the methylene groups and suggests the presence 

of CH-p interactions (Figure 2.5E).  

 

Figure 2.5: NMR solution structures of the a,g-peptide analogues of UR-KK236. (AīD) Superposition of the low-

energy structures of (A) 2.1a, (B) 2.1b, (C) 2.2a, and (D) 2.2b. (BīD) The identified clusters are shown separately 

in the gray frames: (B) cluster 1 displaying an inverse ɔ-turn at L34, indicated with a dotted light-blue line; (C, D) 

clusters 1 and 2 (see also Figures S2.9 and S2.10 for further views). (E) Chemical shift deviations from random-

coil values69 of the arginine side-chain protons HɓȤŮ in peptides 2.1a and 2.1b (upper graph), and 2.2a and 2.2b 

(bottom graph). The average of the experimental values for the two Hɔ protons reported in Tables S3, S5, S7, and 

S9 was used to calculate ɜŭ Hg.  
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Unlike the rigid N-terminal a,g-dipeptide 31-32, the C-terminal tetrapeptide 33ï36 is 

conformationally less well-defined in both ligands but with significant differences, with ligand 

2.1a showing no preferred backbone orientation (Figure 2.5A) and 2.1b displaying mainly two 

backbone orientations (clusters 1 and 2, Figure 2.5B). Interestingly, the more populated 

conformation (cluster 1 in the grey frame of Figure 2.5B) includes backbone conformations that 

exhibit an inverse g-turn at L34; this residue also exhibits a significant deviation of the amide-

proton chemical shift from the random-coil values,70 likely reflecting a stiffening of the 

backbone at position 34 (Figure S2.11A). The different degrees of flexibility of the C-terminal 

tetrapeptides of ligands 2.1a and 2.1b could explain their different stability in human blood 

plasma: indeed, the presence of a local structural element like a g-turn could be sufficient to 

slow down the ACE-catalyzed cleavage of the peptide bond L34-R35 in the ligand 2.1b.  

Further, we elucidated the NMR solution structures of the two submicromolar Y4R a,g-peptide 

ligands 2.2a and 2.2b (Figure 2.5C,D). As already suggested by their nearly TFE-independent 

CD spectra (Figure 2.4C), the two peptides adopt a better-defined backbone conformation than 

the nanomolar Y4R ligands 2.1a and 2.1b. Also, 2.2b adopts a more compact conformation than 

2.2a: a reversal of the backbone orientation occurs after position 34 (Figures 2.5D and 

S2.10D,E), which directs the phenol ring of Y36 to point back towards the N-terminal a,g-

dipeptide backbone 31-32. In fact, the backbone-amide proton of Y36 is shifted down-field by 

about 0.6 ppm with respect to the random-coil value,70 suggesting substantial local structural 

effects (Figure S2.11B). Instead, in peptide 2.2a, the C-terminal Y36-amide points away from 

the N-terminus and maintains a certain degree of flexibility (Figures 2.5C and S2.9D). This 

might reflect the slightly better affinity of 2.2a compared to 2.2b (0.3 mM vs. 0.9 mM, Table 1), 

as the side chain of Y36 and the C-terminal amide must be able to penetrate deeply into the 

binding pocket, as shown by both the endogenous Y4R ligand hPP51 and UR-KK236.4  

 

Overall, the NMR analysis of the four a,g-peptides shows that incorporating g-CBAA into an 

a-amino acid sequence can help stiffen the local backbone conformation: in fact, g-CBAA is 

prone to undergo CH-p interactions with the methylene groups of the preceding side chain. 

When the (1R,2S,3R)-configuration is used, both R31-g-CBAA32 and R33-g-CBAA34 show CH-

p interactions (2.2a), whereas only the N-terminal R31-(1S,2R,3S)-g-CBAA32 presents CH-p 

contacts (2.2b) (Figure 2.5E). Moreover, besides directly interacting with the preceding residue, 

g-CBAA indirectly affects the conformation of the succeeding residues, as indicated by the 

different orientation adopted by the C-terminal a-dipeptide 35-36 in 2.2a and 2.2b, which leads 

to open and closed structures, respectively, depending on the stereochemistry of the g-residue 

at position 34 (Figure 2.5C,D). Also, the C-terminal a-tetrapeptide 33-36 in 2.1a and 2.1b, 

which followsg-CBAA32 in the (1R,2S,3R)- and (1S,2R,3S)-configurations, respectively, 

displays distinct conformational ensembles with different degrees of flexibility (Figure 2.5A,B); 

as mentioned above, this may contribute to modulating the susceptibility of the a-peptide 

backbone to proteolysis.  
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2.3.5 Stereoisomeric a,g-peptides 2.1a and 2.1b build distinct induced-fit structures with 

unique ligand-receptor interaction networks.  

After having shown that 2.1a and 2.1b have different conformational preferences in the 

unbound state affecting their ACE-mediated degradation, we performed induced-fit docking 

and molecular dynamics (MD) simulations to gain insight into their receptor-bound structure. 

For this purpose, we built a Y4R model based on the recently published cryo-EM structure of 

the ternary complex hPP-Y4R-Gi1 (PDB-ID: 7X9C51). The top-scored binding pose of each a,g-

peptide was selected for 2 ɛs of unconstrained MD simulations conducted in triplicate. 

Structural stability was analyzed by computing the root-mean-square deviation (RMSD) of the 

receptor and ligand peptide-backbone atoms with respect to the equilibrated starting structure, 

whereas root-mean-square fluctuations (RMSF) were calculated for all peptide atoms. 

Altogether, the three simulations conducted for 2.1a and 2.1b showed RMSD values from the 

equilibrated starting structure of 0.09 Å up to 3.9 Å during the production run, while the RMSD 

values for Y4R ranged from 0.29 Å to 5.8 Å (Figures S2.12 and S2.13). The two a,g-peptides 

display remarkably different induced-fit structures (Figures 2.6 and S2.14): in the weaker ligand 

2.1b, the backbone adopts a bent conformation that places the N-terminal R31 and the C-terminal 

Y36-amide in proximity, with 5.7 Å between the respective a-carbon atoms (Figure S2.14B). 

Such a closed conformation is stabilized by a bifurcated H-bond of the carbonyl oxygen of R31 

with the a-amide protons of R35 and Y36. Additional intramolecular interactions, which further 

stabilize the induced-fit structure of 2.1b, are a backbone-to-side chain H-bond between the 

carbonyl oxygen of g-CBAA32 and the NHe proton of R33, and side chain-to-side chain CH-p 

contacts between L34 and Y36. 

A very different induced-fit structure is shown by the stronger ligand 2.1a, whose backbone 

conformation is akin to a b-bend ribbon (Figure S2.14A):71 in detail, the N-terminal bend, which 

is larger than the standard ten-membered b-bend71 because of the presence of the g-residue, is 

characterized by a weak i-i+3 H-bond between the carbonyl oxygen of the N-terminal acetyl 

group and the a-amide proton of R33, with 5.2 Å between the methyl carbon atom of the acetyl 

group and the a-carbon atom of R33. It follows a distorted C-terminal b-bend stabilized by an 

i-i+3 H-bond between the carbonyl oxygen of g-CBAA32 and the a-amide proton of R35, with 

5.4 Å between the respective a-carbon atoms. Additional intramolecular H-bonds contribute to 

the stabilization of the induced-fit structure of 2.1a: in particular, a bifurcated H-bond of the 

carbonyl oxygen of R33 with both the a-amide proton and the guanidinium group of R35, 

generating a distorted inverse g-turn at L34. Moreover, an i-i+2 backbone H-bond is formed 

between the carbonyl oxygen of L34 and the a-amide proton of Y36, shaping an inverse g-turn 

at R35. Unlike 2.1b, in which the C-terminal amide group is 4.4 Å from the side chain of the N-

terminal R31, the C-terminal amide group of 2.1a is found to be 3.7 Å from the phenyl ring of 

g-CBAA32. Another remarkable difference between 2.1a and 2.1b is that the side chains of R33 

and R35 in 2.1a are similarly oriented and close to each other, with about 5 Å between the two 

guanidinium groups, compared to about 10 Å in the case of 2.1b (Figure S2.14).  

Analysis of the ligand-receptor contacts and their energies during the MD simulations reveals 

that 2.1a interacts with the binding pocket more strongly than 2.1b (Figure 2.7). For example, 

during the MD simulations, the C-terminal Y36 shows frequent contacts with Q3.32(121), 

C3.33(122), and F4.60(174) in the case of 2.1a (Figure 2.7A), but only with V3.36(125) in the case 
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of 2.1b (Figure 2.7B). Interestingly, the phenol hydroxyl group of Y36 is H-bonded to the side 

chain of Q5.46(222), acting as an H-bond acceptor in 2.1b but as a donor in 2.1a (Figure 2.8); the 

latter is analogous to the bound natural ligand hPP.51 Importantly, the C-terminal amide serves 

as an H-bond donor to the side chain of Q3.32(121) in 2.1a but not in 2.1b, where it is instead the 

N-terminal acetyl group that forms an H-bond with Q3.32(121) (Figure 2.8). In the bound natural 

ligand hPP, the C-terminal amide is also H-bonded to Q3.32(121), however, acting as an 

acceptor.51 

 

Figure 2.6: Induced-fit docking of the Ŭ,ɔ-peptides 2.1a and 2.1b into the human Y4R model built based on the 

cryo-EM structure of the ternary complex hPP-Y4R-Gi1 (PDB-ID: 7X9C51). Docking pose of (AīC) 2.1a and (DīF) 

2.1b. (AīF) The residues were displayed by setting a distance cut-off of 5 Å. The color code of the Y4R-residue 

labels reflects their belonging to the TM helices IIīVII (light to dark blue) and extracellular loops (gray). (A, B, 

D, E) Side view. (C, F) Top view. Carbon atoms of 2.1a, 2.1b, and the Y4R side chains are in purple, salmon, and 

turquoise, respectively. Nitrogen, oxygen, and sulfur atoms are shown in blue, red, and yellow, respectively. 
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Remarkably different arrangements are observed for both R33 and R35 in the two induced-fit 

a,g-peptides: while R33 in 2.1b shows only a few transient contacts within the binding pocket 

(mainly with E203, Figure 2.7B), but no H-bonds or salt bridges, R33 in 2.1a not only interacts 

with E6.58(288), E203, and R5.35(211) (Figure 2.7A), but it is also salt-bridged to D6.59(289) 

(Figures 2.8A and S2.19). The side chain of R35 in 1b is salt-bridged and H-bonded to the side 

chains of E6.58(288) and T5.39(215), respectively (Figures 2.8B and S2.21), whereas its backbone 

carbonyl oxygen forms an H-bond with the side chain of N6.55(285) (Figure 2.8B). The network 

of interactions of R35 in 2.1a is entirely different: in this case, the basic side chain is salt-bridged 

to D6.59(289) (Figure S2.20) and H-bonded to the backbone carbonyl oxygens of P6.50(280), 

F6.54(284), and C7.38(307) (Figure 2.8A). In the natural ligand hPP, R33 and R35 are involved in 

salt bridges with E6.58(288) and D6.59(289), respectively (Figure 2.1A),51 which means that 

neither of the two induced-fit structures of 2.1a and 2.1b reproduces such native salt-bridge  

patterns faithfully, although 2.1a is closer to mimicking them. Indeed, whereas R33 in 2.1b is 

distant from E6.58(288), and R35 is salt-bridged to E6.58(288) rather than to D6.59(289), in the case 

of 2.1a, R33 and R35 are both salt-bridged to D6.59(289), but R33 also makes many contacts with 

E6.58(288) during the MD simulation (Figure 2.7). In 2.1b, L34 is barely involved in stable  

contacts within the binding pocket, whereas the same residue in 2.1a interacts strongly with 

R5.35(211) and E203, also forming a backbone-to-side chain H-bond with the latter (Figures 2.7A 

and 2.8A). The g-residue32 in 2.1b shows a moderate number of transient contacts with residues 

from the TM helices II and VII, which include T2.65(102) and N7.32(301) (Figure 2.7B). For 

comparison, P34 in the natural ligand hPP is involved in hydrophobic packing against the TM 

helices II and VII, especially with the side chains of T2.61(98) and F7.35(304),51 which suggests 

that the g-residue at position 32 of 2.1b partially occupies the site of hPP P34, albeit penetrating 

less deeply. In 2.1a, the g-residue makes contacts not only with the TM helices II and VII, but 

also with the TM helix III (Figure 2.7A), which is likely to result in a slightly higher Van der 

Waals interaction energy for this bulky moiety in 2.1a than in 2.1b (Figures S2.16 and S2.18). 

Finally, the N-terminal R31 in 2.1b interacts mainly with the TM helix II, forming side chain-

to-side chain H-bonds with Q2.58(95) and T2.61(98) (Figure 2.8B), whereas, in the case of 2.1a, 

it makes contacts with several residues from the TM helices II and VII, including M2.67(104) 

and N7.32(301) (Figure 2.8A).  

Given the relevance of intermolecular salt bridges for ligand recognition in GPCRs,48, 72, 73 it is 

not surprising that the di-arginine motif of 2.1a and 2.1b plays a prominent role in the interaction 

of the ligands with Y4R: especially the induced-fit structure of 2.1a, which is also the stronger 

ligand, displays the more favorable electrostatic interactions for the di-arginine motif, as R33 

and R35 are nearly equidistant from D6.59(289), forming a stable network of H-bonds and salt 

bridges between the three side chains. Thus, both the basic residues contribute to the 

electrostatic energy of the ligand-receptor complex. In contrast, in 2.1b, only R35 is salt-bridged 

to E6.58(288), while R33 lacks stable polar interactions, as shown by MD simulations (Figure 

2.7B). However, other energetic factors cannot be excluded: for example, the conformational 

transition of 2.1a from the free to the bound state is likely to make a major contribution to the 

formation of a tight binding, since the induced-fit structure of 2.1a shows a greater number of 

intramolecular contacts than that of 2.1b, which, together with the intermolecular contacts 

within the binding pocket, further stabilize the ligand-receptor complex.  
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Figure 2.7: Number of contacts between the Ŭ,ɔ-peptides 2.1a and 2.1b and the human Y4R model built based on 

the cryo-EM structure of the ternary complex hPP-Y4R-Gi1 (PDB-ID: 7X9C51) during MD simulation. (A) 

2.1a-Y4R contacts during MD simulation (run 3). (B) 2.1b-Y4R contacts during MD simulation (run 2). (A, B) The 

color code of the residue labels for the ligand and Y4R is the same as in Figure 2.6. 

 

 

 

 

Figure 2.8: Electrostatic ligandīreceptor networks of the Ŭ,ɔ-peptides 2.1a and 2.1b. H-bond and salt-bridge 

interactions between (A) 2.1a or (B) 2.1b and the human Y4R model built based on the cryo-EM structure of the 

ternary complex hPP-Y4R-Gi1 (PDB-ID: 7X9C51). H-bonds were displayed by using default values of Chimera X74, 

75 (distance tolerance of 0.4 Å and an angle tolerance of 20 °). For the color code of atoms and labels, see the legend 

to Figure 6. For additional views, see Figure S2.22. 
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2.4 Conclusions 

In this work, we have presented two Ŭ,ɔ-peptide analogues of the Y4R-selective partial agonist 

UR-KK236, which contain the phenyl-cyclobutyl-ɔ-residue (1R,2S,3R)-ɔ-CBAA or its 

enantiomer at position 32. We show that the stereochemistry of the ɔ-residue at this position 

can influence both the free and the induced-fit conformations of the conserved di-arginine motif 

R33-X-R35 of the NPY family: indeed, the (1S,2R,3S)-configuration renders the peptide bond 

L34īR35 less susceptible toward ACE than the (1R,2S,3R)-configuration, but the latter results in 

a ligand with stronger Y4R binding. However, the intrinsic agonistic activity is about half, which 

implies that the ligand does not properly induce the conformational changes of the receptor 

required for maximum activation. This is supported by the observation that the induced-fit  

conformation displays a significant number of intermolecular contacts that differ from those 

identified in the complex hPP-Y4R-Gi1 (Figures 2.1A and 2.9A,B). This concerns not only the 

salt-bridge and H-bond networks of R33 and R35 but also the role of the amino-acid residue at 

position 34: the latter is proline in the natural ligand hPP, which is involved in hydrophobic 

packing against the TM helices II and VII,51 whereas it is L34 in 2.1a and 2.1b, which rather 

interacts with the TM helices IV and V (2.1a) or III and IV (2.1b) (Figure 2.7). 

 

Recently, two backbone-to-side-chain cyclized analogues of UR-KK236 with picomolar Y4R 

affinity have been reported:5 the intrinsic agonistic activity of these cyclopeptides in different 

functional assays is lower than that of hPP but tends to be higher than that of the linear Ŭ-

peptides UR-KK236 and UR-AK32,4, 5 and of the Ŭ,ɔ-peptides 2.1a and 2.1b. For example, in 

the Ca2+- aequorin assay, intrinsic activities of 82ī84%,5 75%,4 and 54%4 were measured, 

respectively, for the two cyclopeptides, URKK236 and UR-AK32. Interestingly, the receptor 

binding poses of the cyclopeptides, obtained from MD simulations, exhibit the characteristic 

salt bridges of the hPP di-arginine motif (R33 with E6.58(288), and R35 with D6.59(289), Figure 

2.9C,D). However, the C-terminal amide group is not involved in the typical polar contacts with 

T2.61, Q3.32, and H7.39, which have been proven to be important for Y4R activation upon hPP 

binding (Figure 2.1A).51 Furthermore, L34 makes contacts mainly with the TM helices II and 

III, in contrast to hPPôs P34, which is packed against the TM helices II and VII. Therefore, 

reproducing the interactions of the hPP segment 32ī36, especially of the conserved NPY/PP 

di-arginine motif and the C-terminal amide group, with the Y4R is not a prerequisite to attain a 

strong binding, but it is important for high receptor activation. 
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Figure 2.9: Ligandīreceptor interactions of the di-arginine motif R33-X-R35 and C-terminal Y36-amide in the Y4R 

partial agonists 2.1a and 2.1b, and comparison with two cyclic analogues of UR-KK236. (A, B) Electrostatic 

contacts (H-bonds , and salt bridges ) of the di-arginine motif and C-terminal tyrosine-amide of the Ŭ,ɔ-

peptides 2.1a and 2.1b, as generated by induced-fit docking into the human Y4R model built based on the cryo-EM 

structure of the ternary complex hPP-hY4R-Gi1 (PDB-ID: 7X9C51). (C, D) Electrostatic contacts (salt bridges ) 

of the modified di-arginine motif of two picomolar cyclopeptide ligands of the Y4R, as generated by induced-fit 

docking into a Y4R homology model, reported recently.5 The side chain of Y36 is involved in hydrophobic 

interactions with W6.48. 

 

Due to the therapeutic potential of small-to-medium-sized molecules with Y4R agonism, e.g., 

for the treatment of obesity,76, 77 future investigations should focus on the structural properties 

that determine partial vs full Y4R agonism, together with the respective mechanisms of receptor 

activation. In principle, compounds with full or partial agonistic activity are both 

pharmacologically and medicinally interesting,78, 79 but it should be considered that they act 

differently: for an exogenous full agonist, maximal receptor stimulation is expected, in analogy 

with the endogenous full agonist, while the behavior of an exogenous partial agonist is more 

complex, similar to that of an agonistīantagonist bifunctional molecule.80 In fact, in a system 

with low basal receptor activity due to endogenous full agonist deficiency, an exogenous partial 

agonist will induce a submaximal receptor response; conversely, in a system where the receptor 

is already activated by the endogenous full agonist, an exogenous partial agonist will exert an 

antagonist-like effect resulting in reduced receptor response.80 Therefore, a partial agonist has 

the advantage of excluding receptor overstimulation, which can occur upon administration of a 

full agonist developing side effects such as desensitization and dependence, but it requires a 

careful evaluation of its pharmacological impact on receptor stimulation. 

 

2.5 Experimental part 

2.5.1 General information 

All chemicals were purchased and used as received, except for ethyl acetate and hexanes, which 

were distilled prior to use. High-resolution mass spectrometry (HR-MS) analyses were 

performed on an Agilent Technologies 6540 UHD Accurate-Mass QTOF LC/MS system. 

Chiral normal-phase (NP)-HPLC analysis was performed on a Varian 920-LC system with a 

diode array detector DAD (chiral stationary phase). RP-HPLC analysis was carried out on a 
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Thermo Fisher Scientific Dionex UltiMate 3000 UHPLC system, a Shimadzu LC20A series 

instrument with a Shimadzu SPD-M20A UVīVis detector, or an Agilent Technologies 1290 

Infinity system with a 1260 Infinity diode array or a fluorescence detector. 

2.5.2 g-Amino acids synthesis 

The Nɔ-Fmoc protected (1R,2S,3R)-ɔ-CBAA and (1S,2R,3S)-ɔ-CBAA were prepared according 

to the literature procedure55 (for 1H and 13C NMR spectra, see the Supporting Information). 

2.5.3 Solid-Phase Peptide Synthesis and Purification 

The linear peptides were synthesized manually by Fmoc-based SPPS on Rink-amide MBHA 

polystyrene/1% divinylbenzene resin (loading 0.58 mmol/g). The Fmoc-deprotection was 

carried out with 25% piperidine in N,N-dimethylformamide (DMF)/ N-methyl-2-pyrrolidinone 

(NMP) (70:30, v/v) for 3 min and 12.5% piperidine in DMF/NMP (70:30, v/v) for 12 min. The 

double couplings (2 x 40 min) of the proteinogenic amino acids (Fmoc-Arg(Pbf)-OH, Fmoc-

Tyr(tBu)-OH), and Fmoc-Leu-OH were accomplished with the mixture Fmoc-AA-

OH/HOBt/HBTU/DIPEA (5:5:4.8:10 equiv). The cyclic amino acids Fmoc-(1S,2R,3S)-g-

CBAA-OH and Fmoc-(1R,2S,3R)-g-CBAA-OH were coupled by using a double coupling (2 x 

1.5 h) with Fmoc-g-CBAA-OH/HOBt/HBTU/DIPEA (4/4/3.8/8 equiv). N-terminal acetylation 

was performed with acetic anhydride/DIPEA (10:10 equiv) in DMF for 30 min. The side chains 

were deprotected, and the peptides were cleaved from the resin with TFA/H2O/TIA/EDT/TIS 

(90:1:3:3:3, v/v/v/v/v, Vtot = 1 mL) for 3 h, precipitated by ice-cold diethyl ether, recovered by 

centrifugation at 4 °C for 5 min, washed three times with cold diethyl ether and dried under 

nitrogen. The homogeneity and identification of the desired peptides were assessed by 

analytical RP-HPLC and MALDI-TOF-MS: analytical RP-HPLC was performed on a 

Syncronis C-18 column (100 ¡, 5 ɛm, 250 mm × 4.6 mm, Thermo Fisher Scientific) using the 

Thermo Fisher Scientific Dionex UltiMate 3000 UHPLC system (Germering, Germany). The 

UV detection was set at 220 nm. The products were dissolved in MeCN/H2O (10:90, v/v) 

containing 0.1% TFA. The binary elution system consisted of (solvent A) 0.06% (v/v) TFA in 

water and (solvent B) 0.05% (v/v) TFA in MeCN. Analytical chromatograms were obtained 

with the following gradient: 1% solvent B for 8 min, then to 50% solvent B over 35 min, at a 

flow rate of 1.5 mL /min. Mass spectra were recorded on an Autoflex Speed MALDI-TOF-MS 

(Bruker Daltonics, Bremen, Germany) by using a cyano 4 hydroxycinnamic acid as matrix. 

The crude peptides were purified by preparative RP-HPLC on a Shimadzu LC20A series 

instrument with a Shimadzu SPD-M20A UV-VIS detector. The collected fractions were 

lyophilized using a Christ Alpha 1-4 LD apparatus equipped with a vacuum pump (Vacuubrand 

RZ 6 rotary vane). 

2.5.4 Characterization of the a,g-Peptides 

Purity of all peptides (²95%) was determined by analytical RP-HPLC on a Shimadzu LC20A 

series instrument with a Shimadzu SPD-M20A UVīVis detector (Figures S2.1 and S2.2). The 

chemical structures of peptides were confirmed by HR-MS on an Agilent 6540 UHD Accurate-

Mass Q-TOF LC/MS system (Agilent Technologies) using a + ESI ionization source (Figures 

S2.1 and S2.2) and 2D-NMR spectroscopy (Tables S2.3-S2.11). 
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Ac-[Arg-(1R,2S,3R)-g-CBAA-Arg-Leu-Arg-Tyr]-NH2 (2.1a). The peptide was purified by 

preparative RP-HPLC on a Nucleodur 100-5 C18ec column (100 ¡, 5 ɛm, 250 mm Ĭ 10 mm, 

Machery-Nagel) using the following method: flow rate of 5 mL/min, UV detection at 220 nm, 

40 °C, gradient: 0-23 min, 0.05% aqueous TFA/0.05% TFA in MeCN 90:10ï75:25, tr = 19.8 

min. After lyophilisation of the collected fractions, peptide 2.1a was afforded as a white fluffy 

solid. The purity of the peptide was determined by analytical RP-HPLC analysis with a 

Nucleodur 100-5 C18ec column (100 ¡, 5 ɛm, 250 mm Ĭ 4 mm, Machery-Nagel) using the 

following method: flow rate of 0.8 mL/min, UV detection at 220 nm, 40 °C, gradient: 0-40 min, 

0.05% aqueous TFA/0.05% TFA in MeCN 90:10ï40:60, tr = 16.8 min, 99%; HRMS: (ESI-MS) 

m/z calc. for [C47H75N16O8]
+ [M+H] + 991.5948, found 991.5937, m/z calc. for [C47H76N16O8]

2+ 

[M+2H]2+ 496.3011, found 496.3020, m/z calc. for [C47H77N16O8]
3+ [M+3H]3+ 331.2031, found 

331.2040. 

Ac-[Arg-(1S,2R,3S)-g-CBAA-Arg-Leu-Arg-Tyr]-NH2 (2.1b). The peptide was purified by 

preparative RP-HPLC on a Nucleodur 100-5 C18ec column (100 ¡, 5 ɛm, 250 mm × 10 mm, 

Machery-Nagel) using the following method: flow rate of 5 mL/min, UV detection at 220 nm, 

40 °C, gradient: 0-23 min, 0.05% aqueous TFA/0.05% TFA in MeCN 90:10ï70:30, tr = 16.0 

min. After lyophilisation of the collected fractions, peptide 2.1b was afforded as a white fluffy 

solid. The purity of the peptide was determined by analytical RP-HPLC analysis with a 

Nucleodur 100-5 C18ec column (100 ¡, 5 ɛm, 250 mm × 4 mm, Machery-Nagel) using the 

following method: flow rate of 0.8 mL/min, UV detection at 220 nm, 40 °C, gradient: 0-40 min, 

0.05% aqueous TFA/0.05% TFA in MeCN 90:10ï40:60, tr = 16.3 min, 98%; HRMS: (ESI-MS) 

m/z calc. for [C47H76N16O8]
2+ [M+2H]2+ 496.3011, found 496.3009, m/z calc. for 

[C47H77N16O8]
3+ [M+3H]3+ 331.2031, found 331.2045. 

Ac-[Arg-(1R,2S,3R)-g-CBAA-Arg-(1R,2S,3R)-g-CBAA-Arg-Tyr]-NH2 (2.2a). The peptide was 

purified by preparative RP-HPLC on a Nucleodur 100-5 C18ec column (100 ¡, 5 ɛm, 250 mm 

× 10 mm, Machery-Nagel) using the following method: flow rate of 5 mL/min, UV detection 

at 220 nm, 40 °C, gradient: 0-25 min, 0.05% aqueous TFA/0.05% TFA in MeCN 90:10ï65:35, 

tr = 17.2 min. After lyophilisation of the collected fractions, peptide 2.2a was afforded as a 

white fluffy solid. The purity of the peptide was determined by analytical RP-HPLC analysis 

with a Nucleodur 100-5 C18ec column (100 Å, 5 ɛm, 250 mm Ĭ 4 mm, Machery-Nagel) using 

the following method: flow rate of 0.8 mL/min, UV detection at 220 nm, 40 °C, gradient: 0-40 

min, 0.05% aqueous TFA/0.05% TFA in MeCN 90:10ï40:60, tR = 18.6 min, >99%; HRMS: 

(ESI-MS) m/z calc. for [C53H78N16O8]
2+ [M+2H]2+ 533.3089, found 533.3091, m/z calc. for 

[C53H79N16O8]
3+ [M+3H]3+ 355.8750, found 355.8756.  

Ac-[Arg-(1S,2R,3S)-g-CBAA-Arg-(1S,2R,3S)-g-CBAA-Arg-Tyr]-NH2 (2.2b). The peptide was 

purified by preparative RP-HPLC on a Nucleodur 100-5 C18ec column (100 ¡, 5 ɛm, 250 mm 

× 10 mm, Machery-Nagel) using the following method: flow rate of 5 mL/min, UV detection 

at 220 nm, 40 °C, gradient: 0-25 min, 0.05% aqueous TFA/0.05% TFA in MeCN 90:10ï65:35, 

tr = 17.9 min. After lyophilisation of the collected fractions, peptide 2.2b was afforded as a 

white fluffy solid. The purity of the peptide was determined by analytical RP-HPLC analysis 

with a Nucleodur 100-5 C18ec column (100 ¡, 5 ɛm, 250 mm × 4 mm, Machery-Nagel) using 

the following method: flow rate of 0.8 mL/min, UV detection at 220 nm, 40 °C, gradient: 0-40 

min, 0.05% aqueous TFA/0.05% TFA in MeCN 90:10ï40:60, tr = 19.5 min, 95%; HRMS: (ESI-

MS) m/z calc. for [C53H77N16O8]
+ [M+H] + 1065.6105, found 1065.6106, m/z calc. for 
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[C53H78N16O8]
2+ [M+2H]2+ 533.3089, found 533.3094, m/z calc. for [C53H79N16O8]

2+ [M+3H]3+ 

355.8750, found 355.8757. 

2.5.5 Cell culture  

Cells were cultured in 75 cm2 flasks (Sarstedt, Nu↓mbrecht, Germany) in a humidified 

atmosphere (95% air, 5% CO2) at 37 °C. SK-N-MC neuroblastoma cells (obtained from the 

American Type Culture Collection, ATCC HTB-10) were grown in EMEM supplemented with 

5% fetal calf serum (FCS). CHO-hY2R cells (obtained from Perkin Elmer Inc., Rodgau, 

Germany) were maintained in Hams F-12 supplemented with 5% FCS and G418 (400 ɛg/mL). 

CHO-hY4R-Gqi5-mtAEQ cells49 were cultured in HAMs F-12 supplemented with 10% FCS, 

hygromycin (400 ɛg/mL), zeocin (250 ɛg/mL), and G418 (400 ɛg/mL). HEC-1B-hY5R cells81 

were maintained in EMEM supplemented with 5% FCS and G418 (400 ɛg/mL). HEK293T-

NlucN-mGsi/Y4R-NlucC cells56 were cultivated in DMEM supplemented with 10% FCS, 

puromycin (1 ɛg/mL), and G418 (600 ɛg/mL). 

2.5.6 Mini-Gsi protein recruitment assay (agonist mode) 

The assay was performed with HEK293T-NlucN-mini-Gsi/Y4R-NlucC cells as described 

elsewhere56 with the following modifica-tion: the preparation of serial dilutions and the addition 

of the compounds of interest to the cells were not performed in the dark. Data were processed 

with GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA) as described elsewhere,56 

but the area under the curve was used instead of the peak or plateau value of the recorded signal. 

2.5.7 Radioligand Binding Assays 

The used radioligand binding assays were recently validated by the determination of binding 

affinities of the reference ligands pNPY (Y1R, Y2R and Y5R, Figure S2.4) and hPP (Y4R, Table 

2.1 and Figure 2.2A), being in good agreement with previously reported binding affinities for 

pNPY and hPP.5, 35 All radioligand competition binding studies were performed at intact cells 

at 23±1 °C. Y1R binding. Competition binding experiments at Y1R-expressing SK-N-MC 

neuroblastoma cells were performed as described previously33 using the radioligand [3H]UR-

MK299 (Kd = 0.044 nM, concentration: 0.15 nM). Due to low radioligand displacement, no 

curve fitting was performed for compounds 2.1b, 2.2a, and 2.2b (Figure S2.4). Specific 

radioligand binding (non-specific binding subtracted from total binding), obtained from 

competition binding experiments with 2.1a (Figure S2.4), was normalized (100% = specifically 

bound radioligand in the absence of competitor), plotted as % over log(concentration of 

competitor), and analyzed by a four-parameter logistic fit (GraphPad Prism 5) to obtain pIC50 

values, which were converted to pKi values according to the Cheng-Prusoff equation82 

(logarithmic form). Y2R binding. Competition binding experiments at CHO-hY2R cells were 

performed as previously reported4 using the radioligand [3H]propionyl-pNPY (Kd = 0.14 nM, 

concentration: 0.5 nM). Due to low radioligand displacement, no curve fitting was performed 

for the studied compounds 2.1a, 2.1b, 2.2a, and 2.2b (Figure S2.4). Y4R binding. Competition 

binding experiments at CHO-hY4R-Gqi5-mtAEQ cells were performed as described previously5 

using the radioligand [3H]UR-KK200 (Kd = 0.67 nM, concentration: 1.0 nM).35 Specific 

radioligand binding (non-specific binding subtracted from total binding), obtained from 

competition binding experiments with 2.1a, 2.1b, 2.2a, and 2.2b, was normalized (100% = 

specifically bound radioligand in the absence of competitor), plotted as % over 
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log(concentration of competitor) and analyzed by a four-parameter logistic fit (GraphPad Prism 

5; in the case of 2.2b, the bottom plateau of the curve was constrained to > 0) to obtain pIC50 

values, which were converted to pKi values according to the Cheng-Prusoff equation82 

(logarithmic form). Y5R binding. Competition binding experiments at HEC-1B-hY5R cells 

were performed as described previously35 using the radioligand [3H]propionyl-pNPY (Kd = 11 

nM, concentration: 5 nM).57 Due to low radioligand displacement, no curve fitting was 

performed for the studied compounds 2.1a, 2.1b, 2.2a, and 2.2b (Figure S2.4). 

2.5.8 Stability in Human Plasma 

The investigation of the stabilities of UR-KK336, 2.1a, and 2.1b in human heparinized plasma 

was performed in triplicate at 37 °C following a described procedure.83 Briefly, 1-methyl-d-

tryptophan was used as an internal standard. The incubation was stopped after various times 

(UR-KK236: 30 min, 2 h, 3 h, 4 h, 6 h, and 24 h; 2.1a: 10 min, 30 min, 1 h, 2 h, 4 h, 6 h, and 

24 h; 2.1b: 30 min, 2 h, 4 h, 6 h, and 24 h). The samples were analyzed by analytical RP-HPLC 

using an HPLC system from Agilent Technologies (Santa Clara, CA) composed of a 1290 

Infinity binary pump equipped with a degasser, a 1290 Infinity autosampler, a 1290 Infinity 

thermostated column compartment, a 1260 Infinity diode array detector, and a 1260 Infinity 

fluorescence detector. A Kinetex-XB C18 column, 2.6 ɛm, 100 mm × 3 mm (Phenomenex, 

Aschaffenburg, Germany), was used at a flow rate of 0.6 mL/min. UV detection was performed 

at 220 nm and the column compartment temperature was 25 °C. Mixtures of MeCN (A) and 

0.04% aqueous TFA (B) were used as mobile phase. The following linear gradients were used: 

0-14 min: A/B 5:95-25:75, 14-15 min: 25:75-95:5, 15-19 min: 95:5 (isocratic). The injection 

volume was 20 µL. The obtained recoveries and the recovery ratios (peptide/internal standard) 

are summarized in Table S2.2 (Supporting Information). The major degradation products were 

identified by LC-HR-MS analysis using the following equipment: Agilent 6540 UHD Accurate-

Mass Q-TOF LC/MS system coupled to an Agilent 1290 analytical HPLC system; LC method: 

column: YMC Triart C18, 1.9 µm, 75 mm × 2 mm (YMC Europe GmbH, Dinslaken, Germany), 

column temperature: 40 °C, solvent/linear gradient: 0-10 min: 0.1% aqueous HCOOH/0.1% 

HCOOH in MeCN 100:0-60:40, 10-10.1 min: 60:40-2:98, 10.1-11.1 min: 2:98, flow: 0.6 

mL/min.  

2.5.9 CD Spectroscopy 

The peptides were dissolved in 50 mM phosphate buffer (pH 7.3) or 30% TFE in phosphate 

buffer at concentrations ranging from 90 µM to 130 µM (all determined by the UV absorbance 

of tyrosine using the molar extinction coefficient of 1480 M-1cm-1 at 276 nm).84 The CD spectra 

were recorded on a Chirascan Plus spectrometer (Applied Photophysics) at 23 °C using a 1 mm 

quartz cell from Hellma Analytics. For each CD spectrum, three scans were accumulated using 

a step resolution of 1 nm, a bandwidth of 1 nm, and a time-per-point of 1 s. The CD spectrum 

of the solvent was subtracted, and the difference spectrum was normalized to express the 

ellipticity in mean-residue molar ellipticity, divided by 103 and represented in the graphs as 

[Q]R³10-3 (deg cm2 dmol-1). 

2.5.10 2D-NMR Spectroscopy 

The NMR spectra were recorded on a 600 MHz AVANCE III HD spectrometer (Bruker Biospin) 

equipped with a QXI (1H/13C/15N/31P) probe at 298 K. The samples were prepared in either D2O 
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(100 atom%D, Armar Europe) or 7% D2O/93% H2O and measured in 5 mm NMR tubes (TA, 

Armar Europe). Standard 2D NMR spectra were recorded: 1H-1H TOCSY spectra with a mixing 

time of 120 ms, 1024³512 points, spectral widths of 12.9 ppm and 8.33 ppm, 4 scans and a 

recycle delay of 1 s; an identical experiment with a mixing time of 12 ms served as a 1H-1H 

COSY; a 1H-1H ROESY with a mixing time of 200 ms, 2048³700 points, spectral widths of 

12.9 ppm and 10.0 ppm, 96 scans and a recycle delay of 1 s; a 1H-13C HSQC optimized for 

aliphatic side chains with 1024³400 points, spectral widths of 13.9 ppm and 77.0 ppm, 128 or 

160 scans, a recycle delay of 1 s and a 13C offset of 45 ppm; a 1H-13C HSQC optimized for 

aromatic side chains with 1024³128 points, spectral widths of 13.9 ppm and 44.2 ppm, 128 or 

160  scans, a recycle delay of 1.2 s and a 13C offset of 128 ppm. 1H-15N HSQC spectra were 

measured using 1024³128 points, spectral widths of 13.9 ppm and 36.5 ppm, 96 scans, a recycle 

delay of 1 s, and a 15N offset of 116 ppm. The spectra were referenced to 2,2-dimethyl-

silapentane sulfonic acid (DSS) using an external sample of 0.5 mM DSS and 2 mM sucrose in 

H2O/D2O. Data were processed with Topsin 3.6 (Bruker Biospin) and analyzed using Sparky 

3.115 (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco).  

2.5.11 NOE-Restrained Structure Calculations 

NOE cross-peaks extracted from 2D ROESY spectra were categorized in small, medium, and 

strong (Table S2.11), and converted into distance restraints. Structure calculations based on 

torsion angle dynamics were conducted using CYANA.85 The CYANA library file was 

extended to include both enantiomers of g-CBAA (CBR and CBS), the N-terminal acetyl group 

(ACE), and the C-terminal amide (NH2). Coordinates for ACE and NH2 were extracted from 

the PDB structures 5MAS86 and 1HJE87, respectively. Coordinates for CBR and CBS were 

extracted by using the Molecular Operating Environment (Chemical Computing Group Inc., 

Montreal, QC, Canada, H3A 2R7 2016.). For each peptide, 200 structures were calculated, and 

the 20 structures with the best target function were selected for the structural ensemble (Table 

S2.12). The structures were analyzed, fitted, and illustrated using MolMol.88 

2.5.12 Molecular Dynamics Simulations 

A model of human Y4R was built based on the cryo-EM structure with PDB-ID 7X9C.51 

Missing loops were modeled with the MODELLER89 tool in UCSF Chimera.75, 90 The N-termini 

and C-termini were truncated at Q35 and Q341, respectively. Amino acids were modeled in their 

dominant protonation state at pH 7. AutoDock Vina91 was used to generate initial poses of 2.1a 

and 2.1b in the human Y4R model. A search space of 24 Å×30 Å×24 Å was used to ensure 

complete coverage of the binding pocket. The best-ranked pose was then selected for MD 

simulations. AmberTools1892 was used to prepare the system for MD simulations. Missing 

hydrogen atoms were added, disulfide bonds were set, and N-termini and C-termini charges 

were generated with tleap. The topology for the receptor was generated using the 

AMBER99SB-ILDN force field.93, 94 A short energy minimization that comprised 500 steps of 

steepest descent and 4500 steps of the conjugate gradient optimization, was conducted with 

sander. The phenyl-cyclobutyl-g-residue g-CBAA in peptides 2.1a and 2.1b was prepared with 

AmberTools18.92 Atom types and partial charges were assigned with antechamber. Prepgen 

was used to prepare the library of the g-residue, and force-field parameters were assigned from 

ff99SB with parmchk2. The topologies for the peptides were generated using the 
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AMBER99SB-ILDN force field. The receptor-peptide complex was inserted into a pre-

equilibrated dioleoylphosphatidylcholine bilayer,95 according to the orientation in the OPM 

database96 using the GROMACS tool gmx membed.97 The appropriate number of sodium and 

chloride ions was added to the systems to simulate a physiological salt concentration of 100 

mM. Particle mesh Ewald (PME)98 was used to treat electrostatic interactions, using a cut-off 

distance of 10 Å. The resulting systems were geometry-optimized and then equilibrated for 300 

ns followed by a production run of 2 ɛs. All simulations used the SPC/E water model99 and 

were performed using GROMACS 2021.5.100 Analysis of the trajectories was performed with 

CPP-TRAJ module of AmberTools18.92 Structural stability was analyzed by computing the 

RMSD, RMSF and B-factors (Figures S2.12 and S2.13). The non-bonded interaction energy 

terms (electrostatic and Van der Waals) between the peptides and the receptor were calculated 

within the LIE methodology implemented in CPPTRAJ with the default 12 Å cut-off (Figures 

S2.15-S2.18). The trajectory snapshots were clustered using a hierarchical agglomerative 

approach with a minimum distance between clusters of 5.0 Å. For 2.1a and 2.1b, the most 

populated cluster was found predominantly in runs 3 and 2, respectively. Contacts were defined 

between any atom pair (including hydrogen atoms) with a maximum distance of 5 Å for the 

trajectory of the most populated cluster. UCSF Chimera75, 90 was used for data analysis and 

visualization, and plots were created with Matplotlib.101 
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2.7 Supporting information  

2.7.1 Synthesis of the g-CBAA amino acid  

All precursors (S2.1-S2.3, S2.5, S2.6a/b), (1S,2R,3S)-g-CBAA , and (1R,2S,3R)-g-CBAA  were 

prepared as described in the literature.1 For the 1H and 13C NMR spectra, see references 1, 2. 

 

 

 

 

2.7.2 Chiral NP-HPLC analysis of the g-CBAA building block 

(±)-2-(((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)methyl)-3-phenylcyclobutane-1-

carboxylic acid ((±)-g-CBAA)1 
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(1S,2R,3S)-2-(((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)methyl)-3-phenylcyclo-

butane-1-carboxylic acid ((1S,2R,3S)-g-CBAA) 

 
 

(1R,2S,3R)-2-(((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)methyl)-3-phenylcyclo-

butane-1-carboxylic acid ((1R,2S,3R)-g-CBAA) 
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2.7.3 Peptide synthesis 

2.7.3.1 RR-HPLC and MS data of the a,g-peptides (before and after purification) 

  
RP-HPLC analysis of crude 2.1a RP-HPLC analysis of purified 2.1a (99% purity) 

 

 

 

 

MS analysis of crude 2.1a MS analysis of purified 2.1a 

  

  

  
RP-HPLC analysis of crude 2.1b RP-HPLC analysis of purified 2.1b (98% purity) 

 

 

 

 

MS analysis of crude 2.1b MS analysis of purified 2.1b 

  

Figure S2.1. Analytical RP-HPLC and MS of the crude (left) and purified (right) peptides 2.1a and 2.1b. 
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RP-HPLC analysis of crude 2.2a RP-HPLC analysis of purified 2.2a (99% purity) 

 

 

 

 

MS analysis of crude 2.2a MS analysis of purified 2.2a 

  

  
 

  
RP-HPLC analysis of crude 2.2b RP-HPLC analysis of purified 2.2b (95% purity) 

 

 

 

 

MS analysis of crude 2.2b MS analysis of purified 2.2b 

  
Figure S2.2. Analytical RP-HPLC and MS of the crude (left) and purified (right) peptides 2.2a and 2.2b. 
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2.7.4 Pharmacological activity 

2.7.4.1 Chemical structures of the radioligands 

 
Figure S2.1. Structures of radioligands [3H]UR-KK193,3 [3H]UR-KK200,3 [3H]UR-MK299,4 [3H]propionyl-

pNPY (Kd = 0.14 nM5; Kd = 11 nM6). 
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2.7.4.2 Data from competition binding experiments at human Y1, Y2, and Y5 receptors 

 

Figure S2.4. (A) Data from competition binding experiments with pNPY, 2.1a, 2.1b, 2.2a and 2.2b performed at 

intact Y1R-expressing SK-N-MC neuroblastoma cells using the Y1R radioligand [3H]UR-MK299 (Kd = 0.044 nM,4 

c = 0.15 nM). Data represent mean values ± SEM from two (2.1b, 2.2a, 2.2b) or three (pNPY, 2.1a) independent 

experiments (performed in triplicate). 2.1b, 2.2a and 2.2b were only studied at the concentrations 1 µM, 3 µM and 

10 µM. (B) Data from competition binding experiments with pNPY, 2.1a, 2.1b, 2.2a and 2.2b performed at intact 

CHO-hY2R cells using the radioligand [3H]propionyl-pNPY (Kd = 0.14 nM,5 c = 0.5 nM). Data represent mean 

values ± SEM from two (2.2b) or three (pNPY, 2.1a, 2.1b, 2.2a) independent experiments (performed in triplicate). 

2.1a, 2.1b, 2.2a and 2.2b were only studied at the concentrations 1 µM, 3 µM and 10 µM. (C) Data from 

competition binding experiments with pNPY, 2.1a, 2.1b, 2.2a and 2.2b performed at intact HEC-1B-hY5R cells 

using the radioligand [3H]propionyl-pNPY (Kd = 11 nM,6 c = 5 nM). Data represent mean values ± SEM from two 

(2.2a, 2.2b), three (pNPY, 2.1a) or four (2.1b) independent experiments (performed in triplicate). 2.1a, 2.1b, 2.2a 

and 2.2b were only studied at the concentrations 1 µM, 3 µM and 10 µM. Data of pNPY (pKi = 9.42 (Y1R), 9.31 

(Y2R) and 8.78 (Y5R)) were taken from Konieczny et al.7  
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2.7.4.3 Plasma stability of UR-KK236, 2.1a and 2.1b  

Table S2.1. In vitro plasma stabilities of UR-KK236, 2.1a and 2.1b determined at 37 °C. 

compd. 
% intact peptide in plasma after the given incubation timea  

 

30 min 1 h 2 h 3 h 4 h 6 h 24 h  

UR-KK236 >99 81 ± 5 43 ± 4 14 ± 3 5.4 ± 0.4 2.3 ± 0.6 -   

2.1a 46 ± 2 7.6 ± 0.4 5.5 ± 1.1 - 2.1 ± 0.1 - -   

2.1b 88 ± 3 - 57 ± 2 - 27 ± 2 12 ± 2 1.4 ± 0.1   

aThe initial concentration of the peptide in human plasma/PBS (1:2 v/v) was 100 µM. Data represent means (± 

SEM) from three independent experiments.  

 

 

 

2.7.4.4 Recoveries of UR-KK236, 2.1a and 2.1b from human plasma 

Table S2.2. Recoveries of UR-KK236, 2.1a and 2.1b from human blood plasma/PBS (1:2 v/v) for two different 

concentrations (80 µM and 4 µM) and ratios of peptide recovery over recovery of internal standard (1-methyl-D-

tryptophan, I.S.). 

compd. 

peptide concentration 80 µM  peptide concentration 4 µM 

recovery 

peptide (%)a 

recovery I.S. 

(%)a ratiob  
recovery 

peptide (%)a 

recovery I.S. 

(%)a ratiob 

UR-KK236  

48 91 0.53  42 102 0.41 

48 100 0.48  60 109 0.55 

53 112 0.47  50 103 0.48 

52 110 0.47  104 103 1.0* 

18 40 0.44  46 102 0.45 

  
0.48 ± 

0.02 
   

0.47 ± 

0.02 

2.1a 

77 114 0.68  93 102 0.91 

71 100 0.71  88 111 0.79 

77 110 0.69  81 106 0.77 

76 114 0.66  86 106 0.81 

    83 99 0.84 

  
0.69 ± 

0.01 
   

0.82 ± 

0.02 

2.1b 

71 107 0.66  70 112 0.63 

68 106 0.64  54 104 0.52 

66 110 0.61  36 66 0.55 

67 101 0.66  54 104 0.52 

70 105 0.67  70 108 0.65 

  
0.65 ± 

0.01 
   

0.57 ± 

0.02 

        
aRecoveries of UR-KK236, 2.1a, 2.1b and the internal standard 1-methyl-D-tryptophan from human plasma/PBS 

(1:2 v/v) using peptide concentrations of 80 µM or 4 µM and an I.S. concentration of 10 µM (five independent 

experiments). bRatios of peptide recovery over recovery of I.S. calculated for individual experiments, as well as 

mean recovery ratios ± SEM. *Value not included in the mean. Note: When the remaining intact peptide 

concentration in plasma was >16 µM, recovery ratios based on the 80 µM peptide concentrations were used to 

calculate peptide recoveries of the plasma stability samples. When the remaining intact peptide concentration was 

<16 µM, recovery ratios based on the 4 µM peptide concentrations were used to calculate peptide recoveries of 

the plasma stability samples.  
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2.7.4.5 RP-HPLC analysis of 2.1a and 2.1b in the presence of ACE inhibitor ramiprilat 

 
Figure S2.5. Chromatograms of the RP-HPLC analysis of 2.1a (A) and 2.1b (B) after incubation in human 

plasma/PBS (1:2 v/v) at 37 °C for 4 h. In the presence of the ACE inhibitor ramipril, which was in part converted 

to the more potent ACE inhibitor ramiprilat, the degradation of 2.1a and 2.1b was markedly inhibited, showing 

that 2.1a and 2.1b are substrates of the dipeptidyl carboxypeptidase ACE. The initial concentration of the peptides 

in human plasma/PBS (1:2 v/v) was 100 µM. I.S.: internal standard (1-methyl-D-tryptophan). 

 

 

 

 

 

 

2.7.4.6 Time constant (t), rate constant (k), and half-life time (t1/2) determination 

 

Time constant (t), rate constant (k), and half-life time (t1/2) were determined by plotting % of 

intact peptide in human blood plasma over incubation time, followed by non-linear regression 

fit (Origin Software). For peptides UR-KK236, 2.1a, and 2.1b, two-parameter mono-

exponential decay formula (ώ ώ ὃὩ ) was used for fitting the data. Lower asymptote 

(ώ π) and the point (0 h, 100%) were included. 

Rate constant was calculated with the formula:  

‖  
ρ

†
  

Half-life time was calculated with the formula:  

ὸȾ †ÌÎς 
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Figure S2.6. Percentage of intact peptide UR-KK236 in human blood plasma over incubation time and exponential 

line of best fit. 

 

 
Figure S2.7. Percentage of intact peptide 2.1a in human blood plasma over incubation time and exponential line 

of best fit. 

 

 
Figure S2.8. Percentage of intact peptide 2.1b in human blood plasma over incubation time and exponential line 

of best fit. 
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2.7.5 NMR solution structure  

2.7.5.1 NMR signal assignments 

 
Nomenclature for g-CBAA. 

 

Table S2.3. 1H and 15N chemical shifts of 2.1a in water at 298 K.  

residue HN N Ha Hb Hg Hd1 Hd2 He Hh Ht Hi  Ne 

Ac   1.958           

R31 7.987 126.3 3.914 
1.203, 

1.138 

1.379, 

1.289 
2.977  7.015    

 
84.9 

g-CBAA32 7.978 116.1 3.306 3.104 
1.379, 

1.289 
2.516 2.189 3.446 7.336 7.372 7.278 

 
 

R33 8.301 126.6 4.344 
1.816, 

1.754 
1.636 3.199  7.210    

 
84.5 

L34 8.322 122.7 4.328 
1.624, 

1.495 

1.624, 

1.495 
0.934 0.869     

 
 

R35 8.241 121.6 4.234 1.709 
1.505, 

1.436 
3.116  7.119    

 
84.7 

Y36 8.096 121.2 4.578 
3.111, 

2.920 
 7.153  6.833    

 
 

amide 7.519, 7.085 108.7            

 

Table S2.4. 13C chemical shifts of 2.1a in water at 298 K.  

residue Ca Cb Cg Cd1 Cd2 Ce Ch Ct Ci CCH3
 

Ac          24.4 

R31 56.5 30.5 26.9 43.2       

g-CBAA32 40.8 45.3 43.8 31.3  46.1 129.6 131.5 129.5  

R33 56.4 30.6 27.2 43.2       

L34 55.1 42.2 27.1 24.8 23.3      

R35 56.2 30.8 26.9 43.2       

Y36 57.2 39.0  133.3  118.1     
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Table S2.5. 1H and 15N chemical shifts of 2.1b in water at 298 K.  

residue HN N Ha Hb Hg Hd1 Hd2 He Hh Ht Hi  

Ac   1.934          

R31 7.989 126.1 4.001 1.247 
1.374, 

1.315 
2.992  7.042     

g-CBAA32 8.107 116.9 3.275 3.064 3.249 2.530 2.174 3.443 7.334 7.376 7.281  

R33 8.255 127.2 4.409 
1.808, 

1.736 

1.656, 

1.606 
3.192  7.177     

L34 8.444 124.4 4.353 
1.616, 

1.461 
1.618 0.919 0.842      

R35 8.275 121.6 4.250 1.707 
1.514, 

1.446 
3.137  7.138     

Y36 8.144 121.4 4.567 
3.093, 

2.912 
 7.143  6.831     

amide 
7.545, 

7.081 
108.8           

 

Table S2.6. 13C chemical shifts of 2.1b in water at 298 K.  

residue Ca Cb Cg Cd1 Cd2 Ce Ch Ct Ci CCH3
 

Ac          24.4 

R31 56.1 30.7 26.9 43.2       

g-CBAA32 40.6 45.7 43.6 31.0  45.9 129.5 131.5 129.4  

R33 55.9 30.8 27.1 43.3       

L34 55.0 42.5 27.1 24.9 23.2      

R35 56.0 30.8 27.0 43.2       

Y36 57.2 39.0  133.3  118.1     
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Table S2.7. 1H and 15N chemical shifts of 2.2a in water.  

residue HN N Ha Hb Hg Hd1 Hd2 He Ne Hh Ht Hi  

Ac   1.938           

R31 8.113 126.6 3.827 0.974; 

1.073 

1.245; 

1.347 

2.939  7.058 84.60    
 

g-CBAA32 8.100 115.8 3.205 3.102 3.112; 

3.201 

2.125  2.448 3.374 84.43 7.322 7.352 7.251 
 

R33 8.189 126.9 4.00 1.112; 

1.181 

1.298; 

1.385 

2.979  7.121     
 

g-CBAA34 8.172 116.3 3.238 3.152 3.165; 

3.295 

2.180  2.473 3.413 84.31 7.351 7.365 7.257 
 

R35 8.408 127.4 4.238 1.627 1.379; 

1.400 

 

3.097  7.185     
 

Y36 8.360 121.2 4.636 2.893; 

3.155 

 7.139  6.804     
 

amide 7.239; 

7.582 

109.3           
 

 

Table S2.8. 13C chemical shifts of 2.2a in water.  

residue Ca Cb Cg Cd1 Cd2 Ce Ch Ct Ci CCH3
 

Ac          24.21 

R31 56.57 30.27 26.85 43.14       

g-CBAA32 40.62 45.01 43.73 31.35  46.11 129.6    

R33 56.46 30.41 27.09 43.08       

g-CBAA34 40.65 44.93 43.66 31.43  45.88 129.6    

R35 56.45 30.44 26.94 43.09       

Y36 56.88 38.62  133.2  117.9     
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Table S2.9. 1H and 15N chemical shifts of 2.2b in water.  

residue HN N Ha Hb Hg Hd1 Hd2 He Ne Hh Ht Hi  

Ac   1.919           

R31 8.096 126.7 3.933 1.212 1.288; 

1.342 

2.931  7.078 84.52    
 

g-CBAA32 8.232 117.8 3.227 3.057 3.067; 

3.284 

2.475 2.147 3.393  7.305 7.356 7.255 
 

R33 8.286 127.8 4.169 1.470 1.451; 

1.526 

3.110  7.233     
 

g-CBAA34 8.136 119.4 3.260 2.973 2.780; 

3.168 

2.148 2.487 3.373  7.299 7.348 7.267 
 

R35 8.418 126.8 4.401 1.742 1.526; 

1.586 

3.163  7.215     
 

Y36 8.717 122.9 4.602 2.894; 

3.135 

 7.170  6.817  9.789   
 

amide 7.701; 

7.273 

109.1           
 

 

Table S2.10. 13C chemical shifts of 2.2b in water.  

residue Ca Cb Cg Cd1 Cd2 Ce Ch Ct Ci CCH3
 

Ac          24.25 

R31 56.09 30.64 26.80 43.13       

g-CBAA32 40.47 45.70 43.32 30.78  45.49 129.4 131.4 129.4  

R33 56.34 30.53 27.17 43.19       

g-CBAA34 40.65 45.88 43.12 30.36  44.65 129.3 131.4 129.4  

R35 55.80 31.03 27.07 43.29       

Y36 57.73 39.07  133.3  118.0     
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2.7.5.2 Structure calculation 

 

Table S2.11. Sequential and medium-range (bold) NOE cross-peaks detected in the peptides 2.1a, 2.1b, 2.2a and 

2.2b. 

Peptide 2.1a 

 

1 ARG  HA      2 CBR  H        

1 ARG  HB2     2 CBR  QH      

1 ARG  HB2     2 CBR  QT       

1 ARG  HB3     2 CBR  QH       

1 ARG  HG3     2 CBR  QH       

1 ARG  QD      2 CBR  QT       

1 ARG  QD      2 CBR  QH       

1 ARG  QD      2 CBR  HI       

2 CBR  HA      3 ARG  H        

2 CBR  HD2     3 ARG  H        

2 CBR  HB      3 ARG  H        

2 CBR  HE      3 ARG  H        

3 ARG  HA      4 LEU  H        

3 ARG  HB2     4 LEU  H        

3 ARG  HB3     4 LEU  H        

4 LEU  H         5 ARG  H        

4 LEU  HA      5 ARG  H        

4 LEU  HG      5 ARG  H          

4 LEU  QD1     5 ARG  H        

5 ARG  H         6 TYR  H        

5 ARG  HA      6 TYR  H        

5 ARG  HE      6 TYR  H        

5 ARG  QB      6 TYR  H        

5 ARG  HA      6 TYR  QD       

5 ARG  QB      6 TYR  QD       

6 TYR  H         7 NH2 HN1      

6 TYR  HB2     7 NH2 HN1     

6 TYR  HB3     7 NH2 HN1      

 Peptide 2.1b 

 

  1 ARG  H         2 CBS  H        

  1 ARG  QB      2 CBS  H        

  1 ARG  HA      2 CBS  H        

  1 ARG  QB      2 CBS  QH       

  1 ARG  QB      2 CBS  QT       

  1 ARG  QD      2 CBS  QT       

  1 ARG  QD      2 CBS  QH       

  1 ARG  QD      2 CBS  HI       

  2 CBS  HA       3 ARG  H        

  2 CBS  HB       3 ARG  H        

  2 CBS  HD2     3 ARG  H 

  2 CBS  QG      4 LEU  H        

  3 ARG  HA      4 LEU  H        

  3 ARG  H         4 LEU  H        

  3 ARG  HG2    5 ARG  HG2     

  4 LEU  H          5 ARG  H        

  4 LEU  HA       5 ARG  H        

  4 LEU  HB3     6 TYR  H        

  5 ARG  H         6 TYR  H        

  5 ARG  HA      6 TYR  H        

  5 ARG  HE      6 TYR  H        

  5 ARG  QB      6 TYR  H       
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Table S2.11. Sequential and medium-range (bold) NOE cross-peaks detected in the peptides 2.1a, 2.1b, 2.2a and 

2.2b (continued). 

 Peptide 2.2a 

 

 1 ARG  HA      2 CBR  H        

 1 ARG  QD      2 CBR  HH      

 1 ARG  QD      2 CBR  HT       

 1 ARG  QD      2 CBR  HI       

 1 ARG  HB3     2 CBR  HT       

 1 ARG  HB2     2 CBR  HH       

 1 ARG  HB3     2 CBR  HH       

 2 CBR  HE       3 ARG  H        

 2 CBR  HD2      3 ARG  H        

 3 ARG  HB2     4 CBR  H        

 3 ARG  HA      4 CBR  H        

 3 ARG  HB2     4 CBR  HH       

 3 ARG  HG3     4 CBR  HH       

 3 ARG  QD      4 CBR  HH       

 3 ARG  QD      4 CBR  HT       

 3 ARG  QD      4 CBR  HI       

 4 CBR  HA       5 ARG  H        

 4 CBR  HB       5 ARG  H        

 4 CBR  HG2      5 ARG  H        

 4 CBR  HE       5 ARG  H        

 4 CBR  HD2      5 ARG  H        

 4 CBR  HD2      6 TYR  QE       

 4 CBR  HD2      7 NH2  HN1      

 5 ARG  HA      6 TYR  H        

 5 ARG  HA      6 TYR  QD       

 5 ARG  QB      6 TYR  H        

 5 ARG  QB      6 TYR  QD       

 5 ARG  QB      6 TYR  QE       

 5 ARG  HG2     6 TYR  QD       

 6 TYR  H       7 NH2  HN1      

 6 TYR  HA      7 NH2  HN1      

 6 TYR  HB2     7 NH2  HN1      

 6 TYR  HB3     7 NH2  HN1      

  Peptide 2.2b 

 

0 ACE  H         1 ARG  H        

0 ACE  H         1 ARG  HA       

0 ACE  H        2 CBS  H        

0 ACE  H        2 CBS  HT       

0 ACE  H        2 CBS  HH       

0 ACE  H        2 CBS  HI       

0 ACE  H        6 TYR  QD       

1 ARG  H        2 CBS  H        

1 ARG  QB      2 CBS   

1 ARG  HA      2 CBS  H        

1 ARG  QB      2 CBS  HT       

1 ARG  QB      2 CBS  HH       

1 ARG  QB      2 CBS  HI       

1 ARG  HG2     2 CBS  H        

1 ARG  HG2     2 CBS  HT       

1 ARG  HG2     2 CBS  HH       

1 ARG  HG3     2 CBS  HH       

1 ARG  QD      2 CBS  HT       

1 ARG  QD      2 CBS  HI       

1 ARG  HA      2 CBS  HT       

1 ARG  HA      2 CBS  HH       

1 ARG  H         2 CBS  HT       

1 ARG  HA      6 TYR  QD       

2 CBS  HA       3 ARG  H        

2 CBS  HD2      3 ARG  H        

2 CBS  HE        3 ARG  H 

2 CBS  H           3 ARG  HA       

2 CBS  HG2      6 TYR  QE       

2 CBS  HD2      6 TYR  QE       

3 ARG  HA       4 CBS  H        

3 ARG  HB2     4 CBS  H        

3 ARG  HG2     4 CBS  H        

3 ARG  HG2     4 CBS  HH       

3 ARG  HA      5 ARG  H        

3 ARG  HA      5 ARG  HA       

3 ARG  HA      6 TYR  HA       

3 ARG  HA      6 TYR  QE       

3 ARG  HA      6 TYR   

3 ARG  HG2     6 TYR  QD       

3 ARG  HG2     6 TYR  QE       

3 ARG  HG3     6 TYR  QD       

3 ARG  HG3     6 TYR  QE       

4 CBS  H           5 ARG  H        

4 CBS  H           5 ARG  HA       

4 CBS  HG3     5 ARG  H        

4 CBS  HD2     5 ARG  H        

4 CBS  HE        5 ARG  H        

4 CBS  H          6 TYR  HA       

4 CBS  H          6 TYR  QE       

 Peptide 2.2b (continued) 

 

4 CBS  HG3     6 TYR  H        

4 CBS  HG3     6 TYR  QD       

4 CBS  HG3     6 TYR  QE       

4 CBS  HE       6 TYR  QD       

4 CBS  HE       6 TYR  QE       

5 ARG  H         6 TYR  H        

5 ARG  HA      6 TYR  H        

5 ARG  HB2     6 TYR  H        

5 ARG  HB3     6 TYR  H        

5 ARG  HG3     6 TYR  H        

5 ARG  HA       6 TYR  QD       

5 ARG  QB       6 TYR  QD       

5 ARG  HB2     7 NH2  HN1      

6 TYR  H           7 NH2  HN1      

6 TYR  HA        7 NH2  HN1      

6 TYR  HB2      7 NH2  HN1      

6 TYR  HB3      7 NH2  HN1      

6 TYR  QD        7 NH2  HN1 

  



B. Main Part 

71 

Table S2.12. NMR structure determination statistics of the different peptides. 

 2.1a 2.1b 2.2a 2.2b 

NMR distance constraints     

Distance restraints      

   Total NOE 37 23 46 80 

   Intra-residue 7 1 9 5 

   Inter-residue     

      Sequential (|i ï j| = 1) 29 19 35 47 

      Nonsequential (|i ï j| > 1) 1 3 2 28 

    Hydrogen bonds 0 0 0 0 

     

Structure statistics     

Number of different NOE violations     

Average number of NOE violations 0°0 0°0 0°0 0°0 

Average amount of NOE violation (Å)     0.01°0.00 0.02°0.00 0.00°0.00 0.04°0.01 

Number of different VdW violations     

Average number of VdW violations 0°0 0°0 0°0 3°1 

Average amount of max VdW viol. (Å)     0.00°0.00 0.06°0.00 0.02°0.00 0.36°0.09 

Average RMSD* (Å)     1.46°0.37 0.86°0.22 1.20°0.46 0.72°0.50 

* Pairwise backbone RMSD was calculated among 20 refined structures. 

 
Figure S2.9. NMR solution structure of peptide 2.2a. (A-C) Superposition of the low-energy structures reveals 

two clusters (light colors for 1, dark colors for 2) which are separately shown in (B) and (C). (D) Ensemble like in 

(A), but with hidden side chains. (E) Ensemble like in (B), but with different perspective, showing the close 

proximity of the side chain of Arg31 to the phenyl group of the g-residue32, as well as of the side chain of Arg33 to 

the phenyl group of the g-residue34. (F) Ensemble like in (C), but with different perspective.  
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Figure S2.10. NMR solution structure of peptide 2.2b. (A-C) Superposition of the low-energy structures reveals 

two clusters (light colors for 1, dark colors for 2) which differ mainly in the orientation of the N-terminal a/g-

dipeptide 31-32. The side chain of the C-terminal residue Tyr36 points back towards the N-terminal a/g-dipeptide 

31-32, with the phenol ring lying parallel to the plane of the phenyl-cyclobutyl ring of g-residue 32 (cluster 1, B), 

or to the peptide bond 31-32 (cluster 2, C). (D) Ensemble like in (A), but with hidden side chains. (E) Ensemble 

like in (B), but with different perspective. (F) Ensemble like in (C), but with different perspective.  

 

 

 

 

Figure S2.11. Chemical shift deviations from random-coil values8 of the backbone amide protons in peptides 2.1a 

and 2.1b (A), and 2.2a and 2.2b (B).  
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2.7.6 MD Simulations 

 
Figure S2.12. Structural stability analysis during MD simulations. RMSD of peptide 2.1a and protein backbone 

atoms with respect to the equilibrated starting structure. Atomic positional fluctuations (RMSF) of 2.1a. B factor 

coloring ranging from cold tones (low RMSF) to warm tones (high RMSF). Hydrogen atoms were omitted for 

clarity. 

 

 
Figure S2.13. Structural stability analysis during MD simulations. RMSD of peptide 2.1b and protein backbone 

atoms with respect to the equilibrated starting structure. Atomic positional fluctuations (RMSF) of 2.1b. B factor 

coloring ranging from cold tones (low RMSF) to warm tones (high RMSF). Hydrogen atoms were omitted for 

clarity.   
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Figure S2.14. Backbone conformation and intramolecular interactions of the induced-fit structures of (A) peptide 

2.1a (run 3) and (B) peptide 2.1b (run 2).  

 

 

 

 

 
Figure S2.15. Electrostatic interaction energy between residues in peptide 2.1a and Y4R. 
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Figure S2.16. Van der Waals interaction energy between residues in peptide 2.1a and Y4R. 

 

 
Figure S2.17. Electrostatic interaction energy between residues in peptide 2.1b and Y4R.  

 
















































































































































































































































































































































































































































































































































