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A. Introduction

A Introduction

1 Cyclic g-amino acids

More than hundreds of amino acids are found in natun@ without themlife on planet Earth

would not be feasibl&® 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 orgahisms.
In humans, amino acids are assentiakource 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.
Even though twentpneL-a-amino acids are involved in the synthesis of all peptidekan
human body, the natural peptides consisting of asgmino acids are not commonly used as
therapeutic agents because of their weak resistance to proteolysis (short pladiieg aatf

poor physiochemical properties (flexibility, aggregation, solubifity).

Since peptides are diverse aimd some case®xtremely 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 oélixdefined secondary structure eleméitsparticular, the replacement

of a-amino acids with cyclib-amino acids, which are able to stabilize peptide proteolytically
and conformationally, is a common modification that has been extensively studied for over two
decadeg?’

Less studied are cycligamino acids, which present an additional challenge in the research
field of peptidomimetics because of their flexibility and diversity: indeed, peptidesgraitiino

acids have expanded backbone, multiple possible stereocenters, and several dihedral angles.
Apart from the torsion angldsandY , which are present also &peptide, a peptide with@

amino acid possesses two additional torsion angkesdz (Figurel.1A).! 4nthecase of cyclic
g-amino acids, at least one of these dihedral angles is constrained (Fi@)re&y.clic gamino

acids are thus introducédthe peptide to promote the conformational rigidity of the unnatural
backbone and to increase the peptide stability against proteases.

A Peptide with a-amino acid B Peptides with cyclic y-amino acids
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Figure 1.1: Backbone dihedral angles, which describe the spatial conformation in peptides with acyclic and cyclic
g-amino acids. Cycligramino acids are divided into three types, based on their constrained dihedral angles.

A wide variety of (a)cycliggamino acids and corresponding peptides have been studied over
the yearsthe synthesis and application of which are covered iandful of reviews>2® This
chapter primarily focuses on the achievements in the field of ogaimino acids in terms of
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their influence on the peptide conformation and application. Selegtadino acids are
presented based on their locked dihedral angles and the ring size.

The onformational versatility of cycligcamino acidresults fromall the possible variations of

its structural features: the ring placement, ring size, and stereocenter configuration. The
cyclic gamino acids can be classified into three categories based on the ring position-and non
flexible dihedral angles (FiguelB). Cyclicg-amino acids can contain rings of different sizes,

but only the compounds with up tenfembered ringare presenteddere(Figurel.2).
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Figure 1.2: Selected cycligtamino acidpresented in this chapter.

1.1 Cyclic gamino acids with sixmembered rings

3-Aminobenzoic acigmABA) favors theextended conformation in oligomers and, thus, has
been, along with its derivatives (e.g.,-8iaminobenzoic acid,-dmina5-methylbenzoic acid),
extensively used in the studies of hairpin motif and shieetarrangements, including those
formed by (cyck) peptides with application as se§sembled nanostructurés?
HeterocyclicmABA derivative, 6aminopicolinic acid (APIA), on the other hand, has found
application in g-peptides, which form helical systeff$® and in aniorbinding a,g
cyclopeptides?’ 38

One of the uses of-8minocyclohexanecarboxylic asidg-ACC), which are saturated
derivatives of mABA, is in the flat cyclica,gpeptides, which can sedfissemble to form
cylindrical sheetike nanotubes (seissembling cyclic peptide nanotube3CPNs)*4
SCPNs are consisting of stacked cyclic peptides, in which the amide groups are oriented
perpendicularly to the plane of the cyclic peptide backbone andHbesheetlike hydrogen
bonds with another cyclic peptide.

Initially, the g ACC residues in the cyclia,g-peptides were chosen to generatpartially
hydrophobic character in the internal cavity of the ring as opposite to the hydrophilic character
of the parent cycli@a-peptides: indeed, the pores were suitable for capturing the chloroform
molecules.*>“®as well as water molecule¥ revealing the amphiphilic nature of the cavity.
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It has been observed that peptide stacking occurs when the,leaecyclic peptide hasn
alternating sequence. In this contexR @5-g-ACC and (53R)-gACC act as substitutes for

L- and D-amino acids, respectively, ia,g-peptides (Figure 1.34F 471 3:1 a,gpeptides
(Figure 1.3BY? or gtetrapeptide (Figure 1.3CJ. Selective N-methylatiors of the cyclic
peptides also limited the stacking of these monomer units: instead of nanotubes, dimers were
formed.

2
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Figure 1.3: Cyclic peptides containinggACC residues and the corresponding-sa$emblies. A) 1:4,g-peptides.
B) 3:1a,g-peptide. Crpeptide.

self-assembling cyclic
peptide nanotube (SCPN)

Following the idea to capture different charged species, tailored deviations on theagyclic
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 iotf$” However since many cyclic peptidensistof both six and
five-memberedyramino 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 unmpfC&l residue is also
tolerated in an interndd-strand of theéb-hairpin from the Streptococcal protein GBhe use

of ¢ ACC at two crosstrand positions in a hostpeptide hairpin sequence led to the formation

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

same result was obtained whe®\BA was used instead @fACC .2’ Further investigation on

the extended strands of tl&B1 showed thag-ACC is indeed tolerated in every strand
(regardless of thgeACC placement in the GB1 analogs) and has a minimal influence on the
stability of GB1 analogs (but only when ttréical hydrophobic contacts supporting the tertiary
structure are not disruptetf)>®

The influence of A2-aminocyclohexyl)acetic acidHACHA) with 2-ethyl (Et) or 2aminobutyl

(Ab) chains ¢ ACHAF andg-ACHA”®, respectively) to promote the formation of secondary

3
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structure elements was examined by Gellman and coworkers (Figure 1.4). The consigained
gACHAF was shown to strongly support the formation oftilix stabilized by C=0)¢ H-
N(i+3) hydrogen bonds in 14,g-peptides, observed in chloroform and the solid Statore
hydrophilic derivative, they,g-octapeptide containing ACHA®, also adapted the d#lical
conformation in chloroform as well as in polar solvents, such as methanol an§%ater.

1:1 backbone pattern

— = )

0]

12
LD
u<
WY
(@] (0]
12

Figure 1.4:12-helical hydrogerbond patterns in the linear 1alg-peptides containing ACHAE andg-ACHA®,

Similar tothe 1:1 backbone pattern, also 2:1 and 1:2 lireegrpeptides withcis-g ACHAF!
displayed C=0}¢ H-N(i+3) hydrogenrbonded 1zhelices (Figure 1.5A9' Both enantiomers
(RRR)- and §S9-gACHAEF! together withp- andL-alanine, respectively, were examined.
The study ofg-peptides with $S5)-g-ACHAF! residues has shown that the cyclic residues
enhanced the stabilityf the 14-helical secondary structure (Wi€@=O()¢ H-N(i+3) hydrogen
bonds observed) in the solution ahdsolid state (Figure 1.56¥.

A 2:1 backbone pattern o,y-peptide
O - Et

- :
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H (0] O
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12
=\ =\
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0 9 o Et Et Et Et

~_ Y

Figure 1.5: A) The hydrogerbond network of the oligomers with 1:2 and 2:f-backbone pattern, containing

Ala and gACHAF! residues. B) The hydrogdsond network of theypentapeptidewhich contairs (SS9)-g
ACHAE residues.
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The crystal structure of 11i,g-peptide containing enantiome(S,$g-ACHAF together with
(§9-trans-2-aminocyclopentanecarboxylic acid, skstive propensity of the cyclic residues to
promote the formation of the 4&lix (Figure 1.6¥3
Overall, the helices with C=Q¢ H-N(i+3) hydrogen bonds have been observed in various
peptides, which all contaimcis-ggACHAF! residue (Figures 1-8).

N

13 13
tBu” \n/ ’ N

H H H Q
“, N N,
(0] 13 Et O \ / O

Figure 1.6: Structure ob,g-pentapeptide containing,6,9-gACHAE and §,9)-b-aminocyclopentanecarboxylic
acid. Arrows indicate the hydrogen bonds in the crystal structure.

A more complex hydrogebond network was observed @heterogenous ,b,g-peptide with
agaaba sequence (Figure 1.7). The peptide, which contaiBes, $gACHAE and §9)-b-
aminocyclopentanecarboxylic acid, adoptetielix-like conformation in aqueous solutiéh.

(0]
T NH;
(0]

Figure 1.7: The hydrogerbond network ina,b,g-peptide &gaaba sequence), which adopts thehelix-like
conformation in an aqueous solution.

Although it was later shown that the cyclically constraige®CHAF! residue alone does not
have a major impact on helical folding, the monomer was still used in the studiesadd,the
helical peptidomimetic&®” In particular, the peptides withgaaba motif were studied for
their mimicry of BH3 helical domains, Bim. The most actiaeb,g-peptide exhibited
comparable Bek. binding affinity to that of th@-Bim 15-mer and showed improved stability
against degradation by proteinase K compared to thartb18mera-Bim.

Theimpact of the @ stereocenter configuration of the cyaiddCHAF! residue on the local
peptide conformation was explored. In this regard, the studys & RgACHAE isomer
disclosed the strong propensity of the cyghesidue to promote 12/ifelical conformation,
which features C=@)¢ H-N(i+3) and C=0ij¢ H-N(ii 1) hydrogerbonding patterns, ia,g
peptides (Figurd.8).58

-
B0 IWN%YNJLN%“ \/((
\_/ O

12

Figure 1.8: A selected example of th&§R)-gACHAE-containinga,g-pentapeptide, displaying 12/ lical
conformation.
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The positional isomer ofgACHAF, the (R 2R)-2-((9-1-aminopropyl)cyclohexan#-
carboxylic acid ¢#*-APCH), was also evaluated for its influence on the conformation of the
a,gpeptides. Through crystallographic and NMR analysis, the study examinea,gvo

peptides withtransggAPCH and p-alanine, which displayed 12/4elical conformation
(Figure1.9).5°

Figure 1.9: A selected example of,g-hexapeptide withtransg-APCH residues and 12/4tydrogenbond
network.

In the crystal structures of 1:1 a,gpeptides with ($2R)-2-
(aminomethyl)cyclohexanecarboxylic actistg?3-AMCH), two different conformations were
observed (Figure 1.10): 12/@lical conformation in the tetrapeptide (CHOH-N(i+3) and
C=0()¢ H-N(ii 1) hydrogen bonds) and Jlical conformation in the hexapeptide
(C=0()¢ H-N(i+3) hydrogen bonds?.

9 H Ho § o H
tBU\O)J\N/kﬂ/N\\“‘ o N\)J\N N/'\H/N\\\“ “
H I H H g
o} o} o} o}

Figure 1.10: Two examples of,gtetrapeptide and,g-hexapeptide witltissgg AMCH residues and their 12/10
and 12hydrogenbond network, respectively.

The heterocyclic derivative of AC@;4-aminopipecolic acidggAPA), hasbeenfoundto have
applicatiors in medicinal chemistry. Because of its ability to extend and constrain the peptide
backboneg-APA has been investigated in the cyclic peptides with tripeptide rfotiFGly-

Asp- (RGD).”t The RGD sequence is recognized by many integrins, inclading a,bs, and

avbs, which are transmembrane glycoproteins involved in the cell adhesion and, expressly, in
tumor angiogenesi€.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 compoundayclo-(-Arg-Gly-Asp-D-PheN(Me)-Val-). The latter, Cilengitide, is a highly
potentaybs antagonist with 16 in the nanomolar range, whereas the cyclic peptides with
APA and gAPA®P residues are -fold and 6fold weaker inhibitos than Cilengitide,
respectively (Figure 1.11%.7
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Arg Ar
O 7N\ Oxn— g\
X G,ly )OJ\ X Gly
HN MeO N: j
O Asp e A|sp
N N
H H
cyclo-(-y-APA-Arg-Gly-Asp-) cyclo-(y-APACP-Arg-Gly-Asp-)

Figure 1.11: Two examples of cyclic peptides withRAPA and RGD mot#, which showed inhibition activity
towardaybs.

1.2 Cyclic gamino acids with fivemembered rings

In various tubular assemblies of cyclia,gpeptides mentioned earlier, also- 3
aminocyclopentané-carboxylic acid ¢#*-Acp) was used as a monomer building block (Figure
1.12) 29 Briefly, usingthe Acp residue, which haslarger angle between-8 and G-C thang-
ACC (144 ° vs. 120 °, respectively), resulted in the formation of larger cyclic pepfides.

Many dimers as well as nanotubes, which contairgeéicp residues, were studied over the
yearsé_la 75,76

2
o) 'za R
. 0
R Q \qN’R1 R'=H self-assembling cyclic
o “N _ R2=H peptide nanotube (SCPN)
Rj

N

2
R N 0]
o MNege R'=Me
N,(R R2=H N-methylated dimers

RO R = iPr, iBu, Bn

— —m=1-4

Figure 1.12: Structures of cyclia,g-peptides, containingAcp residues, and their general application.

Moreover, it has been found ttgafcp-containing cyclic peptides have various applicatitns.
Cyclic a,g-peptides can seissemble into dimer structures, used for encapsulation of xenon
atom!/” transmembrane transportation of cations and anions (Figur@A),”® or as
photoinduced electrerand energytransfer system&:82 Moreover, cyclica,g-peptides with
gAcp residues can setfssemble into nanotubes, which are used in the studies of hybrid
materialg’3 83 84

Cyclic peptides containing -dminc-3-hydroxytetrahydrofurai2-c ar box y | rAbf) aci d
residue can form dimers with hydrophilic cavities (FigliE8B)?° or selfassembled sphericall
clusters (Figurel.13C)> 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 AY(Figure 1.13C)>° Later on, the dimer of cyclic decapeptide containing

f unct i o-Ah&residaeewds tested for potential application in medicinal chemistry.
particular, he correspondingis-platinum complex showeglcytotoxic effect at A2780 ovarian

cancer cells (Figure.13D).*’
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Figure 1.13:Various applications afAcp andg-Ahf-containing cyclic peptides. A) External functionalization of
cyclic peptides. ED) Internal functionalization of cyclic peptides.

Like gAPA, g-Acp canalsobe used as a conformationally constrained residue in-B&ed
cyclic peptides. Botleis- andtrans-g-Acp-containing cyclic peptides habeenshown to bind

at avbs andaybs integrin receptors (Figure 1.1489.87 By replacingg-Acp with (2549)-4-
aminopyrrolidine2-carboxylic acid ¢ APCA), higher selectivity foavbswas achieved (Figure
1.14B)% Theabsintegrin-selective peptide, which contained an alkylajgdPCA derivative
(rAPCA”®), was later used for conjugation and labeling with a fluorophore or a radioisotope
(Figure 1.14C¥88 More recently, the RGilype peptides were also examined as selective drug
carriers, being attached to a salblecule drug, such as sunitinib or nintedadbitsth tyrosine
kinase inhibitors via linker moiety (Figure 1.141F).%%% Interestingly, an expansion of the
peptide backbone by two hydrophobigesidues, for exampléhe cyclo-(-Leu-Arg-Gly-Asp-
Leu-cissggAPCA*®-) or cyclo-(-Leu-Arg-Gly-Asp-Leu-cis-gAPCAA?M.) formed theaybs-
integrin selective ligands (Figure 1.148)5°7

8
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o) Arg_ o) Arg_ o) Arg_
A Gly X7 ey B X7 ey
Asp Asp RN Asp
i i " R = H, pentyl,
H H H  CoOEt, cOPh

cyclo-(-Arg-Gly-Asp-trans-y-Acp-) cyclo-(-Arg-Gly-Asp-cis-y-Acp-) cyclo-(-Arg-Gly-Asp-cis-y-APCA-)

o) Arg_ o) Arg_
C X7 ey D X7 ey
HzN\/\NQ Asp Na‘th\/,j Asp
N 3 N
i H
cyclo-(-Arg-Gly-Asp-cis-y-APCAAe.) cyclo-(-Arg-Gly-Asp-cis-y-APCAAZb.)
E O.__-Leu—Ar 0. _Leu—Ar
Y g\ Y g\
: G’Iy Q Gly
N A W'l '
Nat, 5 Asp N1, Asp
N—Leu ‘N—Led
H H
cyclo-(-Leu-Arg-Gly-Asp-Leu-cis-y-APCAA?b.) cyclo-(-Leu-Arg-Gly-Asp-Leu-cis-y-APCAAZh.)

Figure 1.14:A) RGD-based cyclic peptides containigdicp residues. B) RGibased cyclic peptides containing
g-APCA residuesC) Theabsz-integrin selective ligand containirs-g APCA”¢. D) Thecyclo-(-Arg-Gly-Asp-
cisgrAPCAA?-) used fola,bs-integrin ligand conjugates. E) The R&fased peptidesyclo-(-Leu-Arg-Gly-Asp-
Leu-cisgrAPCAA/AZ) “ysed for the nintedanid,be-integrin ligand conjugates.

Proteogenic amino acid Pro promotes specific conformational preferences in the paptides

its structure has influenced the design of various constrained cyclic amino acids. Some
examples where the native Pro amino acid was substituted wittistgegAPCA are found
among the opioid peptideBwo endogenous agonists of th@pioid receptor have structurally
similar N-terminal sequence TyRro-Phe/TrpPheNH,. These are: endomorphih(Tyr-Pro-
PhePheNH,) and endomorphid (Tyr-Pro-Trp-PheNH>). The smilar structure alstasan |t
selective opioid peptide morphiceptin (¥ifro-PhePro-NHz), which is derived from the milk
protein®1% Firstly, the linear edomorphin2 analogi with the sequence T\ gAPCA-Phe
PheNH. bind weakly at the p opioid receptd€; (310 nM), but the sidehain to tail cyclized
derivatives Tyscyclo-gAPCA-PhePhe) showed the binding affinities in the range from 38

to 660 nM, depending on the stereochemistry of the Phe residu@®(Phe) used®® 1%2The
second example is the morphiceptin analog, in which two Pro residues are exchanged. This
promising example, which showed good binding affinity @.59 nM) but had attenuated
potency compared to the endomorpRifpEGo 7.11 vs. 7.95, respectively), is a tetrapeptide
with the following sequence: TA\gAPCA-PhegAPCA-NH.1%

Constrained cycligt->-amino acid 2aminomethyl)cyclopentarg-carboxylic acid ¢ AMPC)
was examined for its influence on peptide conformation. Tha rhexapeptide, containing
transg-AMPC residues, displayed ordymodest tendency to adopt 12/46lical conformation
(Figure 1.15A)%%In comparison tarans-gAMPC residue, the stereoisomeis-g-AMPC
promoted the peptide folding (Figure 1.15B). The characteristicriange NOE cross peaks
of 12/1Ghelical secondary structure were observed in ROBSXMR, and five residues of
the a,g-hexapeptide adopted a welkfined 12/1ehelix in the NMR solution structure. The

9



A. Introduction

crystal structure of a corresponding dipeptide showed stramgstrictedz-torsion angle (29 °),
which is the smallest reportgeangle in a mixed 12/Belix to date'®

Figure 1.15:a,g-decapeptide containingans g AMPC andcis-g AMPC residues and the 12/t@lical hydrogen
bonding network.

Turning attention to heterocycles as more pecgfidconstrainedesidues, the-hexapeptides,
with 4-(aminomethyl2-methylthiazoles-carboxylic acid residuesfAMTCMe andg-AMTCB")
displayed a preference for the rigianded thelicalconformation with the C=@)¢ H-N(i+2)
hydrogenbonding network (Figure 1.16 AY®In-1:1 a,g-peptides, the absolute configuration
of ¢gAMTCMe had influence on cyclic turn formation: while the conformation agd
hexapepetide with §- gAMTCM® was not stablea,g-hexaeptides with R)-gAMTCMe
adopted ribbosiike conformation, supported by 9/12 hydrogmmd network (Figure 1.16
B).1%”Moreover, it has been shown that gramicidin S analog (cyclic octapeptide) and the helical
ampbhiphilic oligomers, all containingAMTC derivatives, exhibit antimicrobial activity®!1°
Meanwhile, the-hexapeptide containing AMT-€/pe building blocks was shown to act as an
inhibitor of amyloid fibril formationt!! g-hexapeptide containing mannesasedg-AMTC
derivatives as manno$ephosphate receptor ligadtf;1** andg-AMTC-type oligomers as the
organocatalystsi®

A
(0]
Fmoc.
H NS
B

Figure 1.16:A) The 9helical conformation of-hexapeptide witl-AMTCMe andg-AMTCPB" residues. B) 9/12
hydrogenbond network of the 1:4,g-hexapeptideR)-gAMTCMe residue.

Fluorinated sugaderivedg->-amino acid (R,3R)-2-(aminomethy)-3-fluorotetrahydrofurass-
carboxylic acid ¢ AMFCF) was successfully incorporated in the linear tripeptides (B

10
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gAMFCF-Val-OMe: Xaa=AlaLeu) (Figure 17A}*® as well as in cycli@,gtetrapeptide and
a,g-hexapeptide, which seffssembled into nanotubes and were recognized as supramolecular
anion transporters (Figufiel7B) 116 117

O

o 4 o 74
A B iPr>)/N 10
\O "’/ O

Figure 1.17:A) gAMFCF in the linear tripeptide. B}y AMFCF in thecyclic a,gtetrapeptide and,g-hexapeptide.

1.3 Cyclic gamino acids withfour-membered rings

Various g-amino acids were also applied in the ribosomal peptide synthesis. For instance,
gACC, gAcp, and 3aminocyclobutand-carboxylic acid ¢ACBC) were successfully
incorporated in the heterogenebackbone cycli@,g-peptides (Figure 1.18A)811°

S el O
1.3 Phe

Glly fMet-Tyr-Lys-Lys-Tyr-Lys-Lys-Tyr-Lys-Phe Gly-flag
Gin Arg
\ / 0
Pro\ 9|y HN-—<> ../< -—<>.-../<
Trp —Asp fMet-Tyr-Lys-Lys-Tyr-Lys-Lys-Tyr-Lys-Phe Phe- Phe Gly-flag
C 0

Q —-<>%
pPhe-Lys-Tyr—NF Tyr-Phe / Tyr-pCys-Lys-Lys-Lys-flag

3\ flag = Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys
O

<
"
pPhe-Lys- Tyr—N Tyr- Phe/ Tyr-pCys-Lys-Lys-Lys-flag

0]
o HN—<>—<
pPhe-Lys-MeSer-Tyr —NH Tyr-Tyr/ Tyr-oCys-Lys-Lys-Lys-flag

BERsis

Figure 1.18: A) The selected example of ribosomally synthesizgdCC/gAcp/gACBC-containing
heterogeneous cyclic peptide. B) Structures of linear peptides prepared by the ribosomal incorporation of multiple
constrainedrACBC. C) The constrainegt andb-residues tolerated in the ribosomal peptide synthesis.

Interestingly, only two out of four testeg¢ACC isomers, namely H<3R)-ACC and
(1R,39-ACC, were tolerated by the ribosome. In comparison, allgop stereocisomers were
successfully incorporated in the same sequewcke-(-g-Acp-PheArg-Gly-Asp-Trp-Pro-Gin-
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Gly-). Ribosome also tolerated botlis- and transACBC isomers. Quantitative analysis
showed the highest incorporation efficiency for ACBEsidues!® The study further
investigated the possibility of multiplg ACBC incorporations (Figure 1.18B). The results
show that incorporating two consecutigCBCs was not tolerated. However, the peptides
could be expressed when at least ar@mino acid was present between tinens-gACBC
residues. Moreover, thg ACBC residues were also successfully included in the ribosomal
synthesis of macrocyclic peptides together with another cyclic reqieamjno acid (§2S9)-
2-aminocyclopentané-carboxylic acid (Figure 1.18C).

Cyclic d¢**amino acid (8§3R)-3-amino2,2-dimethylcyclobutand-carboxylic — acid
(ACBCM®) in combination with (849)-4-aminopyrrolidine2-carboxylic acid ¢APCA)
formed oligomers, which had rigid and defined conformations. (Fitd@A).12° To improve

the celtuptake properties, thipAPCA was functionalized witthe NV-guanidinopentanoyl (Gp)
group GFAPCACP). The corresponding fluoropheenjugated hexapeptide was tested in HeLa
cells and was shown to be a egdinetrating peptide (Figure 198}.Later, two modifications

of the peptide sequence were examinédlopger peptide sequence ang ¢hange of the
g-APCACP stereoisomer (Figure.19C)1?2The corresponding tetradecapeptides showed higher
accumulation inLeishmaniacells than dodecapeptides and were used asadmigrs for
doxorubicin.

Other example of the studied epknetrating peptide includes thegpeptide, in which
gACBC was substituted with §29)-b-2-aminocyclobutand-carboxylic acid. This
dodecapeptide showed modest intracellular uptake and notable activiteisihmania
parasiteg?3

A H B “ o (0] ’
Cbz N HN= H
HaN_ _NH
C — H2N @ - 3
R & o e} y R - o o} H HO e} OH
HN= N HN= Cy)\N
HN H HN H
(SN\_-N o RN-N_ _o (o) j A
g _—I"CO,H
H H
H2N N H2N N
R= 5(6)-Carboxyfluorescein (CF)
L H)N ® R=CF —n=67 —  HyN ® —In=67 fluorophore

Figure 1.19:A) Thegpeptides containing ACBC andg-APCA residuesB) Theg:ACBC andg-APCA®Presidues
in the cellpenetrating peptide. C) Dodeand tetradecapeptides wipACBC andg-APCA residues, studied for
their cellpenetrating activity.

Additionally, g ACBCM® was incorporated in short neuropeptide Y (NPY) analogs to potentially
promote the secondastructure elements and induce biological activity. In contrast to peptides
with cyclic b-residues, short peptides containdmgCBCM® residue showed noraing affinity
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at NPY receptot?* However, g ACBCM® found another application in tripeptides (Ryo
ACBCMe-Pro) that acted as organocatalysts for aldol reactféns.

The exploration of conformational preferences of short peptides, which contain cigg){1
2-(aminomethyl)cyclobutang-carboxylic acid ¢*>ACBC), have shown concentration
depending results (Figure 1.20A): in dilute solutions, rare sevanbered hydrogenonding
network was observed in the peptides, which folded into ribilzerstructure (Figurd.20B).

In concentrated solutiongstetrapeptide seldssembled to form an organogel in a variety of
solvents, including toluene, ethyl acetate, and isoprogahol.

A 0 B

O
Boc Iy, .\\\l BOC\ 11y .\\\l 1y
N~ []" Tosn N~ J\N/
H H H
n=2-4 7

Figure 1.20: A) The shortg-peptides based on tig@>ACBC. B) The 7membered hydrogebond network
displayed in thertripeptide.

1.4 Cyclic gamino acids with threemembered rings

Thecis-ggAMCPP"-NEt, an amidated derivative of(@minomethyB1-phenylcyclopropand-
carboxylic acid ¢AMCPPY), is a small molecule that acts as an inhibitor of
serotonin/norepinephrine reuptake (Figure 121).12 The racemic mixture and
enantiomerically pure @2R)-AMCPP-NEt are antidepressant agents, available under generic
names Milnacipran and Levomilnacipran, respectively'?

While already the steric repulsion of ttis-configuration partially limits the rotation abous-C
Cybond, the dihedral angtecan become highly restricted by further functionalization ofithe
carbon with larger substituent&**3!In particular, wherthe g-carbon was functionalized with

an ethyl group, minimal steric repulsion was observed when the larger groups were oriented
away from the carbonyl groupgsultingin limited G.-Cg rotation®2 133 The evaluation ofhe
pharmacological activity of this constrained compound, nam&gR]1'S)-AMCPPVELNE®,
revealedreduced activity as a serotonin uptake inhibitor compared to Milnacigr&2% (UM

vs. 8.5 nM, respectively)?

? ?\\ rac-AMCPPP-NEt, Et O
HoN—7., ,~‘\\\OH HoN—"7_/\ < ~NEt, Milnacipran HZNWNEQ
HY(R)(S) Ph HY(R)I(S)YPh (1S,2R)-AMCPP"-NEt, HY(R(S) Ph

Levomilnacipran

cis-y-AMCPPh (1S,2R,1°S)-AMCPP"EL.NEL,

Figure 1.21:2-(aminomethyB1-phenylcyclopropand-carboxylic acid ¢is-g-AMCPP" and the derivatives.

For the application in the mRNA display methadd;chlororacetylated,gdipeptide N-
chlororacetyl(cis-g-AMCP'BY-phenylalanine; ClA€cis-gAMCPBY)-PheOH) was tested as

an initiator in the ribosomal synthesistbémacrocycliepeptide library (Figure 1.22A%*The

choice ofcissgcAMCP™® in the oligopeptides was due to its ability to promote constrained
conformation and to improve proteolytic stability. Apart from showing that the ribosome
accepts nomproteinogenicis-g-AMCPBY 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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containingcis-gAMCP'BY preferred the formation of macrocyclic peptides via thioether linker

by bonding with the @erminal cysteine instead of an internal cysteine. After screening with
MRNA display, the evaluation of the inhibition activity of the selected cyclic peptidesr€Fig
1.22B) against phosphoglycerate mutase (CeiPGM) showed good binding affinity and potency
(Kp 0.3:0.8 nM, IGo 9.515 nM), as well as high enzymatic stability of both tested cyclic
diastereoisomers.

S

A B| , HAH
H N (S)(R) FSISGIEWNGPEIC-NH,
H .
S JBu
(S)(R) \()J\ lBu o O

CI/\n/ Y HN s
Bu O < WJ\FSISGIEWNGPEIC-NHZ
Ph H (RXS) H

ClAc-(cis--AMCP™®Y)-Phe-OH ﬁ 0

Figure 1.22: A) Initiator ClAc-(cissgtAMCPBY)-Phe. B) Ribosomally synthesized cyclic peptides with
(IR,2S1°9)- and (1S52R,1'R)-cis-g AMCP'B! residues.

Amino acidgAMCP has three stereocentetisus, eight stereocisomers are possible (Figure
1.23A). The study on the structure conformation of BREAMCPE'Me&-NHBn has shown that

in all eight isomers, the three dihedral angleg, andY are constrainedrhus diverse spatial
orientations of the backbones were formed, from the extended to more folded ones. Authors
concluded that preferred orientations of cyclopropane functional grouptheresult of
stereoelectronic effects, describedcgslopropylic/allylic strainandbisected conformational
preferencé®® The result of the peptide withans-ggAMCPE"e s also in consistency with the
previously described dipeptide containingns-g-AMCPP"Me which also adopted an extended
conformation in the solid state (Figure 1.238)The pharmacological evaluation of they
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, 1C500.22 |,l|\/|).130

Bn
A tBu 0 Et
Et H’a ,\Meo ;,\T H’z, ,\Meo HN7s) Me OJ\NH
’, S, N
O« _NH HN. £ o)
Y Bn Bt HN HN. G H (R)(R)HN
Bn “Bn
_Bn
Bn 5 8n HN
.bn
e T Et HN ; HN” ARCICRENA
I® R)(S n HS)(s) Et 1
e \%R)(sg o HN (R) (RIS \ﬁ i sV Me
H /Me /&H Me Me 0 NH
tBu (@] Et §(
HN Bn
B NHCbz Ph K N/U\NHZ
H

Me
Phs) 0 %N SYS
H (RIR) HN RINSIS) o
HN (5, CO,Me Jﬁo H

Sph HN R2 = naphthyl

Figure 1.23:A) Eight isomers of BhnC@rAMCPE™e-NHBn. B) Dipeptide CbAtransg-AMCPP"M9-PheOMe
with extended conformation. C) MC4 receptor antagonist, baseamsig AMCP.
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The g-aminocyclopropylcarboxylic acids are the smallest constrained cyclic derivativgs of
aminobutyric acid (GABA), which is an important inhibitory neurotransmitter in mammalian
central nervous systeh® The effects of GABA are mediated through its interactions with
ionotropic (GABA\Rs and GABARS) and metabotropic receptor (GABR), and the actions

of GABA are terminated by the GABA reuptake transporters (GATs), namely BGT1, GAT1,
GAT2, and GAT33’ One of the approaches in GAB&lated drug design is to target GABA
receptors, like depressant drugs benzodiazepines that increase the activity of the receptor and
produce calming effects® Another approach in the GAB#elated 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 séizures.
The simplesgramino acid containing cyclopropand(2S,2R)-2-aminocyclopropyl)acetic acid
(transgACPA) is a moderate inhibitor of GA3ubtypes BGT1 and GAT3 (}¢5.5 and 14

UM, respectively, Figure 1.24¥°Changes in absolute configuration, position of cyclopropane
ring, or functionalization on £position oftransg-ACPA decreased the inhibition activity?

140 Studies on € 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 interactitfis.

I n contrast to the more flexible butnsgtill
ACPA, studies show that more rigid bicyclic derivativg®ACPACP exhibit much higher
selectivity toward BGT1M143The best results were obtained with the compasACPACP,

which has proved to be a selective BGT1 inhibitor with thg itCthe low micromolar range
(ICs0(BGT1) 0.59 UM, 1Go(GAT3) 76 puM)14-142

HoN, H HoN, H HoN, H
L7 IRKS) COzH LR CO,H (R) (S)
H R COzH

H H

y34-ACPA y34-ACPAR y24.ACPACP
R = Me, Et, F, N3 OH, vinyl
Figure 1.24:transg-ACPA and bicyclo[3.1.0]Jhexane GABAHACPACP) analogs.

In summary, constrainegamino 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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2 Cyclobutane-basedg-amino acids

2.1 Abstract

The Gproteincoupled Y-receptor (¥R) 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 @erminus of human PP (hPP}?R-P34-R3.Y36.NH,, penetrates deep
into the binding pocket with its tyrosir@nide and darginine motif. Here, we present twe C
terminally amidatedh,g-hexapeptides2(1a/b) with sequencé\c-R3-g-CBAA32-R3-| 34-R3%-
Y36.NH,, where gCBAA is the (R 2S3R)-configured 2(@aminomethyh3-
phenylcyclobutanecarboxyl moietg2.(a) or its mirror image Z.1b). Both pepides bind YR

(Ki of 2.1a/b: 0.66 nM/12 nM), and act as partial agonists (intrinsic activity2 aa/b:
50%/39%). Their inducedit binding poses in the 2R pocket are unique and build ligand
receptor contacts distinct from those of thée@ninus of the endogenous ligand hPP. We
conclude that energetically favorable interactions, althabgly do not matclhose of the
native ligand hPP, still guarantee high binding affinity (Watha rivaling hPP), but not the
maximum receptor activation.

HoN o I N?f”“ ‘ o
A 0. NH o 2 T o)
A(ngJ:‘N i = \\—U—NH o/ ! :
! }j,Nz( J=NH
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2.2 Introduction
2.2.1 Exploring the interactions of peptide ligands with NRYecteptor

Pancreatic polypeptide (PP) is a member of the neuropeptide (NPY) family that, in addition to
PP and NPY, also includes peptide YY (P¥*)These three 36esidue Gterminally amidated
peptides are agonists of the foup@teincoupled Y, receptors (¥R, n =1, 2, 4, 5), although

with different preferences: NPY and PYY bindRY Y2R, YsR and, to a lesser extentsR,

while PP binds ¥R, and, to a lesser extent;R*3° The Y,R-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 funcfidnsreover, this
multiligand-multireceptor system plays a role in diseases like cdfcabesity!® !
neurodegenerativé and cardiovascul&t diseasesstres$*'8 and mood disorder$?! Given

their implication for human health, many efforts have been made to develop molecules capable
of selectively activating or blocking the:R subtypeg: %2250

Recently, the crydEM structures of porcine NPY (pNPY) bound tgRvand ¥:R, and of human

PP (hPP) bound to4R have been solved.This represents a remarkable milestone in the four
decades of research since PP and NPY were isolated for the first time from chicken pfancreas
and porcine braif® Indeed, the binding poses of hPP and pNPY in the respective ternary
complex (ligandYnR-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 pentapeptidei3® 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 therinal amide and the dirginine

motif R¥-X-R3®, whichare shared by all members of the NPY famtis for the Gterminal
amide, this is Fbonded to the samenR residues in all three receptor subtypes, which are
threonine at position 61 of the transmembrane (TM) helix Il (T2.61), Q3.32, and H7.39 (Figure
2.1A). In contrast, the earginine motif displays an interaction network that is unique for each
receptor subtype: in 2R, both R®and R® are sakbridged with D6.59, and, additionally >R

is saltbridged with E% from the extracellular loop 2, whereas onl{? & saltbridged with

D6.59 in YiR and YiR, while R3is H-bonded to N6.55. However, due to thegence of an
additional acidic residue in4R, E6.58 (otherwise phenylalanine inRyand valine in ¥R),

R33 forms a second ionic interaction.

In summary, a salt bridge betwee?? BRnd D6.59 allows the anchoring of theadginine motif

into the binding pocket of all three,® subtypes, while a second salt bridge betweEraid

E6.58 is a feature only of thesR subtype.

Short lineama-peptides displaying the -@rminally amidated, darginine motif of NPY/PP

have been developed, which, despite their small size (four to eight residues) sRinatly

high affinity but act as partial agonists, indicating that they are unable to induce maximum
receptor activatio.Two examples are the partial agonists-KIR236 and URAK32, whose
sequences are reported in Figure 2.1B: by analyzing the results of their Hiildoe#ing into

aYsSR homol ogy model based -opioid recépwf,we nojiced thal stru
the network of interactions between theadjinine motif of the ligand and the twaR acidic
residues E6.58 and D6.59 differs significantly from that found in the EMtructure of the
endogenous ligand hPP in theRybinding pocket!
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Moreover, the @erminal amide group of HRK236 and URAK32 does not interact with any
of the three YR 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).

A Endogenous agonists PNPY-Y4R-Gyy PNPY-YzR-Gyy
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Figure 2.1: Ligand-receptor interactions of the conserved NPY/Pfrdinine motif Arg>-X-Arg® and the €

terminal amide. (A) Electrostatic contacts-idnds

, and salt bridges

) of the diarginine motif and €

terminal tyrosineamide of pNPY and hPP bound to the humapRrand YR, respectively, as found in the cryo
EM structures reported recently (PDB ID: 7X9A, 7X9B and 7X%®or the complete view of the ligandceptor
interactions, see referens& The sequence 336 of pNPY and hPP is reported in the box: the positions conserved
acrossall species for each peptide are in bb{8) Electrostatic contacts of the;R-selective partial agonists UR
KK236 and URAK32 containing the conserved NPY/PPatginine motif and @erminal amide, as generated by
inducedfit docking into a Y4R homology model and reported recér(figr the complete view of the ligand

receptor interactions, see referedge

In the present work we evaluated how the type of lig&oeptor contacts involving the
NPY/PP di-arginine motif and the @rminal amide could influence thesR binding and
agonism of small peptides based on the hPP segmg&6.3Ror this, we developed a mixed
a,gpeptide analog(1) of the YsR-selective partial agonist URK236 and investigated its
biological properties and inducdd binding poses. We envisaged modifying the neighboring
positions of the conserved NPY/PRailginine motif by the incorporation of mirror images of
a bulky and onformationally constrainedrresidue to assess thefextt of the geometric
placement of the two basic side chains and ther@inal end on receptor binding and activity
(Scheme 2.1). We show that we could, indeed, obtain different Hggeoeghtor interaction
networks for each stereoisomerggpeptide 2.1a/b), which, however, were distinct from
those found in the ternary complex RPER-Gi1,>* but nevertheless resulting in lewanomolar

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-diginine motif with ¥R.

Scheme 2.1a,g-Peptide Analogues of thesR-Selective Partial Agonist UHRK236.
33 35
(UR-KK236) Ac-RYRLRY-NH,

Ac-[pNPY 25-30]-R YRLRY -NH,

Previous work Gly*, Phe® or Trp* B-CBAA®R
Tyr® Tyr®? and
Leu

33 35

Ac-RGRLRY -NH; S 1m 3 o 1@
Ac-RERLRY -NH; Ac[pNPY 25-30}R—N R—N RY-NH;
0 0

Ac-RWRLRY -NH,

This work B-CBAA23

Gly*, Phe*
or Trp®2 and [pNPY 25-30]

33 35 33 35
Ac-R RLRY-NH, Ac-R R RY -NH;
2.1a ': 2.2a
Ac-R RLRY-NH, Leu Ac-R R RY-NH,
21b 2.2b

2.3 Results and discussion
2.3.1 Design of a,gpeptide analogs of thesR-selective partial agonist UIRRK236

We performed aminacid substitutions in the sR-selective partial agonist URK236, with

the aim of obtaining analogs that can bingRY but whose structural characteristics require
binding poses different from those of LKK236. Although previous work indicates*¥and

L3* to be particularly suited for f&rminally truncated PP and NPY analogs preferring Y
over the other receptor subtyde¥; 36 3° we decided to modify tha-aminoacid sequence of
the Gterminally amidated hexapeptide LKK236 at these two positions, as both showed good
tolerance towards neconservative substitutions (Scheme 2.1). For exampiécauld be
replaced with other aromatic residues, such as tryptophan and phenylalanine, or with glycine,
without significant loss of YR binding affinity? Concerning the double substitution at positions
32 and 34, besides hydropholsieamino acids, conformationally constrainleéimino acids
derived from cyclobutaneb{CBAA) and cyclopentaneb{CPAA), like the cis-configured
(1R,29-2-aminocyclobutane or cyclopentane carboxylic acids, could also be incorpétated.
Because hydrophobic moieties are preferred, and a geoeowtinolled expansion of the
peptide backbone is, in principle, possible, we chose our recently deveglapado acid 2
(aminomethyl3-phenytcyclobutanecarboxylic acidCBAA),>® whose inherent structural
features include both hydrophobicity (i.e., pheaytlobutyl moiety) and residudirected
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peptidebackbone expansion along with partial rigidification (i.e., cyclobutyl ring aigton
figuration of thea-carboxyl andraminomethyl substituents, in analogy with the vielerated
b-CBAA used in a previous wot). Moreover, using the mirror images of tpamino acid
gives the opportunity to modify the backbosterically without changing the sidehain
functionality. Thus, following the aminacid substitution pattern applied in previous wbek,
we designed tha,g-peptide®.1and2.2 containingg-CBAA at position 32 or at both positions
32 and 34, respectively (Sche&). Thea,gpeptides were assembled by sqitthase peptide
synthesis (SPPS) fromaMluorenylmethyloxycarbonyl(Fmog)rotecteda-amino acids and
N&Fmocprotectedyamino acidswhich were then purified by reverphase higkperformance
liquid chromatography (RIPIPLC) to reach purities of at least 95% (Figur@sand 2.2).

2.3.2 Stereoisomeri@,gpeptides 2.1a and 2.1b bind theRvwith different affinities and act
as partial agonists

To evaluate the impact of the incorporation oR,g53R)-g-CBAA and its enantiomer at
positions 32 and 34 of URK236 on YiR binding, we performed a radioligand competition
binding assay on the following cell linééiR-expressing SN-MC, CHO-hY2R, CHO-hY4R-
Ggis-mtAEQ, and HEECI1B-hYsR (Table2.1 and Figure2.2A). The replacement of 3¢ with

(1S 2R,39-gCBAA was well tolerated, resulting in only a threefold lower affinity of ahg
peptide2.1b for Y4sR compared to URKK236 (Ki 12 nM vs. 3.4 nNP). The enantiomer
(1R,2S3R)-g-CBAA was tolerated even better: thgrpeptide2.1abinds to the YR 18times
more strongly tha@.1b (0.66 nM vs. 12 nM), and as strongly as the native human ligand hPP
(0.66 nM vs. 0.69 nk), which highlights the importance of the stereochemistry of the
constrainedyresidue. In analogy with UlRK236, botha,g-peptide.1aand2.1bexhibit very

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

In contrast t®.1aand2.1b, thea,g-peptidex2.2aand2.2b, which contain (R,2S3R)-g-CBAA

or (1S,2R,39-gCBAA at both positions 32 and 34, displayed only submicromolRri¥nding
affinity, with K; values of 340 nM and 910 nM, respectively. We attribute the lack of binding
after the replacement oftwith g CBAA mainly to the bulkiness of the unnatugalesidue, in
accordance with the recently reported flataan analog of URKK236 containing tryptophan
instead of leucine at position 34, which show moderag bdinding 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 stuBiginding and activity.

In the light of this, we desisted from preparing meobstitutedr CBAA34-containing analogs

of UR-KK236.

Next, we assessed the functional activity of the strosig hMgands2.1a and2.1b by using a
recently reported minGsi protein recruitment asszy(Table2.1 and Figure2.2B). Botha,g
peptide ligands act as partial agonists, inducing@ receptor activation compared to that
induced by hPP. However, the stronger lig&ith is also the more potent partial agonist,
displaying an E&s value of 20 nM against the 30Id higher value (610 nM) dt.1b.
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Table 2.1: Binding Affinity and Agonistic Potency of tha,g-Peptide Analogues of URK236 at the ¥R
Subtypes, and Comparison with the Endogenous Agonists hPP and pNPY, as well as wihSbtettive Partial
Agonist URKK236 (n.d., not determined).

hY:R hY2R hYaR hYsR
Peptide ligand pK; + SEM pKi+ SEM pKi + SEM pEGo = SEM pKi+ SEM

Ki ("M)a K: (NM)® K (NM)© EGo(nM)¢ atSEM - (nm)e
hPP 6.35/440+741 <5.3/>5000" 9.16+0.03/0.699 8.94:0.13/1.4 1.0 7.75/17+1.5"
PNPY 9.42+0.06/0.399  9.31+0.02/0.50¢  7.92+0.02/12  n.d. n.d. 8.78+0.08/1.7¢
URKK236  5.93/1180+380"  <5.3/>5000" 8.47/3.4+1.3"  6.98+0.14/110 0.58+0.04 <5.3/>5000"
2.1a 6.64+0.06/2301  <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. nd. <6.0/>1000
2.2b <6.0/>1000 <5.5/>3000 6.05:0.07/910  n.d. nd. <6.0/>1000

@Determined by competition binding witBHJUR-MK299 (K4 = 0.044 nM3 ¢ = 0.15 nM) at hYR-expressing
SK-N-MC neuroblastoma cell8Determined by competition binding witBH]propiony+pNPY (K4 = 0.14 nM%c

= 0.5 nM) at CHGhY2R cells.°Determined by competition binding witPtHJUR-KK200 (Kq= 0.67 nM3¢c =1
nM) at CHGhY4R-Ggis -mtAEQ cells.“Agonistic potency (pE&, EGso) and intrinsic activitya (relative to the
effect of 1 uM hPPa = 1) determined in a miflbs protein recruitment assay performed at HEK298TicN-

mGs/Y 4R-NlucC cells®® ®Determined by competition binding witPH]JpropionyFpNPY Kq= 11 nM?” ¢ =5 nM)
at HEG1B-hY:sR cells.(a-c,€ The structures of the tritiated compounds are shown in FigiB @&-€) Data
represent mean values from three independent experiments performed in tri{itiepteted by Berlicki et &F

ReportedK; values were converted tdpvalues.%Reported by Konieczny et allReported by Kuhn et &.
Reported; values were converted tipvaluesThe competition binding curve is shown in Figu4s
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Figure 2.2:Y4R binding and activation by treeg-peptide analogs of LHRK236. (A) Binding curves of hPP, UR
KK236, 2.13 2.1b,2.2a, and 2.2b, obtained from competition binding experiments with th Yadioligand
[®HJUR-KK193 (Kq = 0.67 nM3® ¢ = 0.6 nM) (URKK236) or PHJUR-KK200 (Kq = 0.67 nM3 ¢ = 1 nM) (hPP,
2.13a,2.1b, 2.2a,2.2b) performed at intact CHAY 4R-Ggis-mtAEQ cells. The structures of the tritiated compounds
are shown in Figure Z3. Data of hPP and URK236 were taken from Konieczny et %ahnd Kuhn et aff,
respectively(B) Concentratiorresponse curves of hPP, tKK236, 2.1a and2.1b, obtained from a hdR mini-

Gsi protein recruitment assay performed with HEK298ITicN-mGs/Y sR-NlucC cells®® (A, B) Data represent
mean values standard error of the mea8KEM) from three independent experiments performed in triplicate. For
Ki and EGp values, see Table 1

2.3.3 Stereoisomeri@,g-peptides 2.1a and 2.1b show different susceptibilities towards the
metalloprotease angiotensgonverting enzyme (ACE)

The stability of theg-CBAA-containing peptide.1a and 2.1b in human plasma was
investigated and compared to that ofélhpeptide ligand URKK236. The timedependent loss

of intact peptide was monitored using the recovery ratios between peptide and internal standard
(1-methykd-tryptophan) at increasing incubation times (Figure 2.3, and Tables S2.1 and S2.2).
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Based on the extrapolated rate constahtsadegraded six times faster than its stereoisomer
2.1b, and more than three times faster thanKK236.

Recently, we identified the dipeptidyl carboxypeptidase ACE as the protease responsible for
the degradation of analogs of tKK236 in plasma by cleaving the peptide bond betwe¥n L

and R®>Thus, we incubated thpCBAA-containing peptide.1aand2.1bin human plasma

in the presence of ramipril, which is a selective ACE inhibitor.& lggeptides remained intact

over four hours of incubatioat 37 °C (Figure S2.5), confirming that they are also ACE
substrates. However, the fact tlRatais degraded faster than kK236 and2.1bindicates

that the three peptides have different ACE susceptibilities: since, in general, the structural
stability of peptides and proteins inversely correlates with their susceptibility to protédlysis,

%8 we hypothesize that the six times faster cleavage of the b¥ffiLin 2.1ais 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 migldaaffect the adaptation of the three peptides to
the active site of ACE positively or negativéfy.

Despite the perceptible, although weak, effea-GBAA3? on the proteolytic susceptibility of

the dipeptide B4R, a substantial chemical modification of the latter will be necessary, to
avoid ACEmediated hydrolysis. Based on our previous data about the tolerangeBAA
andb-CPAA at position 34 (Schenz1)>* we believe that,b,g-analogs of the partial,g-

peptide agonist&.1aand2.1bare promising future candidates to gain stability against ACE.
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Figure 2.3: Degradation rates of tteeg-peptide analogues of URK236 in human blood plasma. Tirtkependent

loss of intact peptide (from an initial concentration of ¢80 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 361 S2.8) to extrapolate the time constariif (ate constantss), and halflife times ().
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2.3.4 Stereoisomeri@a,gpeptides 2.1a and 2.1b adopt distinct locally ordered structures in a
polar environment

Short amineacid sequences generally possess inherent flexibility; however, the formation of
locally ordered structures can occur through strhediumrange interactions, like those
formed in the initial stages of the folding of larger peptides antkimsr®%! We investigated

the conformational properties @1a and 2.1b by circular dichroism (CD) and 2DMR
spectroscopy. The CD spectra of the two stereoisoraggipeptides in phosphate buffer are
almost mirrored (Figure 2.4A): this suggests that the major contributions to the CD signals of
2.1laand 2.1b derive from (R,2S53R)-g-CBAA and its enantiomer, respectively. A minor
contribution from the flanking-amincacid residues at 19508 nm and 22@35 nm is visible,

as evidenced by the superposition of the CD cun&1df and the mirrored CD curve @fla

(the lack of werlap 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
24A).
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Figure 2.4 CD spectra of tha,g-peptide analogues of URK236. (A) CD curves oR.1aand2.1bin phosphate
buffer (50 mM, pH 7.3). The hatched area highlights the lack of overlap between the CD c2ride aid the
mirrored CD curve 0P.13 especially at 195208 nm (**) and 220235 nm (*), as shown also in the inset. (B)
CD curves oR.1laand2.1bin phosphate buffer (50 mM, pH 7.3) with 30% TFE. (C) CD curves2dand2.2b

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

Conversely, in the presence of a seconddmycture stabilizing solvent such as 22,2
trifluoroethanol (TFEP#%® 2.1a and 2.1b show CD spectra that are no longer specular,
revealing substantially different intrinsic structural propensities dictated by the configuration of
theg-aminoacid residue and the organic solvent (Figud). Interestingly, the CD spectrum

of 2.1ais much more intense than that ®flb, which indicates that the TF&abilized
conformation oR.1ais better defined than that 2f1b; however, since the reference CD spectra
for the secondary structures of polypeptides based on the proteinagamincacids are not
applicable for the interpretation of CD spectra of migegipeptides, one should refrain from
making assumptions about the type of secondary structure adopgtiaand2.1bin 30%

TFE.

The CD spectra of the,g-peptides2.2a and2.2b, which containggCBAA 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 slightlg b) or moderatelyZ.2d). This indicates that TFE does not induce

a conformational transition but, rather, further stabilizes the structure already partially formed
(Figure 2.4C) 8" %8 Therefore, the two highagsubstituted analogs of URK236, especially

2.2b, display a more rigid and, consequently, less envirorHehemendent structure.
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To search for local structures in thaypeptides2.1a, 2.1b, 2.2a, and2.2b, 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 crpssiks taharacterize the structural properties of the
peptides. NOEconstrained structure calculations delivered an ensemble oferdevgy
conformations for each peptide, as shown in EE@b. The two nanomolar ;R ligands2.1a

and2.1b display a weHldefined conformation of the,g-dipeptide R-g-CBAA3?, with the side

chain of R and the phenyl ring af CBAA32being in close proximity (Figur2.5A,B). Such
compact sidechain arrangement is supported not only by the NOE -@eaks (Table &11)

but also by the increasing {ield shift of the NMR resonances from thé id the H protons

of R31 with respect to the corresponding randoail chemical shift$® which reflects a ring

current effect of the phenyl group especially on the methylene groups and suggests the presence
of CH-p interactions (Figur@.5E).
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Figure 2.5:NMR solution structures of thegg-peptide analogues of URK236. (AT D) Superposition of the low
energy structures of (R.1a, (B) 2.1b, (C)2.2a, and (D)2.2b. (BT D) The identified clusters are shown separately
in the gray frames: (B) cluster 1 displaying an inversern at 134, indicated with a dotted ligHilue line; (C, D)
clusters 1 and 2 (see also Figur@s9sand 2.10 for further views). (E) Chemical shift deviations from random
coil value$® of the arginine sidehain protons A¥in peptides2.1a and2.1b (upper graph), an@.2a and2.2b
(bottom graph). The average of the experimental values for the tywmténs reported in Tables S3, S5, S7, and

S9 was used to calculadé HS.
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Unlike the rigid Nterminal a,gdipeptide 3132, the Cterminal tetrapeptide 336 is
conformationally less welllefined in both ligands but with significant differences, with ligand
2.1lashowing no preferred backbone orientation (Figure 2.5ARahldldisplaying 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 inverserturn at 134 this residue also exhibitssignificant deviation of the amiede
proton chemical shift from the randecoil values]® likely reflecting a stiffening of the
backbone at position 34 (Figur@.51A). The different degrees of flexibility of thet€rminal
tetrapeptides of ligand®.1a and2.1b could explain their different stability in human blood
plasma: indeed, the presence of a local structural element ¢itera could be sufficient to
slow down the ACEatalyzed cleavage of the peptide bod#R*®in the ligand2.1b.

Further, we elucidated the NMR solution structures of the two submicromdRea % peptide
ligands2.2aand2.2b (Figure2.5C,D). As already suggested by their nearly dikdependent

CD spectra (Figur2.4C), the two peptides adopt a bettiefined backbone conformation than
the nanomolar YR ligands2.1aand2.1b. Also,2.2b adopts a more compact conformation than
2.2a a reversal of the backbone orientation occurs after position 34 (Figwbsand
S2.10D,E), which directs the phenol ring of®to point back towards the-drminal a,g
dipeptide backbone 332. In fact, the backbor@mide proton of ¥ is shifted dowrfield by
about 0.6 ppm with respect to the randonil value’° suggesting substantial local structural
effects (Figure 3.11B). Instead, in peptid2.2a, the Gterminal Y?%-amide points away from
the Nterminus and maintains a certain degree of flexibility (Fig@B& and 2.9D). This
might reflect the slightly better affinity &2acompared t@.2b (0.3nM vs. 0.9nM, Table 1),

as the side chain of% and the @&erminal amide must be able to penetrate deeply into the
binding pocket, as shown by both the endogenaisiigand hPP'and URKK236.

Overall, the NMR analysis of the foarg-peptides shows that incorporatiggCBAA into an
a-amino acid sequence can help stiffen the local backbone conformation: ig@&AA is
prone to undergo Cig interactions with the methylene groups of the preceding side chain.
When the (RR,2S,3R)-configuration is used, both®Rg-CBAA%? and R3-gCBAA34 show CH

p interactions 2.2a), whereas only the {erminal R-(1S2R,39)-g-CBAA3? presents CHp
contacts2.2b) (Figure2.5E). Moreover, besides directly interacting with the preceding residue,
gCBAA indirectly affects the conformation of the succeeding residues, as indicated by the
different orientation adopted by thet€minala-dipeptide 3536 in2.2aand2.2b, which leads

to open and closed structures, respectively, depending on the stereochemistryrekitiee

at position 34 (Figur@.5C,D). Also, the @erminala-tetrapeptide 3336 in 2.1a and2.1b,
which followsyCBAA* in the (R2S3R)- and (152R,39-configurations, respectively,
displays distinct conformational ensembles with different degrees of flexibility (F2duheB);

as mentioned above, this may contribute to modulating the susceptibility ofplptide
backbone to proteolysis.
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2.3.5 Stereoisomerica,gpeptides2.1a and2.1b build distinct inducedit structures with
unique ligandreceptor interaction networks.

After having shown thaR.la and 2.1b have different conformational preferences in the
unbound state affecting their AQkediated degradation, we performed induftedocking

and molecular dynamics (MD) simulations to gain insight into their recéotond structure.
For this purpose, we btiid Y4sR model based on the recently published €&y structure of

the ternary complex hRPPsR-Gi; (PDB-ID: 7X9C®Y). The topscored binding pose of eaaly
peptide was selected for 2 es of unconstra
Structural stability was analyzed by computing the-raeansquare deviation (RMSD) of the
receptor and ligand peptidmckbone atoms with respect to the equilibratadting structure,
whereas roemmeansquare fluctuations (RMSF) were calculated for all peptide atoms.
Altogether, the three simulations conductedZdma and2.1b showed RMSD values from the
equilibrated starting structure of 0.09 A up to 3.9 A during the production run, while the RMSD
values for ¥R ranged from 0.29 A to 5.8 A (Figureg.82 and 2.13). The twaa,g-peptides
display remarkably different inducéd structures (Figure2.6 and 2.14): in the weaker ligand
2.1b, the backbone adopts a bent conformation that placestéwiihal R*and the Germinal
Y36.amide in proximity, with 5.7 A between the respectivearbon atoms (Figure24B).
Such a closed conformation is stabilized by a bifurcatéitl of the carbonyl oxygen ofR
with thea-amide protons of R and Y*®. Additional intramolecular interactions, which further
stabilize the inducedt structure of2.1b, are a backbon®-side chain Hoond between the
carbonyl oxygen offCBAAS®? and the NH proton of R3, and side chaito-side chain CHp
contacts between®tand Y.

A very different inducedit structure is shown by the stronger ligadda, whose backbone
conformation is akin to b-bend ribbon (Figure 514A):"tin detail, the Nterminal bend, which

is larger than the standard terembere-bend* because of the presence of thessidue, is
characterized by a weaki+3 H-bond between the carbonyl oxygen of theekninal acetyl
group and tha-amide proton of B with 5.2 A between the methyl carbon atom of the acetyl
group and the-carbon atom of R. It follows a distorted @erminalb-bend stabilized by an

i- i+3 H-bond between the carbonyl oxygengg€BAA3? and thea-amide proton of B, with

5.4 A between the respectimecarbon atoms. Additional intramolecularbdnds contribute to

the stabilization of the inducdd structure of2.1a: in particular, a bifurated Hbond of the
carbonyl oxygen of B with both thea-amide proton and the guanidinium group of,R
generating a distorted inverggurn at 3% Moreover, an-i+2 backbone Fbond is formed
between the carbonyl oxygen otland thea-amide proton of ¥, shaping an inversgturn

at 5. Unlike 2.1b, in which the Gterminal amide group is 4.4 A from the sictein of the N
terminal R, the Gterminal amide group &.1ais found to be 3.7 A from the phenyl ring of
g-CBAA3®*. Another remarkable difference betwezhaand2.1b is that the side chains ofR

and R®in 2.1aare similarly oriented and close to each other, with about 5 A between the two
guanidinium groups, compared to about 10 A in the cagd bf(Figure R.14).

Analysis of the ligandeceptor contacts and their energies during the MD simulations reveals
that2.1ainteracts with the binding pocket more strongly tRakb (Figure2.7). For example,
during the MD simulations, the -@rminal Y¥¥¢ shows frequent contacts with Q33,
C3.33'?2 and F4.687¥in the case o2.1a (Figure2.7A), but only with V3.362%in the case
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of 2.1b (Figure2.7B). Interestingly, the phenol hydroxyl group oi®Ys H-bonded to the side
chain of Q5.462%?), acting as an Hbond acceptor i@.1b but as a donor i.1a(Figure2.8); the

latter is analogous to the bound natural ligand HRportantly, the @erminal amide serves
as an Hbond donor to the side chain of Q3132in 2.1abut not in2.1b, where it is instead the
N-terminal acetyl group that forms anbénd with Q3.3%%V (Figure2.8). In the bound natural
ligand hPP, the @erminal amide is also #onded to Q3.3%Y, however, acting as an

acceptor?!
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Figure 2.6: Inducedfit docking of theU -peptides2.1aand2.1binto the human YR model built based on the
cryo-EM structure of the ternary complex HYBER-Gj; (PDB-ID: 7X9C®%). Docking pose of (ARC) 2.1aand (O F)
2.1b. (AT F) The residues were displayed by setting a distaneeftof 5 A. The color code of the JR-residue
labels reflects their belonging to the TM helicasull (light to dark blue) and extracellular loops (gray). (A, B,
D, E) Side view. (C, F) Top view. Carbon atom®dfa 2.1b, and the ¥R 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 bétlarRl R® in the two inducedit
a,g-peptides: while B in 2.1b shows only a few transient contacts within the binding pocket
(mainly with B9 Figure2.7B), but no Hbonds or salt bridges,®Rin 2.1a not only interacts
with E6.58%%%) E2%° and R5.36 (Figure 2.7A), but it is also salbridged to D6.5§%9)
(Figures2.8A and 2.19). The side chain ofRin 1b is saltbridged and Hoonded to the side
chains of E6.58%) and T5.3¢'%, respectively{Figures2.8B and R.21), whereas its backbone
carbonyl oxygen forms an-bBond with he side chain of N6.%5%% (Figure2.8B). The network

of interactions of Bin 2.1ais entirely different: in this case, the basic side chain iss@lted

to D6.59°%9 (Figure 2.20) and Hbonded to the backbone carbonyl oxygens of FE%0
F6.54%%% and C7.38°7)(Figure2.8A). In the natural ligand hPP 3Rand R® are involved in

salt bridges with E6.58% and D6.5¢%, respectively (Figure.1A),%* which means that
neither of the two inducefit structures oR.1aand2.1b reproduces such native shlidge
patterns faithfully, althougB.1ais closer to mimicking them. Indeed, where&$ iR 2.1b is
distant from E6.58%), and R®is saltbridged to E6.58%)rather than to D6.5%, in the case

of 2.1a, R®¥ and R® are both salbridged to D6.59%%, but R also makes many contacts with
E6.582%8) during the MD simulation (Figur2.7). In2.1b, L3*is barely involved in stable
contacts within the binding pocket, whereas the same residii@annteracts strongly with
R5.35?1Dand E%, also forming a backborte-side chain Foond with the latter (Figures7A
and2.8A). Thegresidué?in 2.1b shows a moderate number of transient contacts with residues
from the TM helices Il and VII, which include T2$6%) and N7.3%°Y (Figure 2.7B). For
comparison, # in the natural ligand hPP is involved in hydrophobic packing against the TM
helices Il and VII, especially with the side chains of T®®and F7.35°),5! which suggests
that theg-residue at position 32 @1b partially occupies the site of hPR*Palbeit penetrating
less deeply. I2.1a, thegresidue makes contacts not only with the TM helices Il and VII, but
also with the TM helix 11l (Figur®.7A), which is likely to result in a slightly higher Van der
Waals interaction energy for this bulky moiety2idathan in2.1b (Figures 2.16 and 2.18).
Finally, the Nterminal R in 2.1b interacts mainly with the TM helix 1I, forming side chain
to-side chain Hoonds with Q2.58% and T2.61°® (Figure2.8B), whereas, in the case 2l a,

it makes contacts with several residues from the TM helices Il and VII, including {#2.67
and N7.3829D(Figure2.8A).

Given the relevance of intermolecular salt bridges for ligand recognition in GBCRSjt is

not surprising that thai-arginine motif o2.1aand2.1bplays a prominent role in the interaction

of the ligands with YR: especially the inducefit structure of2.1g which is also the stronger
ligand, displays the more favorable electrostatic interactions for taggiiine motif, as B

and R® are nearly equidistant from D68%), forming a stable network of-Honds and salt
bridges between the three side chains. Thus, both the basic residues contribute to the
electrostatic energy of the ligamelceptor complex. In contrast,2nlb, only R®is saltbridged

to E6.58°%®), while R lacks stable polar interactionss ahown by MD simulations (Figure
2.7B). However, other energetic factors cannot be excluded: for example, the conformational
transition of2.1afrom the free to the bound state is likely to make a major contribution to the
formation of a tight binding, since the induedstructure of2.1ashows a greater number of
intramolecular contacts than that &flb, which, together with the intermolecular contacts
within the binding pocket, further stabilize the ligamedeptor complex.
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Figure 2.7: Number of contacts between tbe-peptides2.1aand2.1band the human JR model built based on
the crycEM structure of the ternary complex hRBR-Gii (PDB-ID: 7X9C%) during MD simulation. (A)
2.1aY 4R contacts during MD simulation (run 3). (BJLb-Y4R contacts during MD simulation (run 2). (A, B) The
color code of the residue labels for the ligand awld ¥ the same as in Figure 2.6.

vl e
Figure 2.8: Electrostatic ligantreceptor networks of thElo-peptides2.1a and 2.1b. H-bond and salbridge
interactions between (A).1aor (B) 2.1band the human AR model built based on the cHEM structure of the
ternary complex hR¥ ;sR-Gj; (PDB-ID: 7X9C%Y). H-bonds were displayed by using default values of Chir¥éta
5(distance tolerance of 0.4 A 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.

40



B. Main Part

2.4 Conclusions

In this work, we have presented tWo-peptide analogues of thesR-selective partial agonist
UR-KK236, which contain the phenglyclobutyloresidue (R 2S3R)-0-CBAA or its
enantiomer at position 32. We show that the stereochemistry ofrdstdue at this position

can influence both the free and the indufiedonformations of the conserveddaiginine motif
R33-X-R%® of the NPY family: indeed, the §12R,3S)-configuration renders the peptide bond
L34 R less susceptible toward ACE than thR,@5 3R)-configuration, but the latter results in

a ligand with stronger 2R 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 ifduced
conformation displays a significant number of intermolecular contacts that differ from those
identified in the complex hR¥4R-Gi1 (Figures2.1A and 2.9A,B). This concerns not only the
saltbridge and Hbond networks of B and R® but also the role of the amiraxid residue at
position 34: the latter is proline in the natural ligand hPP, which is involved in hydrophobic
packing against the TM helices Il and Vliwhereas it is B*in 2.1aand2.1b, which rather
interacts with the TM helices IV and .48 or Il and IV 2.1b) (Figure 2.7).

Recently, two backborm-sidechain cyclized analogues of LlRK236 with picomolar ¥R
affinity have been reportetthe intrinsic agonistic activity of these cyclopeptides in different
functional assays is lower than that of hPP but tends to be higher than that of thé+linear
peptides URKK236 and URAK32,* 5 and of theJo-peptides2.1aand?2.1b. For example, in

the C&"- aequorin assay, intrinsic activities of i8%> 75%; and 54% were measured,
respectively, for the two cyclopeptides, URKK236 and-RIR32. Interestingly, the receptor
binding poses of the cyclopeptides, obtained from MD simulations, exhibit the characteristic
salt bridges of the hPP-drginine motif (R® with E6.5828) and R® with D6.59%%%, Figure
2.9C,D). However, the @erminal amide group is not involved in the typical polar contacts with
T2.61, Q3.32, and H7.39, which have been proven to be importantRaactivation upon hPP
binding (Figure2.1A).5! Furthermore, B* makes contacts mainly with the TM helices Il and
l1l, in contrast toh P PR*swhich is packed against the TM helices Il and VII. Therefore,
reproducing the interactions of the hPP segmenB82especially of the conserved NPY/PP
di-arginine motif and the @&rminal amide group, with thesR is not a prerequisite to attain a
strong binding, but it is important for high receptor activation.
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Figure 2.9: Ligand receptor interactions of the-drginine motif R3-X-R3® and Gterminal Y%-amide in the YR
partial agonist®.1aand 2.1b, and comparison with two cyclic analogues of-KIR236. (A, B) Electrostatic

contacts (Hbonds , and salt bridges ) of the diarginine motif and @erminal tyrosineamide of thdJ,o>-
peptide.1aand2.1b, as generated by inducéitidocking into the human 2R model built based on the cHEM

structure of the ternary complex AP 4R-Gi; (PDB-ID: 7X9C®Y). (C, D) Electrostatic contacts (salt bridges )
of the modified diarginine motif of two picomolar cyclopeptide ligands of thdRYas generated by inducétl
docking into a ¥R homology model, reported recentlyThe side chain of % is involved in hydrophobic
interactions with W6.48.

Due to the therapeutic potential of sr@imediumsized molecules with 2R agonism, e.g.,

for the treatment of obesit{,’’ future investigations should focus on the structural properties
that determine partial vs fullsJR agonism, together with the respective mechanisms of receptor
activation. In principle, compounds with full or partial agonistic activity are both
pharmacologically and medicinally interestiffg’® 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 thaof an agonistantagonist bifunctional molecuf€In fact, in a system

with low basal receptor activity due to endogenous full agdeitiency, 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
antagonisiike effect resultingn reduced receptor resporf8éherefore, 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 pharmalogical 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. Highesolution mass spectrometry (HWRS) analyses were
performed on an Agilent Technologies 6540 UHD AcculMsss QTOF LC/MS sysis.

Chiral normalphase (NRHPLC analysis was performed on a Varian 9%D system with a

diode array detector DAD (chiral stationary phase)-HHR.C 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 SFB2 0 A UVT1I Vi s detector, or an
Infinity system with a 1260 Infinity diode array or a fluorescence detector.

2.5.2 gAmino acids synthesis

The N-Fmoc protected @&,2S3R)-0-CBAA and (1S 2R,39)-2-CBAA were prepared according
to the literature procedui¥(for *H and**C NMR spectra, see the Supporting Information).

2.5.3 Solid-Phase Peptide Synthesis and Purification

The linear peptides were synthesized manually by Hoased SPPS on Rirdmide MBHA
polystyrene/1% divinylbenzene resin (loading 0.58 mmol/g). The Fepootection was
carried out with 25% piperidine N,N-dimethylformamide (DMF)N-methyl2-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) dfie proteinogenic amino acids (Fméaeg(Pbf}OH, Fmoe
Tyr(tBu)-OH), and Fmod.eu-OH were accomplished with the mixture FrrdA -
OH/HOBt/HBTU/DIPEA (5:5:4.8:10 equiv). The cyclic amino acids Frit$2R,39)-g
CBAA-OH and Fmog(1R,2S,3R)-g-CBAA-OH were coupled by using a double coupling (2 x
1.5 h) with FmoeyCBAA-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 cleawad the resin with TFA/LD/TIA/EDT/TIS
(90:1:3:3:3, viviviviv, \ot = 1 mL) for 3 h, precipitated by ieeold 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

analytcal RRHPLC and MALDITOFRMS: analytical RFHPLC was performed on a
SyncronisG1 8 c ol umn (1 0nbx 4.6 mm, Thermm, FistiebSeientific) using the
Thermo Fisher Scientific DionedItiMate 3000 UHPLC system (Germering, Germany). The
UV detection was set at 220 nm. The products were dissolved in MeON/H):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 588tvent B over 35 min, at a
flow rate of 1.5 mL /min. Mass spectra were recorded on an Autoflex Speed MRDBMS

AQ

(Bruker Daltonis, Bremen, Germany) byusiag cyano 4 hydroxycinnamic

The crude peptides were purified by preparativeHER.C on a Shimadzu LC20A series
instrument with a Shimadzu SHB20A UV-VIS detector.The collected fractions were
lyophilized using a Christ Alpha4 LD apparatus equipped with a vacuum pump (Vacuubrand
RZ 6 rotary vane).

2.5.4 Characterization of the,gPeptides

Purity of all peptides?(95%) was determined by analyticP-HPLC on a Shimadzu LC20A
series instrument with a Shimad@®DM20AU V1 Vi s dFegtres S§2.1oand S2.2)he
chemical structures of peptides were confirmetiByMS on an Agilent 6540 UHD Accurate
Mass QTOF LC/MS system (Agilent Technologies) using a + ESI ionization sqé&igares
S2.1 and S2.2) and 2BMR spectroscopy (Tables S252.11).
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Ac[Arg-(1R,2S,3RyCBAAArg-LewrArg-Tyr]-NHz (2.18. The peptide was purified by
preparative RRMHPLCon a Nucleodur 106 C18ec column (100 j, 5 ¢
MacheryNagel) using the following method: flow rate of 5 mL/min, UV detection at 220 nm,

40 °C, gradient: 23 min, 0.05% aqueous TFA/0.05% TFA in MeCN 902®25, t = 19.8

min. After lyophilisation of the collected fractions, peptitiéawas afforded as a white fluffy

solid. The purity of the peptide was determined dnalytical RPHPLC analysis with a

Nucleodur 1066 C18ec column (100 |, 5 -Nagel), usiy5h@ mm |
following method: flow rate of 0.8 mL/min, UV detection at 220 nm, 40 °C, gradiet@:r@in,

0.05% aqueous TFA/0.05% TFA in MeCN 90:40:60, = 16.8 min, 99%HRMS: (ESIMS)

m/z calc. for [G7H7sN160g] " [M+H] " 991.5948, found 991.5937, m/z calc. fosf&7eéN160s]%*

[M+2H]?* 496.3011, found 496.3020, m/z calc. foif@77N160s]*>* [M+3H]3* 331.2031, found

331.2040.

Ac[Arg-(1S,2R,3SypCBAAArg-LerArg-Tyr]-NHz (2.1b. The peptide was purified by
preparative RRHHPLCon a Nucleodur168 C18ec col umn nimMx@@mm,, 5 ¢
MacheryNagel) using the following method: flow rate of 5 mL/min, UV detection at 220 nm,

40 °C, gradient: 23 min, 0.05% aqueous TFA/0.05% TFA in MeCN 902@30, t = 16.0

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

solid. The purity of the peptide was determined dnalytical RPHPLC analysis with a

Nucleodur 1066 C18ec col umn 1fr>X00mm, MachernNagel) usir®) 5he

following method: flow rate of 0.8 mL/min, UV detection at 220 nm, 40 °C, gradiet@:rin,

0.05% aqueous TFA/0.05% TFA in MeCN 90:40:60, = 16.3 min, 98%HRMS: (ESIMS)

m/z calc. for [G7H7eN16Os]?* [M+2H]?* 496.3011, found 496.3009, m/z calc. for
[Ca7H77N160s]3* [M+3H]3* 331.2031, found 331.2045.
Ac[Arg-(1R,2S,3RpCBAAArg-(1R,2S,3R*CBAAArg-Tyr]-NH. (2.23). The peptide was

purified bypreparative RFHPLCon a Nucleodur166 C18ec col umn (100 |,
x 10 mm, MacherNagel) using the following method: flow rate of 5 mL/min, UV detection

at 220 nm, 40 °C, gradient:Zb min, 0.05% aqueous TFA/0.05% TFA in MeCN 90485 35,

tr = 17.2 min. After lyophilisation of the collected fractions, pep®d2awas afforded as a

white fluffy solid. The purity of the peptide was determinedabglytical RPHPLC analysis

with aNucleodur 1066 C18ec column (100A,$m, 250 mm 1 -Magehuosing Mac h e
the following method: flow rate of 0.8 mL/min, UV detection at 220 nm, 40 °C, gradié: O

min, 0.05% aqueous TFA/0.05% TFA in MeCN 90:40:60, & = 18.6 min, >99%; HRMS:

(ESFMS) m/z calc. for [GsH7sN160s]?" [M+2H]?* 533.3089, found 533.3091, m/z calc. for
[Cs3H79N1603]* [M+3H]3* 355.8750, found 355.8756.
Ac-[Arg-(1S,2R,3SrCBAAArg-(1S,2R,3SirCBAAArg-Tyr]-NH. (2.2b). The peptide was

purified bypreparative RFHPLCon a Nucleodur166 C18ec col umn mmi0O0 j ,
x 10 mm, MacherNagel) using the following method: flow rate of 5 mL/min, UV detection

at 220 nm, 40 °C, gradient:Zb min, 0.05% aqueous TFA/0.05% TFA in MeCN 9048 35,

tr = 17.9 min. After lyophilisation of the collected fractions, pepdeb was afforded as a

white fluffy solid. The purity of the peptide was determinedabglyical RRHPLC analysis

with aNucleodur 106 C18ec c ol umn n(imk@ om, MacheBNagemusin@ 5 0

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

min, 0.05% aqueous TFA/0.05% TFA in MeCN 90G:40:60, t= 19.5 min, 95%; HRMS: (ESI

MS) m/z calc. for [GsH77N16Og]® [M+H]" 1065.6105, found 1065.6106, m/z calc. for
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[Cs3H7aN160s]%* [M+2H]?* 533.3089, found 533.3094, m/z calc. fogd79N1608] > [M+3H] 3"
355.8750, found 355.8757.

2.5.5 Cell culture

Cells were cultured in 75 cflasks (Sarstedt, ddnbrecht, Germany) in a humidified
atmosphere (95% air, 5% GQat 37 °C. SKN-MC neuroblastoma cells (obtained from the
American Type Culture Collection, ATCC HTB)) were grown in EMEMupplemented with
5% fetal calf serum (FCS). CHBY2R cells (obtained from Perkin Elmer Inc., Rodgau,
Germany) were maintained in HamgLE supplemented with 5% FCS and G418 (d@nL).
CHO-hY4R-Ggis-mtAEQ cell$® were cultured in HAMs A2 supplemented with 10% FCS,
hygromycin (40Gg/mL), zeocin (25@g/mL), and G418 (4086g/mL). HEG1B-hYsR cell$?
were maintained in EMEM supplemented with 5% FCS and G418 gd00L). HEK293T
NIucN-mGsi/Y sR-NlucC cell$® were cultivated in DMEM supplemented with 10% FCS,
puromycin (1eg/mL), and G418 (606g/mL).

2.5.6 Mini-Gs;j protein recruitment assay (agonist mode)

The assay was performed with HEK29BMucN-mini-Gsi/Y4R-NlucC cells as described
elsewherg® with the followingmodifica-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 el$&where,
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 pNPY1f, Y2R and ¥R, Figure 2.4) and hPP (YR, Table

2.1 and Figure2.2A), being in good agreement with previously reported binding affinities for
pNPY and hPP-.% All radioligand competition binding studies were performed at intact cells
at 23+1 °C.Y1R binding. Competition binding experiments atiR-expressing SKN-MC
neuroblastoma cells were performed as described previdusipg the radioligancfH]UR-
MK299 (K4 = 0.044 nM, concentration: 0.15 nM). Due to low radioligand displacement, no
curve fitting was performed for compoundslb, 2.2 and 2.2b (Figure S2.4). Specific
radioligand binding (nowspecific binding subtracted from total binding), obtained from
competition binding experiments wighla(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 feparameter logistic fit (GraphPad Prisit& obtain plGo
values, which were converted tKipvalues according to the CheRgusoff equatioff
(logarithmic form).Y2R binding. Competition binding experiments at CHQY2R cells were
performed as previously reporfaasing the radioligancPiH]propionykpNPY Kq = 0.14 nM,
concentration: 0.5 nM). Due to low radioligand displacement, no curve fitting was performed
for the studied compoundsla, 2.1b, 2.2a, and2.2b (Figure 2.4). Y4R binding. Competition
binding experiments at CHOY sR-G4is-mtAEQ cells were performed as described previcusly
using the radioligand3H]JUR-KK200 (Kq = 0.67 nM, concentration: 1.0 nM) Specific
radioligand binding (nospecific binding subtracted from total binding), obtained from
competition binding experiments withla, 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-fitarameter logistic fit (GraphPad Prism
5; in the case a2.2b, the bottom plateau of the curve was constrained to > 0) to obtajn pIC
values, which were converted tdipvalues according to the CheRgusoff equatioft
(logarithmic form).YsR binding. Competition binding experiments at HEB-hYsR cells
were performed as described previogsiysing the radioligandP]propionykpNPY Kq = 11

nM, concentration: 5 nM)’ Due to low radioligand displacement, no curve fitting was
performed for the studied compourii$a, 2.1b, 2.2a, and2.2b (Figure S2.4).

2.5.8 Stability in Human Plasma

The investigation of the stabilities of K336, 2.13 and2.1bin human heparinized plasma
was performed in triplicate at 37 °C following a described procétiBeaefly, 1-methykd-
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 242ha 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 analytici# KPP

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 1296 Infin
thermostated column compartment, a 1260 Infinity diode array detector, and a 1260 Infinity
fluorescence detector. A KinetekB C18 c ol u mnmmx3B.mé (Phengmerkx) 0
Aschaffenburg, Germanywas used at a flow rate of 0.6 mL/miiV detection was performed

at 220 nm and the column compartment temperature was 25 °C. MixtuvesCi (A) and

0.04% aqueous TFA (B) were used as mobile phase. The following linear gradients were used:
0-14 min: A/B 5:9525:75, 1415 min: 25:7595:5, 1519 min: 95:5 (isocratic). The injection
volume was 20 pL. The obtained recoveries and the recoverg (pptide/internal standard)

are summarized in Tabl& (Supporting Information). The major degradation pids were
identified by LGHR-MS analysis using the following equipment: Agilent 6540 UHD Accurate
Mass QTOF LC/MS system coupled to an Agilent 1290 analytical HPLC system; LC method:
column: YMC Triart C18, 1.9 um, 7mx 2 mm (YMC Europe GmbH, Dinslaken, Germany),
column temperature: 40 °C, solvent/linear gradieat00min: 0.1% aqueous HCOOH/0.1%
HCOOH in MeCN 100:060:40, 1610.1 min: 60:4€r:98, 10.111.1 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 uM to 130 uM (all determined by the UV absorbance
of tyrosine using the molar extinction coefficient of 1488dw! at 276 nm$* The CD spectra

were recorded on a Chirascan Plus spectrometer (Applied Photophysics) at 23 °C using a 1 mm
guartz cell from Hellma Analytics. For each CD spectrum, three scans were accumulated using
a step resolution of 1 nm, a bandwidth of 1 nm, andchepierpoint of 1 s. The CD spectrum

of the solvent was subtracted, and the difference spectrum was normalized to express the
ellipticity in meanresidue molar ellipticity, divided by #@&nd represented in the graphs as
[Q]r3 102 (deg cn? dmol?).

2.5.10 2D-NMR Spectroscopy

The NMR spectra were recorded on a 600 MHz AVANCE Il HD spectrometer (Bruker Biospin)
equipped with a QXI*H/*C/AN/AP) probe at 298 K. The samples were prepared in eitf@r D
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(100 atom%D, ArmaEurope) or 7% BO/93% HO and measured in 5 mm NMR tubes (TA,
Armar Europe). Standard 2D NMR spectra were recortiedid TOCSY spectra with a mixing

time of 120 ms, 1024612 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 servetHa%4a
COSY; a'H-'H ROESY with a mixing time of 200 ms, 26480 points, spectral widths of
12.9 ppm and 10.0 ppm, 96 scans and a recycle delay of *Hs**& HSQC optimized for
aliphatic side chains with 102400 points, spectral widths of 13.9 ppm and 77.0 ppm, 128 or
160 scans, a recycle delay of 1 s andGioffset of 45 ppm; aH-*C HSQC optimizedor
aromatic side chains with 102%28 points, spectral widths of 13.9 ppm and 44.2 ppm, 128 or
160 scans, a recycle delay of 1.2 s artéCaoffset of 128 ppm!H-1°N HSQC spectra were
measured using 102428 points, spectral widths of 13.9 ppm and 36.5 ppm, 96 scans, a recycle
delay of 1 s, and &N offset of 116 ppm. The spectra were referenced tedizp2thyk
silapentane sulfonic acid (DSS) using an external sample of 0.5 mM DSS and 2 mM sucrose in
H>0/D20. Data were processed with Topsin 3.6 (BruBispin) 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 crosspeaks extracted from 2D ROESY spectra were categorized in small, medium, and
strong (Table 3.11), and converted into distance restraints. Structure calculations based on
torsion angle dynamics were conducted using CYARAhe CYANA library file was
extended to include both enantiomergt@¥BAA (CBR and CBS), the Nerminal acetyl group

(ACE), and the @erminal amide (NH2). Coordinates for ACE and NH2 were extracted from
the PDB structures 5MA8 and 1HJE’, 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 theebt target function were selected for the structural ensemble (Table
S2.12). The structures were analyzed, fitted, and illustrated using M&Mol.

2.5.12 Molecular Dynamics Simulations

A model of human YR was built based on the crEM structure with PDBD 7X9C.%!
Missing loops were modeled with the MODELLERool in UCSF Chimer&>*° The N-termini

and Gtermini were truncated at®and 4., respectively. Amino acids were modeled in their
dominant protonation state at pH 7. AutoDock Vinmas used to generate initial posef 4
and2.1b in the human YR model. A search space of 24 Ax30 Ax24 A was used to ensure
complete coverage of the binding pocket. The -bmsked pose was then selected for MD
simulations. AmberTools?8was used to prepare the system for MD simulations. Missing
hydrogen atoms were added, disulfide bonds were set, @athiihi and Gtermini charges

were generated with tleap. The topology for the receptor was generated using the
AMBER99SBILDN force field.®3 ®* A short energy minimization that comprised 500 steps of
steepest descent and 4500 steps of the conjugate gradient optimization, was conducted with
sander. The phenygyclobutytgresidueg-CBAA in peptide2.1aand2.1b was prepared with
AmberTools18? Atom types and partial charges were assigned with antechamber. Prepgen
was used to prepare the library of theesidue, and forecéeld parameters were assigned from
ffo9SB with parmchk2. The topologies for the peptides were generated using the

a7



B. Main Part

AMBER99SBILDN force field. The receptepeptide complex was inserted into a -pre
equilibrated dioleoylphosphatidylcholine bilay@raccording to the orientation in the OPM
databas® using the GROMACS tool gmx memb&dThe appropriate number of sodium and
chloride ions was added to the systems to simulate a physiological salt concentration of 100
mM. Particle mesh Ewald (PM#)was used to treat electrostatic interactions, using-aftut
distance of 10 A. The resulting systems were geonrugitiynized and then equilibrated for 300

ns followed by a production run of Pands. Al
were performed using GROMACS 2021% Analysis of the trajectories was performed with
CPRTRAJ module of AmberTools1¥. Structural stability was analyzed by computing the
RMSD, RMSF and Bactors (Figures 812 and 2.13). The norbonded 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 Ay Figures
S2.15-S2.18). The trajectory snapshots were clustered using a hierarchical agglomerative
approach with a minimum distance between clusters of 5.0 A2 Farand 2.1b, the most
populated cluster was found predominantly in runs 3 and 2, respectively. Contacts were defined
betwea any atom pair (including hydrogen atoms) with a maximum distance of 5 A for the
trajectory of themost populated cluster. UCSF Chimérd¥ was used for data analysis and
visualization, and plots were created with Matplotfib.
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2.7 Supporting information
2.7.1 Synthesis of thggCBAA amino acid

All precursors$2.1-S2.3, .5, 2.6a/b), (1S,2R,35)-gCBAA, and(1R,2S,3R)-g-CBAA were
prepared as described in the literatuFar the'H and*C NMR spectra, see referende?.

2.7.2 Chiral NP-HPLC analysis of thggCBAA building block

(®)-2-(((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)methyl)-3-phenylcyclobutane 1-

carboxylic acid ((£}g-CBAA)?!
SKB47.1_rac_28 DATA - PDA detector Absorbance Analog Channel 1

300
280
260
240
220
Ph
200 \D Ph,,
180 L
= 160 FmocHN— =0 FmocHN 0]
Z .
g 140 HO HO
120
100
¥s
6lg
4-—
E
2N
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70O 75 80 B85 90
Min
Peak Results :
Index MName Time | Quantity Height Area| Area %
[Min] | [3% Area] [mAU] [mAL.Min] [%]
1 |UNKNOWHN|1344| 4676] 2936 2609] 46758
2 |UNKNOWN|1996] s5324] 958 331.2| 53247
Total 100,00 38094 5221 100,000
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(1S,2R,39)-2-(((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)methyl)-3-phenylcyclo-
butane-1-carboxylic acid ((1S,2R,3S)-g CBAA)
EP-76-KA-CR_1 DATA - PDA detector Absorbance Analog Channel 1

Ph

\m

FmocHN \\“‘ "’//O
//
Ho

0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60

Min
Peak Results :
Index | Name Time | Quantity | Height Area  Area %
[Min] | [% Area] | [mAU] [mALMin] [%a]
1 UMKMOWRN | 1283 100.00] 2166 339.7 | 100.000
Total 100.00| 2166 339.7 | 100.000

(1R,2S,3R)-2-(((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)methyl)-3-phenylcyclo-
butane-1-carboxylic acid ((1R,2S,3R)-gCBAA)
EP-200.201-K2-CR_1.DATA - PDA detector Absorbance Analog Channel 1

180
160
140 Ph,

120
FmocHN (0]
100

HO

maAL
[a] [= s}
[ =

[~

I&TH 000,00
| _

D2 4 6 8 1012141618 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60

Min
Peak Results :
Index | Name Time | Quantity [ Height Area  Area %
[Min] | [% Area] | [mALU]  [mAU.Min] [%&]
1 UNKNOWM | 1788 | 100.00f 1757 535.7 | 100.000
Total 100.00) 1757 535.7 | 100,000
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2.7.3 Peptide synthesis
2.7.3.1 RRHPLC and MS data of the,gpeptides (before and aftpurification)
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Figure S2.1.Analytical RP-HPLC and MS of the crudéeft) and purified fight) peptide2.1aand2.1b.
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Figure S2.2.Analytical RP-HPLC and MS of the cruddeft) and purified fight) peptide.2aand2.2b.
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2.7.4 Pharmacological activit

2.7.4.1 Chemical structures of the radioligands

‘ o)
P L
° OH
NH 3H
PN

0
J H SH
H,N" N H/\/

O
3 O
34 [PHJUR-MK299
K4 (hY4R) = 0.044 nM Tyr-Arg-Leu-Arg-Tyr-NH ,
(0]
3H o) )
HN
(R Tyr-Arg-Leu-Arg-Tyr-NH; ) Tyr-Arg-Leu-Arg-Tyr-NH,
HaN,, )4
(R)
O Tyr-Arg-Leu-Arg-Tyr-NH NH O ! 3y
3
[*H]JUR-KK193 HQNJ\\NJ\”/\/\/N\H)\/H

K4 (hY4R) = 0.67 nM o}

0
NJ\/3H [BHJUR-KK200
H/\H 3y K4 (hY4R) = 0.67 nM

H-Tyr-Pro-Ser-Lys-Pro-Asp-Asn-Pro-Gly-Glu-Asp-Ala-Pro-Ala-Glu-Asp-Leu-Ala-Arg-Tyr-Tyr-Ser
Ala-Leu-Arg-His-Tyr-lle-Asn-Leu-lle-Thr-Arg-GIn-Arg-Tyr-NH,
[®H]propionyl-pNPY
K4 (hY5R) =0.14 nM
K4 (hYsR) =11 nM
Figure S2.1.Structures of radioligandPHJUR-KK193,® [*H]JUR-KK200,® [*HJUR-MK299,* [3*H]propiony}
PNPY (Kg= 0.14 nM; Kg = 11 nM).
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2.7.4.2 Data from competition binding experiments at humany¥ and ¥ receptors

A hY;R B hYzR
>
o
R E QA
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r 804 & g 80 é
2 o s z
. 60{ ® PNPY A & 601 e pNPY
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8 o 1b 3 o 1b
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3 A 2 8 o] o2
X 0 i T T T ? T %] — | T T T T T T T
- 0 -9 8 -7 -6 5 3 -8 .12 211 -10 -9 -8 -7 -6 5
log(c) log(c)
C hYsR
>
o
5
_é‘loo- o— E’l
é 80- A8
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& 604 -e- é%
e]
g 401 O 1la &
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log(c)

Figure S2.4.(A) Data from competition binding experiments with pNR2Yla 2.1b, 2.2aand2.2b performed at
intact Y;R-expressing SKN-MC neuroblastoma cells using theRrradioligand {HJUR-MK299 (K4 = 0.044 nM?*

¢ = 0.15 nM). Data represent mean values + SEM from Buid(2.2g 2.2b) or three (pNPY2.1a) independent
experiments (performed in triplicat®.1b, 2.2aand2.2b were only studied at the concentrations 1 uM, 3 pM and
10 uM. (B) Data from competition binding experiments with pNRMa 2.1b, 2.2aand2.2b performed at intact
CHO-hY2R cells using the radioligandH]propionytpNPY (K4 = 0.14 nM° ¢ = 0.5 nM). Data represent mean
values + SEM from two2.2b) or three (pNPY2.13 2.1b, 2.28) independent experiments (performed in triplicate).
2.1a 2.1b, 2.2a and 2.2b were only studied at the concentrations 1 uM, 3 uM and 10 uM. (C) Data from
competition binding experiments with pNP.,13 2.1b, 2.2a and2.2b performed at intact HEAB-hYsR cells
using the radioligancd®H]propionypNPY (Kq= 11 nM¢ ¢ = 5 nM). Data represent mean values + SEM from two
(2.2, 2.2h), three (PNPY2.13 or four 2.1b) independent experiments (performed in triplica2e}a 2.1b, 2.2a
and2.2b were only studied at the concentrations 1 uM, 3 uM and 10 uM. Data of pNR¥= (.42 (Y1R), 9.31
(Y2R) and 8.78 (¥R)) were taken from Konieczny etal.
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2.7.4.3 Plasma stability of URKKK?236,2.1aand2.1b
Table S2.1 In vitro plasma stabilities of LHRK236, 2.1aand2.1bdetermined at 37 °C.

% intact peptide in plasma after the given incubation&ime

compd.
30 min 1lh 2h 3h 4h 6 h 24 h
UR-KK236 >99 81+5 43+ 4 14+3 54+x04 23x0.6 -
2.1a 46 + 2 7604 55+1.1 - 21+01 - -
2.1b 88+3 - 57+2 - 27+2 12+ 2 1.4+0.1

&Theinitial concentration of the peptide in human plasma/PBS (1:2 v/v) was 100 pM. Data represent n
SEM) from three independent experiments.

2.7.4.4 Recoveries of URKK236,2.1aand2.1bfrom human plasma

Table S2.2.Recoveries of UKK236, 2.1aand2.1bfrom human blood plasma/PBS (1:2 v/v) for two different
concentrations (80 uM and 4 puM) and ratios of peptide recovery over recovery of internal stardettyHp-
tryptophan, I.S.).

peptide concentration 80 M peptide concentration 4 uM
compd. ) ergﬁg\ée(% reco(\g/f)?/ I.S. ratio? ) Er”e)f[:ig\ée(roy/oa reco(\;/(j)?/ I.S. ratio?
48 91 0.53 42 102 0.41
48 100 0.48 60 109 0.55
53 112 0.47 50 103 0.48
UR-KK236 52 110 0.47 104 103 1.0*
18 40 0.44 46 102 0.45
0.48 = 0.47
0.02 0.02
77 114 0.68 93 102 0.91
71 100 0.71 88 111 0.79
77 110 0.69 81 106 0.77
2.1a 76 114 0.66 86 106 0.81
83 99 0.84
0.69 0.82
0.01 0.02
71 107 0.66 70 112 0.63
68 106 0.64 54 104 0.52
66 110 0.61 36 66 0.55
2.1b 67 101 0.66 54 104 0.52
70 105 0.67 70 108 0.65
0.65+ 0.57 %
0.01 0.02

8Recoveries of UKK236, 2.13 2.1band the internal standardmethy}D-tryptophan from human plasma/PBS

(2:2 v/v) using peptide concentrations of 80 uM or 4 pM and an |.S. concentration of 10 uM (five independent
experiments)°Ratios of peptide recovery over recovery of t8lculated 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 uM, recovery ratios based on the 80 uM peptide concentrations were used t
calculate peptide recoveries of the plasmailityasamples. When the remaining intact peptide concentration was

<16 pM, recovery ratios based on the 4 pM peptide concentrations were used to calculate peptide recoveries of
the plasma stability samples.
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2.7.4.5 RP-HPLC analysis oR.1aand?2.1bin the presence of ACE inhibitor ramiprilat

I 2.1a
A ) B ‘ 21b  degradation
degradation
product product
300
) o
E i
= £
c . . . . = . . .
= incubation time in 2 incubation time in
& human plasma: 4 h o human plasma: 4 h
® ®
2 - ' g
E . ;,—J—MII % -' Ty
e - -
; ey 21 21
N \‘w\_a * Ramipril \Mb *Ramipr
4 21, 2.1b
0 p \Hb“_?:'k
10

time min fime: miny

Figure S2.5.Chromatograms of the RRPLC analysis of2.1a (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 degradatio2.@hand?2.1bwas markedly inhibited, showing
that2.1laand2.1bare substrates of the dipeptidyl carboxypeptidase ACE. The initial concentration of the peptides
in human plasma/PBS (1:2 v/v) was 100 pM. I.S.: internal standamteftylD-tryptophan).

2.7.4.6 Time constantf), rate constantX), and halflife time (t/2) determination

Time constantt(), rate constantk{, and haHlife time (t2) were determined by plotting of
intact peptide in human blood plasma over incubation time, followed byimear regression
fit (Origin Software). For peptide®JR-KK236, 2.1a and 2.1b, two-parameter mono

exponential decay formulad) @ 0 Q") was used for fitting thelata. Lower asymptote
(w ) and the point (0 h, 100%) were included.
Rate constant was calculated with the formula:

Y

I —

.l.

Half-life time was calculated with the formula:
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' m UR-KK236
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Figure S2.6.Percentage of intact peptide tKK236 in human blood plasma over incubation time and exponential
line of best fit.
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Figure S2.7.Percentage of intact pepti@elain human blood plasma over incubation time and exponential line
of best fit.
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Figure S2.8.Percentage of intact pepti@elbin 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

CHHT > QT

ClHI —

N

CE/HE

CH/HH = QH

CD/HD2/HD3

H CB/HB_ CAHA
N ., "L"z.
"L,'{ CG/HG2/HG3 //C/
o)

Nomenclature fogrCBAA.

Table S2.31H and>N chemical shifts oR.lain water at 298 K.

residue HN N Ha Hb Hg Hdl Hd2 He Hh Ht Hi Ne
Ac 1.958
1.203, 1.379,
R31 7.987 126.3 3.914 1138 1.289 2.977 7.015 84.9
1.379, .
gCBAA32 7.978 116.1 3.306 3.104 1.289 2.516218€3.4467.33¢7.37:727¢€
1.816,
R33 8.301 126.6 4.344 1754 1.636 3.199 7.210 84.5
1.624, 1.624,
L34 8.322 122.7 4.328 1495 1.495 0.934 0.86¢
1.505,
R35 8.241 121.6 4.234 1.709 1.436 3.116 7.119 84.7
3.111,
Y36 8.096 121.2 4.578 2920 7.153 6.833
amide 7.519, 7.085 108.7

Table S2.413C chemical shifts o2.1ain water at 298 K.

residue Ca Cb Cg Cdl Cd2 Ce Ch Ct Ci Cerg
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 1315 1295
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 S2.5XH and®N chemical shifts oP.1bin water at 298 K.

residue HN N Ha Hb Hg Hdl Hd2 He Hh Ht Hi
Ac 1.934
R31 7.989 126.1 4.001 1.247 i%ié 2.992 7.042
gCBAA32 8.107 116.9 3.275 3.064 3.249 2530 2.174 3.443 7.334 7.376 7.281
1.808, 1.656,
R33 8.255 127.2 4.409 1736  1.606 3.192 7.177
1.616,
L34 8.444 124.4 4,353 1461 1.618 0.919 0.842
R35 8.275 121.6 4,250 1.707 1.514, 3.137 7.138
1.446
3.093,
Y36 8.144 121.4 4,567 2912 7.143 6.831
. 7.545,
amide 7081 108.8
Table S2.6.1%C chemical shifts o2.1bin water at 298 K
residue Ca Cb Cg Cdl Cd2 Ce Ch Ct Ci Cergy
Ac 24.4
R31 56.1 30.7 26.9 43.2
g CBAA32 40.6 457 43.6 31.0 459 1295 1315 1294
R33 55.9 30.8 27.1 43.3
L34 55.0 42.5 27.1 249 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.XH and®N chemical shifts oP.2ain water.

residue HN N Hb Hg Hdl Hd2 He Ne Hh Ht Hi
Ac 1.938
R31 8.113 126.6 3.827 0.974. 1.245; 2.939 7.058 84.60
1.073 1.347
gCBAA32 8.100 115.8 3.205 3.102 3.112; 2.1252.4483.37484.437.3227.3527.251
3.201
R33 8.189 126.9 4,00 1.112; 1.298; 2.979 7.121
1.181 1.385
gCBAA34 8.172 116.3 3.238 3.152 3.165; 2.1802.4733.41384.317.3517.3657.257
3.295
R35 8.408 127.4 4.238 1.627 1.379; 3.097 7.185
1.400
Y36 8.360 121.2 4.636 2.893; 7.139 6.804
3.155
amide 7.239; 109.3
7.582
Table S2.8.13C chemical shifts o2.2ain wate.
residue Ca Cb Cg Cdl Cd2 Ce Ch Ct Ci Cehs,
Ac 24.21
R31 56.57 30.27 26.85 43.14
gCBAA32 40.62 45.01 43.73 31.35 46.11 129.6
R33 56.46 30.41 27.09 43.08
gCBAA34 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 S2.91H and®N chemical shifts o2.2bin water.

residue HN N Hb Hg Hdl Hd2 He Ne Hh Ht Hi
Ac 1.919
R31 8.096 126.7 3.933 1.212 1.288; 2.931 7.07884.52
1.342
gCBAA32 8.232 117.8 3.227 3.057 3.067; 2.4752.147 3.393 7.3057.3567.255
3.284
R33 8.286 127.8 4169 1.470 1.451; 3.110 7.233
1.526
gCBAA34 8.136 119.4 3.260 2.973 2.780; 2.148 2.487 3.373 7.2997.3487.267
3.168
R35 8.418 126.8 4401 1.742 1.526; 3.163 7.215
1.586
Y36 8.717 122.9 4,602 2.894: 7.170 6.817 9.789
3.135
amide 7.701; 109.1
7.273
Table S2.1013C chemical shifts o2.2bin water.
residue Ca Cb Cg Cdl Cd2 Ce Ch Ct Ci Cehs,
Ac 24.25
R31 56.09 30.64 26.80 43.13
gCBAA32 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
gCBAA34 40.65 45.88 43.12 30.36 4465 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 mediunmange (bold) NOE croggeaks detected in the peptideda 2.1b, 2.2aand

2.2b.
Peptide2.1a Peptide2.1b
1ARG HA 2CBR H 1ARG H 2CBS H
1 ARG HB2 2CBR QH 1ARG QB 2CBS H
1 ARG HB2 2CBR QT 1ARG HA 2CBS H
1ARG HB3 2CBR QH 1ARG QB 2CBS QH
1 ARG HG3 2CBR QH 1ARG QB 2CBS QT
1ARG QD 2CBR QT 1ARG QD 2CBS QT
1ARG QD 2CBR QH 1ARG QD 2CBS QH
1ARG QD 2CBR HI 1ARG QD 2CBS HI
2CBR HA 3 ARG H 2CBS HA 3 ARG H
2CBR HD2 3ARG H 2CBS HB 3ARG H
2CBR HB 3ARG H 2CBS HD2 3ARG H
2CBR HE 3ARG H 2CBS QG 4LEU H
3ARG HA 4LEU H 3ARG HA 4LEU H
3ARG HB2 4LEU H 3ARG H 4LEU H
3ARG HB3 4LEU H 3 ARG HG2 5ARG HG2
4LEU H 5ARG H 4LEU H 5ARG H
4LEU HA 5ARG H 4 LEU HA 5ARG H
4LEU HG 5ARG H 41EU HB3 6TYR H
4LEU QD1 5ARG H 5 ARG H 6 TYR H
5ARG H 6 TYR H 5ARG HA  6TYR H
5ARG HA 6TYR H 5ARG HE 6TYR H
5ARG HE 6TYR H 5ARG QB 6TYR H
5ARG QB 6TYR H
5ARG HA 6TYR QD
5ARG QB 6TYR QD
6 TYR H 7 NH2 HN1
6 TYR HB2 7 NH2 HN1
6 TYR HB3 7 NH2 HN1
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Table S2.11.Sequential and mediunmange (bold) NOE croggeaks detected in the peptideda 2.1b, 2.2aand

2.2b(continued).

Peptide2.2a

1ARG HA 2CBR H
1ARG QD 2CBR HH
1ARG QD 2CBR HT
1ARG QD 2CBR HI
1 ARG HB3 2CBR HT
1 ARG HB2 2CBR HH
1 ARG HB3 2CBR HH
2 CBR HE 3ARG H
2CBR HD2 3 ARG H
3ARG HB2 4CBR H
3ARG HA 4CBR H
3ARG HB2 4CBR HH
3 ARG HG3 4CBR HH
3ARG QD 4CBR HH
3ARG QD 4CBR HT
3ARG QD 4CBR HI
4CBR HA 5ARG H
4CBR HB 5ARG H
4CBR HG2 O5ARG H
4 CBR HE 5ARG H
4CBR HD2 5ARG H
4CBR HD2 6TYR QE
4 CBR HD2 7 NH2 HN1
5ARG HA 6TYR H
5ARG HA 6TYR QD
5ARG QB 6TYR H
5ARG QB 6TYR QD
5ARG QB 6TYR QE
5ARG HG2 6TYR 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

Peptide2.2b

O0ACE H 1ARG H
O0ACE H 1 ARG HA
0ACE H 2CBS H
0ACE H 2CBS HT
0ACE H 2CBS HH
0ACE H 2 CBS HI
0ACE H 6 TYR QD
1ARG H 2CBS H
1ARG QB 2CBS
1ARG HA 2CBS H
1ARG QB 2CBS HT
1ARG QB 2CBS HH
1ARG QB 2CBS HI
1ARG HG2 2CBS H
1 ARG HG2 2CBS HT
1 ARG HG2 2CBS HH
1 ARG HG3 2CBS HH
1ARG QD 2CBS HT
1ARG QD 2 CBS HI
1ARG HA' 2CBS HT
1ARG HA 2CBS HH
1ARG H 2CBS HT
1ARG HA 6TYR QD
2CBS HA 3ARG H
2CBS HD2 3ARG H
2 CBS HE 3 ARG H
2CBS H 3 ARG HA
2CBS HG2 6TYR QE
2CBS HD2 ©6TYR QE
3 ARG HA 4CBS H
3ARG HB2 4CBS H
3ARG HG2 4CBS H
3ARG HG2 4CBS HH
3ARG HA 5ARG H
3ARG HA 5ARG HA
3ARG HA 6TYR HA
3ARG HA 6TYR QE
3ARG HA 6TYR
3ARG HG2 6TYR QD
3ARG HG2 6TYR QE
3ARG HG3 6TYR QD
3ARG HG3 6TYR QE
4CBS H 5ARG H
4CBS H 5 ARG HA
4CBS HG3 5ARG H
4CBS HD2 5ARG H
4 CBS HE 5ARG H
4CBS H 6 TYR HA
4CBS H 6 TYR QE

Peptide2.2b (continued

4 CBS HG3
4 CBS HG3
4 CBS HG3
4 CBS HE
4 CBS HE
5ARG H
5ARG HA
5 ARG HB2
5 ARG HB3
5 ARG HG3
5ARG HA
5 ARG QB
5 ARG HB2
6 TYR H

6 TYR HA
6 TYR HB2
6 TYR HB3
6 TYR QD

6 TYR H
6 TYR QD
6 TYR QE

6 TYR QD
6 TYR QE
6 TYR H
6 TYR H
6 TYR H
6 TYR H
6 TYR H
6 TYR QD
6 TYR QD
7 NH2 HN1
7 NH2 HN1
7 NH2 HN1
7 NH2 HN1
7 NH2 HN1
7 NH2 HN1
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Table S2.12NMR 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 j| = 1) 29 19 35 47
Nonsequential i(J 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
Averageamount of NOE violation (A) 0.0rr0.00 0.020.00 0.000.00 0.040.01
Number of different VdW violations
Average number of VdW violations 0°0 0°0 0°0 3’1
Average amount of max VdW viol. (A) 0.000.00 0.06°60.00 0.020.00 0.36°0.09
Average RMSD* (A) 1.4660.37 0.860.22 1.2000.46 0.720.50

* Pairwise backbone RMSD was calculated among 20 refined structures.

A B C

cluster 2

(1R253R}M2
R31

cluster 1 cluster 2

Figure S2.9.NMR solution structure of peptid22a.(A-C) Superposition of the lownergy 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 differerdgeetive, showing the close
proximity of the side chain of Afto the phenyl group of thgresidué?, as well as of the side chain of A¥dgo

the phenyl group of thgresidué*. (F) Ensemble like in (C), but with different perspective.
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D

a 2R3s (eanserr®
S, R33
cluster 1 cluster 2

Figure S2.10.NMR solution structure of peptida2hb. (A-C) Superposition of the lownergy structures reveals
two clusters (light colors for 1, dark colors for 2) which differ mainly in the orientation of tterrhinala/g
dipeptide 3132. The side chain of the-@rminal residue Ty¥f points back towards the-términala/g-dipeptide
31-32, with the phenol ring lying parallel to the plane of the phegglobutyl ring ofgresidue 32 (cluster 1, B),
or to the peptide bond 332 (cluster 2, C). (D) Ensenwlike 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.

A B
0.7 1
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0.0 I_ID
-0.2 2.1a 014 2.2a
2.1b 2.2b
0.3 0.2

R31 X32 R33 L34 R35 Y36 R31 X32 R33 X34 R35 Y36
Residue number Residue number

Figure S2.11.Chemical shift deviations from randeowil value$ of the backbone amide protons in peptidgs
and 21b (A), and2.2aand2.2b(B).
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2.7.6 MD Simulations

Run 1 Run 2 Run 3
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Figure S2.12.Structural stability analysis during MD simulations. RMSD of pepfdeand protein backbone
atoms with respect to the equilibrated starting structure. Atomic positional fluctuations (RM&SEa d factor
coloring ranging from cold tones (low RMSF) to warm tones (high RMSF). Hydrogen atoms were omitted for
clarity.
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Figure S2.13.Structural stability analysis during MD simulations. RMSD of pep#dd and protein backbone
atoms with respect to the equilibrated starting structure. Atomic positional fluctuations (RMSEp.d8 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 indiitcgituctures of (A) peptide
2.1a(run 3) and (B) peptid2.1b (run 2).
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Figure S2.15 Electrostatic interaction energy between residues in peptdand YiR.

74



B. Main Part

FigureV&n®R.deér Waals interaction2eaadRY bet we:

Figure S2.17 Electrostatic interaction energy between residues in peptideand YiR.
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