INVESTIGATION OF THE MELANOCORTIN RECEPTOR
BIASED SIGNALING AND THE PEPTIDE DRUG DESIGN
FOR MELANOCORTIN AND OPIOID RECEPTOR
SYSTEMS

by

Zekun Liu

Copyright ©ZekunLiu 2022

A DissertationSubmitted to the Faculty of the

DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY

For the Degree of

DOCTOR OF PHILOSOPHY

In the Graduate College

THE UNIVERSITY OF ARIZONA

2022



THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE

As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by: Zekun Liu

titled:  |nyestigation of the melanocortin receptor biased signaling and the peptide drug
design for melanocortin and opioid receptor systems

and recommend that it be accepted as fulfilling the dissertation requirement for the Degree of
Doctor of Philosophy.

v Date: Oct 31, 2022

Victor Hruby

Roger Miesfeld

Roger Miesfeld

Dat.e: NDU 1, 2'322

Eugene Mash Date: Oct 31,2022

Eugene Mash

9 7 PSS Date: Oct 31,2022
William Montfort

Final approval and acceptance of this dissertation 1s contingent upon the candidate’s submission
of the final copies of the dissertation to the Graduate College.

I hereby certify that I have read this dissertation prepared under my direction and recommend
that it be accepted as fulfilling the dissertation requirement.

Yty Date: OCt 31,2022
Victor Hruby

Aspinwal



ACKNOWLEDGEMENTS

I will express my utmost gratitude to Dr. Victor J. Hruby for his continuswsport and
encouragement not only as to what pertains to my research projects bltalgbout the entirety
of my graduat e extental peptide strubture funétionkkibowlédge provided key
insights and guidance for my research projects. Dr. Hruby has contributed to thousands of
publications over his stellar career. Ithighly recommended that these works are reviewed as
related toGPCRs peptide drug development not limited to melanocortin biologtamcture

activity relationship, but also to opioid receptors, GLP1 receptors and many more.

| thank Dr. Minying Cai for her support asdientific expertise. The guidance and rastion

help with my thinking during research.

| wish to thank all current and previous University of Ariztatacolleagues including Dr. Keith
Olsen,Dr. Attila KeresztesDr. Yang Zhou, Dr. Jonathon Sawyer, Ms. Tingyi Zhu, Ms. Allysa
Nordland, Ms. Sanantha Zangari for their research collaboration, scientific insights, and

encouragement.

| would also thank the members of my dissertation committee including&or J. Hruby, Dr.
Roger Miesfeld, Dr. William Montfort, and Dr. Eugene Mdsh their continuous support and
encouragemengpecially, | want to express my thankfulness to Dr John Streicher, who | reported
to as a RA for the opioid research project. He gave me a lot of useful instructions and supports as

well not limited to the opioidesearch.

Graciously thanks to Dr. Victor Hruby again for his huge support and understanding fer my 6

month CQOP in Entrada Therapeutics Inc in Boston. There, | would thank Dr. Leo Qian, Dr.



Xiang Li and Dr. Mark Shen for their kind instructions aogbport for me. The past 6 months was
a precious experiencenot only leareda lot in molecular biology, but also widened my horizon

in future career development in industry. There in Boston, | found the life | want to lead for future.

Finally, | woud express my highest gratitude to my parents Mr. Wenjun Liu and Mrs. Haixia
Chen fortheir unending love and support back in Chinas their encouragement and love that
pulled me back again and again when | was on the edge of giving up everythingisaheir

power made me bear down to the end achieving this glorious success throughout my life.



Tableof Contents

///////// s 7 7 r7 17 7

Listoftablesandiguresé é e ¢ é é e éé. . . éeéééeéeééeeée&&éee. . . é. .9

s s s £ s £ s s 7 s £ s s s sz s L s s rr

1.1 The importance of melanocortin receptors as mesabenieGP CR f ami | y é.84é é é é

,,,,,,,,,,,

/////////////////////////
,,,,,,,,,,,,,,,,,,,,,,,,
"""""""""""""""

,,,,,,,,,,

//////////////////
//////////

,,,,,,,,,,,,,,,,,,,,

///////////////
////////////
///////

rrrrrrrrrrr

,,,,,,,,,,,,,,,,,,,,,,,,,,
/////////////////////

/////////////////

Chapter2. Biased signaling in MC4R affects its selection of biological funcéoést . é.é .41
4



2.1Biased signaling is a naturally existent phenomdoo@GPCRs, for example MC4Ré é 42

2.1.2MC4R has naturally evolved several biased signaling for functional cénér@ é .44

2.1.3 Food intake is specially controlled by MC4R biased signaling, bringing impact to

2.2.1Evolutionary understanding of the working mechanism of GPCRs and KI@4& .51

2.2.2 Thehightresolutionstructures of MC4R bound with Shu9119 and Setmelanotide reveal

"""""""""""""""""""""""

3.1.1Solid phasepeptide synthesi€SPPS)f peptide drugs binding with MC4Ré é é .63

3.1.2Cell membraneextraction anddeposition of membrane fragments onto P&/ é 64

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
7 L WL L WL L o~ 7 £ 7 £ 12 £ £ L £ 7z £ £ £ £ £ £ z£ £ £ £ £ Z

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

////////////////////////////////

3.3.3MD simulationof PG93t7 AUE compl ex in a | ipid membran



3.4Results and discussion for PGIBIC4R binding posture through MD simulatiéné é é 77

Chapterd. Design of novel human MCA4R selective ligands and its molecular basis of binding and

acivationmechanisne ¢ ¢ ¢ é ¢ e ééééeéééeeécéeeéeéeeceeéeé.esnz

/////////////////

,,,,,,,,,,,,,

"""""""
,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

4. 2.1 Synthesis of 9 peptides aim to 9Marget

4. 2.2 In vitro biological assays evalQat.

4.2.3PWR analysis of hMC4R structural change upon peptide analogue 9 kndig. 92.

///////////////////

//////////////////////////

/////
//////////////////////////
///////////
//////////
,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,

5.2.2Biological activities of 9 NMethylatedpeptides on MCR1,3,4&ubtypes € é é 111

ng



Chapter6. Novel bivalentselectiveantagoniss for the MuDelta Opioidreceptoheterodimer that
reduces morphine withdrawal and enhances oxymorphone

""""""""""""""""""

antinociceptionré é ¢ é é é éééééééééééééééééeéeééeéeéeéeée. 131

6.1 4Drugappl i ed along with D24M and derill®ati ves

6.2.1Synthesisof D24Mind it s mul ti ple derivati edX). ééeée

,,,,,,,,,,,,,,,,,,,,

"""""""

experiments on mouse model éééééécéeldleeeéecéé

,,,,,,,,,,,,,,,,,,,

6.3 Discussionanflituredi r ect i onéééééééééeéeécecéececeelgrec.

Chapter 7. Development of MTHcytotoxic drug conjugates for treatment of MCIR
overexpressingne | anomaé é é é &&é&éeé ééeéeeéeééééééeée. 132

7.1 Melanoma, MC1R and current therapeutic strategies for melanoma

treat ment éééeééeéééeéeéeéecé. éeée. eéeéeéeéep3eé
7.2 Design andynthesis of the MTHoharmacophoreo nj ugat eéééé. éé84 ééél
7.3 Evaluation otonjugateddrugsin binding andeffectingoftar get s é . é . é¢é 438¢é . é . é

7.3.1 Evaluation of the CPWMTII and fluoresceiAMTIl binding affinity to
MC1lRé. é. é. €. é.é.eé.e.e.e.6e.€e.6e.¢e..¢céecé38écéceccée

7.3.2 Evaluation of the CP-MTIl and fluoresceinAMT-Il in melanoma internalization and

""""""""""""""""""""""

7 e

74 Discussionancbncl usi oné. é. é. é. é. é. é. é. ¢é&. ¢é&.11 &€. é&. é.

Chapter 8. CLIPSing Melanotanll to discover multiple functionally selective hMCR
agonstsé éeeééeéeéeecééeceéecééecéeceéecéeece. 144



8.1 Design synthesis andvaluation of themultiple peptidecompoundsstarting from the MTII
templaté ¢ é e ééeéeéeéeéeéeéeéeecéeéeéeéeéeée. 46 1

8.1.1Designandy nt hesi s of 12 novel pepééedéslageééceé

8.1.2 Evaluation of the drug binding and activating potencie$ the 12

rrrrrrrrrrrrrrrrrrrrrrrr sz

compounds é€éééeééeceé. . ééeceééeééeeééeddécecé.
8.1.3 Computational analysis of compound 5 as a good MC1R selective agonist . 149

8.2 Discussionantbnclusion.................é ééééééééééeéeéeééé. hnn

L 7 2L L L L L LT LT

Chapter9. Discussion anfuturedi r ect i ons € é é é € é é ecééééeceééé ... 153

Appendix I: Abbreviation®f the chemical and biologicalterrésé ¢ é e € € € é é . . 621

Appendix II: Supportingnformationof experiment detailsé é e é e ¢ é éée éeée. . 641

s 7 sz 7 7 sr 7 sr 7L L sz

Referencesééééééeéecécecéecceceeeceecececeeceeeess



List of tablesandfigures

Table Number Page

1. MCRsinformationtable. ... ...... ... . . . 15.. .
2. Gene structure of proopiomelanocortin (POMC). . v oo oo oo in o 16.

3. POMC protein SEBQUENCE . . . .o vttt et ettt e e e e e e e, 18. ..
4. MCI1R gene and protein StruCtUre. . .. ... e e e e e 21.
5. Eumelanin and pheomelanin biosynthesis. ... ................ ... ... ....... 22. .
6. MCIR SIgNaling a@xiS . . . . .ottt e e et e 24.

7. MC2R mRNA localization. . . . ... ... e e e 27

8. MC3R and MC4R protein localization. . . . .......... i 30

9. The central melanocortin system. . .. ... ... . 33 ....
10.MC5R protein expresses inhumanbody. . . ....... ... . el 35
11.MCBR SIgnaling . . . . ..o e 37
12.MCA4R signaling cascade in hypothalamus . . .. ... ... . i 46.
13.Therapeutic relevance of MC4R biased signaling . . .. ... .., 50
14.GPCR working mechanismevolution . . .. ... .. 53
15.Chemical structures of MTIl, Setmelanotide, SHU9119and THIQ ... ........... 56
16.Crystal structure of MCAR(7TAUE and 6W25). . .. ....... ... . .. 57..
17.Binding modes of 4 representative MC4R agonistS . . . ... ...t 60. .
18.3D structures of 8 representative MC4R ligands. . .. ........ ... .. ... . ... 66. .
19.PWR spectra of MCR treated by 3 antagonists . . .. ....... ... ... ... .. 69
20.PWR spectra of MC4R treated by 2 balanced agonists . . . .................... 73.

9



21.PWR spectra of MC4R treated bifferentagonists. . .. .............. .. ........ 74.

22.Close look of MC4AR wobble switch . .. ... ... 80. ..
23.PG931 interacts With MCAR . . . . ... . e 81
24.1125 and H3 assay results table of AMXompounds. . ....................... 93.
25.Differently treated MC4R PWRpectra . .. ... o . 95,
26.Aim9 binding pattern from MD simulations . . . .......... ... ... . .. 96. .
27.Close look of AIM9 binding with MC4R via MD simulation. . . .................. 98
28.2D NMR spectroscopy of AIM O . . ... o 100
29.Table of observed NMR parameters for backbone amide protons. .. .......... .101
30.Table of results of 1125 and H3 assays for-tnBthylated compounds . . ........... 109
31.Positions of 2 aromatic amino acid residues in MCR ligands. . ... .............. 110
32.MDOR bivalent antagonistructure . . . . .......... .. e 14
33.Moadification designs for D24M. . . . ... ... . 117
34.Chemical structure of FITD24M. . . .. ... e 18. .1
35.D24M MS isotopes for 2 different Cterminalends. . . ........ ............... 21. ..
36.MS measured for the mixtucé D24M with 2 different Cterminals . . ............. 221
37.MS measured for the pure D24M with COOHend. .......................... 231
38.LC-MS of pure D24M . . . . .. 24. 1
39.MS of the FITCD24M conjugate. . . . ...t e 26 . .
40.D24M antagonization effects observed tigbuail flick experiments. ... . ........... 28
41.Proposed MTHCPT departure mechanism. . ............ ... . ...t vuun. 351
42. Structures of MTHCPT and MTIHluorescein. . . ... . o 35
43. Synthetic route of the carbonate linker compound.1Q....... ................. 361

10



44.Synthetic routes of MTIl conjugates. . . . ... . i 37

45.Ki values of MFIl, CPT-MT-Il and fluoresceirMT-l | bi nding to MGBRseéeeéeeéeeée

46. Live-cell confocal microscopic image of A375. . ........ eeéeeeéeéée. . 40. . 1
47.Doseresponse XTT cell viability assay. . . ... . . .. éeé . . A1 .

48. General synthetic route of 12 novel compounds. .. ............. .. coeeee . ... A7

49.Table of 1125 assay IC50 values of 12 peptides . . . . ... ... ... . .. 4B

50.Table of H3 assay EC50 values of 12 peptides. . . ......... .. 49.1

51. Close view of compound 4 docked into MC1R structure(7F4l) . ................ Bl

52.Concept of 3D axis depicting PWR absorption peak information . . ... .......... 87

11



Abstract

Melanocortin receptors are important GPCRs controlling different biological functions. As cell membrane
integrated receptors, melanocortin receptors have complicated 7-transmembrane domains and delicate
internal structures. As membrane protein, melanocortin receptors are highly mobile and their
conformations are subjected to changeupon ligands binding and induction . Thex T 1 6001 O OO woOI w&/ " 1
potential to have different states/conformations is the functional basis of multiple signaling pathways .
Ligand types determines the GPCR conformations when they bind and GPCR conformation s determine
which signaling protein can be recruited , further determining which pathway to initiate . This is the simple
accepted mechanism of GPCR biased signaling. In the previous decades, we achieved tremendous
milestones in making ligands receptor selective, for example, making MC1R selective agonists, making
MCA4R selective agonists and so on. However, the receptor subtype selectivity does not meanthe ligand is
necessary toinflict asingle biological signaling out come: The ligand can bea balanced ligand on this GPCR
subtype and activate multiple pathways that this receptor controls. In this respect, making the GPCR ligand
go biased signaling is important for the OB 1 Edbtitipdiedidrug effect and for the avoidance of side effects

as well.

In this dissertation, the author Zekun Liu first uses melanocortin receptor 4(MC4R) as an example to
elucidate the mechanism of biased signaling and its influence in MCR peptide drug development.
Meanwhile, to test the hypothesis of the relation between receptor structure and function, plasmon
waveguide resonance (PWR) research was done. Apart from the biased signaling study, this dissertation
also involves the peptide drug development for MC4R and MCS5R in introduction of halogenation, beta
homo amino acids and N-methylations. Besides thetraditional single MCR ligand design, there is alsothe
development of novel conjugation of MC1R agonist and melanoma killing drug as a novel macromolecule

to target and kill melanoma . And the thinking of pharmacophore conjugation is also applied to opioid

12



receptor research where Mu and Delta opioid receptors can form a dimer and control specific feedback

regulation .

In conclusion, this dissertation describes GPCR biasedsignaling (using MC4R asan example), a couple
cases of MCR drug developments, opioid drug developments and DM1 drug development, with the
application of multiple scientific approachesincluding molecular docking, molecular dynamics simulation,
solid phase peptide synthesis, PWR, NMR, radiation based cAMP and binding assay for GPCR signaling,

and so on. Hopefully, the thinking of the author can produce some inspiration for future peptide research.
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Chapter 1. Introduction

1.1 The importance of melanocortin receptorasa memberof the GPCR family

Human beings have been looking into the secret of life. Among lots of delicately designed fine machinery
in living creatures, receptors are taking the most important role in biological signal transduction. In all of
the receptors, G-protein coupled receptors(GPCRs)are one of the top complexed receptors that are the
largest and most diverse group of membrane receptors in eukaryotes and play a role in an incredible array
of functions in the human body. These cell surface receptors act like an inbox for messages in the form of
light energy, peptides, lipids, sugars, and proteins. Such messages inform cells abat the presence or
absence of lifesustaining light or nutrients in their environment, or they convey information sent by other
cells(1). GPCRs with the increased understanding of them have greatly affected modern medicine.
Approximately , 34% of all Food and Drug Administration (FDA) approved drugs target on GPCRs which
resulted from the wide existence of GPCR to almost all cell types and their involvement in all kinds of
signaling transduction pathways, for example, mental health, metabolic disorders, immunological defense,

cardiovascular disease inflammation, senses disorders, canceand so on(2).

The melanocortin receptors (MCRs) subfamily belongs to class A GPCRs with seventransmembrane
domains. This subfamily has significant therapeutic promise, which will be specifically introduced in later
sections. MCRs are derived from five distinct gene s encoding receptors (MC1Rt MC5R). Briefly, MC1R
governs the mammalian skin and hair pigmentation by regulating the production of melanin (3). MC2R,
unlike the other melanocortins which are activated by melanocortin stimulating hormones(MSHS) , is
activated by adrenocorticotropic hormone (ACTH , also known as adrenocorticotropin) (4). It mainly locate s
in the adrenal cortex and controls the glucocorticoids (5, 6). MC3R and MC4R are functionally similar and

mainly control energy homeostasis. Besides energy homeostasis MC3R was also shown o be related to
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immune response, natriuresis, and the circadian rhythm , while MC4R controls appetite, blood pressure
and sexual behavior(7, 8). MC5R is the last molecularly cloned MCR and is lessunderstood compared to
the other subtypes. Initial reports on the physiological role of MC5R involved it in exocrine gland
dysfunction, sebum regulation, and the waxy skin fatty protection, as well as fatty acid oxidation in skeletal

muscle and lipolysis in adipocytes (9, 10) The specified MCRs functions and distributions are summarized

in Table 1.
Receptor Distribution Endogenous agonists Endogenous antagonists Function
Dermal fibroblasts, Keratinocytes, + Nocicention

Melanocytes, Neutrophils, Monocytes, B-  a-MSH, B-MSH and ACTH have . o P

MCI1R ) - L Agouti « Anti-inflammatory

lymphocytes, Macrophages, Endothelial higher affinity than y-MSH « SKin pigmentation

cells, Dendritic cells, Glial cells, Astrocytes PIg

MC2R Adrenal cortex. Melanocytes, Keratinocytes, ACTH AaE SEEE TSRS

Adipose tissue, Bone cells

MC3R CNS, Stomach, Duodenum, Kidneys, o-MSH, B-MSH, y-MSH and AGRP Energy homeostasis, Food

Placenta, Heart, Monocytes, Macrophages ACTH intake, Anti-inflammatory

Energy homeostasis, Food
intake, Anti-inflammatory,
Nociception, Memory, Mood
disorders, Neuroprotection,
Drug addiction, Drug
tolerance, Sexual behavior

Cortex, Thalamus, Hypothalamus,
MC4R Hippocampus, Brainstem, Spinal cord,
Astrocytes, Heart, Lung, Kidney, Testis

a-MSH, B-MSH and ACTH have

higher affinity than y-MSH Agouti and AGRP

o-MSH has higher affinity than

MC5R Skin, Spleen lung, Gut, Sexual organs, Bone  B-MSH and ACTH, both of Agouti Exocrine secretion, Lipid
marrow, Adipose tissue which have higher affinity than g mobilization
y-MSH

Table 1 Current known information for all 5 subtypes of MCRs.Me | anocor t imelanacgtes n i snu$ at U nMS H)eMSHio ne ( U
2-MS H, -MSH3deacetyl-MSH and adrenocorticotropic hormone (ACTH), are generated througtranstational processing of theramon
precursor molecule, propiomelanocortin. AGRP, agoutlated protein.
All the MCR subtypes are stimulated by natural endogenous hormone called melanocyte stimulating
hormone (MSH) except MC2R, which as mentioned above is stimulated by ACTH. Howeve r, all these
endogenous hormones share a similar origin, the Pro -opiomelanocortin (POMC), which is a
precursor polypeptide with 241 amino acid residues. POMC is synthesized in corticotropes of the anterior
pituitary from the 267-amino-acid-long polypeptide precursor pre-pro-opiomelanocortin (pre-POMC). By

the removal of a 26-amino-acid-long signal peptide sequence during translation, POMC is cleaved to

generate several possible ligands including ACTH and various melanocyte -stimulating hormone (MSH)
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variants UU ET w E2U0 uGfu2' O w EMSHuild, 12) Figure 1 depicts the relation of these derivatives.

ACTH, represented by the green box in Figure| OwE E OwE | wi U U U-M8H gueeh) @ promistubu wl O wY
ligand that can activate all MCRs, except MC2R. MC1R and MC3k 1 wE UI wE OU O uMSHIYE U1 EwE a
E O E-MSH (orange). In particular, with respect to MC4R, the rank order potency relationship for the

POMC-derived agonists has been observed as OOOOGP VO w& w " 3 ' 2w duus4dSHagl3). It has

Eil 1 OwE]I OOOUUUEUI EwUT EVwI OHuifdicdnordatichyuwéhichOpéegebtd)theuHis ERbec U wE w

Arg -Trp motif for optimal binding with the receptor (14, 15) This core motif interacts with the amino acids

located at a deep pocket of the MCR binding sites and trigger a conformational change to MCR to activate

their function. This will be intensively discussed in the following parts.

exonl exon2 exon3 .
Proopiomelanocortin
Alternative
splicing
" RK RR KR KR KKRR KR KK KR KK
vy vy v vy
NH— —COOH
RK RR Y KKRR N\ e KK KR RK.
vy A R SN A A A
ACTH |, ) [ : bB—LPH
- P 5 : KK | :
v v
y=-MSH @MSH  CLIP y-LPH i B-endorphin
) y-MSH JB-MSH

Figure 1. Gene structure and posttranslational processing ofproopiomelanocortin (POMC). POMC in mammals consists of 3 exons with 2

and 3 translated. Prohormone convertases 1 and 2 (PC1/2) break the parent POMC peptide into successively smallecieaptdesatyaired
dibasic amino acid residues consistindysfne (K) and/or arginine (R). The final products are generated in a tissue specific manner, for example
UMSH and ACTH are not produced by the same cells in the pituitary. They also involve additional enzymatic post trangbalificstioms,

such aghe acetylation oEFMSH. The final products include the melanocortins (MSHs and ACHehdorphin f-end) and corticotrophitike
intermediate peptide (CLIP). There are intermediate peptides whose biological function remains uncleaf) andb Bysotrophins -LPH, o-

LPH). Figureadapted from G.W. Millingyoi{11)
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Importa nt effects of the melanocortin peptides on CNS functions and other important biological
functions have been identified since the 1950s. Subsequent molecular biology studies in 1979 led to the
sequencing of the cDNA of the POMC peptide (16), which gives the precursor of the melanocortin peptides
discussed above and several of them can be further biochemically madified into variants with distinct
physiological functions. Thus, the melanocortin system has long been a hot target for rational peptide and
peptidomimetic design. However, because the real 3D-topographical structure for specific melanocortin
receptor subtype recognition have not been fully elucidated (the MC4R structure was newly Figured out
very recently in 2020 and 2021), design of the MCR ligands were in some degree empirical and exploratory.
The early development of MCR drug s started from the imitatio n of natural endogenous hormones. NDP-
Y-MSHMT-( AOwUT | wi PUU0wWI 1 Ol UEUDPOOwWOI wx-MSHIénplateu Eolintptoveb E U wWE 1 Y i
stability, Met4 was replaced with Nle4 to avoid sulfur oxidation. Meanwhile, Phe7 was mutated to D-Phe7,
which was fo und to improve both potency and stability (17). As the first very successful human made MCR
agonist, NDP-Y-MSH can effectively induce skin pigmentation and was demonstrated to be much more
potent than the natural MSH. The core sequence HisPhe-Arg-Trp, as mentioned above is shared by all
MSHs and was determined as the minimal active sequence for MCR activation (14). It has been
demonstrated that the His-Phe-Arg-3 U x wO O U b | -tufh Eodfertdatidh umbich interacts with the ionic
and aromatic residues in the TM domains of MCRs(18, 19. Later, initial MSH derivatives were more
truncated and cyclized to form more rigid structure, in the aim that ligands should have higher potency
and even selectivity between MCR subtypes. The Melanotan Il (MT-II) was the second-generation peptide
drug, developed by using lactam bridge to cyclize the His -D-Phe-Arg -Trp pharmacophore, generating even
more potent MCR agonist than ND P-Y-MSH and has been widely used since then(14). With more
modifications were made to MTIl template, the number of human made MCR peptide ligands were
exponentially increased, and anticipated selectivity appeared with distinguished agonism or antagonism.

These excellent selective MCR ligands were further used as new templates and widened the design and
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development of even more selective and potent ligands(20). Meanwhile, with more and more selective
MCR agonists and antagonists were developed, scientists reversely study back to the receptors themselves
for the sake of mechanism of action when binding with these ligands. Alanine scans and the like methods
were used to detect every single position in the pocket area and slowly, MCR structure and activity
relationship s were established with more and more puzzles solved. The research on MCR peptide drugs
have been difficultly progressing because of multiple reasons. The biggest problem is that accurate
structurally based drug design has been hard to fulfill on MCR drugs because MCRs belong to the GPCR
family , which are highly mobile membrane protein sand thus very hard to be stabilized for crystallography.
The first really MCR structure was amodified MC4R-SHU9119 complex published in April 2020(21). Before
that, all the molecular level structures were derived from homology models which were not real but were
only estimated conformations. However, based on all the accumulated knowledge over these decades,
rational design of the novel MCR peptide ligands is possible due to all the experiences and multiple
supportive ways for example computational biochemistry and peptide NMR etc. Nowadays, becausethe
MCRs functions are significant in lots of human physiological activities, and the most developed drugs

cannot be applied for clinical use for all kinds of reason, MCR drug development is still a hot area of study.

MPRSCCSRSG ALLLALLLQA SMEVRGWCLE SSQCODLTTE SNLLECIRAC KPDLSAETPM

FPGNGDEQPL TENPRKYVMG HFRWDRFGRR NSSSSGSSGA GQKREDVSAG EDCGPLPEGG

PEPRSDGAKP GPREGKREYS MEHFRWGKPV GKKRRPVKVY PNGAEDESAE AFPLEHKREL

TGQRLREGDG PDGPADDGAG AQADLEHSLL VAAEKKDEGP YRMEHFRWGS PPKDKRYGGF

MTSEKSQTPL VTLFKNAIIK NAYKKGE

Figure 2. Proopiomelanocortin SequenceThe highlighted regionsaredSH i n or ange, ACTSBH ni nt hger-M§tne e na nbdo xb,

in blue. Underlined is the repeated core motif HFRW. ACTH, adrenocorticotropic hormone; MSH, melationyt&ing hormon€22).
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1.2 Melanocortin 1receptor MC1R) and its functional importance

1.2.1 MCI1Risthe first molecular cloned MCR subtype

The melanocortin - 1 receptor (MC1R) is also known asmelanocyte-stimulating hormone
receptor (MSHR), melanin-activating peptide receptor, or melanotropi n receptor. The human MC1R is 317
amino acids(23). It was originally identified and cloned independently by Chhajlani & Wikberg group and
Mountjoy group in 1992, and was mapped to chromosome 16q24.3(24). The receptor is primarily located
on melanocytes and transformed melanoma cellg25, 2. MC1R protein expression is typically low, with
approximate 700 protein units expressed per melanocyte and somewhat higher numbers on melanoma
cells(27, 28. The 315 amino acid murine homolog, MC1R, was also cloned, identified and mapped to the
extension locus(29). Mice with a mutated extension locus display a reddish blonde coat color instead of the
darkly pigmented black coat color, providing the first genetic evidence that MC1R may play an important

role in the regulation of pigment (30).
1.2.2 Structure of MC1R

+DOl wOUT 1 Uwé&/ " 1 UOw, “hblitalu@nsmemBrénk (IN)>dem@ihswwithua PRY motif at
the junction of the third TM domain, an intracellular C -terminus with a palmitoylation site, and an
extracellular N -terminus with an N -linked glycosylation site (31). Figure 3 shows details of MC1R
sequential arrangement in cell membrane. Unique to the MC receptor subfamily compared to other GPCRs,
there is a lack of one or two cysteines in the first and second extracellular domains and a lack of proline in

the fourth and fif th TM domains (31).

The extracellular N -terminal tail has functions of ligand affinity and as a signal anchor (23, 3). The
conserved cysteineresidue located at the junction of the N-terminus and the first TM domain is required

for the receptor function (33). The C-terminus in GPCRs always play a role in protein trafficking from the
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endoplasmic reticulum to the plasma membrane, and as well in receptor interactions with the G protein at
the plasma membrane(34). Like the other MC Rs, MC1R has a characteristically short Gterminal tail that is
only 14 amino acids in length (Figure 3). One thing needs to be noted is that, on the Gterminal tail, there is
a pentapeptide present containing the invariant tripeptide sequence T314, C315, and W317 in all MCRs.
This structure is demonstrated to be crucial for translocation of the receptor to the plasma membrane(35).
Mutations which disrupt the pentapeptide or the invariant tripeptide resultin  decreased plasma membrane
MC1R expression, such as premature termination at R306 or deletion of the terminal pentapeptide(35).
Although C -terminal deletions have detrimental effects, additional amino acids on the end of the C -
terminus do not appear to affect MC1R function. A splice variant exists with an additional 65 amino acids
that displays similar pharmacology to the unsplic ed protein(36). In addition to affecting receptor

localization to the plasma membrane, the C-terminus also plays a role in desensitization and internalization.

, 1 OEOOEOUUPOwWhwUI EIl xUOUzZUwDPOUUEEI OOUGEUWEOEwWI RUUEEI O
between the transmembrane regions with conserved sequences found across all the MCR subtypes. MC1R
ELSare small compared to most GPCRs but are critical fa basal constitutive signaling activity. Because the
ELSof MC1R interact with ligands, mutations in this region impact binding affinity. Extracellular loop 3 in
particular appears to play a critical role in melanocortin affinity through conserved proline and cysteine
residues(37). EI3 interacts with TM6 and TM7 which are also required for ligand -receptor binding, and it
is believed that C267 and C275 inEL3 form disulfide bonds between TM6 and TM7 affec ting the tertiary
structure of the receptor(23, 31, 37. Similarly, MC1R ILSs are important for binding of the G Y protein and
have sites for phosphorylation that affect signal regulation, internalization, and receptor cycling (38). Il1 is
important for normal activation, and mutat ions of this domain increase MC1R signaling activity as seen in
the tobacco mutation (S69L in mouse; S71 in human). Six mutations have been reported ifl1, four of which
cause a loss of signaling function. As is characteristic for class A GPCRs, the tripptide 141 DRY 143 located

at the interface of iI2 and TM3 is required for MC1R function (39). Additionally, there are putative protein
20



kinase A (PKA) and protein kinase C phosphorylation sites in il2 of both human and mouse (and 113 in
mouse), however, neither PKA nor PKC has been shown to phosphorylate MC1R to date(23). The amino

acid sequence is shown in Figure 3.
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Figure 3. Melanocortin 1 receptor (MC1R) gene and protein structures(A) The human MCL1R locus (cytogenetic location: 16g24.3) encodes

a seven transmembrane protein that is highly polymorphic. (B) The mature MC1R proteinpsate@scoupled receptor (GPCR) that spans the
membrane seven times. Extracellular and transmamebdomains engage MC1R ligands while intracellular and transmembrane domains regulate
adenylyl cyclase interactions and signaling. Resource f{88:

1.2.3MC1R and pigmentation

There are two major types of pigment present in the skin, the darkly pigmented eumelanin and the
red/yellow sulfated pheomelanin. Eumelanin is chemically inert and is highly photoprotective by
absorbing UV radiation (40) and oxidants(41). In contrast, pheomelanin is much less efficient at blocking
penetration of UV radiation into the skin and can promote UV -induced cellular damage by contributing to

free radical and oxidative injury (42, 43. The biological synthesis of both melanins is shown in Figure 4.
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Figure 4. Eumelanin and pheomelanin biosyntheisEumelanin and pheomelanin begin with the common pathway by converting tyrosine to
Dopa and subsequently Dopa to dopaquinone. Tyrosinase interacts with two tyrosinase related proteins, TYRP1 and TYRRgoredopa
tautomerase (DCT) to form eumelanin pignsei®n the other hand, cysteine is incorporated into dopaquinone to form cysteinyldopa which is then
converted to benzothiazine metabolites to form pheomelanin pigments. Dopaquinone obtained by tyrosinase oxidation iseactighly
intermediate, and ithe absence of thiol compounds, it undergoes intramolecular cyclization, leading eventually to the production of eumelanin.
However, the intervention of thiols, such as cysteine, with this process gives rise to the thiol adducts. Further dxidesonysteinyldopa

isomers leads to the production of pheomelaMost of the melanin pigments present in the hair and skin, and in melanomas may not be
homopolymers of a single monomer unit, but rather they are complex heteropolymers made up of botmendgldaromelanin building blocks.
Resource fromT. Hida et al. 202Q14).

MC1R signaling is a major determinant for the amount and type of melanin pigments synthesized by
melanocytes, regulating both basal pigmentation and the UV induced tanning response (45). MC1R
signaling increases eumelanin synthesis and enhances melanosome transfer to enhance melanin deposition
in keratinocytes (46). Both eumelanin and pheomelanin derive from the sequential cyclization and oxidation
of tyrosine. The first two biosynthetic steps are shared between the two pathways: the conversion of
tyrosine to DOPA and then to DOPAquinone by the enzyme tyrosinase. Eumelanogenesis and

pheomelanogenesis diverge after formation of DOPAquinone. Other enzymes beside tyrosinase are needed
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for melanin synthesis including dopachrome t automerase and tyrosinaserelated protein 1. Defects in
pigment enzymes inflict hypomelanotic phenotypes such as albinism (47). Pheomelanin production is
dependent upon the incorporation of a cysteine and retention of sulfur after the synthesis of DOPAquinone,
which may explain why mature pheomelanin pigments are reddish/yellow rather than dark bro  wn/black
as eumelanin is. Although the control of the pigment switch between eumelanin and pheomelanin is
regulated by multiple factors including the pH of the cellular milieu and the levels of tyrosinase (48, 49, the
presence of a functional MC1R is required for effective synthesis of eumelanin. Since eumelanin absorbs

UV radiation, the more eumelanin the skin has, the more protected it is from UV damage.

The ability of the skin to respond to UV radiation by increasing melanin production is dependent on
the functionality of MC1R. The adaptive pigmentation pathway represents a major innate protective
mechanism by which the skin prevents further damage from ultraviolet radiation and is dependent upon
MCI1R signaling. UV radiation causes DNA damage to keratinocytes in the epidermis of the skin and the
subsequent increased expression of the POMC protein in a p53 dependent manne(50). Cleavage of POMC
byx UOEOOYIT UUEUI whhwEOE wl woi -MEHat@ hevd répastetiydmeitinedabodeu O wUT 1 w
I b OE b OMaHAd MCYR leads to the activation and downstream signaling which will be described in

the following part.

1.2.4 MCI1R signaling

Melanocortin 1 receptor is complexed to the heterotrimeric G protein. Following activation with agonistic

OPT EOEVWUT T w&YUwxUOUI POWEDPUUOGEDEUI Uwi UOOwW, "1 wEOEWUUDOL
to generate the second messenger cAMP Kigure 5). In melanocytes, increased cAMP levels lead to a host

of downstream signaling events including activation of effector proteins such as cAMP -dependent protein

kinase (PKA)(51, 52. In this manner MC1R signaling activates various signaling cascades within the cell.

In melanocytes, cCAMP induction leads to increased melanin synthesis and resistance to UV injury through
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Binding of these melanocortin ligands to MC1R promotes criticairé8istance physiologic changes in melanocytes and protects thHeoskin

UV damagé€39). Upon binding melanocortins, MC1R activates adenylyl cyclase and stimulates cAMP production. In turn, a variety of downstrea

effector pathwags including induction of the CREB and Mitf transcription factor networks and an increase in the activity of PKA takg3)place

Expression of tyrosinase (TYR) and dopachrome tautomerase (DCT) involved in melanin biosynthesis is increased and dweltomipnap

regulated. Melami produced in organelles termed melanosomes, is transferred to neighboring keratinocytes and in this-prayextiVé layer

of pigment in the epidermis is establ i s ththeaserce ¢f afunctonaktmeleanocerkni nds abi
signaling axis, these pathways are blunted, the skin is 4mekanized and melanocytes accumulate more UV mutatiecause oineffective

DNA repair. In this way, individuals with inherited defects in MC1&naling are at heightened risk for melanoiRasources from E.M. Wolf

Horell et. al 20169)

enhanced antioxidant defenses and acceleration ofnucleotide excision repair (NER) (55-57). The dissociated
&YowxUOUI POWEEOQWEOUOWOOEDI a wbOUU E &dtivatedpdteit kingse fadilg O OT wbd O
which affects a multitude of signaling pathways (52). MC1R, like other GPCRs, displays some degree of

ligand independent basal level signaling. This has been demonstrated for both human MC1R and murine
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MCI1R, human MC3R, human MC4R, and murine M C5R. Genetic proof of basal MC1R signaling is evident
in POMC1 knockout mice which are incapable of generating melanocortins which are the major agonists
of MC1R. In contrast to Mclr-defective strains such as extension, POMCnull mice maintain a dark coat

color, suggesting MC1R has constitutive ligand independent activity (58)

1.3 Melanocortin 2receptor(MC2R) and its functional importance

1.3.1 MC2R is more commonly calledhe ACTH receptor instead of the MSH receptor

(melanocortin receptor)

Even though MC2R is genetically relational to other MCR subtypes, it is more functionally behaving as a
totally different subfamily as other MCR receptors which can interact with melanocyte stimulating
hormones (MSHSs). In fact, MC2R is more commonly known as theadrenocorticotropic hormone
receptor or ACTH receptor (59). The relationship between ACTH and MSH can be reviewed in Figure 1.
Similar as other MCRs, MC2R is also aG protein coupled receptor (GPCR)located on the external cell
plasma membrane with 7 transmembrane domains (TMs). It couples to & Y @nd upregulates cAMP level
upon binding with ACTH. The roles MC2R plays are mainly related to immune function and glucose

metabolism.

One reason thatMC2R has major difference with other subtypes is its structure. MC2R is the shortest of
the melanocortin receptor family and is the smallest known G -coupled receptor(60). Both human and
bovine MC2Rs are synthesized as 297 residue long proteins with 81% sequence homolog{61). There are
currently no available protein X-ray crystallography structures for the MC2R available in the Protein Data
Bank, while the MC2R and the ¢ ladrenergic receptor are relatively distantly related with a sequence

identity of approximately 26%. MC2R related research have assumed that the folded surfaces of both
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Ul ET x0UOUUwWUT EVWE UIT wU I stoul® ieweyEsinllansndudaicBrievEdn0iifs(6®). Yithe
third intracellular loop of the receptor a protein kinase A and protein kinase ¢ phosphorylation motifs have

been detected63). MC2R also requires the binding of melanocortin -2 receptor accessory proteinl(MRAP1),
without which MC2R cannot bind ACTH and will be degraded inthe  endoplasmic reticulum (60). However,

with the assistance of MRAP, the receptor isglycosylated and expressed on the cell plasma membrang62,

64).

1.3.2 MC2R tissue and subcellular localization

MC2R is primarily found in the zona fasciculataof the human adrenal cortex(Figure 6). Binding of the
receptor by ACTH stimulates the production of glucocorticoids (GCs). By contrast,aldosterone production
from the zona glomerulosa is stimulated primarily by angiotensin Il. MC2R is also little bit expressed in
the skin, and in both white and brown adipocytes, and is expressed in greater concentrations when adipose
cells differentiate (64). It is well known that the levels of corticosterone (CORT, cortisol in humans) secretion
demonstrate acircadian rhythm, highly regulated by effects of the suprachiasmatic nucleus, with higher
levels in the early evening and lower levels in the morning. ACTH levels, MC2R receptor e xpression, and
MRAP1 expression also show circadian rhythms, with ACTH secretion and MRAP expression highest in
the evening, suggesting that MRAP expression is responsible for CORT secretory regulation(65). However,
with exposure to constant light, the rhythmic expression of the ACTH recep tor and MRAP genes are
reversed, suggesting ACTH-independent signaling pathways for MRAP and ACTH receptor transcription

and expression(65).
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Figure 6. MC2R mRNA organ localization More than 95% of the MC2R expressed in adrenal gland, indicating its specialized fundteer

to adrerrgic receptor functions. Resource from: The Human Protein Atlas

1.3.3 Biologicalsignaling andfunctional significance of MC2R

The MC2R plays a role in glucose metabolism when expressed in white adipose cells. When bound to
ACTH, a short-term insulin resistance occurs, and it stimulates lipolysis via hormone sensitive lipase(65).
Demonstrated in mice, ACTH promotes lipolysis in response to increased energy demand, notably in the
time when mice experience stress.Lipolytic activity due to melanocortin receptors has been demonstrated
in several types of test animals: rats and hamsters primarily respond to ACTH, rabbits respond to alpha
and beta, 2 ' zthevefgre not using the MC2 receptor), and guinea pigs responding to both ACTH and

other MSH's. In humans, ACTH has little lipolytic effect on adipose tissue (66).

ACTH receptor activation also influences immune function. Melanocortins, including ACTH, have  anti-
inflammatory effects which can be exerted viaglucocorticoid(GC) -dependent and -independent pathways.
The GC-dependent pathway activates MC2R to increase levels of cortisol which bind GC receptors(67).
Via genomic and faster non-genomic pathways, this causes, among other immune responses, a reduction

in leukocyte and neutrophil infiltration, cytokine production, especially of cytokine CXCL -1, and
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increased phagocytosis of apoptotic neutrophils (68). These profound anti-inflammatory effects and the
ability to increase GC's are why ACTH therapy is still used today. It is often used as treatment for infantile
spasms,multiple sclerosis, nephrotic syndrome, gout, ulcerative colitis, Crohn's disease,rheumatoid
arthritis, and systemic lupus erythematosus. This is problematic long-term and can lead to ACTH -receptor
pathway -related side effects including: Cushing's syndrome, fluid retention, glaucoma,

and cardiovascular disorders (67).

Mutations in this receptor cause familial glucocorticoid deficiency (FGD) type 1, in which patients have
high levels of serum ACTH and low levels of cortisol. Mutation of the receptor gene causes 25% of FGD,
and mutation on the MRAP gene causes 20% of FGD.Mutations of ACTH can also contribute to this
pathology: mutation of the "message sequence” inhibits cAMP production when bound to the ACTH

receptor, and mutation of the "address sequence" inhibits binding to the receptor altogether (60).
1.3.4 The role of MC2R in MCR research

Because of the major difference of the binding behavior to other MCR subtypes (MC1,3,4,5R), MC2R is
by default categorized to ACTH receptor instead of melanocortin receptors and all MCR related topics will

be automatically exclude the existence of MC2R in the following parts.

1.4 Melanocortin 3 and 4receptor MC3R and MC4R) play significant roles in

neural systens

1.4.1 MC3R, MC4R and their stimulating hormones.

MC3R and MC4R are similar in their functions and their location of expression as described in section

1.1. The most abundant expression of these 2 subtypes ofmelanocortin receptors are in the central nervous
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system and are demonstrated to be related to energy homeostasis. Neural MCRs have been shown to be
involved in regulating various physiological processes, such as energy homeostasis, cardiovascular
function, reproduction and sexual function, anti -inflammation, and other functions (8, 69. MC3R and
MC4R are components in leptin-melanocortin pathway and have been extensively studied in obesity
pathogenesis. These two neural MCRs have nonredundant roles in regulation of energy homeostasis as
emphasized by mice lacking both receptors exhibiting more severe obesity phenotype than mice lacking
either receptor alone(70). Subsequent studies have shown trat MC3R and MC4R exert different functions
in regulation of energy homeostasis. MC3R primarily regulates feed efficiency (70-72) and feeding
rhythm (73), whereas MC4R plays an essential role in controling both food intake and energy
expenditure (74). Human genetic studies provided further evidence for the function of these two receptors
in regulating energy homeostasis. MC3R and MC4R were shown to be involved in human obesity
pathogenesis, although the role of MC3R in human obesity pathogenesis is more controversial(75). Neural
MCRs share the same endogenous agonits and antagonists. The expression of MC3R and MC4R is shown

in Figure 7.

Uwbl wEPUEUUUI EWEEOYI Ow, " Ot OKOk1UwUT EUl wUDPODPOEUWI (
melanocyte-stimulating hormone (MSH), and adrenocorticotropic hormone (ACTH) for MC2R. They are
post-translational processed products of the pre-cursor polypeptide pro -opiomelanocortin (POMC) which
is primarily produced by the arcuate nucleus of the hypothalamus (ARC) in CNS and the anterior pituitary
as well as the skin(76). The posttranslational processing of POMC is tissue specific and only MSHs are
produced in the CNS(77). As the major endogenous agonist inthe " - 2 GMSH activates neural MCRs to
induce a negative energy balance, consisting of the catabolic arm of the melanocortin system. Among
numerous G protein -coupled receptors (GPCRs), MCRs are quite unique to have endogenous antagonists
Agouti and Agouti -related peptide (AgRP). Agouti binds to MC1R with high affinity, whereas AgRP

selectively binds to neural MCRs(78). AgRPx UD O E b x E O 0 a uNiS8 Bisdingx&rizérdl MCRY and
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Figure 7. MC3R and MCA4R protein localizations in main human tissuesMC3R is only located inhypothalamuswhile MC4R expresses
almost all over the human badyesouce from:HumanProtein Atalas

stimulates a long-lasting increase in food intake to result in a positive energy balance, representing the

anabolic arm of the melanocortin system(79). However, in vivo studies using a mouse model lacking

neuronal MSH suggested that the delayed and long-lasting effects of AQRP on appetite control are

independent of melanocortin signaling, and basal intracellular cAMP levels in cells with MC3R or MC4R

expression are decreased by AgRP, indicating AgRP to be a inverse agonist independent of antagonizing

Y-MSH (80-84). The conventional signaling pathways of neural MCRs are mediated by the stimulatory G

xUOUI POOwW&YUS w, O ko ddutallViCRsuocusad OrbdY tinediatet) $ignaling. However, an

increasing number of recent studies have demonstrated that like other GPCRs, neural MCRs can couple to

other G proteins or signaling mediators to trigger the downstream signaling pathways, i n addition to the
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EOOYI OU b-oXMP €igndlivgpathway. Biased signaling was also proposed for neural MCRs since we
and others(8, 85, 86 identified some biased mutant neural MCRs which selectively trigger signaling
pathways upon ligand stim ulation, and some biased agonists which can selectively induce signaling

pathways through neural MCRs. The biased signaling will be more elaborately discussed in Chapter 3.

1.4.2 The central melanocortin system in energy homeostasis.

The central melanocortin system is defined as a collection of central nervous system circuits including
different types of neurons in CNS that express either the ligands or the receptors. Thereare two subsets of
neurons within the ARC that express endogenous ligands POMC and AgRP for neural MCRs, respectively,
they are described as the first order neurons since they are able to sense and integrate the external stimuli
(humoral and nutrient cues) including leptin, insulin, ghrelin, serotonin, orexin, and glucose (79).Among
these external stimuli, leptin is the most significant ligand, circulating at levels proportional to the body fat
mass to act on the fulllength leptin receptor (LepRb) highly expressed in first order neurons, thus
stimulating the POMC neurons to ® O E U | -BSHi ptodction and suppressing AgRP neurons to inhibit
the release of AQRR87). Neurons expressing MC3R and MC4R within multiple a reas of the brain are the
UEUT T -M8HXhdWAGRP, which are defined as? Ul E O O E neQrons(79) MC3R and MC4R in these
Ol UUOOUwWE E O wE I-MS$H BrihBctiviated b AgRR taudkhibit negative or positive energy balance,
respectively(79).The MC4R is the most intensively studied target in the central melanocortin system. In
Mc4r knockout mouse model, it was demonstrated that MC4R is required for inhibitory effect of leptin on
food intake and is involved in regulation of metab olism (87, 8§. Notably, control of food intake and energy
expenditure is exerted by different neurons, with MC4R in paraventricular nucl eus of hypothalamus (PVH)
and amygdala regulating food intake while MC4R on neurons outside of PVH and amygdala controlling
energy expenditure. Subsequent studies showed that MC4R regulates energy expenditure via neurons

located in the intermediolateral nu cleus of the spinal cord (IML) and dorsomedial nucleus of the
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hypothalamus (DMH) (89). Moreover, cardiovascular functions, linear growth, and cholesterol metabolism

are mediated by MC4R within the paraventricular nucleus (PVN), whereas glucose metabolism and
thermogenesis are mediated by MC4R outside of the PVN(89, 90. Another recent study demonstrated that
MC4R in POMC neurons may act as an auteexcitatory and/or an auto -potentiation mechanism enhancing

POMC neuron activation to regulate energy homeostasis(91).

Although stud ies on the functional roles of MC3R in energy homeostasis are less extensive compared
with that of the MC4R, MC3R is also important in regulation of energy homeostasis. Different from M C4R
deletion causing hyperphagia in mice, Mc3r deleted mice exhibit increased fat mass and reduced lean mass
despite normal food intake or hypophagia, suggesting that MC3R is primarily involved in regulation of
feed efficiency(70, 7J. Another important role of MC3R in maintaining energy homeostasis is regulation
of circadian rhythm: M C3R deleted mice display abnormal rhythmic expression of clock genes, impaired
behavioral adaptation, and anomalous metabolic adaptation to restricted feeding (73, 92, 93. Also, MC3R
expressed by POMC neurons was idertified and proposed to serve an auto-inhibitory role inhibiting

POMC neuron activation to regulate energy homeostasis(94, 99.

Collectively, the central melanocortin system serves as the intersection point which connects the neural
pathways controlling satiety and metabolism to maintain energy homeostasis by sensing and integrating

the signals of external stimuli. This part is sum marized and illustrated in Figure 8.

1.4.3 Intracellular signaling pathways of MC4R and its biased signaling.

On the cell membrane, upon agonist binding, neural MCRs are activated and undergo conformational
change, thereby generating intracellular signaling, including both G protein -dependent and independent
UbT OEODOIT 6 w+chupleduGBCH familyungervtgrs, 0O ET wOl UUEOQOuw, " 1 UwEdbunkEEUDPYEUI

Ol w&YUwxUOUI POwWPPOOWEDPUEUUOEDPEUT wi UOOwWUT T wdwwl 1 U1l UOBEDPOI
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signaling is the conventional intracellular signaling and the most commonly investigated in MCR
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phospholipase C (PLC) and downstream kinase protein kinase C (PKC)(96, 97. Biich et al. observed that
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Figure 8. The central melanocortin systemP OMC and AgRP neurons in the ARC are defined as ¢
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accumulation is increased due to the PTX treatment by 53% (PTX is a Gi inhibitor), suggesting that both
ESYUWEOCEW&YPwxUOUI POUWEUIT w E EAMBH $itdudlation (96). Méwthan etigl.(O& 1 w Ux O Ou
in another hypothalamic cell line, GT1t1 cell. Other signaling pathways are also identified in cells

expressing MC4Rs, including extracellular signal regulated kinases 1/2 (ERK1/2), e¢Jun N-terminal kinases

(INK), 5-AMP -activated protein kinase (AMPK), and protein kinase B (PKB or AKT) (85, 98103). For a long

time, MC4R function has been found to be related to appetite which is controlled by MC4R activation. Lots

of tries were made to activate MC4R so that appetite can be inhibited but unfortunately very few of them

were successful. A major problem is unexpected severe cardiovascular side effects. In recent years it has

E E O OO b EFKA paghwdy that in mentioned above. This aspectwill be elaborately expanded in the

following MC4R biased signaling study project.

1.5 Melanocortin 5receptor MC5R) and its functional importance

1.5.1 MC5R is the last found melanocortimeceptor family memberand is widely distributed

in the human body.

As the latest known MCR family member, human MC5R consists of 325 amino acids that are encoded by
the intronless MC5R gene located on chromosome 18p11.21 in the human genomg104). The MC5R consists
of an ionic pocket formed by amino acids Asp115 and Asp119 in TM3, as well as an aromatic binding pocket
constituted by Phel95 in TM5 and Phe254 in TM6. MC5R protein seems to be highly conserved across
various species, including human, rat, mouse, chicken, fish, etc. The PhyloFbase wiseconservation analysis

based on Multiz alignment of 46 vertebrate species measures evolutionary conservation and demonstrates
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that the PhyloP score for MC5R gene is 3.51 + 3.39, signifying that MC5R is highly onserved and its
evolution is much slower than neutral drift (105). Moreover, MC5R gene is rich in CpG islands, where the
DNA region has a high frequency of a cytosine nucleotide s followed by a guanine nucleotide in the linear
Ul U1 OETl w Ol WEEUTI UwEOOOT wPUUwkewUOwt cwEDPUI EUDOOB w ( Ox
modification of cytosine nucleotides at the C5 position in CpG dinucleotides is a key mechanism for

epigenetic gene regulation, implying that MC5R gene expression is subjected to considerable influence by
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Figure 9. The MC5R protein expresses in multipletissues Apart from the central nervous system, MC5R has high expression in male testis
andstomach, indicatig potential therapeutical potensiaResource fromHumanProtein Atalas

epigenetic regulations. In mammals, MC5R has been demonstrated to express in a multitude of organ
systems, including the adrenal glands, fat cells, liver, lung, lymph nodes, bone marrow, thymus, mammary
glands, testis, ovary, pituitary glands, uterus, esop hagus, stomach, duodenum, skin, and skeletal muscle
(106-110. Abundant MC5R expression has been detected in exocrine glands like preputial glands, lacrimal
glands, pancreas, testis, prostate, and in the terminally differentiated lipid -laden sebocytes in sebaceous
glands (111, 113. In addition, MC5R is also evidently expressed by immune competent cells like B and T

lymphocytes, denoting a potential role in immunomodulation (113). Moreover, there is also evidence
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suggesting limited distribution of MC5R in the central nervous system, where MC5R expression was
probed in the hypothalamus, cortex, cerebellum, hippocampus, substantia nigra aside from the pituitary
(114, 115. More recently, there is a growing body of evidence suggesting the expression of MC5R in the
kidney. In renal glomeruli, MC5R has been reported to be expressed in glomerular visceral epithelial cells
or podocytes (116), while in renal tubulointerstitium, MC5R expression was detected in interstitial cells

(116). The pattern of MC5R expression enables the MC5Rspecific melanocortinergic signaling to be

conveyed to selective cell types in target organ systems.

1.5.2 Molecularsignaling of MC5R

The MC5R shares 40 ~ 60% amino acid similarity with other melanocortin receptors (117). However, it
remains to be delineated which domain of the MCRs specifies their unique signaling activities and
biological functions. Furthermore, how the MC5R signaling is different from other MCR s has been barely
studied, though it is well known that the biological function of MC5R is completely distinct from other
MCRs. Like other MCRs, MC5R is a typical GPCR and able to activate an associated guanine nucleotide
binding protein by exchanging its bound GDP for a GTP. The resultant dissociation of guanine nucleotide-
binding protein subunits will further activate downstream intracellular signaling proteins, including
adenylyl cyclase and phospholipase C, thus triggering the cAMP -PKA signaling pathway . In turn, the
cAMP -PKA pathway is able to trigger the downstream signaling cascades, including the lipolysis pathway
that involves repression of acetyl-CoA carboxylase, and activation of hormone-sensitive lipase (HSL),
perilipin and adipose triglyceride | ipase (ATGL) (118, as well as the cAMP responseelement binding
protein (CREB) pathway that plays a pivotal role in balancing the pro - and anti-inflammatory response
(119, 129. In addition, cellular signal transduction pathways other than cAMP -PKA may also be involved

POw, "k1wUDT OEODPOT w1 OEUDT Ul Uwl OWEOS wUI1 x OUnkldhacitd EUwOl DU
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abolished by wort mannin and LY294002, selective inhibitors of the phosphatidylinositol 3 -kinase (PI13K),
suggesting that MC5R may activate ERK1/2 through a PI3K-dependent signaling mechanism(111).
Subsequent to ERK1/2 activation, MC5R has been reported to suppress fatty acid reesterification (118),
mediate cellular proliferation/differentiation and induce the expression of immediate early genes
implicated in immune responses, like c-fos (120). Furthermore, it is also tempting to speculate that the same
MC5R may trigger different cell signal transduction pathways when bound to different agonistic
melanocortins or when activated in differen t cell types, resulting in different cellular effects and biological
functions. In support of this notion, in murine Ba/F3 pro -B lymphocytes and IM -9 human B-lymphoblasts
OT EQwIl Bx Ul IMSHI uniqlely Gtimiated Janus kinase 2 (JAK2) and signal transducers and
activators of transcription 1 (STAT1) tyrosine phosphorylation and thereby regulated B lymphocyte
function (119. In contrast, in erythroid cells, MC5R signaling promoted actomyosin contractility via the
PI3K/Akt/MLC2 pathway and induced cell enucleation (122). However, in cardiac myocytes, the MC5R
activated PI3K reduced the GLUT1/GLUT4 ratios and resulted in an attenuated cellular hypertrophy . The
melanocortin MC5R is a new target for treatment of high glucose-induced hypertrophy of the cardiac (123).

Figure 10 elaboratelyillustrated all currently known MC5R mediated cell signaling.

1.5.3 The physiological significance of MC5R

Although MC5R is expressed extensively in peripheral organs and tissues (124, 129, the MC5R-mediated
physiological functions are not fully understood. Gene expression profiling indicates that MC5R mRNA is
expressed at high levels in exocrine glands, such as lacrimal and harderian gland€126). In addition, MC5R
has also been reported to express abundantly in skeletal muscles and in skin tissues, particularly in
sebaceous glands(127). The high expression levels of MC5R in exocrine glands suggest that MC5R may
play an important role in the secretion of exocrine glands. Deletion of the MC5R gene in mice results in

nearly total loss of NDP-MSH binding sites in the skeletal muscles and in the harderian, lachrymal and

38



preputial glands, entailing that MC5R represents the predominant MCR in these tissues (107, 11). To date,
the most robust evidence in support of the key role of MC5R signaling in physiology and health was
derived from genetic ablation of MC5R. MC5R knockout mice exhibit a severe dysfunction of exocrine
secretion, affeding hair follicle -associated sebaceous, harderian, lachrymal and preputial glands and
resulting in reduced hair lipid content, defects in water repulsion, and reduced coat insulation against cold
environments that leads to an impaired thermoregulatory fun ction (10, 12§. These phenotypes suggest
that MC5R plays a key role in the regulation of sebaceous lipid production, water repulsion, and thermal
regulation, and that MC5R is centrally involved in sebogenesis (129). Sebogenesis is a process of producing
sebum specific lipids within the seba ceous gland, which produces sebum, a lipid mixture of squalene, wax
esters, triglycerides, cholesterol esters, and free fatty acidg130, 13). After its production, sebum is released
from sebocytes by a holocrine secretion into the infundibulum and hair canal. Then, it is delivered to the
hair and skin surface for protective coating and moisturization . Excessive sebum production is one of the

major factors in the pathogenesis of acne(65, 133.

MCS5R has been associated with sebocyte differentiation and sebum production (133). In support of this

contention, production of sebaceous lipids is downregulated DO w, " k 1 wWOOOEOOU U wdSA T 8 w(

acts as a sebotropic hormone in rodents. In addition, MC5R is physiologically expressed in the acinar cells
of the lacrimal gland and this expression is repressed in experimental dry eye in rats induced by
preganglionic parasympathetic denervation of the lacrimal gland (134). Furthermore, MC5R may have a
direct, trophic role in maintaining lacrimal function and secretion as the MC5R -deficient rat develops
alacrimia (134). Farnesenes are male pheromones that induce estrus and regulate sexual behavior in female
mice but are aversive olfactory signals that discourage territorial urine marking in male mice. The preputial
gland is the only known source of farnesenes in the urine of male mice. MC5R-deficiency appears to
produce a physiological defect similar to preputial ectomy (128). Mice lacking MC5R exhibit a decreased

sensitivity to the stimulator y effects of systemic melanocortin injections on aggressive behavior (10). The
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Ol YT OUwOI wUI R Elargeéedtadwell £3 se¥quiterpenes and ethyl nonanoate secreted from
preputial glands and urine by MC5R -deficient mice were lower than those by wide -type littermates (128).
More recent data revealed that MC5R is basically expressed in kidney glomeruli and interstitium under
homeostatic conditions. Ablation of MC5R exacerbated proteinuria and glomerular injury in murine
models of focal and segmental glomerulosclerosis. In addition, up -regulation of MC5R in the rat ad renal
cortex was observed as a consequence of chronic stresgl35). There is a possibility that MC5R function
seems to be associated with stress response. Other plausible functions of MC5R are associated with the
anti-inflammatory effect, regulation of aldosterone secretion and involvement in adipose metabolism (136).
The wide expression of MC5R in many tissues throughout the body suggests that the role of MC5R in
physiology is by no means only limited to the above. Unfortunately, this field has been less studied. More
in-depth studies are warranted to harness the MC5R knockout mice to elucidate the role of MC5R in the

homeostasis of diverse organ systems, like the kidney, heatrt, liver, etc.
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Chapter 2. Biased signaling in MC4R affects its selection of biological

functions

The melanocortin 4 receptor (MC4R) is a rhodopsin like GPCR with multiple physiological functions. It
appears all over the human body, but centrally in the hypothalamus, playing import ant roles in energy
homeostasis and appetite control(137). Previous research has found te association of MC4R mutations
with obesity: a wide variety of heterozygous loss -of-function mutations cause a morbid early -onset obesity
syndrome or hyperphagia whereas gain -of-function mutations that increase receptor activity are associated
with leann esq138). In this respect, MC4R has been a prime pharmaceutical target for obesity. Studies have
Ul OpOwli EVwi OOEwWPOUEOI-GDOEEO®EOWWD U &0 U-BEH) kndDadtiveiel @O O1 Y
the MC4R and downstream signaling to generate neuronal impulse of satiety feeling (139and MC4R is also
highly related to energy homeostasis and expenditure (79). In addition, MC4R activation is also found to be
linked to blood pressure, heart rate and libido generation, making it a popular and important drug
target(140).

In recent decades, scientists have engaged in developing MC4R selectiveagonists, and many were
created(141, 143. However very few of them gave satisfying in vivo drug effects for different reasons. Early
problems come from the selectivity of ligands bin ding to MC4R. Because melanocortin receptors(MCRS)
have 5 subtypes and they structurally resemble each other a l0{143). Among the 5 subtypes, MC2R is
always excluded from the MC4R study because it cannot be activated by endogenous melanocyte
stimulating hormones(MSHSs) as other subtypes are, and it functions more as adrenergic receptors(61). In
addition to the structural similarity between MCR subtypes, all MCRs belong to the GPCR family which
are highly dynamic membrane integrated proteins. This high level mobility makes them own non -fixed
conformations and can be induced to fit different ligands upon binding (144), which adds difficulty in drug

design based on conformations because it has been very hard to obtain a MCR crystal structure. Thus, for
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along time, MCRs drug design had been empirical. Development of melanotropins started from mimicking
the natural agonists MSHSs, and later on many more derivatives were created via versatile modifications
exerted on these early mimics (145. Even though some of them already showed acceptable MC4R
selectivity and preclinical efficacy, their clinical trial results for obesity treatment were not satisfying
because of severe side effects including increasedlood pressure, increased heart rate, vomiting, nausea
and sex arousal and so or(146-150). However, these observations pushed forward the MC4R signaling
research and it was found recently that the signaling activated by MC4R ligands can actually be biased(86).
In this review, we have summarized the most recent findings about MC4R signaling capabilities as well as
the structural basis related to these properties.

This study has been published on Journal of Cellular and Molecular Medicine
http://doi.org/10.1111/jcmm.17441 And the full text of the article can be found in Appendix IlI: Published

and unpublished papers related to the topics included in the thesis

2.1 Biased signaling isa naturally existent phenomenonfor GPCRs, for

example MC4R

2.1.1Biased signaling iswidely existentin GPCRs

As a GPCR, MC4R shares a lot of similar characteristics as other GPCRs. GPCRs have seven
transmembrane domains (TM) which are highly conserved transmembrane alpha helices. The name GPCR
is short for G protein coupled receptor because they convey signals across biological membranes via
interaction with intracellular guanine nucleotide -binding proteins (G proteins). This superfamily
comprises approximately 2% of all proteins encoded in the human genome, and is the target of a substantial

portion of current pharmaceuticals (1508 w& wx UOUT POUWEOOUDPU O wWOI wi 1 U1 UOUUPOI UD
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as transducers to switch between inactive/active states upon GDP/GTP exchange to initiate multiple
intracellular signaling pathways. W hile GTP exchange factors (GEF) promote activation, GTP hydrolysis
OUUOUwWUTT OwoOi T wEawlUT Tl w&3/ EUI wEOOEPOwWPI PET wi RPUUUwWDOwW
TT 01T UOGOUDPOT UUBwW3T 1T w&wxUOUI pOwl E U wE#52 A0t EBERERO willul Y wY Owt
recruit specific G protein subtypes and trigger specific downstream signaling controlled by this G protein.
Even though for a long time it had been commonly regarded that one specific re ceptor always applies the
preferred/dominated signaling, it is now well accepted that a GPCR signaling can be biased in 2 different
dimensions. The first dimension is that a single agonist can be multipotent and activate multiple signaling
cascades throughED OED OT wOOWEDI 11 Ul O0wUT El xUOUwWUUEUaxT U w%nOUwI R
ECEwW&YQwUT UOUT T wEDPOEDPOT wUOwoOwY!l wECEwWYRNWEEUI OOEI xUOUU
different receptors to the same ligand(153).

The second dimension is what we want to discuss here. This dimension describes how different ligands
can induce different signaling cascades upon binding to a single receptor, which is significant to the
selection of MC4R controlled multiple biological functions. For example, MC4R can selectively adopt one
OUwUI YI UEQW&YUOW&YZOWE&PWEGEWOUT Il Uw&wxUOUI POWEDUI EUI E
depending on how the active conformation is induced by a ligand and how this induced conformation is
suitable for recruiting a specific G protein subtype. The signaling biased by different ligands is not
Ol E1T UUEUDPOaAWUOWET ws 001 wdU wE O Gitatyland podency 16 &tivai&dngp@budy) U wU T Ob u
among all the downstream repertoire of the same receptor, indicating the bias. For instance, the relative
order of potency for the pituitary adenylyl cyclase -activating polypeptides (PACAP -27 and-38) in terms of
activation of adenylyl cyclase (AC) and phospholipase C (PLC) is reversed. The former is more potent for
activation of AC, while the latter displays greater potency for the PLC pathway (154). Likewise, structurally
EDYI UUT wYl wEEUI OOEI xUOUwpY!l 1AwWET OOPUUUOWEEUI ET OOEODPOI
xOUl OEawi OUw &bBOw &Y @aR0O Such 8iyagtusetifld Biiveigenbedif) ueceptor-mediated
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activation of downstream pathways is also reported for class B and class C members of the GPCR
superfamily (156).

2.1.2 MC4R has naturally evolved several biasl signaling for functional control.

The first mutations in the MC4R were found about 15 years ago in the hypothalamus of the obese
patients(157), giving evidence that MC4R could have the function of body -weight regulation. More recently
it was clearly demonstrated that the MC4R is activated by the POMC-E1 UPYI EwOl UWMSH and UPET UwY
¢-MSH and blocked by Agouti -related peptide (AgRP)(158. The function of these neurons is modulated
by signals from adipose tissue or the gut, such as leptin, ghrelin, and NPY and finally goes up to the
hypothalamus taking effect at neurons including those with MC4R expression. It is worth noticing the use
of GLP-1 receptor agonists in control of appetite during the past decades(159, 16(). Throughout the
hypothalamus, the GLP-1 receptor is present particularly in the paraventricular nucleus (PVN),
dorsomedial hypothalamus (DMH) and the arcuate nucleus (ARC), with a great er density on pro-
opiomelanocortin  (POMC) neurons (anorexigenic neurons) than on the agouti-related peptide
(AgRP)/neuropeptide Y (NPY) neurons (orexigenic neurons)(161). GLP-1R activation directly stimulates
POMC/CART neurons and indirectly inhibits neurotransmission in AgRP/NPY neuron via GABA -
dependent signaling (162). Interestingly, the GLP-1R agonist liraglutide and MC4R agonist setmelanotide
had additive effects on glycemic control, weight loss, and cholesterol metabolism, indicating their
independent metabolic effects(163). Appetite is regulated by a complicated web of hormonal signals, while
MCA4R locates at the end of this regulation route. Therefore, MC4R has been considered as a potential target
for obesity treatment. Figure 11 shows the MC4R regulation of appetite in the neuron system.

, "K1wPEUwI PUUUWEOOOT EwbOwWhNNt wEOCEwWUT OPOWUOWET wEOUXxOI1

time, the MC4R signaling was known to be single, and the working mechanism of which was known to be
UPOx 0Ol wE U wg®uAI0 wRMEu O TueE DOEDOT wOi wOPT EOEwWwPOUOUWEUWEwWOI a

POwi UOOws Oi 1 zwUUEUT wOOws OO0z wUUEUT w3 PUwOUOP®KAUPDOOWUIT
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cascade. So, the appetite control by MC4R used to be regardedecause of& YUwU DT OEOPOT WwEOE WE wo(
PT Ul wEI YI OO0x 1 EcAMPEKA hdsddibialagitalassays. However, even though most of the
human made MCA4R agonists exhibit positive appetite inhibition upon activating MC4R, they also possess
severe cardiovasailar side effects as well(164). In addition, more and more eviden ce was found that some
of the hyperphagia patients have constitutively active MC4R mutants and increased cAMP , which
ET EOOI OT1 EwUI T WwEOOYI OUPOOEOWDHEIT EwOi (8).(atér,uner® énd bd@ed w Of wE x 3
studies together confirmed that energy expenditure is the mainly mediated biological function through
& YU wU D1 (Y. Far @lample, Chen et al(166) found cases of central nervous (CNS)system specific
&YUwEI | PEPI OEawUT EVwUUDPT TT UVUwEwWUxT EPIi D& anfdod int&k& w D Ow 1 Ol
indicating that appetite control and energy homeostasis are controlled by different signaling pathways.

MCA4R biased signaling naturally occurs. It is the less common one in the GPCR family that MC4R is
controlled by endogenous agonist MSHs and inverse agonist AQRP(168). GPCRs perform basal level
activity under static state and has increased activity when bindin g with agonist, while inverse agonist can
even lower the basal level activity (81, 82. As an MC4R inverse agonist, AQRP binding not only antagonizes
the MCA4R, but also decreases the basal level MC4R activity which is independent of melanotropins(85).
3T PUWPOEPEEUI Uw, " K1z Uwx 001 O UeRFuWHHeadkdde THe Sty byBach OE O U w O ¢
etc(96)E1 OOOUUUEUI EwUT E0w T 1/ whpOUOUWEUWEWEDEUI EwEteODUUwWUO
I RxUIl UUPOT w, "K18w3T 1 wbPOEOUXxOUEUDOOWOT w&3/ w2t kwlOw&wx U
fouDEw 11/ WEOUOEWxUOOOUT wUT 1 wbOEOUxOUEUPOOWOT w&3/ w2t kuwt

w 11/ WEEUDYEUI Uw&YDPwxUOUI b

(an)

pertussistoxin (/ 3 7 AQwUUT T 1 UUDPOT wUI E
&YUwUDPT OEODOT dw xx EUI OkePracOeltbdt repueSedt®sinplOEPBRGNEIONWOE &0O
apply to explain the naturally occurring biased signaling phenomena. Thus, a nhew MC4R activation

mechanism has been more and more proposed and accepted in recent years: G protein is recruited after

GPCR activation instead of pre-coupled and the recruitment is highly dependent on the induced
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Figure 11 Melanocortin 4 Receptor Signaling Cascade. Various peripheral signals, such as leptin, ghrelin, peptide YY (PYY), and
glucagon-like peptide 1 (GLP-1), affect neurons in the hypothalamic arcuate nucleus (ARC). Leptin is secreted by adipose tissue and
activates leptin receptors in the arcuate nucleus. Thereby, proopiomelanocortin (POMC) expressing neurons are activated leading to
the secretion of melanocyte-stimulating hormone (MSH). MSH can activate the melanocortin -4 receptor (MC4R) expressed in the
paraventricular nucleus (PVN), regulating satiety , energy expenditure, blood pressure, and growth. In parallel, leptin inhibits Agouti -
related peptide (AgRP)-expressing neurons, which are localized in the ARC. AgRP has been demonstrated as an inverse agonist at
the MC4R, which is able to inhibit MC4R sig naling. Mutations in the leptin -melanocortin pathway can cause severe hyperphagia and
obesity in humans and in rodent model.

conformations due to ligand binding. That is to say, GPCR activation occurs through allosteric coupling,
the propagation of confor mational changes from the extracellular ligand -binding pocket to the intracellular
G protein-binding interface and ligand binding site changes can allosterically regulate GPCR signaling and
engender functional selectivity (156, 1691728 w ( Ow UUET wEOUI UOEUDYI w &MSHUOUI PO w

induced anorexigenic stimulus through MCA4R is initiated by one of the MC4R active conformations which
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EOOI OUOEUDPOOwWPT PET w QU3 Meahvhile uAgRPBaadIshdwd t dnbildit Texcitation of
hypothalamic neurons in a PTX-sensitive manner, which further demonstrate Ew U7 EQwPUwbhUw & YD wU
instead of other pathways non-related to MC4R(174).
2.1.3 Food intake is specially controlled by MC4R biased signaling, bringing impact to
conventional MC4R drug desgn for hyperphagia and obesity.

Food intake, as another aspect of maintaining human body energy balance, is shown to be controlled by
an integrated system. Adipose tissue, gastrointestinal organs, pancreas and so forth can all participate in
the regulation of this behavior via the secretion of different hormones including leptin, ghrelin, amylin,
somatostatin and so on(175, 17§. In earlier times, food intake was regarded as being controlled by a MC4R
canonical pathway, which is the & Y{BKA pathway . However, more and more studies found it could be
independent from this pathway. Lietal. (9001 OUOE wUT EQwUT | w/ +" wEEUDPYEUOUW&YQWE
paraventricular nucleus(PVN) leads to severe hyperphagic obesity, increased linear growth, and
inactivation of the hypothalamic -pituitary -adrenal axis. However, this knockout does not affect the energy
I Rx1 OEPUUUI wOUwT OUEOUIT wOl UEEOODPUOS w, OUI OYI UOwi YI OwbOwl
still inflict the loss of appetite inhibition, indicating that the appetite inhibitonisr 1 T UOEUl EwWEa w& Y3 ¥
POUUI EEwOl w&YUBw( OUI Ul UUDOT OaOowpi | OWOEEODPOT w&YUOWEOOOE
DPOWEOPOEOQUOWEUDPOEDOT wlI 1 wUTl OEUPOOwWOI w€@gopThesé findingE O wUOw U]
OOTTUTTUwlEY!I wil YPE]I OEl woOi wUT 1 wEEUEDPOYEUEUOGEUWUDPET wi i1
signaling via the MC4R.

Apart from the MC4R, the inward rectifier potassium channel Kir7.1 is also related to appetite control

due to its ability to depolarize/hyperpolarize the paraventricular nucleus of the hypothalamus (PVH) so

that further signals for example satiety/food intake can be projected downward to other neurons (79, 177.

In CNS regions outside of the PVH, depolarization is dependent on potassium channels which are
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preparation s indicated that depolarization of MC4R activated PVH is regulated by Kir7.1 with a G protein

independent manner. In their research, Langroudietal.(177E x x OBl EwUT | w&#/ ¢ 2 wepb Ol PEDPUOU

EOQCEWOUT T Uw&wxUOUI DOwUDT OEODPOT wbOT PEPUOUUWUUET wEUwWT EOCO]

ineffective in blocking the depolarization. This phenomenon indicates that the potassium channels activity

POw/ 5" wOl UUOOUWPUwWOOUwWUI OEUTI EwUOw&wx UOUI-oShlanddgrRPUD OO UG w(

OT 1T awi OU OSH kbt d¢hly incYeased intracellular cAMP levels thr OUT T w&YUwUDBT OEOPOT Ow

decreased K+ efflux through potassium channel Kir7.1 to achieve the depolarization. However, AgRP

DOEUI EUT Uw* Hwi I T OURWEUUWEOTI UwdlOUwlOUPTTT Uw&YUwUDT OEODO]
11/ 20w UPT CEOP @I w BNE QDw @FWOw bT PET wBDUw Ul OEUI Ew UOw * DUA

hyperpolarization. When building the connection between MC4R and Kir7.1, another protein came on the

U E 1 Oarrestingis an adaptor protein downstream of GPCRs which traditionally is thought to play a role

POwe&/ " 1wbOUI UO meBia s GBcOtibdght 'tolbd wbie to mediate G-protein independent

signaling and is a key regulator of ion channels(179). Though there is not repeated evidence supporting

O EQwUT T w 7T1/ wEDOEDOT w EkEeStin © BEen Kir7.1, &d derddndiratdd Back us ghat

MCA4R activation/deactivation does trigger Kir7.1 c losure/opening, and the K+ efflux should be related to

hunger signal releasg(180). Interestingly, a study in 2019 investigated a group of people who hold MC4R

gain of function ( GoF) variants that are associated with their significant lower BMI than normal people.

They found the reason of this variant to protect the m from obesity if the GoF significantly increased the

UbT OEODOIT wEaréstihuedrlithénthBdiPh.C -PKC pathway activation (181). So together with other

found evidence, even though a lot further researchis needed to clearly demonstrate their relations, a

possible conclusion can be inferred that MC4R activation via specific biased agonists can inflict signaling

O O warpestin recruitment which is related to Kir7.1 closure and appetite control, while AgRP binding to

48



MC4R reverses thisprocess OE a ¥ O E a w O O U-arfestin) €yodling)wlgading to Kir7.1 opening and
hunger. The function of MC4R on PV N is summarized in Figure 12.

%OUWEwWwOOOT wUDPOI OwoOPT ECEUWT EYI wEI | OwET YI OOx I-FKMEOEWEIT U
biological assays for MC4R. Many of them were initially designed to selectively activate MC4R and inhibit
appetite. Unfortunately, even though many of the MC4R agonists did show the anticipated appetite control,
they at the same time showed cardiovascular, nausea and sex arousal side effects as mentioneih the above
session. This can be summarized as their multiple(equivalent) ability in activating several G protein
Ol EPEUI EwxEUI PEAUwWUx OOwWE b OE b O3 (caldibvasculaketfadts) Be® &radshE and 1 wE O wOl
EYDPExx1 UDPUI A8 w 2 O @lopadONIQ4RJdgbnistd dfd)Orsideied % be balanced agonists
according to their drug effects shown in vivo. For example, MTII has obvious appetite inhibition (182 while
it also possesses seere increased cardiovascular effects, vomiting and sex arousa(146). Bremelanotide
(PT141) is the deaminded version of MTIl and behaves similarly as MTII, however it was FDA approved
for hypoactive sextual desire disorder (1476 w61 POl wU OO woOi wUOT T w, "K1wET 606PUUUW
ligands, for example:LY2112688 is a MC4R selective agonist and was originally designed for obesity,
showing no efficacy in appetite control while significant cardiovascular responses and erectile activity (149).
THIQ(MKO0493) is also a selective and potent MC4R agonist but showed no efficacyl/little effect in appetite
control/weight loss, while sex arousal was observed(183). MC4-NN -0453 was developed by Novo Nordisk
for obesity treatment, but it has sex arousal disturbance, erections reported with no weight loss efficacy
detected(150. However, among all those potential candidates, one MTII structurally based derivative,
setmelanotide(RM493), stands out for no obvious cardiovascular side effects while maintaining a
promising appetite control during clinical trials (184, 183, making it an excellent treatment for obesity
patients and it was approved by the FDA in 2020. The reason for RM493 appetite inhibition without
EEUEPOYEUEUOEUWUDPET wi il T EQwUl U0UOUUwWIi UOOwbUUwWUI O EUDYI O
20 OOEwWOOUI wul O EUDPY D Ua wE b MSH(T8H).uAE Hantjioried dariegk i® (is settionE w0 O w Y
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previous research has clearly revealed the rela OO wE 1 U b1 iPOOpéth@yandappetite control. So,

PIT T UTTUwWUI U001 OEOOUPET zUwUx]I EPEOQwx1 Ul OUOEOET wbOwUI 1T wEOF
potency remained to be investigated. With the widely used cell systems employed for measuring M C4R

activation, it has been challenging to show the engagement of other G-protein signaling pathway, including

&Y @y huhuw EQEw & YDy O@86 'providénl editdencd UsingEHEE293 cell-based systems that

incorporated reporter gene system, such as cAMP binding response element(CREB) and nuclear factor of

activated T-cells(NFAT) reportors, that MC4R agonists can exhibit a differential preference
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Figure 12. Therapeutic relevance of biased signaling at MC4R. 37 1 w, " K1 wEEOQOwUI E U U-brigstiRadit® codpls ®O w& YD O w ¢
*PDUABHREwW2xT EPEOOCAWEEUDPYEUDOOWOI w& YUWEOEWEOOUUUT woOi w* b dllydctvaedi EE UwU OwE
& Y B wE OE wx OrteditvandEcdsiie of|ir7.1, resulting a negative energy balance without cardiovascular side effects.
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for MC4R signaling through one or the other G -protein coupled pathways. In their study, 3
Ul xUT Ul OUEUDY I uMSH,HKY2R48®aDdsatélandiide were tested and found that the EC50
YEOUI wi OUwUT 1 wé& YMeHIB47 0M; Q0126881444 nduand setmelanotide 3.9+1.7 nM,
DPOEDPEEUDOT wPKAULPHOHN Pdlenti&l YHowever, in the the PLC assay through the NFAT
Ul xOUUOT Uwl 1 O1 A owmSBi480+260n\k; Y211 2688 3801¥0 nM; and setmelanotide 5.98 nM,
UT OpDOT wEOQuwI B PLCGIVatod pogecPof $etmelanotide than the other 2. Meanwhile in this
assay, 100 nM of AgRP could even not antagonize setmelanotide stimulated PLC activation while the
UUDPOUOE UmEH a0EL ¥ 2012688 was succedss UOOa wEOUET OOPal EOWDOEDPEEUDPOT wl

signaling biasonthe PLC-/ * " WEEUEEE] wbi PET wbUwUI QBT EwlOOw& Y@y vhuwUIl EL

2.2 Molecular basis of MC4R biased signaling

2.2.1 Evolutionary understanding of the working mechanism of GPCRs and MC4R

The models for GPCR activation and signaling have been evolved over nearly a century. During early
UDOI OwUI EIl xUOUWEEUDPYEUDOOwWPEUwWI R x OE D O IRAvarks @ua'lockiatlO z U WwE OE |
the ligand as a key to open this lock(1878 w6 DUT w0i | wUOETI UUUEOQEDOT woOi wtke " 1 7 UWE (
ternary complex model was proposed(188). Under this model, there are three principal components to
initiate signaling: ligand, receptor, and transducer(For example G proteins for GPCRs)189). These three
comx OO OUUwbOUI UEEUwUa Ol Ul PUUPEEOOGaow+DT EOEWEDOEDOT WEEOL
UOUEOQUEUET UVUWEOEWUT 1 wOUEOQUEUET UWEDPOGEDPOT wOOwWUT 1T wUl ET x0UOUL
(189, 190. Later, the ternary complex model was extended based onprevious theory, saying that receptor
has 2 equilibrated states: active form and inactive form. In this conventional two state model, the inactive
state is incapable of signaling, while the active state can recruit and functionalize transducers(191). Under
this binary function concept, the receptor is modeled asa swicET Owb P UT wET OOPUUUWUUEEDODE

EOEWEOUE!I OOPUUUWUUVUEEDPODPADOT wUT I w?20i 1 2w UVEUTI dw"' Obi YIi UC
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capability for the receptor to trigger signaling without ligand binding (192194), indicating that receptors
are not necessarily locks wating for keys. In this respect, the cubic ternary complex(CTC) model was
proposed(195. The CTC model represents a membrane system consisting of multiple receptor
types(conformations) that interact with a diverse set of transducer molecules (G -proteins) and ligand
molecules (hormones). In this model, eac receptor form is allowed to bind to only one G -protein and/or
hormone at a time, but different receptors are allowed to compete for G -proteins and ligands. Thus, G-
proteins and ligands are envisioned as forming a common pool accessible to each recepto(195). The CTC
model system has been pretty much like the current accepted GPCR working model in terms of its
potentials in forming different conformations for multiple ligands binding and therefore triggers different
signaling pathways. However, this model is still established without dynamic consideration s that the
different receptor conformations coexist when reaching equilibrium instead of dynamically changing upon

EPDOEDOT wOOWEDI 11 UI OUwOPT ECEUS w( OUUI EEwWOIl wi OEOCEDPOT WwEDOE L

Ou

for GPCRs is that it should act as an allosteric microprocessor with pluri -dimensional efficacy and respond
to different molecules with different transducer coupling efficiencies (171). Gradually, the multi -state model
of receptor activation was widely accepted due to the evidence obtained from many different
pharmacological studies. Different from the previous ternary complex model in which receptor has a single
signaling-competent conformation resulting in activation of all signaling pathway s, the multi-state model
highlights that receptor activation is a highly dynamic process in which multiple active conformations can
be induced by different molecules to mediate different signaling pathways (171, 196. The evolution of the
GPCR working mechanism is illustrated in Figure 13.

Biased signaling, as an important concept in GPCR intracellular signaling, has been identified for many
members of the GPCR family(197). As a member of GPCRs, MC4R is also able to selectively stabilize
particular receptor active conformations and preferentially triggering distinct signaling pathways,

consistent with the multi -state model of receptor activation and biased signaling in other GPCRs(85). The
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biased agonism, that different ligands can induce unique receptor conformations for distinct biological
processes, is supported by numerous structure-function and pharmacological studie s. Basic and
translational studies conducted within the past years have led to an explosion of promising compounds
with putative biased signaling and suggested that the therapeutic potential for biased GPCR ligands is

profound.

ngand
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Figure 13. The level of complexity in different pharmacological models. (a) Classical Model, ligand simply binds to receptor to
activate it. (b) Ternary complex model: The transducer(G-protein) can bind to receptor after ligand binding and stabilize the whole
receptor. (c) Extended ternary complex model: The receptor swings between an equilibrium of inactive(left) and active(right) form,
the ligand and transducer have higher affinity binding with the active form. (d) Cubic ternary complex model: The cell membra ne
has multiple receptor conformations coexisted for binding with different ligands and transduces. (e) Multi -state model: The receptor
conformation can be induced by different ligands and thus be able to further bind with different transduce rs.

2.2.2 The high-resolution structures of MC4R bound with Shu9119 and Setmelanotide
reveal the important toggle switch in the MC4R orthosteric binding site

Despite the increasingly appreciated need to impart receptor bias on newly designed compounds,
rational design of ligands remains difficult. Theoretically, rational design of a ligand to a specific receptor
starts from knowing the conformation and property of the receptor so that the designed molecule can best

fit and interact with the binding site. This will largely increase the success rate to make a potential drug
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candidate especially for the MC4R, as we discussed above, whose conformation is highly dynamic and
closely related to the selection of downstream signaling. In the usual model, ligands binding at the
orthostatic region of a GPCR controls the differential interaction at its intracellular region with different
effectors. Within this paradigm, the structural understanding has generally been limited to efforts at
rationalizing the binding differences between differently biased ligands as well as investigations of protein
structural and dynamics processes which may be involved in receptor trafficking. For melanocortin
receptors, the challenge to find biased ligands is further exacerbated by the absence of corresponding GPCR
structures(198). In this respect, the MC4R structures bound with the several canonical biased/balanced
agonists are greatly needed, as these structures can to some degree give inspirations about how to design
the appropriate ligands to induce an expected receptor conformation so that the desired signaling occurs.
These studies (docking, molecular dynamic simulations and so on) are now commonly used in
computational chemistry or biochemistry of virtual drug design and screening. However, as a membrane
integrated GPCR, MC4R is highly mobile, and its conformation largely depends on the support of the
phospholipids around it, making it hard to be crystallized. The MC4R structure was not determined until
2020. Yu et al. determined the structure of MC4R cocrystalized with the antagonist SHU9119, giving the

EOOI OUOEUDPOOWOI wiOT 1 w?2y: K theurbulliustat® tede, Wiffetkbk digdnd<itbduce and

strengthen different MC4R conformations upon binding, making it more capable in recruiting a specific G

x U O U FaPd3tin/ir7.1. Thus, theoretically speaking, binding with an antagonist w ill induce a MC4R

conformation very much like its resting state because the antagonist binding triggers no observable

biological change to the downstream signaling, indicating no crucial conformational change. To stabilize

the structure, they mutated several key sites of the wild type MC4R, together with truncation of the N

Ul UOPOEOWEOEW" wUI UOPOEOwWUI UPEUI UwEUwPI OOWEUwW/ aUOGEOEEUU
Ul E1T x0OUz UwUOT PUE wbHA) ThEsE mddlifications Stabifiz&dMC4R Without Misturbing the

activity. In this study, they found the importance of the Calcium moiety in helping with ligand binding at
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the MC4R orthostatic binding site, and that the coupling of Kir7.1 is highly dependent on the ligand binding.
Because when they mutated D122 to alanine, the coupling of Kir7.1 to MC4R disappeared whereas D122
has long been demonstrated to be crucial in agonist binding and biological activity (86, 199202). This
finding supported previous studies that the PVH depolariz ation/hyperpolarization mediated by Kir7.1 is

highly related to the activity of the MC4R.

In the year 2021, Israli et al.(203 figured out the structure of a modified MC4R binding with
setmelanotide (RM493) and G protein complex through Cryo E M. In this research, the full structure of an
activated complex was clearly shown and most importantly, the mechanism of MC4R activation was firstly
sUI T OzwYPEwWUT T wEODPT 001 OUWEBOEWEOOXxEUPUOOwWOI wiOil PUWEEUDYE
non-activated conformation. The significance of this study is that it for the first time revealed the identity
of the key sites related to agonism in the MC4R binding pocket and provided solid evidence showing the
many previous findings about how the modificati ons at the D-Phe4 position in all His-D-Phe-Arg-Trp
xT EUOEE Ox | O-MSHuWErvalive£aifietts the MC4R activation (19, 204, 20% w( Uz UWET I QOWwEOwHh OU
finding for many years that SHU9119 surprisingly switched the MC4R agonist to a MC4R antagonist, which
contains D-- E Ol 7z A wU b b Phkel contpareld td MDIlu 8ame as Setmelanotide,MTIl and SHU9119
EUI wEOUT wMSHEG v Wit the same His -(D)Phe-Arg -Trp pharmacophore and similar ring
size. Structure s of these 3 compounds are shown inFigure 14. This brought a lot of inspirations to ligand
development for MC4R. Modifications to adjust the size of the D -Phe side chain was diversly applied and
one most impressive change was the para halogenation with F, Cl, Br, (204). It turned out that the MC4R
activation potency was increased a bit by the addition of F and much more with Cl, then decreased with
the Br and finally total 024 WEE OODPUT I EwbPPUT w( dw( Uz UWEOI EVUWUT EVUWEUWUT T wte
for the receptor activation whereas Br and especially | seem to be too big so that the para lodine gave similar

effect as Dpl NalAEven though in the past decades, MC4R drug development was successfuldue to the
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accumulated experience from lots of ligands and structural activity relationship (SAR) studies, the overall

drug design was empirical and this switch of agonism to antagonism
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Figure 14. Chemical structures of 4 representative MC4R binding ligands. MTIl is a non-selective MC4R balanced agonist with
cardiovascular side effects and sex arousal upon binding to MC4R for appetite control. SHU9119 is a MC3R and MC4R antagonistbut
MC1R and MCS5R agonist, its only difference from MTII is the change of D-Phe to D-- EOl 7 A8 w21 UOI OEOOUPETI wbUWE wx
MCA4R agonist with no cardiovascular side effects while good appetite inhibition upon binding to MC4R. THIQ is a small molecul e
MCA4R selective agonist with obvious sex drive and cardiovascular effects but little on appetite. The H -F-R-W pharmacophore is

labeled in blue.

phenomenon due to D-Phe site modification has been seeking a deep explanation until 2021 The Isaeli
teamwork gave convincing evidence from their cryo -EM generated MC4R structures, showing that this

conversion is due to the D-Phe side chain is inserted into the deep pocket and modulates L133 on TM3 and
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W258 on TM6(Figure 15). Simply speaking, the smaller side chain of D-Phe makes more space for L133 to
stick up, this in turn pushes W258 down and out, making the bottom half TM6 helix sticking out and, in

Ol PUwpPEawi BxOUI UwUOT 1 w&Ywx U Gigurebly This BvarE éxildined Whe previodls Uw UT O b O
observed phenomenon that substituting the residue L133 to methionine led to the complete conversion of
SHU9119 activity from antagonist to agonist of MC4R (200), which is possibly owing to the fact that the
methionine side chain has more freedom to adopt different rotamers accommodating the bulky D -Nal
residue of SHU9119. In summary, both studies provided solid reasoning why His -Phe-Arg-Trp
pharmacophore is necessary in all MSH derivatives to fulfill function. And the MC4R structures give
instructional information of key ami no acids which interactions need to be taken into consideration when
designing ligands for the MC4R. For example, the L133, L258 and those canonical ones which already had
been demonstrated many years ago over many studies, for example D122, D126, E1(485, 199, 200, 202, 206,
207). Similarly, both studies observed an almost identical location of the single calcium moiety around these

3 amino acids, forming a salt bridge to connect these MC4R activity essential amino acids on TM2 and TM3

to the bound ligands.

SHU9119

~IN

Figure 15. Comparison of MC4R crystal structure 6W25 and 7AUE. (A)Superposition of the MC4R active complex (7AUE orange)

with an antagonist bound receptor (6W25, light blue). Setmelanotide(Pink) and SHU9119 (Green)bound at the MC4R canonical pocket

differentially interact with L133 and W258 (yellow on 7AUE and purple on 6W25) composes the switch that controls receptor

conformation. (B)The bulkyD-- EO @l z AwUPET wEl EPOWEO] UwOOUwi EYI WEOEUT whbUT w+ ht + wEVwWUI
straight. When changing to setmelanotide, the naphthyl group is changed to a phenyl group, leaving space for L133 to stick up, whi ch

pushes W258 to bend down and thus force the TM6 to stick outwards. (C)The outward movement of TM6 makes room for

&YU@UIi OpbWadK rinbbrOand dark grey tubes for residues). *Resource is from PDB-6W25 and PDB7AUE, more specific

illustration can be retrieved from Israeli. et al. Science. 2020203
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2.2.3 The MC4R structures bound with several representative ligands reveal the possible
ligand-receptor interactions related to signaling bias.
As discussed above, setmelanotide has been demonstrated as a biased MC4R agonist that mainly turns
OO wUIT IPwEpdt@way. Even though Israeli et al.(203 revealed the key mechanism that controls the
Ox1 OPOT woOi wOI T WEOOOUUI UPEwUDUI wdadOihysetiidnactide On inBuCau ED OE D O
, "K1zUwxUIT1TUI OET wOOUI inO021yBeydenet A0 eSO theDMT4FEStilctUres
bindingwith 21 U001 OEOOUDPEIT p&YZwUDIT OE ObOMsiHbadnted dyanist), Odethad UX WE OE u
with the G protein bound. Most of the interactions of the MC4R binding pocket with setmelanotide and
NDP-Y-, 2" WEUT wYl UawUDPOPOEUOWEIT EEUUI wexiahdshoidiheardicaylne YU wWE O U C
similar in conformation, as explained in earlier sections. There are several differences between the 2
structures: 1. The setmenlanotide D-Phe has a hydrophobic interaction with F261 on TM6, pushing it more
outward compared t o the NDP-Y-MSH complex. 2. In the setmlanotide complex, D122 is fully oriented
towards Ca2+. Secondly, the side chains of Arg(R6) of both ligands showed slightly different orientations
in the 2 structures. Setmelanotide has a special interaction with N123 on MC4R and this structural
difference is accompanied by a slight horizontal TM3 shift in the setmelanotide + MC4R complex, leading to
a ligand-dependent Ca2+ positioning. 3. In contrast to the NDP-Y-MSH complex, D122 is fully oriented
towards Ca2+. 4. The setmelanotide interaction between the first arginine(R1) and D122 reduces the
number of interactions with the cofactor Ca2+ involved in stabilizing the peptide -TM2-TM3 interface with
a four-fold coordination of the ion in contrast to the five -fold coordina ted Ca2+ in the NDP-Y-MSH-bound
receptor. The reduced number of setmelanotide interactions is also related to a double conformation of
E100, in which one conformation participates in a hydrogen bond network with a water molecule and H40
on MC4R. These differences together make the 2 essential amino acids T150 and H158 in the allosteric G

wEDITT Ul O0wPOwWUT T Ul wi wEOGOxOI BT UOw:

f—

xUOUI POWEDPOEDOT wubU
EOUOEwW, "K1wUI EUUDPUDOT wlT 1 w& Y B wx lipéndd taME3RiaBelsHowrbrEF@ e O1 wx E U U
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16.
Another representative MC4R selective ligand is THIQ ( Figure 14) which is a small molecule developed
by Merck. It has highly selective potency on MC4R, which is 1400fold vs MC1R, 12006fold vs MC3R and
360-fold vs MC5R(209). However, previous animal studies reported that THIQ stimulates little effect on
appetite or inflammation but can strongly activate sextual activity (210). This is an indication of its
EEXxEEPOPUA wWOi wEPEUI E wU bdinfidEly) Q021 Gang Bt al2ulge¥oledthe MCARE a 6 w
UUOUUEUUUI wEOUOEwWPDUT w&wx UOUI bOwE ORMSHKNDE 1Y>MSH, Wéldbdiaa UD Y1 wET
II(MTII) and THIQ, which binding patterns are shown in  Figure 16. The other 3 share similar binding
patterns and interactions except THIQ, which is specifically recognized by the MC4R orthosteric binding
site. Compared to the peptidic agonists listed above, the conformational architecture of THIQ reassembled
the HistPhetArg43 U x w x I E U O E E OMSHOHbvavef) inugdhitrast to peptide agonists, only one
carbonyl oxygen atom from THIQ, which is equivalent to that of the Phe A w D Owi OE GMIHOOU U w Y
participated in coordinating Ca2+. Hence, it appears that the function of THI Q is less dependent on the
calcium compared to all the other peptide ligands, which led to a fairly large difference in the binding mode
to MC4R. In addition, THIQ has special interactions with those that go beyond the conserved amino acids
as binding determinants including TM3 residue 1129, extracellular loop (ECL)2 residue S188 and TM6

residue Y268210)6 w31 1 Ul wEDi I 1 Ul OEl UwOEAwWEEEOUOUWI OUuwliT 1 wEDPEUI EL
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Figure 16. Binding modes of 4 representative agonists to MC4R. MC4R is shown in yellow ribbon style, ligands are shown in green
stick style and Calcium is shown in pinkish purple ball style. Key amino acids on MC4R interacting with Ca2+ and ligands are shown
in blue stick style. Water molecules are shown in red ball style. A: Setmelanotide binding with MC4R, PDB: 7PIU. B: NDP-Y-MSH
binding with MC4R, PDB: 7F54. C: Bremelanotide(deaminated MTII) binding with MC4R, PDB: 7F55. D: THIQ binding with MC4R,
PDB: 7F58. Mok specific illustrations can be retrieved from Heyder. et al. Nature. 2021(208) and Zhang et al. Nature. 2021(211)
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Chapter 3. Study of MC4R function and conformation relationships

using Plasmon Waveguidd&kesonance PWR) spectrometry.

In recent decades, many MC4R agonists were designed. However very few of them gave satisfying result
for appetite control. Melanocortin receptors(MCRs) have 5 subtypes and they resemble each other in
structure (212). The earliest developed drugs took the strategy of making mimetics from natural melanocyte
UUPOUOGEUDOT wi OU O O dMSHOMIDaBENT & (i the Yedydsu@cassful MC4R agonists in
the earlier years of different design strategy (213). NDP-Y-MSH(MT]) is the first very successful mimic of
Y-MSH with methionine and phenylalanine substituted by norleucine and D -phenylalanine respectively.
melanotan II(MTII) can be regarded as the second generation with more aggressive modifications of
truncation and lactam cyclization, which kept the phar macophore His-Phe-Arg-Trp and constrained the
ligand global conformation. However, both 2 are not selective for specific MCR subtypes. However, MTII
gives a good model of molecular size and pharmacophore information for later drug design (213). More
and more versatile modifications were introduced to this skeleton and many selective peptide ligands were
developed, which at the same time pushed forward the studies on MCRs structure activity
relationship s(SAR)(19). The accumulated knowledge of MCRs binding site information then facilitate d the
design of all types of ligands on MCRs including small molecules. Even though many MC4R agonists were
made, very few of them showed anticipated inhibition effect for appetite control due to unacceptable side
effects. Some of them triggers sex arousalwhile inhibiting food intake and some of them cause sever
cardiovascular responseq8, 164, 213 However, one MC4R selective agonistsetmelanotide (RM493), which
was FDA approved in 2021 for obesity treatment, can inhibit food intake without obvious side effects (215,

216). This leads to the problem of the signaling pathway selection and induced the concept of biased

Ubl OEODOT wbi PET wbPEI OQawi RPUUUwPOwWE/ "1UNhI dw, "KLOWEUWEOE

proteins when activ ated by different agonists. Studies during the recent decade has drawn insights on how
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kind of conformations will be induced after binding with different ligands.

Plasmon Waveguide Resonance(PWR) spectroscopy is a powerful tool to analyze structural changes of
the molecules being tested217). The full explanation of the working mechanism of this technique is
presented by Alves et al.(218) Simply speaking, the PWR instrument involves the optical excitation by
plasmons in a thin metal film (usually silver), overcoated by a thicker dielectric film (usually silica), and
deposited onto the surface of a right-angle prism. Plasmons are oscillations of the conduction electrons in
the metal film, and their excitation is a resonance process occurring at the expense of the exciting light
energy. The resonance will generate an evanescent electromagnetic field localized at the interface between
the silica layer and the aqueous medium, decreasing the intensity of the reflected light (219). Samples to be
analyzed are immobilized at that surface, interact with the evanescent field, and change the characteristics
of the resonance. Thus, the incident angle where the resonance happens is directly related to the
conformation of the sample immobi lized (220). Any conformational change of the sample can bring an
incident angle change because the resonance property is changedSo, in this chapter, | will describe the
study | did on several canonical MC4R agonists and antagonists and their induction to MC4R
conformations. Together with the most recently observed crystal structures of MC4R bound with these
ligands, we establish the possibility to apply this PWR technique in early -stage drug screening. Because
GPCR biased signaling is directly related to the conformation when activated, if wanted MC4R
conformation is induced, the anticipated drug effects will be more likely to show up. Thus, the PWR
technology may help select the possibde drug candidates.

For more information, th is part is also available as a draft for publication attached in Appendix III:

Published and unpublished papers related to the topics included in the thesis .
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3.1 Material and methods of PWR spectra study ofdifferent representative

ligands bound with MC4R

3.1.1 Solid phasepeptide synthesis EPPS)of peptide drugs binding with MC4R

Except for THIQ (221) and MBP10(222) which were previously synthesized products in the Victor Hruby
lab, all of the other peptide ligands used in this research were newly synthesized using SPPS. Fmoc
chemistry with an appropriate orthogonal protectio n strategy was applied. Fmoc removal was completed
under 20% piperidine in DMF in 15mins. Coupling starts with Rink amide resin (loading: 0.39mmol/g) and
standard in situ activating reagents used in Fmoc SPPS. Fmoc protected amino acids (3 equivalence)
together with HCTU (3 equivalents) in the presence of a tertiary baseDIPEA (3 equivalence, 2M) was
dissolved in NMP as coupling cocktail. Coupling was done for 1 hour shaking. Cyclization was achieved
using 2 strategies: For Setmelanotide, which hasa disulfide linkage between 2 Cys residues, the cyclization
was performed on the resin with 2% TFA in DCM (5 times, 1 min per time shaking) to remove the Mmt
protecting groups on both Cys, and then 15 mins shaking with 2 equivalencesof N -chlorosuccinimide (NCS)
in DMF for disulfide bond formation. Other peptides including MTIIl, PG931 a nd SHU9119 used lactam
connection between Lys and Asp. The cyclization of these peptides were performed on the solid support
after removing the allyl and Alloc protecting groups under neutral conditions with catalytic amounts of
Pd(PPh3)4(26.6 equivalence)n the presence of PhSiH3 and argon, ensuring an orthogonal deprotection of
the side chain protecting groups used during the synthesis. N -Terminal acetylation was done with acetic
anhydride and DIPEA in 20mins, repeated twice. Cleavage of the peptide from the resin was finished in 3
hours with TFA cocktail (95:2.5:2.5TFA: TIS:H20 v/v). The crude peptide obtained following cleavage from
the resin showed a single major peak and purification was accomplished by semi-preparative C18 RP-
HPLC (column: Vydac 218TP 152022, 250/22 mm, #3 Y ws OOwt YYwWw@AS w3 T 1 wxT aUPEOET 1 O

purity of the final peptides were assessed by ESFMS, analytical C18 RRHPLC (column:YMC -Pack ODS
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AM 150 46 mm, St w5 OOwhl Yw @A w2aUUl OwhowUOOYIT OU.a8% OBEAYID huli w3 % 1
acetonitrile. System 2: solvent A, 1% formic acid in water; solvent B, 1% formic acid in methanol) and

EQUI OUUwYdhiw3% wpYyYASGwW3T I wOENOUwWxT EQOwOi wEOOWEOOxOUODE

area monitored by a UV detector at 254nM. Purified peptide drugs were putin -203 storage until use.

3.1.2 Cell membraneextraction and deposition of membrane fragments onto PWR

The HEK293 cells expressing hMC4R was obtained from the Hruby lab at the University of Arizona. The
stably transfected cells can be selected by the addition of antibiotic G418(disulphate salt, Sigma) into the
culturing media containing 88% MEM basic media(Gibco), 10% FBS(Gibco), 1% Pen Strep(Gibco) and 1%
sodium pyruvate(Gibco). The stably transfected cells were grown to 95% confluency in five 150 mm
diameter plates and harvested in 50 mM Tris/HCI with 200mM KCI buffer, pH 7.5 containing protease
inhibitor(Sigma). The cell suspension was homogenized with a Teflon homogenizer and centrifuged at
31,2009 for 20 min The membrane pellet was washed in 50 mM Tris-Cl buffer, and then resuspended in
cold 50 mM Tris-Cl, 200 mM KCI, buffer with protease inhibitor. The cell membrane containing hMC4R

was stored under -803 until use.

The peptide drugs were dissolved in PBS €ontaining 100 mM KCl and 5 mM CacCl2) to a concentration
of 10+ w, B wKY 45 +wOi WEWUUOBEOwWOI OEUEODI
at room temperature for 10 mins. The incubated membrane solution was then placed on the silica surface
of the PWR sensor and allowed to settle for 30 minsat room temperature. After this the sensor was mounted

into the sample compartment of the spectrometer (Mainline Scientific, Inc.), and was washed with the plain

PBS buffer to remove excess membranes and calcium ions.

3.1.3 Brief introduction of PWR spectrometry
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The details of both the principles and procedures for PWR measurement and data analysis have been
described elsewherg2188 w! UDi i OaOwx OO0EUPAT EwOPT T Dwoprwid wt + | WwOOAwI
surface of a thin silver film (~50 nm) overcoated with a layer of silica (~500 nm) and deposited on the surface
of prism excites plasmon and waveguide modes. This generates an evanescent electromagnetic field on the
silica surface. Molecules immobilized on this surface interact with this field and influence the resonance
excitation process, thereby generating changes in a plot of the reflected light intensity as a function of
incident angle, which constitutes a PWR spectrum. The resonator surface is in contact with an aqueous
buffer into which molecules that interact with the immobilized material can be introduced, causing further
changes in the PWR spectrum. The resonance shifts are proportional to mass density, and thus by plotting
spectral shifts as a function of added material, a binding constant can be determined. It should be noted
that the amount of ligand bound is small compared to the concentration of added ligand due to the
approximately 1000-fold difference in the sample cell volume (~0.5 mL) and the volume of the deposited

membrane fragments. The PWR working mechanism is illustrated in Appendix Il S 1.47.

3.2 Results and discussion for PWR spectra study of different representative

ligands bound with MC4R

3.2.1 PWR spectra of hMC4R induced by different antagonists reveal the commonalitgs
0rest statebd

%OUWE wOOOT wlUbOI OwlT 1 wUOOETI UUUEGEDOT woOil w&/ " 1WEEUDYEUDOOU
that the receptor commonly stays under inactive state and the ligand works as key to bind and activate it.

However, this binary model cannot explain the n atural phenomenon that GPCRs can be tuned in different

PEAUOWOOUWOOOa wOPOPUl EwUOOws OOwOUwWOIi 1 28 wwudOUwl REOXx Ol w, " K
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endogenous melanocortin stimulate hormons(MSHs) and meanwhile be inversely activated/antagonize d

A B
C D

E F ’
G H

Figure 17. 3D structure of 8 MC4R ligands. A: MBP10 B:MTII C: Setmelanotide(RM493) D: PG931 E: SHU9119 F: SHU9005 G: NBP
Y-MSH H: THIQ
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by endogenous agouti related peptide (AgRP). With research findings coming out in recent decades, it is

known that for MC4R, the activated state can also be in multiple situations which leads to different
EOPOUUUI EOwUDT OEOPOT 6 w3i 1T wxT 1 0001 OOOwOi w&&/ "1z UwWEPEUI Ew
their function and conformations induced by the bound ligand s. In this regard, antagonists should be

ligands that bind with receptors but do not induce necessary conformational change for G protein binding.

So here we selected 3 typical MC4R antagonists SHU9119(AdNle-c[Asp-His-# - E O-dilg 7T -Lys-NH2),
SHU9005(Ac-Ser-Tyr-SerNle-Glu-His-DPhe(41)-Arg -Trp-Gly-Lys-Pro-Val-NH2)  and MBP10(c[CO-
(CH2)2-CO-D-Nal(2")-Arg -Trp-Lys]-NH2). The reason to choose these 3 MC4R antagonists is that they have

an increasing size and totally different in structures, so that it can be detected by PWR whether the ligands

themselves bring significant interference to the spectrum measurement. Structures after low energy

conformational search are shown in Figure 17.

Under P polarization, MC4R sole showed an absorption peak at 26.44 degree and SHU9005 bound
MC4R shifted right to 26.51, making a 0.07-degree difference. The MBP10 bound MC4R shifted left with
0.04 degree to 26.40 and SHU9119 bound shifted more left with 011 to 26.33, compared to MC4R sole
(Figure 18 A). Under S polarization, SHU9119 induced has exactly same absorption at 33.21 degree while
the SHU9005 induced and MBP10 induced shifted left specifically for 0.12 and 0.22 degrees to 33.09 and
32.99 degrees. According to previous research by I. Alveg220, 223225and Z. Salamon(217, 229, it was
concluded that increase in angular shift indicates the increase of the thickness of the bulk attached to the
sensor in that direction, while the depth of the peak also has to do with the mass density of the sample in
that direction. Even though it was not specifically concluded how their measurement is quantitatively
correspondent to that, we can still figure out from the previous experience that the binding of 3 antagonists
prism surface). And neither do the antagonists themselves add interference to the spectrum location,

meaning that compared to the whole MC4R+ligand complex, the conformation of the single ligand is not
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affecting the measurement. And the very similar peak patterns (depth and width) indicate that they induce

similar optical evanescent property which reflects a commonality in molecular arrangements or mass

density along the MC4R long axis. This phenomenon can correspond to the recent MC4R crystal structure

studies(21, 203 well. The antagonism of MC4R is due to the bulky moiety(D -Nal(l z AwOOw2"' 4 NwhuNAwb U
enough in the binding pocket and thus take in place of the space for L133 to stick up, thus keeps the W258

to stick down so that TM6 of MC4R cannot be opened for G protein binding. Here even though 3

antagonists vary a lot in molecular weight, they share similar pharmacophore D-Phe-Arg-Trp(D -Phe part
substitutedtoD-- EOml z Awi OUw, ! / hyRhe(EIXd S8HUCDY). Tie NidikarPWR spectra under

P polarization indicate bulky D -Phe like amino acids work in a similar way as SHU9119 in the vertical

direction. While in the short axis direction (2 w x OOEUPAEUDPOOAOW PUwW UI 1 OUw 2' 4Nh
conformational change horizontally ( no angular shift compared to MC4R sole), but both MBP10 and

SHU9005 decrease the width of thereceptor (left shifted incident angle). However, the SHU9119 induced

model has an obvious deeper absorption and sharper peak while MBP10 and SHU9005 are similarly

shallower and wider as MC4R sole, which may indicate different molecular arrangement occurred

horizontal ly.

This phenomenon provides evidence of antagonizing mechanism in MC4R. After different antagonists
binding with MC4R, the global structures of the MC4R+antagonists complexes do not show big difference
as anticipated. Instead, even though the bound 3 antagonists are with totally different structures and
molecular weights, the 3 overall conformations are similar with no big change compared to MC4R sole,
confirming that antagonists work through occupying the binding poc ket but not significantly changing the

receptor conformation so that G protein recruiting manner will not be significantly changed.
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Figure 18. PWR spectra of MC4R and 3 antagonists treated MC4R. The Y axis is the reflectance and X axis is the incident angle (unit:
degree). Color codes: BlueMC4R(sole), Grey-MBP10+MC4R, RedSHU9005+MC4R, YellowShu9119+MC4R A. Spectra taken under
P polarization which indicates conformational change perpendicular to prism surface. B. Spectra taken under S polarization which

indicates conformational change parallel to prism surface.
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3.2.2PWR spectra of different agonists induced MC4R help extend the understanding of

active conformations

Biased signaling doesexist widely in GPCRs, which is to say a single GPCR can have multiple potential to

EOUxOIl whpbUT weDi i1 UI OUw&wxUOUI POwWUUEUaxI Uwbki 1 OwbOEUEI Eu
&YPrYWEOE wWUOwWO O S utlle®@4RI hasibeei aAJhdtihErhpEuidtdgét Owits role of controlling

different physiological functions including food intake, sex drive, energy homeostasis and so on. In the

l EUGawal EUUWOT w, "K1WEUUT wET YI 00x 01 OUO0OwWD U weAMB-RKAOOO OO0 A
pathway is the dominati ng signaling controlling appetite and most of the peptide/non -peptide ligands

Pil Ul wEl UDT Ol EWEOQOEwWUIT U001 Ewi OUwUT 1 weEOOUUOOwW O MmMSH DU w EE O
controls this pathway. However, in the recent 2 decades, more and more researchhas revealed that MC4R

signaling can be biased and the multiple biological functions are controlled separately(8, 86, 90. In a simple

conclusion, so far it is more accepted that the food intakeadd DY DU a wDUWE OOUUOOO0I EwWEa w& YD ¥ h

for appetite control have obvious side effects. Most of the MC4R agonists work as balanced agonists, wtich

(@]

E

T

WEEUDYEUI wOUOUDx Ol wUDT OEODPOT wxEUT pEa UwmkApativayl wUE O w

OOUUOOUWEEUEDOYEUEUOEUWEEUDPYPUaAOWUI BWEUOUUEOWEOE wWI O U

T

behavior(86). As the first generation of natural melanotropin mimics, NDP -Y-MSH(Ac-Ser-Tyr-SerNle-
Nle and D-Phe specifically, without changing the overall ligand conformation much but largely increased
durability. The MTI(Ac -Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2) is the second generation with
truncations exerted on NDP-Y-MSH and cyclization of the molecule to restrict the global conformation so
that the potency is largely increased compared to liner NDP -Y-MSH. However, even though these 2 are
largely different in molecular weight and shape (Figure 17), these2 compounds share similar biological

effects in clinical trial when working as MC4R agonists, including sex arousal, blood pressure increase and
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appetite inhibition as well. Thi s indicates their similar function as balanced MC4R agonists. In Figure 19, it
is clearly shown that NDP -Y-MSH and MTIl induced very similar conformation in MC4R long axis
direction (under P polarization) with right shifting the peak 0.16 degrees for both with a very similar peak
depth. Similarly, under S polarization (short axis direction of MC4R), both NDP -Y-MSH and MTII treated
MCA4R give similar peak depth (much deeper than MC4R sole). Under this polarization, NDP -Y-MSH right
shifted 0.05 degrees and MTI left shifted 0.2 degrees compared to MC4R sole at 33.21 degrees. This
indicates that NDP -Y-MSH binding does not obviously change the width of MC4R and MTII decreased the
MC4R width in the horizontal direction a little bit. However, both agonists show ver y similar peak
pattern(depth), indicating a very similar inner texture/organization within the receptor. This can indicate
the almost equal ability of these 2 balanced agonists in inducing a mild and similar MC4R conf ormation so
Ul EUWEOUT wé& Y U w EGBupied Wighmbubias Bril thus correspond with the fact that these 2

agonists have similar drug effects because conformation basis decide the G protein coupling specificity.

Besides some balanced agonists, some MC4R agonists show much higher tendency in signaling bias, for
example Setmelanotide/RM493 (Ac-Arg -c[Cys-Ala-His-DPhe-Arg-Trp-Cys]-NH2) and THIQ (N -[(1R)-1-
[(4 Chlorophenyl) methyl] -2-[4-cyclohexyl-4-(1H-1,2,4trazol-1-ylmethyl) -1-piperidinyl] -2-oxoethyl] -
1,2,3,4tetrahydro -3-isoquinolinecarboxamide). These 2 are currently most representative biased MC4R
ET OOPUUUWOI WEPEUI Ew& Y@y hhwxEUT PEawxUl 11 Ul OEI(RMAGBE w& YU wx L
was US FDA approved in 2021 for its excellent appetite inhibition with non -observable cardiovascular side
1T T TEUOUWEUT wl O wb U-BugPKG pathway (£88,1158 £2 Theelt@oudh blight skin darkening
OEAawWOEEVUUWEOEW&YUwxXxEUT PEa wEEOw UU D Gignifichnt sex dadusabmlO Oa w E E U

simultaneously happen wh en applying the drug (227). However, THIQ works in opposite to specifically

[an)

E E UD Y E-BHAwp&NhWaYs for its strong and obvious activation of sextual activity but little effect on
appetite or inflammation (210). So,the PWR spectra was also measured for these 2 biased MC4R agonists

to see if the MC4R conformations have significant difference than those induced by balanced ligands
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(Figure 20). We see that, compared with MC4R sole, RM493 left shifted the peak 0.25 degrees to 26.19 under
P polarization and left shift the peak 0.22 degrees to 32,99 under S polarization, indicates a decrease in size
of MC4R on both perpendicular and horizontal di rections. For THIQ, the peak under P polarization
significantly shift right of 1.37 degrees to 27.81 but no peak location changesunder S polarization (largely
lengthened MC4R conformation in long axis/perpendicularly but no change horizontally). Interest ingly,
1, KNt wOUIT EUOI OUWEPEOz UwI PYIT wEwWI UT T weOT UOEUWEDI 11 Ul OET wC
different in peak depth compared to that treated by NDP -Y-MSH and MTII, indicating a not huge overall
conformational difference. This is corre sponding to the work done by Israeli et. al(203) in co-crystalizing
, "K1lwhbbUOT wl, KNt uEQEwW&YU&P mwWEOOXxO1 ROwb| PElhei® YV B OUWE U &P duk
Combined with other research about RM493 and the PWR spectra here, it indicates that the conformation
Setmelanotide tends to induce is slightly different than that induced by balanced agonists, giving it
xOUl OUPEOwWUOWOEOT w& Y@y hhuwUl EUUDPUOTI OUwxUIT 11T Ul OEIl 6w’ ObI
difference along the MC4R long axis after binding. This observation is in correspondence with the work
done by H. Zhang et al.(211). They cocrystalized MC4R with NDP -Y-MSH, MTII, RM493 and THIQ and
found only THIQ is specifically recognized by MC4R, which relies very little on the Ca2+ and different
interactions in the pocket. Al so, the peak pattern for THIQ bound MC4R is also different from the above 3
xI xUPDEIl wEl OOPUUUWUOET UWEOUT w/ wEOCEwW2wx OOEUDAEUDPOOOwWPI DE
arrangements induced by THIQ.
NDP-Y-MSH and MTII are not MC4R selective agonists (activate all MC1,3,4,5R subtypes). Interestingly,
as another MC4R selective peptide agonis{228), PG931(AcNle-c[Asp-Pro-D-phe-Arg-Trp-Lys]-Pro-Val-

NH2) showed some characteristics in common with PWR spectrum as the MC4R selective peptide RM493

and small molecule agonist THIQ. In Figure 20, it is clearly shown that both PG931 and THIQ treated MC4R

72



ER

3z

2.7

1.7

1.2

o
2z 22.5 23 3.5 24 24.5 5 255 26 26.5 27 375 78 2B5 20 29.5 an 0.5 31 3aLs iz 32.5 aa

MHLOP-PEH

3.7

=N}

332

ER-]

2.8

29 295 =1 =Lk 31 315 = 325 33 335 2 345 L 355 2B 365 =T

— AR

AT MNOP-rASH

Figure 19. PWR spectra of MC4R and MCA4R treated with 2 balanced agonists. The Y axis is the reflectance and X axis is the incident
angle (unit: degree). Color codes: BlueMC4R(sole), RedMTII+MC4R, Grey-NDP-Y-MSH +MC4R A. Spectra taken under P
polarization which in dicates conformational change perpendicular to prism surface. B. Spectra taken under S polarization which

indicates conformational change parallel to prism surface.
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Figure 20. PWR spectra of MC4R and MC4R treated with different agonists. The Y axis is the reflectance and X axis is the incident
angle (unit: degree). Color codes: BlueMC4R(sole), RedMTII+MC4R, Grey-NDP-Y-MSH +MC4R, Yellow-Setmelanotide
(RM493)+MC4R, Purple THIQ +MC4R, GreenPG931+MC4R A. Spectra taken under P polarization which indicates conformational

change perpendicular to prism surface. B. Spectra taken under S polarization which indicates conformational change parallel to prism

surface.
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have similar peak pattern under both P and S polarized laser light, which are much shallower than the
other 3 agonists treated and even shallower than the MC4R sole. Under P polarization, PG931 has a peak
location similar to RM493 at 26.16, 0.03 degrees left tdRM493, and 0.28 degrees left to the MC4R sole,
indicating a very similar length along the long axis as that treated by RM493. However, the inner molecular
arrangement may be largely different because the peak depth is greatly different. Under S polarization,
PG9331 treated MC4R shifted right with 2.00 degrees right to MC4R sole, and a shallow peak pattern,
indicating a horizontally widened MC4R conformation and perhaps less dense inner molecular
arrangement. Together with the spectra under P and S polarization, PG931 may apply a special binding

mechanism to MC4R and should induce a special MC4R conformation.

3.3 Material and methods for preparation of the MC4R model andmolecular

dynamics (MD) simulation
3.3.1Preparation of protein and ligand for docking

The hMC4R structure PDB: 7AUE was obtained from Israeli et al. 7TAUE was imported to
Maestro(Schrodinger Maestro, Release 20241; Schrodinger: New York, NY, 2021.) and prepared using
Schrodinger's Protein Preparation Wizard (229). The G protein complex was removed and only MC4R was
kept. Then the protein was subjected to energy minimization using Schrodinger implementation of OPLS3
force field. Peptide structures were built into extended structures with standard bond lengths and a ngles,
and they were minimized using the OPLS3 force field and the Polakt Ribier conjugate gradient (PRCG).
Optimizations were converged to a gradient rmsd of less than 0.05 kJ/A mol or continued until a limit of
50 000 iterations was reached. Aqueous soluion conditions were simulated using the continuum dielectric
water solvent model (GB/SA). Extended cutoff distances were defined at 8 A for van der Waals, 20 A for
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electrostatics, and 4 A for H-bonds. Conformational profiles of the cyclic peptides were inv estigated by the
hybrid Monte Carlo/low frequency mode (MCMM/LMCS) procedure as implemented in MacroModel
using the energy minimization parameters as described above. MCMM torsional variations and low mode
parameters were set up automatically within Maestr o graphical user interface. A total of 20000 search steps
were performed, and the conformations with energy difference of 50 kJ/mol from the global minimum were
saved. Interatomic dihedral angles were measured for each peptide analogue using the Maestro graphical

user interface.

3.3.2 Moleculardocking of PG931 into 7AUE

Before docking happens, MC4R ligand binding site was defined using Schrddinger SiteMap 4.121.
Binding sites with at least 15 site points were generated using the fine grid option. Next step was grid
generation: A grid box with a specific dimension was generated to limit the area of ligand docking
calculation. A grid box size of 15 x 15 x 15 A was centered according to the sitemap plots of the binding site.
The receptor grid was defined as an enclosed box at the centroid of the ligand. Finally, docking was done
with Schrédinger Glide. A flexible docking calculation with standard precision (SP) Glide algorithm was

performed and after the post docking minimization, we kept the pose with the be st docking score.

3.3.3 MDsimulation of PG9317AUE complex in a lipid membrane system

The initial configuration of the structure used in the study was prepared using Packmol. MC4R (modified
7AUE) docked with PG931 was placed into 2 boxes of Epalmitoyl2 -oleoylphosphatidylcholine (POPC)
layer which has the aliphatic parts inwards to make the biomembrane bilayer according to the orientation
in the OPM database. 2 water boxes were placed above and below the lipid bilayer to complete the structure.
The initial structure prepared above was generated using NAMD version 2.923 using CHARMM36 force

field parameters. Parameters for ligands were obtained from the chemistry at Harvard macromolecular
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mechanics (CHARMM) General Force Field (version 2b8)(230) and optimized according to the CHARMM

force field (231) parametrization procedure to better reproduce the properties of ligands at a high level of

ab initio calculation. The models were minimized for 30000 steps. The simulation cell size of the original

box was maintained, with periodic boundaries. The particle mesh Ewald (PME) method (232 was used to

calculate long-range electrostatic interactions, and the van der Waals interactions were cut off at 12 A. The

PME grid Ux EEPOT wPEUwWhEYwW@OwWEOEwWUT 1 wUOOI UEOCET whPEUwWhYNt dw3l
Ol 01 U1 wpPUT WEwWUOO!I UEDGET woOil whdYNWw@d w3 T 1T wOOET OUwkIT Ul wli T E
PEUwWUT | OQwl gUPOPEUVUEUI Ewli OUw k wendlg,uwihCaul &n@evirbdis@hP? Useddde OND U OE E
maintain a constant pressure at 1 atm, and a Langevin temperature control maintaining a constant

Ol Ox1T UEOUUT woOi wt YYw*! Wéw, #wx UOEUVUEUPOOWUUOU WO wk wOUwPIT UI
The simulation systems compromised a box of 150Ax150Ax164A. The computations were carried out on

the University of Arizona high -performance computing facility utilizing GPU -equipped nodes.

3.4 Results and discussion for PG93W1C4R binding posture through MD

simulation

PG931 is so far not clinicaly trialed. Also, the PWR spectra under both P and S polarized laser lights
indicate a possible special binding mode of PG931 to MC4R. To investigate the possible activation
mechanism for PG931, moleculardynamic (MD) simulation was applied. The recently discovered MC4R
activated structure PDB:7AUE(G protein removed, ligand removed) was packed into POPC lipid layer with
water molecules filled both at extracellular and intercellular side to mimic the real membrane condi tions.
The whole system was processed for production for 10 ns after reaching equilibration. When production

finishes, water and bilayer molecules are removed for a better view of receptor ligand binding, shown in
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Figure 21 and Figure 22. The His-(D)Phe-Arg-Trp based ligands all took a posture of having the Phe and
Trp sticking down the binding pocket while D-Phe keeps a safe distance to the key amino acid L133 on
TM3, so that it can still have no clash to stick up and thus makesthe W258 be pushed down and TM6 out
stretched (Figure 21). This is the common activation mechanism concluded from the recent crystal structure
studies of MC4R bound with different agonists and antagonists (208, 21). For this reason, the substitution
ofof D-PI | KwOOw, " K1wET OOPUUUWUOWEOPOOWEEPEUWPHUT WETHOOa wUDEI
and so on will change the agonism to antagonism because of the clash that pushes down L133 and thus lifs
W258, making TM6 bend inward and the G protein binding site closed(illustrated in Figure 21 A and B). It
is clear that the D-Phe in RM493 inthe 7AUE model (activated MC4R) has almost the same position as the
SHU9119 in 6W25 model(inactivated MC4R)(203). An optimal distance of 3.63 anstroms is achieved after
D(2)Nal group pushing down the L133, while in the activated MCA4R, the lifted L133 has a 4.12 anstrom
distance to the D-Phe from RM493, meaning that the existence of thenaphthyl group has to push down the

L133 so that there is not a significant steric hinderance.

The interesting thing is, even though PG931 does tave the essential (D)PheArg -Trp pharmacophore in
its sequence, the His next to (D)Phe is changed to Pro, which is a very rigid anda strong turn maker. This
substitution makes the overall structure change a lot from that Pro takes the place of (D)Phe and together
with Trp, sticking into the binding pocket (Figure 21D). However, the Pro does not form a steric clash and
instead keeps the L133 lifted with a 4.66 anstrom distance. This makes the wobble switch able be
OEPOUEDOI EwOOwUT 1 ute MO4Rwadiive EThi$ aptindl Bposi@ohihg>might come from the
appropriate arrangement of the sequence so that other residues can form important interactions to the
binding pocket which meanwhile hold ing the whole ligand at the optimal position. For example , in Figure
21itis clearly show that PG931 has hydrogenbonding swith the highly conserved amino acids Asp122 and
Aspl126, which were crucial to MC4R activation. The previous structure activity relationships (SAR)

research had shown that mutations of any of these sites would directly inflict the decrease of ligands
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binding affinity or loss of activation for MC4R (199, 200, 20). Apart from interactions with these canonical
activation sites, PG931 also has a strong H bonding with Asp189, which was previously reported by M.
Ericson et al.(233) that has an important role in the inverse agonism of AGRP and AgRP related peptides.
However, Asp189 mutations do not affect antagonism of SHU9119 and other similar antagonists.
Meanwhile, PG931 also interacts with GIn43, and the D-Phe forms pi-pi interaction with the Phe284
residing in the middle of the binding pocket. Phe284 has been previously reported to play an sign ificant
role in ligand binding affinity forL -/ T 1 wEE U1l E w, " KMSHE220. @ Eatabdiiop Y1 folds decrease
B O4M$H binding affinity when the Phe284 on TM7 was mutated to Ala but almost no effect on NDP -Y-
MSH. Because theconversion | UOOw+ wOOw# wET EOT 1 EwUT T w/ T 1 zU0wOUDPI OUEUDC
pocket which is pretty much like what t he Pro has donehere, it is understandable that the D-Phe here in
PG931 can form strong pipi interaction with Phe284. Together with the interactions of A sp189, Asp122 and
Aspl26, it is understandable that PG931 can be a MC4R agonist even without haing the canonical HFWR
pharmacophore sequence. Beside these, the calcium moiety still stays at the conserved charge rich area of
Aspl22, Aspl26 and Glul00. However, the calcium does not form essential interactions with PG931 or
perform as a bridge between MC4R and PG931, which is very similar to the reported binding mechanism

of THIQ (211). This might be a reason accounting for the PWR spectra similarities (peak shape and depth)

with THIQ because this might have inflicted some similarities in amino acids arrangement s within the

inner part of the receptor.
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Figure 21 Structural insights into wobble switch area of MC4R with different ligands. A: The position of the RM493(grey stick
style, upper of image) and the MC4R (pink ribbon style) activation switch L133 and W258. B: The position of the SHU9119(green stick
style, upper of image) and the MC4R (purple ribbon style) activation switch L133 and W258. C: The position of the PG931(green stick
style, upper of image) and the MC4R (orange ribbon style) activation switch L133 and W258. D: The interception view of PG931
residing in MC4R binding pocket. Receptor is shown in grey surface style and PG931 in blue tube style.
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Figure 22. Structural insights into PG931 interacting with MC4R.  A: The overall position of PG931 residing in the MC4R binding
pocket, calcium is shown in grey ball style. B: The close look at the interactions of PG931 with MC4R. Hydrogen bonding is shown in
black dashed line and pi-pi stacking is shown in light -blue dashed line. More views can be found in Appendix Il, SI.15 .
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Chapter 4. Design of novel human MC4R selective ligands and its

molecular basis of binding and activation mechanism.

In the past decades, the development of melanotropins are somewhatempirical, starting from the mimics
of the natural agonist MSHs to many more derivatives with versatile modification strategies (20).
Nowadays, as the knowledge of MCRs (especially MC4R, which crystal structures were resolved in 2020
and 2021)accumulated, design can be more rational based on their conformational information. Specific
GPCR conformations are strengthened upon binding with ligand and thus promotes the affinity of binding
with the specific G protein. The bound G protein in turn further stabilizes the strengthened GPCR, forming
EwWUUEEDPODPA&I EwUI UOEUAWEOOxOI RwWEIT | OUl52 &R/ 284, R3&Sinkil®,]1 1 Uwl E x
conformational difference due to bound melanotropins helps to establish understanding of the activating

mechanism and the selection of downstream biological functions.

In this chapter, we designed and synthesized novel selective MC4Ragonists based onthe MTII template.
We introduced beta-amino acids, para site halogenation on D-Phe and the substitution of Nle to Arg.
Analogue 9, among all the other derivatives, showed the best selectivity for hMC4R and excellent potency
as well. To study the MC4R conformations it may induce, we used Plasmon Waveguide Resonance PWR)
spectroscopyO WE OE wUOT 1 U1 1 UwbbPUT wOUT T UwUT YI UEOQOWEOEUUPEEOQWODT E(
&YQPBWEDEUI E wcomgatedtieddiormatianal property it induced. It turned out that analogue 9
induced similar hMC4R conformation to that treated by THIQ. All -atom Classical Molecular Dynamics
(MD) simulation was then applied to analyze the interaction of analogue 9 to hM C4R, showing its similar
binding mechanism as THIQ, indicating a potential to be a good selective MC4R peptide agonist in treating
sex drive disorders. NMR study found that the turn structure within the H-F-W-R pharmacophore area is
not necessarily linked to ligands binding and activating potential to MC4R, giving more freedom in future

drug design for MC4R ligands.
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For more information, this part is also available in the draft for publication attached in Appendix IlI:

Drafts for publication .

4.1 Material and Methods

4.1.1Design of peptide ligands

The design of hMC4R selective peptides started from the selection of an appropriate template which
has an ideal size for the receptor binding pocket. All MCR subtypes share high similarities in their
conformation and thus the unique property of the hMC4R needs to be put into consideration. In the past
decades, a lot of structure activity relationship (SAR) studies were done to reveal the secret behind
melanocortin receptors and their natural and human made ligands. Truncation studies and alanine scan
research showed that Ac-Phe-Arg-Trp-OH is the minimal function retaining structure for MCR ligands,
while change of Phe to D-Phe will make the peptide strongly resist enzymatic degradation (236). Addition
of His before Phe will increase potency over 100 folds and using constrained amino acids, for example Pro,
Tic, Pip and so forth will largely restrict the flexibility of the whole backbone conformation. (19) In 2020,the
structure of MC4R co-crystalized with its antagonist SHU9119 was observed(21) and in 2021, 3 more teams
observed the structures via Cryo-EM of MC4R-& Y wx UOU]I DPOWEOOx O1 BT UWEOUOEwWPDHUT wl
MC4R agonists including Setmelanotide (203, 208, NDP-Y-MSH (208),(211), MTIl and THIQ (211). These
studies together revealed how some of the amino acids are importantly interacting with these model
ligands and how these different ligands brought the different amino acids positions on MC4R after
activation, which to some degree explained the activation mechanism. In a simple conclusion, the most
important interactions that need to be established for a valid activation are mainly from 2 aspects: 1, The

not too big phenyl group at the deep pocket makes room for L133 to flip up so that the W258 can flip down
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to open the TM6; 2, The interactions established betveen an acidic amino acid rich area(for example E100,
D122, D126) and the ligand, including calcium water assisted linkage between carbonyl groups and H

bonds of these acidic amino acids to Arg side chain on ligands.

So, in our design, we applied the knowl edge of MC4R structure and generated modifications to the
MTII (Ac -Nle-c[Asp-His-(D)Phe-Arg -Trp-Lys]-NH2) template. Even though MTII itself is not selective for
MCA4R, we thus hope special modifications we introduce to improve the MC4R binding selectivity. Firstly
we kept the (D)Phe-Arg-Trp pharmacophore to maintain the necessary activating potential to MC4R.
Secondly,a23-26 membered ringed cyclized peptide has been proven to bean acceptable size forthe MC4R
binding pocket (20). So,we hope to introduce minor adjusts to the ring size so that the designed molecules
still fit MC4R but are not very appropriate for other subtypes. In this respect, we varied the ring size with
the normal Arg/Trp changed to either beta -homo-Trp/beta-homo-Arg or both. Thirdly, compared to linear
structures, cyclization restricts the flexibility of the ligand conformation as well as adds durability (20).
Some amino acids with special rigid structure for example proline and some modifications for example N -
Ol U1 a OE U mddnucarOalsd’add conformational restrain to the global peptide structure. So, we
considered to change histidine to some rigid amino acids for example Pro, Pip, Tic, Inp and Oic, so that the
molecules are more fixed in specific shapes. Fourthly, previous SAR studies on hMCA4R indicate that there
is an aspartate rich region on TM2, TM3 and TM6 playing key roles in the recognition and interacting with
ligands, (200, 202, 20ymaking positive charge a key determinant in ligand selectivity for MC4R. The MC4R
crystal structures found in the recent 2 years also supported this conclusion, that one calcium moiety with
asingle water molecules will fit into the space between the receptor and the bound ligands, helping to
establish linkage between them. This makes the Arg on ligands crucial because its sidechain provides
possibilities for H -bonding and electrostatic interactions. Because we made several modifications to model
template M TII, it is not necessarythe Arg in the (D)Phe-Arg -Trp still positions to interact perfectly with the

receptor. We therefore changed Nle to Arg to add possibility of the interactions to happen. Fifthly, since
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1995, a lot of modifications had been put on pharmacophore area of human made melanotropins and it was
found that, adding bulky moiety at D -Phe site affects MC4R activating potency. A lot of cases were
analyzed and it was found that, para halogenation on D -Phe significantly increase potency as the halagen
atom size increases from none to F to Cl, but decreases when it goes up to Br and lost agonism when it was
| or something bigger. (19, 237, 23BFor example, the change of DPhe to D-naphthyl alanine which adds
an extra benzene onthe phenyl group makes MC4R antagonist Shu9119. This is due to the steric clash of
the naphthyl group to L133(203) and slightly smaller single atom like F or Cl can make no clash but may
possibly add Van Der Walls attraction to L133. So, we applied the para-fluorine and para-chlorine strategy
in our designed series. Systematic conformational search was also done orall the designed analogues and
their lowest energy conformation s were evaluated. Also, all of them were tried to be docked into MC4R
structure(7AUE) to test whether they are theoretically workable on this MCR subtype. Finally, combined
with the computer aide d analysis and the feasibility of practical synthesis, 9 analogues were selected for

synthesis and test.

4.1.2Solid phasepeptide synthesis SPPS)

The peptides were synthesized using Fmoc chemistry with an appropriate orthogonal protection
Sidechain protected amino acids include Fmoc-Trp(Boc)-OH, Fmoc-Arg(pbf) -OH and Fmoc-His(trt) -OH,
so that the side chains can be removed during the final acidic cleavage step.Rink amide resin was
purchased from Polymer Laboratories. Organic solvents and reagents were purchased from Aldrich and
used without further purification. The firs t amino acid was added on the Rink amide resin (loading rate:
0.39mmol/g) after the Fmoc protection removal was completed under 3% piperidine and 2% DBU in DMF
in 15mins twice. All peptides were coupled by the N -Fmoc solid-phase peptide strategy N- Fmoc amino

acid (3 equiv), HCTU (3 equiv) in DMF with DIEA (3 equiv) added. The coupling happens in the filtered
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syringe shaken for 1 hour. Coupling completion was monitored by a Kaise r test. N-terminal acetylation

was done after coupling of final amino acid with 1:1:3(v/v) acetic anhydride: DIPEA: DCM in 20 mins,

repeated twice. In the sequence, FmoeAsp(allyl) -OH and Fmoc-Lys(alloc)-OH were applied so that their

side-chain protection can be removed, and cyclization finished on resin without the interference of other

side-chain protections. The allyl and alloc groups were removed under neutral conditions with catalytic

amounts of Pd(PPh3)4(26.6equiv) in the presence of PhSiH3(10 equi)and argon. After cyclization, cleavage

of the peptide from the resin was finished in 3 hours with TFA cocktail (95:2.5:2.5TFA: TIS: H20 v/v). The

crude peptide obtained following cleavage from the resin showed a single major peak and purification was
accomplished by semi-preparative C18 RP-HPLC (column: Vydac 218TP152022, 25@2 mm, 181 Y ws OO wt Y Y w
A). The physicochemical properties and purity of the final peptides were assessed byESFMS, analytical

C18 RP-HPLC (column: YMC-Pack ODSAM 150 4.6 mm, St w4 O O uiLI8yst¢rui@solvent A, 0.1% TFA

in water; solvent B, 0.08% TFA in acetonitrile. System 2: solvent A, 1% formic acid in water; solvent B, 26

i OUOCPEWEEDPEwWDPOwWO! Ul EOOOAWESEWEZUI OUUwYSd i w3 % wopY¥YYAS w3l

of the combined total peak area monitored by a UV detector at 254 nM.

4.1.3Receptorbinding assay andreceptoractivating assay

Competition binding exp eriments were performed on whole cells. The transfected HEK293 cell line with
hMCA4Rs cells was seeded on 96 well plates, 48 h before the assay, 100 000 cells/ well. For the assay, the
medium was removed, and cells were washed twice with a freshly prepared binding buffer containing 100%
OPODPOUOWI UUI OUPEOWO!l EPUOwWPPUT w$EUOT ZUWUEOU W, $, Ow&& (! " .
albumin, 1 mM 1,10-phenanthrolone, 0.5 mg/L leupeptin, and 200 mg/L bacitracin. Cells were then
incubated with different concentrations of unlabeled peptide and 125l -labeled [Nle4,D-Phe7}Y-MSH

(PerkinElmer Life Science, 100 000 cpm/well, 0.1386 nM) for 40 min at 37 °C. The medium was subsequently

removed, and each well was washed twice with the assay buffer. The cells are lysed by the addition of 250
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pL of 0.1 NaOH and 250 pL of 1% Triton X-100. The lysed cell was transferred to the 12 x 75 mm glass tubes
and the radioactivity was measured by Wallac 1470 WIZARD Gamma Counter. Dat a were analyzed using

Graphpad Prism 6.0(Graphpad Software, San Diego, CA).

HEK 293 cells transfected with human melanocortin receptors were grown to confluence in MEM
medium (GIBCO) containing 10% fetal bovine serum, 100 units/mL penicillin and streptom ycin, and 1 mM
sodium pyruvate. The cells were seeded on 96 well plates 48 h before the assay, (100 000 cells/well). For the
assay, the medium wasremoved, and cells were rinsed with 1 mL of MEM buffer (GIBCO) or with Earle's
balanced salt solution (EBSS,GIBCO). An aliquot (0.4 mL) of Earle's balanced salt solution was placed in
each well along with isobutylmethylxanthine (IBMX; 5 pL; 0.5 mM) for 1 min at 37 °C. Varying
concentrations of melanotropins (0.1 mL) were added and the cells incubated for 3 min at 37 °C. The
reaction was stopped by aspirating the buffer and adding ice -cold Tris/EDTA buffer to each well (0.15 mL).
The 96 well plates were covered and placed on ice. After dislodging the cells, the plates were placed in a
boiling water bath for 15 min . The cell lysate was then centrifuged for 10 min (4000 rpm), and 50 pL of the
supernatant was aliquoted into PerkinElmer glass fiber filter plate . cAMP content was measured by
competitive binding assay in addition to 50 uL H3 cAMP and 100 uL PKA. Then the system was placed on
ice for 2 hours and then vacuum and filtered. 100 pL of the OptiPhase Supermix scintillation fluid was

added to the plate. 8 hours later the plate was read by MicroBeta radiation plate reader.

4.1.4Plasmonwaveguideresonance PWR) spectum

PWR uses polarized light generated from a CW He-- 1 wOEH It U b dhu E@50M)ywnich passes
through a glass prism under total internal reflection conditions. A thin metal film ( Ag), which is deposited
on the external surface of the prism, is overcoated with another thin layer of SiO2 as dielectric media. When
there is an dbject attached to the dielectric layer of SiO2, and polarized laser forms a specific incident angle

with the outer surface layer, the resonant excitation of collective electronic oscillations(plasmons) happens
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and generates an evanescent electromagnetic &ld localized at the dielectric film, which gives the
absorption spectrum at that specific angle. This can be used to probe the optical properties of molecules
immobilized on the outer surface of the prism. Resonance is achieved either by varying the laser light
wavelength at a fixed angle or by varying the angle at a fixed laser wavelength (we used the latter one in
this research). Any changes of the immobilized yield distinct incident angle that evanescence happens in
the dielectric layer. Due to the ability that laser light can be polarized either parallel(p) or perpendicular(s)
to the incident plane, characterization of the molecular organization of anisotropic systems can be fulfilled,
such as biomembranes containing integral proteins. Under the experimental conditions employed in this
work, the optical parameters obtained with the p -polarization refer to the perpendicular direction, and
those obtained with s-polarization refer to the parallel direction, relative to the bilayer membrane surface.

(219, 220, 223, 224

Resonance spectra in this study were obtained using a PWR instrument from Biopeptek
Pharmaceuticals LLC. (Malvern, PA). Recombinant HEK293 cells expressing the hMCAR (cloned and
cultured by the Victor Hruby lab in the University of Arizona) were grown to confluency. The confluent
cell monolayers were then washed with Ca2+ and Mg2+ deficient phosphate buffered saline and were
harvested in the same buffer containing 0.02% ethylenediaminetetraacetic acid (EDTA). After
centrifugation at 15009 for 10 min, the cells were homogenized in ice-cold 10 mM Trist HCI buffer and 1
mM EDTA (pH 7.4). A crude membrane fraction was collected by centrifugation at 40,0009 for 20 min at-
4N and was stored at-80 C until use. Before the PWR experiment, the membrane fraction was resuspended
in 20 mM TristHCI buffer (pH 7.4) by mild homogenization. Protein concentration was de termined by
using a Bradford assay(239). The agonists NDP-Y-MSH, MTII, RM493 used in the PWR experiments were
synthesized in the method as described above. THIQ was obtained from the previous storage of Victor

Hruby's lab at the University of Arizona.
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4.1.5Preparation of compound $MC4R model for computation

The hMC4R structure PDB: 7AUE was obtaned from Israeli et. al(203) 7AUE was imported to
Maestro(Schrodinger Maestro, Release 20241; Schrodinger: New York, NY, 2021.) and prepared using
Schrodinger's Protein Preparation Wizard (229). The G protein complex was removed and only MC4R was
kept. Then the protein was subjected to energy minimization using Schrodinger implementation of the
OPLS3 force field. Peptide structures were built into extended structures with standard bond lengths and
angles, and they were minimized using the OPLS3 force field and the Polakt Ribier conjugate gradient
(PRCG). Optimizations were converged to a gradient rmsd of less than 0.05 kJ/A mol or continued until a
limit of 50 000 iterations was reached. Aqueous solution conditions were simulated using the continuum
dielectric water solvent model (GB/SA). Extended cutoff distances were defined at 8 A for van der Waals,
20 A for electrostatics, and 4 A for H-bonds. Conformational profiles of the cyclic peptides were
investigated by the hybrid Monte Carlo/low frequency mode (MCMM/LMCS) procedure as implemented
in MacroModel using the energy minimization parameters as described above. MCMM torsional variations
and low mode parameters were set up automatically within Maestro graphical user interface. A total of 20
000 search steps were performed, and the conformations with energy difference of 50 kJ/mol from the
global minimum were saved. Interatomic dihedral angles were measured for each peptide analogue using

the Maestro graphical user interface.

Before docking the ligand, MC4R ligand binding site was identified using Schrodinger SiteMap 4.1 (240).
Binding sites with at least 15 site points were generated using the fine grid option. Next step was grid
generation: A grid box with a specific dimension was generated to limit the area of ligand docking
calculation. A grid box size of 15 x 15 x 15 A was centered accordingo the sitemap plots of the binding site.
The receptor grid was defined as an enclosed box at the centroid of the ligand. Finally, docking was done

with Schrédinger Glide. A flexible docking calculation with standard precision (SP) Glide algorithm was
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performed and after the post docking minimization, we used the pose with the best docking score for

molecular dynamics simulation.

The initial configuration of the full system used in the study was prepared using Packmol (241).
MC4R(modified 7AUE) docked with ligands was placed into 2 boxes of 1 -palmitoyl2 -
oleoylphosphatidylcholine(POPC) layer which has the aliphatic parts inwards to make the biomembrane
bilayer according to the orientation in the OPM database ; 2 water boxes were placed above and below the
lipid bilayer to complete the structure. The initial structure prepared above was simulated using NAMD
version 2.9(242). Force field parameters for ligands were obtained from the Chemistry Department at the
Harvard Macromolecular Mechanics (CHARMM) General Force Field (version 2b8)230),(231). The initial
system was minimized for 30000 steps. The simulation cell size of the original box was maintained, with
periodic boundary condition (PBC). The particle mesh Ewald (PME) method(232) was used to calculate
long-range electrostatic interactions, and the van der Waals interactions were cut off at 12 A. The PMVE grid
UxEEDOT whpEU WG Y w@O wE GE The SHAKE hG@ithro ¢odsEainedhykoge hulgniyth with
EwUOOI UEOCET wOi whdYNWw@d w3i 1l wOPOPODPAEUDPOOwWUaUUlI OwbPEUWI I
was then equilibrated for 5 ns in anisoUT 1 UOEONDUOEE L
maintain a constant pressure at 1 atm, and a Langevin temperature control maintaining a constant
temperature of 300 K(244). Finally, the equilibrated system was simulated for 10 ns and the trajectories
were used for analysis. The simulation systems compromised a box of 150Ax150Ax164A. The computations

were carried out on the University of Arizona high -performance computing facility utilizing GPU -

equipped nodes.

4.1.61D and 2D NMR spectrometry with temperature variations

Peptide concentration for the NMR experiments was 6 mM. The peptide sample was prepared in 0.6 mL

aqueous acetate buffer (50 mM CD3COONa, 1 mM NaN3, 10% v/v D20). The pH of the sample was
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adjusted to 4.5 by using DCI as necessary. Variable temperature 1H NMR spectra were recorded on a
Bruker DRX-500 spectrometer equipped with BBO probe. 1D proton spectra were collectedat 288 K, 293 K,
298 K and 303 K with 3-9-19 Watergate solvent suppression. 2D NMR spectra were recorded on a Bruker
Avance NEO-800 spectrometer equipped with an inverse TCI cryoprobe. 2D NMR spectra (TOCSY, ROESY,
NOESY) were acquired at 298 K using excitation sculpting to suppress the solvent signal. TOCSY used 80
ms DIPSI-2 spin-lock at 10 kHz, ROESY used 200 ms CWspinlock at 3.5 kHz, and NOESY used a 350 ms
mixing time. Relaxation delay for all 2D experiments was set to 1.5 seconds. All 2D data were recorded
with 1k complex points in directly observed dimension and 128 of 512 complex pairs in the indirect
dimension using non -uniform sampling (NUS) with a 25% Poisson gap schedule. NUS Data were
reconstructed using MIST algorithm in MNova (0.75 threshold, 100 iterations). J-coupling for backbone

amide protons (3JHN-HA) was measured from a 1D proton spectrum recorded at 800 MHz.

4.2 Results anddiscussion

4.2.1 Synthesis of 9 peptides aim to targand work on MC4R

The synthesis was successfully achieved through solid phase peptide synthesis The product was purified
with C18 RP-HPLC and identified via MassSpec Structure of the compounds, HPLC and the MS

information are included in Appendix Il SI.1, SI1.2 and SI.3.

4.2.21n vitro biological assays evaluating 9 analogues binding and efficacy on MC4R
When comparing the binding properties of all these 9 analogues for 4 MCR subtypes, we noticed 24

membered ring is fairly favored by hMC1R where analogue 3, 6 and 9 showed lower binding affinities than

the others. However both 24 and 25 membered ring exhibit better binding affinity than that on hMC3R and

hMC5R, which in align with previous hMC1R SAR studies that it tolerates bigger sized ligands than other
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subtypes(2058 w' OP1 YT UWEUT wOOwT , "1z UwlOOUwxOUUI UUPOT wEUWOUET w
area 245 none of these 9 analogues show impressive hMC1R activating potencies. And it is also shown
that none of the 9 analogues exhibit impressive activating potencies on both hMC3R and hMC5R, indicating
that our strategies of adding positive charge and adjusting ring size did take effects in adding hMC4R
selectivity. Within hMC4R, we noticed that almost all analogues with single extra carbon on backbone
showed no satisfying potencies but analogue 3 and 9 performs both binding affinity and act ivating potency
in an expected range. Analogue 9 shows the most improved potency and selectivity as it activates hMC4R
(IC50=0.4nM, EC50=4.2nM). This is about 68 times higher of binding affinity to hMC4R than hMC1R, and
over 1000 times than that on hMC3R and hMC5R. Apart from analogue 9, compound 3 also shows excellent
binding affinity on hMCA4R, but it also behaves similarly on hMC3R (IC50=1nM on hMC4R and IC50=7nM
of hMC3R). All detailed activity data for 9 compounds is shown in Table 2. The assay datawas attached in

Appendix Il, Sl.5and SI.6.

4.2.3PWR analysis of hMCA4R structural change upon peptide analogue 9 binding

As mentioned in previous sections, MCRs belong to GPCRs, which function is highly dependent on
their conformations at the activated state. Binding with different ligands leads to different GPCR activated
conformation s, which further inflicts different bind B OT wx OU1 O U b E SubtypEs(246:248) bidding Y w

EDPi i1 Ul OUOa wb b U étau thiggdsuitfedeyittb@lagizal” @gbaling and functions. Tremendous

UCUEDPI Uwl EYI wi OUEDPEEU]I EwUI OEUPOOU WOl w, "K1WEPEUI-EwUDT OE
PLC pathway, bi DOT WEOOOEwWx Ul UUUUI whOEUI E U iPADpatmap @) BHE 0 O0a w U
1, KNt pEw& Yo wE P158)8 Eiukd 'OO®PEIKE Y U w(F49) wdiel aBalyzed t6 GeRahpaed

because of their distinct effect of appetite control and blood pressure increase separately. At the same time,

NDP-Y-MSH and MTII were applied as a control for their function as a balanced agonist on hMC4R. for

their similar ability to equally activate appetite control and blood pressure increase.(250) Under the
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experimental conditions employed in this work, the oscillation of light with p -polarization reflec ts the
dimension of objects perpendicular to the membrane, and those obtained under the s-polarization vector

refer to the dimension in parallel with the bilayer membrane surface.

Table 2. Sequence of tested compounds (UP) and Results of C ompetitive Binding Assay and cAMP Assay (DOWN)

Drug Sequence

0 | Ac-Arg-cyclo[Asp-Pip-D-Phe-Arg-BTrp-Lys]-NH2

2 Ac-Arg-cyclo[Asp-Pip-D-Phe-BArg-Trp-Lys]-NH2

3 Ac-Arg-cyclo[Asp-Pip-D-Phe-BArg-BTrp-Lys]-NH2

4 Ac-Arg-cyclo[Asp-Pip-D-Phe (4-F)-Arg-BTrp-Lys]-NH2

5 Ac-Arg-cyclo[Asp-Pip-D-Phe-(4-F)-BArg-Trp-Lys]-NH2
6 Ac-Arg-cyclo[Asp-Pip-D-Phe-(4-F)-BArg-BTrp-Lys]-NH2
7
8
9
T

Ac-Arg-cyclo[Asp-Pip-D-Phe-(4-Cl)-Arg-BTrp-Lys]-NH2

Ac-Arg-cyclo[Asp-Pip-D-Phe-(4-Cl)-BArg-Trp-Lys]-NH2

Ac-Arg-cyclo[Asp-Pip-D-Phe-(4-Cl)-BArg-BTrp-Lys]-NH2
MT-II Ac-Nle-cyclo [Asp-His-D-Phe-Arg-Trp-Lys]-NH2

hMC1R hMC3R hMC4R hMC5R

Drug IC50(nM) BE% EC50(nM) Act%  IC50 (nM) BE% EC50 (nM) Act%  1C50 (\M) BE%  ECS0(nM)  Act% IC50 (nM) BE%  EC50 (nM)  Act%
1 341 100 120+24 88 149+#13 60  680%25 88 N/A 0 >1000 63 350422 66 580%340 95
2 0.1 100 220%£70 120 60023 24 >1000 89 0.4 100 47424 67 N/A 0 >1000 90
3 270#10 30  190+90 82 741 100 120+10 87 0.1 100 1644 84 607+13 46  290+50 82
4 0.2 100  64+10 90 11745 100 450+830 76 >1000 9 630+175 46 4743 100 530465 72
5 14¥2 100  340+0 100 59 100  >1000 59 >1000 23 >1000 84 N/A 0 >1000 62
6 N/A 0 >1000 61 396412 39 >1000 49 248+17 59 >1000 120 5946 90 >1000 51
7 0.9 100 990 67 3742 70 >1000 24 10 100 240+10 57 N/A 0 >1000 21
8 541 100 130+0 89 108+5 100 36025 46 8 100 11090 66 N/A 0 >1000 38
9 27 100 240+11 90 >1000 10 >1000 63 0.4 100 442 87 7045 75 295165 76

MT-II 7 100 32 100 9 100 3 100 1.4 100 10 100 6 100 2 100

3C50 is the concentration of peptide at 50% specific binding (N = 4). % BE is the percentdgNaiP-UMS H di s p | a c e. B means that 0% o [125IMIDB-MSH

di spl acement was observed at 10 ¢ M. EC50 is the eff dardcAMR acumwatioo NrF#)r%ax effactiotie pept i de t
percentage of CAMP produced ataligand@we nt r at i on of 1@ l& M,NAi r nrdé Icattiesn 0t% cMMP accumul ati on observed at
range of concentrations f r omilkW@erelp@viousty publdhieddathland Leimlpdedifor dosgrati and 11

PWR spectrum absorbance of the multiple compounds binding specifically to hMC4R is shown in Figure
23. In the spectrum under P-polarization, both NDP -Y-MSH and MTII right shifted about 0.2 degrees (NDP -
Y-MSH: 26.59, MTII: 26.51) to hMC4Rsole (26.44), indicating a minor size extension along MC4R long axis
(perpendicular to prism surface). However, as a poUl OUDPEOOa wEPEUI Ew& YQBwWET 0O0PUUOwW1

degrees compared to hMC4R sole, which means a shorten length along MC4R long axis. Under S

polarization, the NDP -Y-MSH has almost the same absorbance location as sole MC4R at 33.39 and 33.29
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respectively. Both RM493 and MTII shifted left at 32.97 and 31.0 specifically, compared to hMC4R with
OOwOPT EOEUG W' OPI YI UOwYIT VA wWEDI T 1T UI OUwi UOOwWUT T Ul wt wxi x0
molecule agonist, makes the activated hMC4R conformation very different with a right shifting of the
spectrum 1.35 degreeswith no shifting under s -polarization. And one more interesting thing is, according
to previous works from I. Alves (219, 220, 223, 22%nd Z. Salamon(217, 226, peak patterns(the depth and
width of the peak) is related to the inner mass density/molecular arrangement, even though no quantitative
relation is concluded so far. All 3 peptide agonists have similar peak depth at around 0.8 under P-
polarization and 2.95 under S polarization, meaning similar overall MC4R+agonists inner con structions.
However, for THIQ, the peak depth is much shallower at 1.75 under P -polarization and 3.2 under S-
polarization, indicating a large difference in binding and activating mechanism, which in ¢ orrespondence
with the crystal structure recently found by Zhang et. Al (211). that THIQ is specially recognized by MC4R
with very little interaction to the calcium moiety and much less interactions to the reserved amino acids in
MC4R binding pocket while the other 3(NDP -Y-MSH, MTII and Setmelanotide) are pretty much alike.
Interestingly, the peak patterns for those 3 peptides are similar under both P and S polarization and at the
same time, as a peptide ligand made from MTII template, the compound 9 PWR spectra is very similar to
the THIQ. This commonality comes from the peak pattern (similarly shallow under P and S polarization)
and peak location (largely right shifted to 26.95 under P -polarization). Combined with observations above,
it means perpendicularly, THIQ and compound 9 both lengthen the MC4R in a similar way and
horizontally makes no significant change, and the very similar peak pattern gives indication of a possible
similar binding mode. Even though all 5 compounds vary largely in size and molecular weight,
commonalities and differences can be divided into groups, reflecting whether the properties of overall
shape and internal molecular arrangement of the bulk are similar or not. The PWR spectra under P

polarization of MC4R treated by AIM 1 -9 is attached in Appendix Il SI.7 .
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Figure 23. PWR spectrum for h(MC4R activated by different agonistA. Spectra measured with light undep®arization B. Spectra measured
with S-polarized laser light.
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4.2 4 Molecular dynamics (MD) simulation

To reveal the special binding interactions of analogue 9 to hMC4R, molecular dynamics (MD) simulation
was carried out. This is because of the property of MCR which belongs to GPCR and owns highly dynamic
conformational change upon binding with ligands. The average structure of the analogue 9 bound to
hMCA4R over 10 ns production run is shown in Figure 24. The whole membrane system naturally turned to
wave like with up and downside filled with water , and the MC4R incorporated in the middle of POPC

bilayer.

Figure 24. Analogue 9 binding and interacting pattern generated via Molecular ~ Dynamics (MD) simulation A: Representative
image of the whole system obtained from MD simulation . Water molecules are shown as surface style, POPC molecules making
bilayer is shown in blueish green line style. The hMC4R -analogue 9 complex is right inside the POPC bilayer. B: Top view of surface
styled average structure of hMC4R-analogue 9 complex obtained from 10 ns production run. Analogue 9 is shown in ball style and
well fit into the binding pocket. More details can be found in Appendix 1l: SI.8,9 and 10.

According to previous research, there are 57 charged or aromatic amino acid residues locatel in TM
regions. Among those, there are 29 conserved amino acids which represent the most important or basic
function of MC4R, including Phe51 and Glu61, Asn62 in TM1; Met79, Try80, Phe82, Asp90, Glu100 in TM2;

Aspl22, Aspl26, Aspl46, Argla7, Tryld8 inTM3; Trpl74 in TM4; Phe201, Met204, Try212, His214 and
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Met215 in TM5; Thr246, Thr248, Phe254Trp258, Phe261,His264 in TM6; Phe284, Asn294, Asp298 and
Tyr302 in TM7(202. Furthermore, an alanine scan among these conserved amino acids showed that
mutations of Asp122, Asp126 of TM3 and Phe 261, His264 of TM6 decreased NDPY-MSH binding affinity.
Apart from these, D90A, E100A and D298A alsosignificantly altered NDP -Y-MSH binding affinity (200). In
Figure 25, it has been clearly shown that analogue 9 interacts with hMC4R through canonical conserved
amino acids including Asp122, Asp126 and Glu100, which are all essential activating sites. Apart from that,
analogue 9 applied similar binding posture as NDP -Y-MSH, MTIl and Setmelanotide (203, 208, 21)lthat the
Trp and D-Phe(4Cl) part deeply inserted into the binding pocket, reaching the wobble switch of L133 and
W258 that play a key role in the receptor activation. Like them, analogue 9 keeps the L133 up and W258
down so that TM6 can be opened a bit for G protein binding. However, what is interesting is that analogue
9 does not form as many interactions with MC4R as the 3 peptides mentioned above, neither does it form
multiple electrostatic interactions with calcium, which in turn  behaves a binding mechanism more like
THIQ. As Zhang et. al.(211) has reported, different from the 3 peptide agonists, THIQ form s only 1
interaction with Ca 2+ which is the same as analogue 9 here, showing a less dependence dhe metal ion
when binding with MC4R. This commonality in binding mechanism may explain the similarity of peak
pattern and location shifts in PWR spectra between analogue 9 and THIQ. The similar binding and
activating mechanism may indicate analogue 9 taking effects like THIQ but as peptide agonist, there also
might be its specialty. Future clinical trials are needed to reveal the specific biological effects of this
analogue. And together with THIQ, the re binding mode give evidence that Caz* may not be the necessary
or essential cofactor for MC4R ligands binding and functioning as some of the previous research stated(21,

251, 252, even though under most of the cases MC4R ligands do depend on calcium for full functions.
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Figure 25. Magnified analogue 9 binding and interacting pattern generated via Molecular Dynamic s (MD) simulation. A:
Hydrogen bonding of Analogue 9 with key amino acids residing in MC4R binding pocket. Analogue 9 is shown in ball -stick model.
B: Calcium ion(purple, ball style) participate in connecting MC4R and analogue 9, atoms with 5 anstrom from Calcium are shown in
ball style. C: The wobble switch L133 and W258 position after MD simulation with analogue 9.

4.25 NMR spectroscopy

NMR spectroscopy was used to probe for structural features of the peptide observed in aqueous solution.
The amide resonances wereassigned using TOCSY and ROESY Kigure 26), along with the sidechain
resonances. Variabletemperature analysis of the HN chemical shifts show relatively large 8 -9 ppb/K
upfield shift with increasing temperature for all amide signals, indicating a high degr ee of proton exchange

with the solvent (Table 3, page 99. The original temperature dependent 1H NMR spectra for the fingerprint
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region can be found in Appendix Il, SI.14. Residue 4 has the smallest HN temperature coefficient of 7.5
ppb/K upfield shift, though it is still not indicative of a hydrogen bond. 3JHN -HA is 7.0-7.7 Hz for residues
1, 2 and 7, typical for a random coil. For residues 5 and 6 this coupling is 9.2 Hz, which might suggest an
extended conformation for these residues because of the extra methylene groups. Sequential HN(iYHA( -
1) NOEs and ROEs are slightly stronger for residues 2, 4 and 5 than for residues 1 and 7. HNHN NOEs are
not observed, but conformational exchange due to Pip3 is noticeable near the diagonal in the amide region
of ROESY, as seen byross peakswith the same phase as the diagonal. The slow rotamer exchange due to
Pip3 leads to minor peaks observed for most residues that were quite different from their major
counterparts, though these were excluded from analysis. The chemical shift of HA protons in residues 5
and 6 is expected to be at least 1 ppm upfield of a natural amino acid due to the extra betamethylene group.
This is observed for residue 5 but not 6, suggesting that HA of residue 6 is shifted downfield due to other
structural features. It is worth noting that there are many irregular features present in this peptide for
example: cyclization at sidechains of residues 2 and 7, slowcis-trans isomerization of residue 3, D-amino
acid at residue 4, extra betamethylene groups in residues 5 and 6. Preliminary molecular dynamics
calculations without NMR input show that the angle between HN and HA protons in residue 5 is close to
zero degreesgigure 26), which is surprising but that would be consistent with HN(6) -HA(5) NOE/ROE not
being observed at all. It would also be consistent with the relatively large 3JHN -HA coupling observed for

residue 5.

It is worth noting that there are many irregular features present in this peptide: Cyclization at sidechains
of residues 2 and 7, slow cistrans isomerization of residue 3, D-amino acid at residue 4, extra beta
methylene groups in residues 5 and 6, which would require further investigations bef ore reliable 3D
structures can be proposed. Overall, the structure appears dynamic, but it appears that there might be
structural features near residue 5 that are important. More NMR original spectra can be found in Appendix

Il for 1H AIM1 -9 1H NMR(SI.4) and 2D COSY(SI.11), ROESY(SI.12) and TOCSY(SI.13).
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Figure 26. 2D NMR spectroscopy of analogue 9 . A: Incorporation of TOCSY and ROESY spectra of analougue9. Labeling follows the
numbering on analogue 9 sequence: AcArgl-cyclo[Asp2-Pip3-DPhe(4-Cl)4-¢  Udp B U-kys7]-NH 2. B: HN and HA protons in
residue 5 is close to zero degrees, circled in yellow box.

Table 3. Observed NMR parameters for backbone amide protons.
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Chapter 5. Multiple N-methylation of PG901backboneamide bonds
leads to melanocortin receptor subtype hMCS5R selectivity:

pharmacological andconformational studies

The melanocortin receptors system plays a key role in maintaining the homeostasis of our body via their
regulations of diverse biological functions. MCRs are endogenously activated by natural agonistic ligands
melanocyte stimulating hormones (, 2' UAOw b O£ QU BHRu@i @MSH. Except MC2R, which is
activated by adrenocorticotropic hormone(ACTH), all other MCRs(MC1,3,4,5R) are similarly activated by
MSHs(253). MC1Ris found mainly in skin tissue and the nerve system, controlling skin pigmentation, anti -
inflammat ion etc.(39). MC3R and MCA4R are similar in structure and locate mainly in central nerve system,
even though both spread all over the human body. MC3R plays roles in control of food intake, energy
homeostasig69) and MC4R similarly controls appetite, energy homeostasis(173), sex behavior(121), anti-
inflammatory, nociception, cardiovascular func tions and so on(8, 165, 254, 256 The melanocortin 5
receptor (MC5R) is the 5th subtype of the melanocortin receptors (MCRs) and fairly less studied than the
other 3 subtypes so far. It is reported that MC5R is widely expressed in both central nervous system and a
number of peripheral organ systems in human beings (121). Currently, MC5R is reported to regulate sebum
production, skeletal muscle fatty acid oxidation, defensive/offensive behavior, and mood (121, 256258).
Due to the diverse biological functions MCR system controls, the 4 subtypes have been popular therapeutic
targets for decades. However, due to the high mobility and their property being membrane integrated
proteins, high resolution crystal structures have been under huge difficulties to be obtained until 2020 when
the first MCR crystal structure PDB:6W25 was resolved. So far, the MC4RPDB: 6W2521), 7TAUE(203) and
MC1R-PDB:7F4(259) (not limited to these listed ones, other PDBs are same receptors with different ligands
bound) are the only subtypes with high resolution crystal structures. MC3R and MC5R are still missing

high resolution structures. However, in previous decades, lots of modifications were applied to the
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U1 Ox OE O\MISH énd itsYderivatives to generate a huge library of MCR ligands with distinguished
subtype binding affinity and activation potencies. Thanks to the help of the amount of different MCR
ligands, structural activity relationships (SAR) studies could be done and conserved amino acids with
binding and activation significances in each MCR subtypes have been identified. However, even though a
lot of MCR ligands have been developed, very few of them can be clinically used as therapeutic solutions
because of different problems for example side effects, drug delivery and so on(142, 190, 249 Thus, the

development of MCRs targeting drugs is still under great needs.

Morgan et al.(10, 128, 26D assessed the role of themelanocortin-5 receptor (MC5R) in the emotional
behaviors of male and female mice. Forebrain melanocortins are stressresponsive, and inhibition of their
presynaptic release is associated with rapidly improved depression symptoms in humans, and
antidepressant-like effects in rats. Conversely, central melanocortin injection stimulates anxious behavior
in rats. Nonetheless, little is known about relevant postsynaptic events. We report here that homozygous
MCS5R deficiency improved depression-related psychomotor inhibition in the tail suspension test and
investigational responses to food reward, as well as the latency to feed in an anxiogenic environment.There
were no genotypic differences in control behaviors (i.e., home-cage motor activities, non-reward
investigation, and home-cage feed latency). Moreover, the beneficial effects of MC5R deficiency were
stronger in males than in females. Systemicinjection of MC5R antagonist also improved these emotional
behaviors at a dose that was up to 67-fold lower than tho se required of classical antidepressants.
Importantly, although the assays for reward drive and anxiety typically respond to antidepressant
treatment after 21-35 days, they responded to daily MC5R blockade after 4 and 7 daysfor males and females,
respectively. Consistent with a forebrain site of action, injection of MC5R agonist into the lateral cerebral
ventricle worsened psychomotor inhibition, and similar treatment with MC5R antagonist improved it.
These results suggest MC5Rsex interactions in psychomo tor inhibition, anhedonia, and anxiety, and that

MCS5R blockade exerts potent and rapid -acting antidepressant-like effects.
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N -Alkylation is widely present in naturally occurring peptides from plants, marine sources, and various
microorganisms. Many of these compounds exhibit natural biological functions including antibiotic (261),
antitumor (262 and immunosuppres sor activity (263). As one way of N-Alkylation, N -Methylation of
peptide bonds has long been known and often used to modify biological properties of bioactive peptides,
because the substitution of amide protons with methyl groups can produce structural changes to peptides
backbones, so that receptor subtype selectivity and other pharmacological properties may thus be
improved (264). Apart from these, structural change of peptide ligan d via backbone N-methylation may
also turn an agonist into an antagonist(265). Here we present a series of Nmethylation modif ications on
the previously developed MC5R selective agonist PG901(AcNle-c[Asp-Pro-D-- E O girgzT#-Lys]-
NH2) (266). As an MC5R selective agonist, PG901 shows excellent backbone size and pharmacophores for
hMC5R binding and interaction. The usage of PG901 template with N -methylations is to change agonism
to antagonism while maintaining MC5R selectivity. Therefore, we introduced N -methylation to several key
sites according to structure computation. Here, we report the synthesis and biologic activity at human MC3,
MC4 and MCS5 receptors of severalanalogs modified in position 9 and at the C-terminus (Table 4 A, page

98) which resulted in potent and selective ligands at these human melanocortin receptors.

The draft of a manuscript of this project can be found in Appendix 11l Published and unpublished papers

related to the topics included in the thesis.

5.1 Material and methods

5.1.1 Solid phasepeptide synthesi{SPPS) of MC5R ligands

Ac-Nle-c[Asp-Pro-# - E O-dpig T -Lys]-NH2(PG901) was chosen as a template for the design of a

combinatorial library to search for a hMC5R selective antagonist. Several methods for synthesizing N-
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methylated amino acids in solution and on solid supports have been developed (267). H. Kessler etal. have

established dependable waysto do the N-methylations on a solid support, which gives flexibility in library

design and facilitated coupling. A major advantage of the o -NBS protecting group coupled to the free amine

prior to N -methylation is that deprotection with beta -mercapto ethanol is selective for N-methylated

EIl UPYEUDPYI UOwUT UUwDPUwxUOYPEI UwEOwWHOT 1 Ul O0wxUUDI DPEEUD O
methylamino acids are known to be more challenging than normal couplings, these couplings were

performed with HATU and HO At instead of TBTU and HOBt using DIPEA as base in NMP yielding in

complete couplings after 3h.(268)

The peptides were synthesized using Fmoc chemistry with an appropriate orthogonal protection strategy.
Fmoc removal was completed under 20% piperidine in DMF in 15mins. Coupling starts with Rink amide
resin (loading: 0.39mmol/g) and standard in situ activa ting reagents used in N-Fmoc SPPS. Fmoc protected
amino acids (3 equivalence) together with HCTU (3 equivalence) in the presence of a tertiary baseDIPEA
(3 equivalence, 2M) was dissolved in NMP as coupling cocktail. Coupling was done in 1 hour shaking. Th e
cyclization of the peptides was performed on the solid support after removing the allyl and Alloc protecting
groups under neutral conditions with catalytic amounts of Pd(PPh3)4(26.6 equivalence) in the presence of
PhSiH3 and argon, ensuring an orthogonal deprotection of the side chain protecting groups used during
the synthesis. N-terminal acetylation was done with acetic anhydride and DIPEA in 20 mins, repeated twice.
Cleavage of the peptide from the resin was finished in 3 hours with TFA cocktail (95:2.5:2.5TFA: TIS: H20
viv). The crude peptide obtained following cleavage from the resin showed a single major peak and
purification was accomplished by semi -preparative C18 RP-HPLC (column: Vydac 218TP152022, 250/22
mm, 15t1 Y ws OO wt YY w@A & w3 Iplopertids and putitpdi thd fideDeptides were assessed by
ESEMS, analytical C18 RRHPLC (column:YMC -Pack ODSAM 150 46 mm, St w4y OOwhl Yw @A w2 a UU

solvent A, 0.1% TFA in water; solvent B, 0.08% TFA in acetonitrile. System 2: solvent A, 1% formic a in
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water; solvent B, 1% formic acid in methanol) and aqueous 0.1% TFA (v/v). The major peak of all

5.1.2Receptorcompetitive binding and adenylate cyclaseassays

Competition binding experiments were performed on whole cells. Transfected HEK293 cell line with
hMCRs cells were seeded on 96 well plates, 48 h before assay, 100 000 cells/ well. For the assay, the medium
was removed, and cells were washed twice with a freshly prepared binding buffer containing 100%
OPOPOUOWI UUI OUPEOwWOT EPUOWPDPUT W$SEUOTI ZUWUEOUwWm, $, Ow& (! " . .
albumin, 1 mM 1,10-phenanthrolone, 0.5 mg/L leupeptin, and 200 mg/L bacitracin. Cells were then
incubated with different concentrations of unlabeled peptide and 125| -labeled [Nle4,D-Phe7}Y-MSH
(PerkinElmer Life Science, 100 000 cpm/well, 0.1386 nM) for 40 min at 37 °C. The medium was subsequently
removed and each well was washed twice with th e assay buffer. The cells are lysed by the addition of 250
pL of 0.1 NaOH and 250 pL of 1% Triton X-100. The lysed cell was transferred to the 12 x 75 mm glass tubes

and the radioactivity was measured by Wallac 1470 WIZARD Gamma Counter. Data were analyzed using

Graphpad Prism 6.0 (Graphpad Software, San Diego, CA).

HEK 293 cells transfected with human melanocortin receptors were grown to confluence in MEM
medium (GIBCO) containing 10% fatal bovine serum, 100 units/mL penicillin and streptomycin, and 1 mM
sodium pyruvate. The cells were seeded on 96 well plates 48 h before assay, (100 000 cells/well). For the
assay, the medium wasremoved, EOE wET OOUwPkI Ul wUDPOUI EwPPUT whhwd+ wdl w, $, w
balanced salt solution (EBSS, GIBCO). An aliquotpy 6§ KwO+ AwOi wUOT 1 w$ EUOI ZUWEEOEOEI E
in each well along with isobutylmethylxanthine (IBMX; 5 pL; 0.5 mM) for 1 min at 37 °C. Varying
concentrations of melanotropins (0.1 mL) were added and the cells incubated for 3 min at 37 °C. The
reaction was stopped by aspirating the buffer and adding ice cold Tris/EDTA buffer to each well (0.15 mL).

The 96 well plates were covered and placed on ice. After dislodging the cells, the plates were placel in a
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boiling water bath for 15 min. The cell lysa te was then centrifuged for 10 min (4000 rpm), and 50 pL of the
supernatant was aliquoted into PerkinElmer glass fiber filter plate. cAMP content was measured by
competitive binding assay in addition of 50 pL H3 cAMP and 100 pL PKA. Then the system was pla ced on
ice for 2 hours and then vacuum and filtered. 100 L of the OptiPhase Supermix scintillation fluid was

added to the plate. The plates were put under room temperature for 8 hours and then read by MicroBeta

radiation plate reader.

5.2 Results and discussion

5.2.1Peptide ligands desigrand the synthesis ofMC5R ligands

Studies by C.Morgan et al.(260) had demonstrated the role of MC5R in control of emotional behaviors of
male and female mice: Forebrain melanocortins are stressresponsive, and inhibition of their presynaptic
release is associated with rapidly improved depression symptoms in humans, and antidepressant -like
effects in rats but conversely, central melanotropin injection stimulates anxious behavior in rat s. They also
found that compared with the classic antidepressant, the systematic injection of MC5R antagonist improves
the emotional behaviors at a much lower dosage and faster in taking effects. Based onthese progresseson
mice model, it is of great significance to explore if the similar physiological function exists in the human

body. So, we started aiming to create MC5R selective antagonists.

Previous studies have demonstrated that incorporation of the conformationally constrained proline
residue and its analogs into the lactam bridge can stabilize bioactive conformations and improve the
selectivity of melanotropin peptides at the MCRs (269, 27Q. The recently reported high resolution MC1R
and MC4R crystal structures bound with different ligands together showed the similarity of the activation

mechanism, that H-F-R-W pharmacophore is needed for MC5R activity because the structure of this
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pharmacophore ensure the 2 aromatic residues parallelly sticking into the deep binding pocket and cause
the wobble switch turned on (203, 208, 258 However, replacing His6 by Pro6 in the well -known antagonist
SHU9119(MCR3,4 antagonist andMCR1,5 agonist) gave a potent agonist PG901 at the hMC5R (EC50: 0.072
nm) with full potent antagonist activity at the hMC3R and the hMC4R (228), which did not change the
property of SHU9119 significantly. This phenomenon is also reported for the same substitution in MT -II
and together with other results (271, 272, it was found that the imidazole group of histidine is not essential
for binding of MT - Il and SHU-9119 at the hMC4R, and that this restriction of conformational freedom at
the histidine 6 position of a-MSH did not affect interactions of MTIl and SHU9119 at the hMC4R (200).
However, besides the diminished imi dazole group, Pro substitution to His also causes a forced turn in the
pharmacophore area because of the rigid structure of Pro, which will bring a conformational change in the
pharmacophore area. For example, the PG992(AeNle-c[Asp-Trp4-Pro-DPhe6-Arg -Trp8-Lys]-NH2) (273
applied the strategy of adding one more Trp next to Pro so that the DPhe6 with Trp4 instead of Trp8(which
has bee forced in a back direction and sticking up and thus far away from DPhe6 can form similarly
parallel direction with pi -pi stacking as SHU9119 (AcNle-c[Asp-His-D(2)Nal6-Arg -Trp8-Lys]-NH2) (21)
does (Figure 27) to fulfill activation as described in above parts. So even though it was reported that the
imidazole group or the exist ence of His is not necessary for the MCR binding and activation, it does not
mean His can be arbitrarily changed to other amino acids because any change in a cyclized restrained
structure will cause obvious global structural change. And of course, the structural changes lead to the

change of ligands binding and activation affinity to different MCR subtypes.

So, ifthe overallstUE U UUT wi OUWEwWwODPT EOEWPUWUUDPUEEOT wi GUwWUT T wbobdUI U

theoretically work as a potential drug candidate. In this regard we selected PG901 as our template to start

because of its activation selectivity on MC5R. Previous sudies also showed the potential for N -Methylation

in changing binding affinity or activation potencies. For example, N -Me-D-Phe caused a totalloss of

108



Table 4. Sequence of MethylatedCompounds (Up) and Competitive Binding Assay and cAMP Assay Results of @ompoundgDown).

Drug Sequence
ZL1 Ac-Nle-cyclo[Asp-Pro-D(2')Nal(Me)-Arg-Trp-Lys(Me)]-NH2
ZL2 Ac-Nle-cyclo[ Asp-Pro-D(2')Nal-Arg-Trp-Lys(Me)]-NH2
ZL3 Ac-Nle-cyclo[Asp-Pro-D(2')Nal-Arg-Trp(Me)-Lys]-NH2
ZL4 Ac-Nle-cyclo[Asp-Pro-D(2')Nal-Arg(Me )-Trp-Lys]-NH2
ZLs Ac-Nle-cyclo[Asp-Pro-D(2')Nal(Me )-Arg-Trp-Lys]-NH2
ZL6 Ac-Nlecyclo[Asp-Pro-D(2')Nal-Arg-Trp(Me)-Lys(Me)]-NH2
L7 Ac-Nle-cyclo[Asp-Pro-D(2')Nal-Arg(Me)-Trp-Lys(Me)]-NH2
ZL8 Ac-Nlecyclo[Asp-Pro-D(2')Nal-Arg{Me)-Trp(Me)-Lys]-NH2
ZL9 Ac-Nle-cyclo[Asp-Pro-D(2')Nal-Arg(Me)-Trp(Me)-Lys(Me)]-NH2
MTII Ac-Nle-cyclo[Asp-His-DPhe-Arg-Trp-Lys]-NH2

hMC1R hMC3R hMC4R hMCSR
Drug IC50(nM) ECS0(nM) Act% IC50 (nM) EC50 (nM) Act% IC50 (hnM) ECS0 (nM)  Act% IC50 (hM) EC50 (nM)  Act%
L1 4.9+1.7 >1000 0 17524 N/A 0 97.8%15 N/A 0 2.430.5 0.8%0.2 95
ZL2 4.7#1.3  16.4%¥1.7 100 2.7:0.6 N/A 0 8.7+1.3 N/A 0 8.7:1.5 N/A
ZL3  6.21x15 >1000 0 62.4%17.7 N/A 0 7.2+24 N/A 0 3.7+04 N/A 0
L4 4.9+2.2 17.8%4129 53 1.74+0.7 N/A 0 46.9+1.1 N/A 100 1.61+0.2 5.3%0.9 77
ZLS >1000 >1000 0 38.7%15 N/A 0 8.5+1.8 N/A 0 5314 N/A 0
ZL6 >1000 N/A 0 >1000 N/A 0 228+13 N/A 0 >1000 N/A 0
L7 5.5%2.8 >1000 0 >1000 N/A 0 41.7#4.3 28.4%11 33 >1000 N/A 0
ZL8 23.113 >1000 0 >1000 N/A 0 47.6%3.5 14.5:25 61 >1000 N/A 0
ZL9 129+13 >1000 0 >1000 N/A 0 >1000 N/A 0 931+15 N/A 0
MTII 2.1#0.3 15#4.3 100 9+1.6 310.6 100 1.4%0.5 5%1.2 100 6%1.5 2#1.1 100

*|C50is the concentration of peptide at 50% specific binding (N = 4). % BE is the percentage of [128JMBMH di spl acement at 10
means that 0% of [125IINDBEMSH di spl acement was obser v e dntraidn of péptide that colfd@énbrate 58% t he e f f
maximal intracellular cAMP accumulation (N = 4). % max effect is the percentage of cAMP produced at a ligand concentrdlion ©fM, in
relation to MFI | . NA indicates 0% cAMP acpceumtuil daets owe roeb stee svteedd adav elr0 a& M. a nTghee ¢
to 1015 M. Co mibwerapdesioudly pablisded dafa and are included for comparison.

binding as well as adenylate cyclase activities for MTII at MCR1,3,4,5 subtypes and for the rest of the core
sequence,single N-methylation does not cause this drastic loss of binding activities (274). Considering the

property of the methyl group, the experience accumulated from MTII n -amide methylations should be

treated caseto case.Different from the amino acid substitution, which will cause a big global scaffold

change, N-Methylation uses the bulky property of the methyl group and thus may force a rotation of amino
EEPEWUPE] wWET EPOw, Ow wEOI O] @oad th@hatyé tdi wikedtibnsu Scohére wd EDOU WE |
introduced single, double, and triple N -Methylations to the H -F-R-W pharmacophore area to see if these
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D(2')Nal6

Figure27. Positions of 2 aromatic amino acid residues in MCR ligandsA: SHU9119 binding posture with MC4R, 2 aromatic residues

D(26) Nal 6 and Tr p8 a rpintardctiorsaed tagethenbg ihserteaintd the demp binding pocket where the activatien

control wobble switch. SHU9119 is shown in orange and MC4R g&hown in green ribbon style. B: The 3D structure of PG992 based on
molecular dynamic(MD) simulation with restraint added. Restraint in formation was obtained from 2DNMR.
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modifications will convert agonism to antagonism. The distal C terminal area was not selected as
modification sites because it may not cause important conformational changes asthe pharmacophore area
does. The 9 N-methylated compounds tested and listed in Table 4 were successfully made. The chemical
structure of the 9 compounds, M Sand HPLC spectra are attached in Appendix I, SI.17,18 and 19The dose
response curves of 1125 competitive binding assay and H3 cAMP assay of these compounds can be found

in Sl.20and 21.

5.22 Biological activities of 9 Nmethylated peptides on MCR1,3,4 subtypes.

The biological assay results are shown in table 1. As shown, compound ZL2 and ZL3 are what we
I RBx1T EUIl EwOT 1T OwWOOWET wEUw, "k1wEOUET 0O6P U U U tnakasicompdt@U E O1 wol |
ZL1 a MC1R antagonist while keep the agonism on MC5R. However, the single methylation on Lys makes
the activity more like SHU9119, being MC3,4R antagonists and MC1R agonist, while no binding and
activation on MC5R. Then when the single methylation moves to the next Trp amide site, the ligand turns
to MC3R selective antagonist, even without a high binding affinity (IC50: ~60nM). The single methylation
OOw#wml ZA-EOQWOEOI UwUT 1T woOPT EQEwW, "+ Ok1wEOUET 006PU0wPPUT w
methylation on Arg abolished binding affinity on MC3R, but makes MC145R potent agonist. Compared to
single methylation, the other double methylations and triple methylation did not give very important
contributions: Compound 7(Lys and Arg methylation) be haves as a potent MC1R and MC4R antagonist,
while compound 8(Trp and Arg methylation) behaves as MC1R antagonist but MC4R agonist. This one
residue modification difference shifted the MC4R activity from antagonist to agonist, which may be linked
to the imp ortant binding features of MC4R. However, this change does not make any difference to MC1R

activity, indicating the different binding pocket property between these 2 MCR subtypes. In future, NMR

and computational method can be applied to these featured molecules to investigate the reason of their
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change of MCR biological functions, which may be very helpful to explore the conformational determinants

of MCR subtypes. The assay results can be referred inAppendix Il: Sl.20and 21.
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Chapter 6. Novel bivalent selectiveantagonists for the Mu-Delta
opioid receptorheterodimer that reducesmorphine withdrawal and

enhancesoxymorphone antinociception

The opioid receptor family is comprised of the mu (MOR), delta (DOR), and kappa (KOR) family
members, and are key modulators of pain, reward, stress, and other brain states(275). For decades the roles
of these receptors have been defined by the use of selectivagonists and antagonists, knockout/knockdown,
and isolated in vitro studies (276). These approaches can miss higher levels of complexity and organization,
such as receptor dimerization (277). Heterodimerization of the MOR and DOR into the mu -delta opioid
receptor heterodimer (MDOR) has been proposed as a discrete functional unit with separate signal
transduction and functional/physiological roles from either monomer. The MDOR has been
unambiguously shown to form in cell culture models, and shown to engage specific signaling over
000001l UWEEUEEE]T UO wUUdiréstinaidERKMAPK digbaling (2Ra269u ¢

Even though useful, it is still not clear if an overexpressed culture system faithfully replicates in vivo
conditions in neurons, which typically h ave far lower expression levels and tighter regulation of receptor
localization. One approach is MDOR -selective antibody, which was used to demonstrate MDOR expression
in brain which increased with chronic opioid treatment (283). A separate study in the hippocampus
UUTTT U0l EwOT EQwWOT T w, #. Lwl O@BDOWPWHRI &bOOEWEYAWUDT DEODP B
by spinal MDOR (285). Importantly, previous study used a drug cocktail to stabilize putative MDOR
expression, which had an anti-opioid, anti -analgesic effect in vivo (286). Together these studies provide
some support that the MDOR acts as an antiopioid negative feedback loop stimulated by chronic opioid

treatment. However, study of the MDO R is critically limited by a lack of selective tools; the in vivo studies
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above generally used indirect approaches. This makes it difficult to determine the true presence and role
of the MDOR in vivo.

The few tools available all have limitations. The antib ody mentioned above is not a drug-like molecule,
and the pharmacodynamic effect on the MDOR is not known (283). A disruptor peptide has been used in
some studies, but the selectivity of this tool is not clear (284, 287. A bivalent ligand with mu agonist and
delta antagonist activity has been shown to produce pain relief with reduced side effects; however, the
pharmacodynamics of this ligand at the MDOR are not known and could even disrupt the formation of the
heterodimer (288, 289. The agonist CYM51010 has been shown to produce antinociception with reduced
tolerance but is only 5-6-fold selective for the MDOR and could thus have heterodimer and monomer
activity (290. Due to these limitations we developed the bivalent antagonist D24M, which had sub -
nanomolar potency and ~90 fold selectivity for the MDOR over either monomer (291). This ligand further
reduced morphine withdrawal in mice, consistent with a role for the MDOR as an anti -opioid negative
feedback system. In this study we used D24M as a selective tool to investigate the role and mechanismof

the MDOR as a negative feedback loop to opioid anti-nociception.
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Figure 28. MOR-DOR bivalent antagonist spaced by linkers that has adjusted lengttiRed colored represents the phacophore target on
delta opioidreceptor DOR) and blue colored represents the pharmacophore targets on muegepidr IOR)
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In this chapter, | will describe the synthesis of D24M as well as severalmodifications mediated D24M
derivatives. Meanwhile, to improve the biological assa y, we tried to develop a fluorophore labeled D24M
so that when binding with op ioid receptors, fluorescence can be observed and thus used as a positive
standard to help with competitive binding assay s or the like. The concept for a D/M bivalent op ioid
antagonist is shown in Figure 28.

Contents related to this chapter have been published in PAIN 2022, Jan 1;163(1):14458 DOI:
10.1097/}.pain.0000000000002320rhe full article can also be found in Appendix Ill: Published and

unpublished papers related to the topics included in the thesis.

6.1 Method andmaterial of full SPPS MOR-DOR bivalent antagonists

6.1.1Solid phase peptidesynthesis EPPS) of D24M

In this ligand series we connect two opioid receptor ligands C-terminal tail to C -terminal tail with a
linker separating the two pharmacophores. The general synthesis method is very similar as the mentioned
SPPS general method in previous parts. The peptides were synthesized using Fmoc chemistry with an
NovaBiochem, and Advanced ChemTech. Tyr was selected to sidechain protected amino acid Fmoc
Tyr(Boc)-OH so that the side chains can be removed during the final acidic cleavage step. Because this
molecule needs a carboxylic group instead of an amide when cleaved off, Wang resin was selected and
purchased from Polymer Laboratories. Organic solvents and reagents were purchased from Aldrich and
used without further purificati on. The first amino acid was added on the Wang resin (loading rate:
0.39mmol/g) with 3 equivalents Fmoc-Lys(Allyl) -OH, DIEA, NMP, DIAD, DMAP, couple for overnight.
The reason to choose FmoeLys(Allyl) -OH is that there are 2 branches for D24M molecule andLys has 2

amines, one isFmoc protected and the other on the side chain is protected by allyl, which is not affected by
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the Fmoc removal but instead can be removed under totally different conditions. Then all other peptides
were coupled by the N-Fmoc solid-phase peptide strategy N-Fmoc amino acid (3 equiv), HCTU (3 equiv)
in NMP with DIEA (3 equiv) added. The coupling happens in the filtered syringe shaken for 1 hour.
Coupling completion was monitored by a Kaiser test. N -terminal acetylation was done after coupling of
final amino acid with 1:1:3(v/v) acetic anhydride: DIPEA: DCM in 20 mins, repeated twice. The allyl was
removed under neutral conditions with catalytic amounts of Pd(PPh3)4(26.6 equiv) in the presence of
PhSiH3(10 equi) and argon. After cyclization, cleavage of the peptide from the resin was finished in 3 hours
with TFA cocktail (95:2.5:2.5TFA: TIS: H20 v/v). The crude peptide obtained following cleavage from the
resin showed a single major peak and purification was accomplished by semi-preparative C18 RP-HPLC
(column: Vydac 218TP152022, 250/22 mm, #3 Y ws OO wt YYw@Ad w3 T 1 wx aUPEOEI | OPEEO
the final peptides were assessed by ESIMS, analytical C18 RRHPLC (column: YMC -Pack ODSAM 150 4.6
mm, S+ ws OOwhl Y w@A 8 w2 DA% TR inlwater dalvény B, G0B% TFA in acetonitrile. System
2: solvent A, 1% formic acid in water; solvent B, 1% formic acid in methanol) and aqueous 0.1% TFA (v/v).

detector at 254 nM.

6.1.2 Synthesis of D24M derivatives
This project is to create an optimized MDOR selective antagonist by adjusting linker hydrophobicity
and rigidity. The candidate compounds will be synthesized using our established solid phase peptide
synthesis (SPPS) strategy, which produces the candidate compounds in high yield and purity. All
synthesized compounds will be validated for purity (>95%) and identity by HPLC and MS -MS. We do not
anticipate difficulties exte nding this synthetic approach to new compounds, since this scheme produces
high yields and purities and our proposed modifications ( Figure 20K WU E Ol wEEYEOQOUET 1 wOi w2/ / 2z

The most likely problem involves coupling bulky amino acids to hindered resi dues (i.e. DMT to Pro). A
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stronger coupling reagent PyBROP or microwave assisted synthesiswere applied for the cases that need

to improve coupling efficiency.

n(L)

Figure 29: The modification goals for 2 aims in the project. Red R1.2 represents thdirst goal which is to decrease the DOR Ki and
IC50 through the madification of the glycine to charged alternatives. The R1.2 can be Glu, Asp for single negative charge; Lys and
Dab for single positive charge; and Ala for non -charge comparison. Blue (L)n at both side of the central lysine represents thesecond
goal which is to increase the linker rigidity of the whole molecule. (L)n can be (Pro -Pro)n, (Gly-Pro)n, (Gly-Gly-Pro)n.

6.1.3 FITC coupled D24M synthesis

The FITC (Fluorescein isothiocyanate) is the form of fluorescein used for conjugation to all JIR
antibodies and purified proteins, except for streptavidin. Fluorescein conjugates absorb light maximally at
492 nm and fluoresce maximally at 520 nm. Because bits excellent fluorescence property, it is often used
in analytical biochemistry. In this project, the FITC group was not defined to connect to a specific location
on the D24M molecule. For the sake of synthesis feasibility and not affecting pharmacophore functions, the
middle of the linker , which is the side chain of the Lys was selectedso that this location does not disturb
pharmacophores. Lys is a good connecting amino acid because it has 3 branches with a long side chain
amine group. So, the expectedmolecule is shown in Figure 30. Because this molecule requires the usage of
Lys side chain as connecting point, | designed a different synthesis strategy from the common D24M. The

synthesis starts from the FmocTyr(Boc)-OH at M pharmacophore with attachin g to Rink Amide resin and
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Chemical Formula: CogHyoeN14018
Exact Mass: 1768 80
Molecular Weight: 1770.02
%), 177080 (12.1%), 1771.81 (11.0%), 177181 (6.4%), 177080 (5.2%), 1769.70 (4.9%), 1772.81 (4.2%), 1771.80 (3.7%)
1769 80 (1.2%)
Elemental Analysis: C, 66.30; H. 6.15: N. 11.08; O, 16.27

Figure 30: Structure of FITC -D24M and its chemical composition. The amino acid building blocks are labeled in blue. Red colored
molecule represents the FITC connected to the D24M.

couple to the end of the D pharmacophore Tyr(Boc-Tyr(boc)-OH). The Fmoc-Lys(Allyl) -OH is still being
used. After finishing the coupling, the allyl group is removed first on resin, then during the cleavage of the
molecule, all other Boc protections were removed. In this way, the only reactive amine residing on the Lys
long side chain was exposed. This cleavage D24M precursor was purified and lyophilized to powder for
further use. Then 1 equivalent of the D24M precursor and 1 equivalent of the FITC was added into

12:7:5:1(v:v) pyridine:DMF:DCM:DIPEA solution, shaking for 5 days to finish the coupling.
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6.1.4Drugs applied along with D24M and derivdives study of withdraw effects

The MDOR antagonist D24M was synthesized, assessed for 95% purity by high performance liquid
chromatography (HPLC), and structure confirmed by high resolution mass spectrometry as described in
the previous section 6.1.1 and 6.2.2. Morphine sulfate pentahydrate was obtained from the National
Institute on Drug Abuse Drug Supply Program. Oxymorphone (#0790) and buprenorphine (#3210) were
obtained from Mallinckrodt (St. Louis, MO). CTAP (#15 -601), naltrindole (#50-178-9293), naloxonazine
(#05911-0), KN-93 (#52151), Srell (#36421-0R), and paclitaxel (#AAJ62734MC) were all obtained from
Fisher Scientific (Waltham, MA). D24M, KN -93, and Srell were prepared as 10 mM stocks in dimethyl
UUOI ORPEIT wE OE wU U GadbkobanifeUand nglsinddewerd prép&ed as 10 mM stocks in USP
UUI UPOI whEUI UWEOEWUUOUI EWEUwWI Y" dw. RAaO0OOUxT OO OwEUxUI 601
every experiment in USP sterile saline. Paclitaxel was prepared fresh for every experiment and dissolved
in a vehicle of 16.7% cremophor, 16.7% ethanol, and 66.6% USP sterile saline. Matched vehicle control
injections were included in every experiment: 2% dimethyl sulfoxide, 10% Tween80, 88% USP water for
D24M, KN-93, and Srell; USP water for CTAP, naloxonazine, and naltrindole; and USP saline for
morphine, buprenorphine, and oxymorphone. Drug powders were stored as recommended by the

manufacturer, and D24M powder was stored at 48 " WU OET UwWEI UPEEEUDOOS

6.1.5 Behavioral preparation and tail flick assay

The animal tests were done by Attila Kerestztes et al. in the Department of Pharmacology, College of
M edicine, University of Arizona during year 2019 to 2021. Before all other experiments are carried out, al
animals were brought up in their home cages to the testing room and allowed to acclimate for at least 30
minutes. The mice were randomized to the treatment group, and the experimenter was blinded to the
treatment group by the delivery of coded drug vials. The treatment groups were decoded after all data

were recorded. Behavioral experiments were performed at the same general time each day, and personnel
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movement, scents, noises, and similar environmental distractors were minimized. The behavioral
apparatus was cleaned between each set of aimals. Many drugs were injected by the
intracerebroventricular (icv) route; The protocol used this procedure is reported previously . Pre-injection
tail-flick baselines were determined in a 52 °C tail-flick assay with a 10 second cutoff time. The mice were
then injected i.c.v. with 17-AAG/pifithrin - or U0126 with a 24-h (17-AAG/pifithrin -) or 15-min (U0126)
treatment time. 24 h post-injection baselines were determined for the 17-AAG experiments. The mice were
then injected i.c.v. with 0.01, 0.032, or 0.1 nmol of DAMGO, and tail-flick latencies were determined over a
time course. After completing the study, the mice that did not respond to DAMGO were excluded from the
analysis, suggesting a missed i.c.v. injection, as it was clear hat the 17-AAG and other treatments did not

cause a large decrease in anthociception.

6.2 Results ofMOR-DOR bivalent antagonists synthesis

6.2.1 Synthesis of D24M and its multiple derivatives

The D24M SPPS product was identified by MassSpec. Specific molecule composition should be
C75H92N12014, which has an exact mass of 1385.@9altons. If the C terminal is CONH2 instead of COOH,
the composition will change to C75H93N13013, making the exact mass to 1384.69. There is a difference in
the isotope pattern for these 2 different ended D24M molecules, which is shown in Figure 31.

During the production of D24M, several batches were made to achieve the wanted amount(1g). There
was one batch of the synthesisis the mixture of compounds with these 2 different ends . However, the
different ends cannot be distinguished by C18 reverse phase HPLC. The MassSpec of the mixture is shown

below in Figure 32
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Figure 31: D24M MassSpec predicted isotope patterns for different C terminal ends . Left: D24M molecule with correct COOH end.

Right : D24M molecule with CONH 2end. Correct COOH ended D24M isotope should start from 1385 while the CONH 2 ended D24M
starts with an isotope of 1384.

Apparently, the ratio of the carboxyl end and amide end is about 6:4, which may be due to the resin
storage contamination (mixed with Rink amide resin). After TFA cleavage, Wang resin will give out a
COOH end while Rink amide resin gives a CONH2 end. This problem was solved by changing the resin to
a newly purchased Wang resin. The isotope measured for pure COOH ended D24M is shown in Figure 33.
The HPLC has asingle peak located at 12.584 min which is similar as the 115 min peak in another LC-MS
system, shown in Figure 34. Due to single proton (positive charge) addition, the MH+ inthe LC -MSis 1386.6,
which corresponds to the exact mass of 1385.6, proving that the product is D24M with a correct COOH C
terminal end. And the D24M derivatives were all successfully addressed and testedin an animal model.
The structures (Sl. 22), MS (SI. 22) and HPLC (SI.23) information of these derivatives can be found in

Appendix Il .
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Figure 32: D24M MassSpec measured for the mixture of different C terminal ends . 2M+2H weighs most of the mass in the
measurement and the isotope peak height of 692.34 and 693.33 is about 4:6, indicating the 2 different ended D24M molecule ras in
this batch of synthesis.

122



Intens. *M5, 2.9-3 . 5min 886104
x106
1386.69
1385.68
(51
MH*
4.
1387.70
2
1388 70
137924 138158 138378 IJ 13e8.73 139154 139306 139517 135883
o - i P AN e e
1377.5 1380.0 13625 1385.0 1387 5 1390.0 13925 1385.0 1397 5 ez
Inlens HNAE, 2.0 3 Ernin M6 104
107
69335
F-
693.85
P=2H2
3 J
2
59435
4
3485
700,35
\J 66,33 T0084
GIZ.E9
. BE731 _ . ,’\_sasx? 881 ﬁ WANAN
588 690 662 604 2] 608 700 702 mz

Figure 33 D24M MassSpec measured for the pure D24M with COOH end

pattern of D24M mass.
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Figure 34: Pure D24M with COOH end . Picture on the very top is the C18-reverse phase HPLCof the pure D24M with the conditions
set under our lab requirement. The other parts are LCMS offered from bio5 MS testing center. Comparing the signal under 254nm
absorption, which is the very top peak and the peak in red color in the middle, they appear similarly at 12-13 min. The peak retention
time vary by different elution conditions. While the HPLC under 2 different instruments gave close retention time .

6.2.2 Synthesis oFITC labeled D24M

According to the previous research, FITC labeling peptides on solid phase resin should be
straightforward (292). The interesting thing about this molecule is the coupling does need as long as 5 days
for the FITC. 2 days coupling makes a very low yield, as is shown in Figure 35, which the mass of the
compound of M+2H should be 923.47 and is very low peak to be observed. However, 5 days coupling
generated much higher yield with 923.45 a high major peak in the MS. This may be due to the short length
of the Lys side chain compared to the double branch of the D and M pharmacophores. The 2 way stretched
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pharmacophores makes the center point Lys to be hidden and thus largely decreased the chance of FITC to
get in contact with its side chain amine group. However, due to the solvent syst em (existence of DMF), it
was not finally extracted from the solvent system and could not be purified by the C18 -reverse phaseHPLC.
The product was processed by HPLC with a very broad peak collected and lyophilized. Orange colored
powder was finally obtai ned. The effect of this compound to bind with DM opioid dimer was also tested,
which will be described in the later part. Generally, due to the several problems we met during the
synthesis of this molecule, the purification of this compound was not satisfying. The coupling of FITC to
D24M cannot be fulfilled on resin because the following cleavage will also remove the FITC. In this case,
the coupling was finished under liquid phase with DMF and pyridine as solvent. The solvents could not
be dried under rot ary evaporator and thus cannot be injected into HPLC column. Flash column is the only
way to purify this compound. However, after the column purification, the collections still had DMF which
could not be completely removed and samples could not be dried. A nd thus the collections from the flash
column still could not be analyzed by C18 RP-HPLC column (a huge broad peak which lasts for 5 mins
during the running procedure , which was suspected as part of the column material got dissolved by DMF
and washed out). After collecting this huge peak and analyze it with MS, we found it was still not pure
target compound. The improvement of this case in the future could be 1: From the design and synthesis
aspect, we canincrease the linker length between the FITC ard the Lys, so that the FITC can have much
larger chance to couple to the D24M. The short linker makes coupling site deeply buried in the center of
the molecule which prevents reagents from touching. 2, According to other research(293), water solution is
workable for FITC conjugation to peptides , while D24M itself is weakly water soluble and thus reactions
could not be carried in water. If there is a way to get rid of DMF as solvent, the purification should be
straightforward to be done in HPLC. So,the introduction of PEG linker can not only increase the length of
the third branch so that FITC can have more chance to be attached, but als@add hydrophilicity to the whole

D24M molecule so that it is more water soluble. Also, the polarity of the current D24M molecule needs to
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be improved for future pharmacology use. Currently it needs to be formulated for animal tests and this

will be further discussed.
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Figure 35: MassSpec of the D24M-FITC synthesis product derivatives . UP: 2 day coupling of FITC to D24Mlhe correct mass of 923.45
can be detected but too dilutébwn : 5 dayscoupling of FITC to D24M. The correct mass of 923.45 can be largely detected.
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6.2.3 Test of the analgesic effects generated by novel D24M derivatives via tail flick

experiments on maise model

Previously, K. Olson et al.(291) and A. Kereszteset al.(294) have demonstrated that D24M as Mu and
Delta opioid receptor antagonist, had obvious withdraw of analgesic effectsto the animals which are
applied agonist drugs, as shown in Figure 36. However, it does have synergistic effect with other
antinociception drugs for example oxymorphone (295). Same as D24M, he D24M derivatives humbering
from A to H showed similar behavior when injected into both male and female mouse . Results areshown
in Appendix Il, SI 24from A-H. In the hot water mouse tail flick assay, the latency of the tail flick indicates
how strongly the mouse can feel the pain from the hot water treatment. The higher the latency, the stronger
the analgesiceffect the drug can bring. Itis clear that the treatment of D24M after opioids agonists obviously
canceled the analgesic effect (Figure 36), showing its role as opioids antagonists. Similarly, when
comparing the treatment of D24M derivatives and oxymorphone (S1.24), it was interestingly shown that
most of the compounds did have a weak analgesic effectduring the first 15mins and then decreased, even
though the overall effects manifested were opioid antagoni sm. However, the addition of D24M or D24M
derivatives together with oxymorphone did show strengthen analgesic effects especially the
D24M/oxymorphon e combination which gives almost 2 times the anti-nociception effects on both male and
female mouse. Compounds A and B gave even higher synergistic effects compared to D24M.Compound
C give no obvious help in anti -nociception in the combination compared to the oxymorphone sole while D
and E showed no synergistic add-up in female and male mouse respectively. Other compounds behave
very similarly to D24M, indicating the similar working mechanism of these derivatives, which further
means the modification of li nker/junction do not/weakly affect the potency on MDOR dimer. The details
of all 8 D24M derivatives working on male and female mouse for analgesic effects can be found in the tail

flick results attached in Appendix Il, SI. 24.
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Figure 36: D24M antagonizes the analgesic effects brought by opioid agonists CYM51010 and Deltrophin Il.  A: D24M sole, as an
opioid receptor antagonist, does not bring any analgesic effects.Drug concentration variations do not have any change in mouse pain
receiving. When treated with CYM51010(B), or Deltorphin 11(C), mouse show obvious pain blockage in the reflection of the pain
withdraw latency. D24M as antagonist can largely cancel the pain relieve effects in a dose response manner, indicating its rde as
opioid antagonists. Resource is from K. Olson et al(291)
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6.3 Discussionand future direction

According to previous work done by K.M.Olson et al.(295 and A.Kereszteswt al.(294), we have so far
established basic knowledge of the Mu/Delta opioid receptor dimerization phenomenon. It is accepted that
the dimerized MD OR is capable to initiate distinguished cell signaling compared to Mu or Delta opioid
receptor monomers, such as preferential betaarrestin and extra cellular signal-regulated kinase signaling,
mitogen activated protein kinase signaling and so on (294, 295. One very important and potentially
impactful finding from this study is the observation that oxymorphone antinociception can beenhanced
by MDOR antagonism, which has been demonstrated in the previous section. A. Kereszteset al. work
published on PAIN 202 2(294) demonstrated that synergistic effect is due to the specialinhibition of the
negative feedback effect controlled by MDOR. CaMKII and Src have long been demonstrated to be related
to opioid -induced reward and hyperalgesia. When injecting KN -93(CaMKII inhibitor) or Src -11(Src
inhibitor) to oxymorphone treated mouse, there was no obvious influence on the anti -nociception.
However, when injecting them into the mouse with D24M+Oxymorphone strengthened anti -nociception,
the strengthened effect will be recovered. This is obvious evidence showing that MDOR antagonism by
D24M shut down the negative feedback loop that is regulated by CaMKIl and Src signaling pathways. This
is to say, apparently, the MOR agonist oxymorphone can not only activate Mu opioid monomer but also
turn on the Mu opioid in the MDOR dimer, triggering that CaMKII/Src controlled negative feedback loop
of anti-nociception. However, even though obviously concluded, the fact that oxymorphone interacts with
both the MDOR and MOR monomer, producing both antinociception an d negative feedback remains as
our hypothesis and more direct evidence is needed. So far, the evidence we have obtained is that chronic
morphine application enhances MDOR expression. This should be a mechanism fighting the opioid
activation: when Mu opioid activates, MDOR forms and can also be activated by the same agonist to initiate
a special signaling pathway of CaMKII/Src to cool down the anti -nociception. This is the possible working

mechanism we propose according to current observation we have for the opioid system.
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Another phenomenon that is worth thinking about is the GPCRs biased signaling, as heavily
demonstrated in Chapter 2. The biased signaling is a common and widely existent phenomenon in GPCR
which means different ligands can bind and activate the same receptor and give different signaling
responses Similarly, as GPCRs, opioid receptors do have varies biased signaling capabilities. One example
is the morphine induced withdraw and tolerance i s related to betaarrestin signaling. This may be due to
the beta-arrestin mediated GPCR internalization which makes fewer opioid receptors maintaining on
membrane. Thus, the fewer receptors bring an outcome of less signaling, which leads to the increaseddrug
amount to maintain the previous stimulation( tolerance). And meanwhile, the fewer receptors lead to a
decreasedresponse to the endogenoushormones (withdraw) , making disordered hormonal regulation that
generates the desire of exogenous drugs(dependene). It has been shown that morphine withdrawal is
blocked by MDOR antagonism but is not working for fentanyl, methadone, or oxycodone. This is very
possibly due to the biased signaling that only morphine can induce the appropriate opioid receptor
conformation so that beta-arrestin can be recruited. This is like setmelanotide for MC4R, which are both

due to biased signaling.

This observation could be impactful on eventual clinical translation. Our results suggest that MDOR
antagonist treatment could enhance opioid pain relief while blocking side effects like withdrawal. However,
the oxymorphone vs morphine or buprenorphine res ults suggest the existence of biased signaling and the
MDOR antagonists thus need to be carefully investigated before clinical use. This investigation is
complicated by the chemical nature of D24M. As a bivalent-linked peptide, this molecule is excellent as a
selective modular tool but is unlikely to be stable with systemic administration or cross the blood tbrain
barrier. Because the structurd activity relationship of MDOR ligands is also unknown, it could be very

difficult to design a small molecule. More work is needed from either MDOR crystal structure or invention
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of more MDOR selective agonistgantagonists and meanwhile, an alanine scan of the MDOR so that SAR

can be studied.
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Chapter 7. Development of MTII -cytotoxic drug conjugates for

treatment of MC1R overexpressingmelanoma

Melanoma is a lethal form of skin cancer. Despite recent breakthroughs of BRARV600E and PD-1
inhibitors showing remarkable clinical responses, melanoma tumors eventually become resistant to
these therapies. To create opportunities to utilize cytotoxic drugs that have low cancer resistance issues
but lack selectivity to melanoma cells, we developed melanoma targeting therapies by using MC1R
agonist MT-Il becauseMCI1R is overexpressed on melanoma. The drug-MT -Il conjugates were shown
to maintain strong binding interactions to MC1R and induce select ive drug delivery to A375 melanoma
cells through its MT -1l moiety in vitro. Furthermore, with camptothecin as the therapeutic drug,
camptothecin-MT -Il was demonstrated to effectively inhibit A375 melanoma cell growth with an IC50
of 16 nM. By providing sel ectivity to melanoma cells through its MT -1l moiety, the approach of drug -
MT -II conjugates enable us to have many more options for cytotoxic drug selection, which can be the
key to solve the cancer resistant problem for melanoma. The work being described in this part has been
published on ACS Pharmacology &Translational Science. 2020 3,5,9219930 Doi:
10.1021/acsptsci.0c00072The full article is also attached in the Appendix Ill: Published and

unpublished papers related to the topics included in the thesis .

7.1 Melanoma, MC1R and current therapeutic strategies for melanoma

treatment

Melanoma is the most deadly form of skin cancer in the United States, with an estimated 87,110 new
cases and 9,730 deaths in 201{296) Once metastasized, the median overall survival for malignant

melanoma patients is 5.3 monthg297). Despite recent breakthroughs for developing BRAF-V600E and
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programmed cell death protein 1 (PD-1) inhibitors, current treatments can only improve survival, and
tumor cells eventually become resistant to these treatments. The BRAFV600E inhibitor vemurafenib was
shown to prolong the median overall survival of patients with BRAF V600E mutant melanoma to 15.9
months(298). However, a mice study showed that 20% of melanoma tumors became resistant to
vemurafenib treatment after 56 days(299. Similarly, 60% to 70% of metastatic melanoma patients are
innately resistant to PD-1 inhibitor treatments (300). To increase response rate and avoid the resistance issue,
future melanoma drugs need to target biological processes that are fundamental for cell proliferation or
survival, so that the therapeutic effect cannot be easly bypassed through activation of a compensating
signal pathway (301). Nevertheless, current anticancer agents that target cell proliferation or survival
usually have poor selectivity to cancer cells and thus are also toxic to healthy non-cancer cells.

The melanocortin 1 receptor (MC1R) is a G protein-coupled receptor that is mainly expressed on
melanocytes to regulate skin pigmentation, as we have extensively described in Chapter 1. Upon sun
I BxOUUUI OwlT T wi OE&EGENLPSUTE D OB B OluMSHD geteta@s inukeprEtinocyte
and then activates MC1R on melanocytes toinduce melanin production and skin pigmentation (302). MC1R
is found to be highly expressed in 80% of malignant melanomas(303), and thus has been demonstrated as
a selective target for melanoma imaging(304-306).

Recently, a new strategy of ligand -targeted cancer therapeutics has been widely explored in different
clinical trials, especially for targeting folate receptor positive cancers and PSMA positive prostate
cancen(307, 308. The design utilizes a ligand that can bind to and activate an overexpressed receptor on
cancer cells to provide selectivity. The ligand is conjugated to a cytotoxic drug through a cleavable linker.
Once bound to the receptor, the conjugate molecule is internalized into the early endosome through
endocytosis(309, where the addic environment causes the conjugate molecule to dissociate with the
receptor(310. The conjugate molecule will then be sorted to the lysosome, where the cleavable linker is

degraded, and the cytotoxic drug is released into cancer cells. This design uses specific ligandreceptor
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interactions between the conjugate molecule and cancer cells to enhance selectivity, and thus would

produce much less damage to healthy non-cancer cells compared to using the cytotoxic drug itself(311).

7.2Design andsynthesis ofthe MTII -pharmacophore conjugate

The cyclized peptide melanotan-Il (Ac-Nle-cyclo[Asp-His-D-Phe-Arg -Trp-Lys]-NH2, MT -Il) has an
enhanced half-life of 1.5 hours(312,and T EUwx Ul YDPOUUOa wEIl | Arrediid edi@ed 0 Owb OEUEI]
receptor internalization of MC1R (313). Thus, MTII is a good leading compound to target melanoma
with MC1R and initiate ¢-arrestin mediated internalization, so that the pharmacophore can be
delivered into the melanoma cell. The linker was designed to have a disulfide bond, which can be
reduced by the excessive amount of glutathione inside the endosome(314). Once reduced, the thiol
group can carry out intramolecu lar nucleophilic attack to release the free drug through two slightly
different mechanisms(315) (Figure 37). A 6-aminohexanoic acid was introduced as part of the linker to
create space and prevent the cytotoxic drug from interfering with ligand -receptor interactions. To test
whether the MTII conjugate can be successfully internalized into the melanoma, the pharmacophore
part was changed to fluorescein so that the internalization can be visualized (2, Figure 38). The
topoisomerase | inhibitor camptothecin (CPT, 11) was selected as the cytotoxic drug in the design of

CPT-MT-ll conjugate (1, Figure 38).
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MT- 1T Linker Camptothecin

Figure 37. Proposed mechanism of disulfide -mediated release of camptothecin from MC1R targeting prodrugs in the endosome
of melanoma cells . The reduction of the disulfide bond by glutathione generatesa thiol intermediate that would eventually be
expected to release unmodified pharmacophore 11 via either path A (red) or path B(blue). Resource from Y. Zhouet al. (316)

Figure 38. Structures of CPT-MT -l conjugate (1) and fluorescein -MT -Il conjugate (2). Resource from Y. Zhou et al(316)
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The synthesis of MTII follows the standard Fmoc solid-phase peptide synthesis described a couple
times in the previous chapters. The special operationin this case was: After the coupling of norleucine,
additional 6 -Ahx and Cys were coupled as the linker at the leading molecule side (the left part from
the disulfide bound to the MTII norleucine in Figure 37 linear part). The liner molecule was then
cyclized on resin with the removal of the alloc and ally | protecting groups as described in previous
chapters and then cleaved from the resin with 95% TFA. The scheme of this synthesis step can be foond
in Appendix Il SI.25. The linker -MT -1l peptide is numbered 3 for convenience. Then the synthesis of
the carbonate linker 10 at the pharmacophore side (the right part from the disulfide bound to the
camptothecin norleucine in Figure 37 linear part) is shown in Scheme 1. Chlorocarbonylsulfenyl
chloride (compound 5) was added to 2-mercaptoethanol (compound 4) to form the disulfide bond.
Then adisulfide exchange reaction was performed with thiophenol (compound 6) in DCM at reflux to
yield 2-(Pyridin -2-yldisulfanyl) ethanol (7). Carbonylation was achieved with triphosgene (8) added to
7, which was followed by ester exchange reaction with hydroxybenzotriazole (9) to yield to carbonate
linker 10. The synthesis of 10 was modified based on previously reported procedures.(317) More

detailed experimental information can be found in Appendix Il SI.26.
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Scheme 1 Synthetic route of the carbonate linker compound 10. Resource from Y. Zhou et al(316)
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The final steps for the synthesis of the CPT-MT-II conjugate (1) and fluorescein-MT -l conjugate (2)
are shown in Scheme?2. The hydroxyl group on CPT (11) was connected to the carbonate linker 10
through nucleophilic substitution, yielding CPT -linker compound 13. A thiol -disulfide exchange
reaction was then performed between the disulfide groups on 13 and the thiol group ont he Cys residue
of the linker -MT -1l peptide 3 to yield the CPT-MT-II conjugate (1). Similarly, the hydroxyl group on
fluorescein (12) reacted with the carbonate linker 10 to form the fluorescein-linker compound 14, which
further reacted with the linker -MT -1l peptide 3 to yield the fluorescein -MT -1l conjugate (2), Figure 38.
The HPLCs of these 2 final compounds can be found in Appendix II, SI.27. The NMR spectra of couple

crucial intermediates (7,10,13,14) can be found iMppendix II: SI.28.
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Scheme 2 Synthetic route of connecting fluorescein and camptocethin to make the final conjugates shown in Figure 38 . Resource
from Y. Zhou et al. (316)
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7.3 Evaluation of conjugated drugs in binding and effecting of targets

7.3.1 Bvaluation of the CPT-MTII and fluorescein-MTII binding affinity to MC1R

To evaluate binding affinity of CPT -MT-II (1) and fluorescein-MT-Il (2) to MC1R, competitive
binding assays were performed on human MC1R overexpressing HEK293 cells with 1125 labelled
NDP-Y-MSH as the competing ligand as described couple times in previous sections.The Ki values of
CPT-MT-Il and fluorescein-MT-II binding to MC1R were determined to be 57 nM and 172 nM
respectively, while the Ki value of MT -ll was shown to be 1.4 nM. Despite having lower binding
affinities than MT -Il, both CPT-MT-II and fluorescein-MT-Il were demonstrated to be able to fully
displace NDP-Y-MSH within micromolar range concentration S. As MT-Il is not selective to MC1R and
can also bind to and adivate other melanocortin receptors (273, 318, the binding affinity of CPT -MT -l
and MT-Il to MC3R, MC4R and MC5R were determined through competitive bindin g assays with 125I
labelled NDP-Y-MSH. Interestingly, CPT-MT-Il was demonstrated to be around 3-6-fold more

selective to MC1R comparing to MC3R, MC4R and MC5R (Table5, Appendix Il SI.29.

Ki (nM)
Compounds MC1R MC3R MC4R MC5R
MT -1l 14 14 14 3.0
CPT-MT-Il (1) 57 300 149 192
fluoresceinMT -1l (2) 172 ND ND ND

Table 5: Ki values of MT -Il, CPT -MT -Il and fluorescein -MT -II binding to melanocortin receptors. Resource from Y. Zhou et
al.(316)
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7.3.2 Bvaluation of the CPT-MTII (1) and fluorescein-MTII (2) in melanoma internalization
and killing.

To analyze the ability of drug -MT -Il conjugate scaffold to release drug into melanoma cells, A375
OEODPT OEOQU WO OEOOOE WET OOU wP 1 UI-MIGIL2) foiDI5,EL15 brR.6 fbunst Tie, , wOT wi OUC
media with excess fluorescein-MT-Il was washed away, and the intracellular fluorescence was
monitored by live -cell confocal microscopy under the same microscope settings. No significant
fluorescence uptake was observed when A375 cells were treated for 0.5 hs (data not shown) or 1.5 hrs
(Figure 39A). After 2.5 h incubation, strong fluorescence was observed to be evenly distributed inside
A375 cells (Figure 3B). A Z-stack image was taken, which further confirmed that the observed
fluorescence was not from the cell membrane but came from both nucleus and cytoplasm (Appendix
II: SI1.30. To test if the fluorescence uptake was mediated by ligand-receptor interactions between
MC1R and the MT-II moiety of fluorescein -MT-Il (2), A375 cells were simultaneously treated with 3
4, of fluorescein-MT-( ( wepl A wE O E uilifoy 2164rs an® bxamir@d under confocal microscopy.
With excess amount of MT-Il present to occupy the MC1R binding sites, fluorescence uptake by A375
cells was not observed (Figure 3C), suggesting that ligand-receptor interactions between MC1R and
fluorescein-MT-II is crucial to deliver fluorescein into A375 cells. To test if drug -MT-Il conjugate
scaffold also releases the therapeutic drug into healthy non-cancer cells, HEK293 kidney epithelial cells
were treateE wb D UT wt wsy , wOT-WE@)GD DB his Bl md@ ifdred under confocal microscope.
The results demonstrated fluorescence uptake by HEK293 cells with much weaker fluorescence
intensity compared to uptake by A375 cells (Figure 39D), suggesting a seletive delivery of fluorescein
into melanoma cells using fluorescein-MT-Il. Taken together, these results imply that drug -MT-II
conjugate scaffold can selectively deliver the therapeutic drug into the cytoplasm of melanoma cells

through interactions between its MT -1l moiety and MC1R on melanoma cells.

139



To demonstrate the ability of drug -MT-Il conjugates to kill melanoma cells, A375 malignant
melanoma cells were treated with different concentrations of camptothecin (CPT, 12) and CPT-MT-II
(1) for 24 hrs, and the cell viability was measured with XTT assay. The results suggest that both CPT
and CPT-MT -1l can effectively kill A375 melanoma cells, while MT -Il alone does not have any impact
on melanoma cell viability. (Figure 4 0) CPT-MT -1l has an enhanced cytobxicity with an IC50 value of
16+2 nM, compared to the IC50 value of CPT (47+2 nM). Camptothecin is known to have poor
solubility. (319 Thus, the enhanced potency for CPT-MT-II conjugate is possibly due to improved

solubility and cell membrane penetration of CPT -MT-11.

A A37590 min B A375 150 min C A375 150 min + MT-Il D HEK293 150 min

Figure 39. Live-cell confocal microscopic image of A375 (A-* AWEOEw' $* | Nt wop# AwWET OOVUWUUMEIDT EwpD 0T wt wy
PPOUT wOUwPHUOT O ltfbuindigaied periodsi ofim@& Resource from Y. Zhou et al(316)
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Figure 40. Dose-response XTT cell viability assay . 3 assays were done includingcamptothecin (CPT, 11), CPFMT -l conjugate
(1) and MT-II on the cell viability of human A375 melanoma cell line after 24 h incubation. Resource from Y. Zhou et al(316)

7 4 Discussionand conclusion

Recent breakthroughs of BRARV600E inhibitors and PD-1 inhibitors have successfully prolonged
the median overall survival for malignant melanoma patients. Nevertheless, tumor cells eventually
relapse and become resistant to these treatments. To compleatly cure melanoma would require
cytotoxic drugs that target biological processes essential for cell proliferation or survival, so that
Ol OEOOOEWE]I OOUWEEOz Uwl EUPOawEaxEUUwWUT T wUOT 1 UExT UUPEWUE!L
quickly eliminated b efore they can accumulate enough mutations to become resistant. However, those
drugs mentioned above normally have poor selectivity to cancer cells and thus possess high risks of
side effects. Here we report the design, synthesis, and biological evaluations of the first ligand -drug
conjugate targeting melanoma, which can selectively deliver cytotoxic drugs to melanoma cells
through the overexpressed receptor MC1R. Our biological data support the hypothesis that a drug -

MT -1l conjugate can bind to MC1R, and mediate selective drug delivery to melanoma cells through its

interactions with MC1R. Using camptothecin as an example cytotoxic drug, we further confirmed that
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CPT-MT-II can effectively kill melanoma cells in low nanomolar range in vitro. Taken together, o ur
design of drug-MT-Il conjugate motif is a promising approach to selectively deliver cytotoxic drugs
that target pathways essential for cell proliferation or survival to MC1R overexpressing melanomas, in

order to effectively combat drug resistance issuesand decreaseside effects.

Because selective delivery to MC1R overexpressing melanomas is provided by the MT-Il motif of
the drug-MT -1l conjugate, our design opens opportunities for a much wider range of therapeutic drugs
selection. From a synthetic perspective, any cytotoxic drug with an -NH2 or -OH group can be used
for drug -MT -l conjugates through the same synthetic strategies. To achieve maximal killing of cancer
cells, drugs with high potency are favored due to limited number of receptors on th e membrane (307,
320) Potential personalized therapy may be developed by screening for cytotoxic drugs that have low
Ul UDPUUEOEIT wxUOEOI OUWEOEWEUI wOOUUwI i i1 EUPYI wECWODOODOT wl
selectivity, and then provide selectivity to melanoma ce lls through our drug -MT -l conjugate design.
Moreover, a potential combinational therapy with MT -1l conjugated to different cytotoxic drugs can
be developed based on the drug-MT-Il conjugate design, as combinational therapy is widely

considered as the bestoption for drug resistance cancer(321). These approaches can gredy reduce the

chances that the melanoma tumor become resistant to the therapy.

Our competitive binding assay suggests that though both CPT-MT-Il (1) and fluorescein-MT -1l (2)
can bind to MC1R and fully displace the radioligand 125| -NDP-Y-MSH, the binding a ffinity to MC1R
decreased by 40123 fold. Such decrease in binding affinity could be partly because of theoff-target
binding since both CPT and fluorescein can interact with serum albumin (319, 322. As bovine serum
albumin (BSA) was used in the binding assay to reduce non-specific bindings, interactions between
the conjugate drugs and BSA may limit the amounts of conjugate drugs available to the melanocortin

receptors on the cell surface, and thus causing the binding affinity to decrease. Another possible reason
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for the decrease in binding affinity is that intramolecular interactions between CPT/fluorescein and
MT -1l interfered with binding. Such interactions can be reduced by using a longer and more

hydrophilic spacer. Nevertheless, even small increases in the pacer size have been demonstrated to

markedly reduce tumor penetration (323).

For more details, please find the full published article in the Appendix Ill: Published and

unpublished papers related to the topics included in the thesis .
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Chapter 8. CLIPSing Melanotan-Il to discovermultiple functionally

selective hMCR agonists

Cyclic peptides are considered promising drug candidates because of their superior properties when
compared to their linear counterparts, such as the increased binding affinity and selectivity toward targets,
the increased metabolic stability, and the enhanced cell permeability(324). To this end, a large number of
cyclization strategies have been developed, involving both the peptide backbone (i.e., head to tail or side
chain to tail/ head cyclization) (325) and/or the amino acid side chains (i.e., sidechain to sidechain cyclization
also termed stapling) (326). So far there are a lot of chemical modifications and CLIPS stands forChemical
Linkage of Peptide onto Scaffolds(327). The CLIPS technology confers a conformational restriction to
peptides employing a halogenated scaffold reacting with thiol groups of cysteine and cysteine derivatives.
These alkylations proceed with fast kinetics under mild conditions (room temperature, buffered aqueous
UOOUUPOOOWEOQE w XX lweruOUE OEWEWEG@OUT 1 UwOUEO]I Ox1 POPEwI UOE
etc.), thus being suitable for unprotected peptides(328). The commercial availability of various alkylating
agents differing both in terms of length (mono - and biaromatic) and in the number of reactive sites (bi-, tri-,
and tetrafunctional linkers) renders this technique extremely versatile and suitable to stabilize biologically
Ul O YEOUuwxI xUPEI wUI E O E ©@#and sbibEHbitarecapitllaté Ednfarialionl
epitopes(329, 330. Thus, CLIPS hold the potential for stabilizing a wide range of bioactive conformations,
including t hose typical of the endogenous peptide ligands of the G-protein coupled receptors (GPCRS),
which could assist in obtaining potent and selective GPCR interacting peptide therapeutics (331). Recently,
CLIPS have been successfully applied to develop ligands for integrin(145), notch(332), and opioid
receptors(333), leading to analogues with modified pharmacokinetic and pharmacodynamic profiles. In
this context, the human melanocortin transduction system (MCTS) represents an intriguing field of
ExxOPEEUDPOOwWw UOwWUI U0w U PUwi axOUT 1 UPUGw3T PUw&/"1wi EODO
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interacting with a set of endogenous peptide agonists such as adrenocorticotrox D O wg  "-@ widldIhneé
wmelanocyte-UUD OUOE UD OT udiubhl B OB kistsrespettively); and antagonists/inverse agonists
such as the agouti signal protein (ASP) and the agoutirelated proteins (AGRPS) as we have extensively
described in Charpter 1

Intense medicinal chemistry efforts aimed at developing synthetic MCR agonists/antagonists with
improved potency and selectivity featuring diverse chemotypes, including peptides, peptidomimetics, and
small molecules. In this regard, chemical manipulations of the 13-O1 U-MSH (Ac-Serl-Tyr2-Ser3Met4-
Glu5-His6-Phe7-Arg8-Trp9-Gly10- Lys11-Prol2-Vall3-amide) led to significant advances and ultimately
resulted in the approval of the sub -nanomolar agonist melanotan | (MT -I; NDP-Y-MSH or afamelanotide)
for the therapy of erythropoietic protoporphyria and in the C -terminal carboxyl analogue of melanotan I
(MT-II; bremelanotide) to treat sexual desire disorders in premenopausal women (334). More recently,

Ul UO1 OEQOUDPEIT OMEHIErVAtiVe WithagokisDaztivity ¥n the hMC4R, was granted priority
approval for the treatment of genetic childhood -onset obesity(227). Despite the breakthrough embodied by
these drugs, with the sole exception of setmelanotide, which is 20-fold selective over the hMC3R, both MT -
I and MT -1l are extremely potent but unselective melanocortinageOU U6 w2 UUUEUUUI NEEUDPYDPUa wUI
studies aimed at improving the selectivity profile of known ligands utilized the MT Il scaffold affording a
heterogeneous set of analogues with different selectivity and functional activity profiles . In line with the
path traced by these investigations, herein, we embarked on performing SAR studies on peptides endowed
with the sequence, Ac-Nle-[X-His-D-Phe-Arg -Trp-Y]-NH2, obtained by maintaining the pharmacophoric
portion of MT -1l and replacing its amide cyclization with a series of xylene tethers. Variation of the cycle
amplitude together with its conformational restriction was attained by systematically combining three
xylene regioisomers and thiol group -bearing amino acids wit h different steric hindrances (X/Y = Cys, Pen).

Some of the resulting cyclopeptides displayed a potency comparable to that of MT -1l but with an improved

selectivity/ activity profile, which was rationalized by applying advanced molecular modeling technique s.
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This article has been published on Journal of Medicinal Chemistry, 2022, 65,5, 40014017 doi:
10.1021/acs.jmedchem.1c01848The full article can also be found in Appendix Ill: Published and

unpublished papers related to the topics included in the thesi s.

8.1 Design,synthesis andevaluation of the multiple peptide compoundsstarting

from the MTII template

8.1.1Design andsynthesis of 12 novel peptides

Starting from the MT -1l sequence (AcNle4-cyclo[Asp5-His6-D-Phe7-Arg8-Trp9-Lys10]-NH2), the novel
peptides were designed to conserve the pharmacophoric residues and replace the lactam bridge between
Asp5 and Lys10 with varied CLIPS tethers, which were introduced by reacting three different dibromo -
xylene regioisomers, namely, ortho-, meta-, and para-xylene, with thiol -functionalized side chains of
cysteine and penicillamine residues ( Scheme3). Our design was aimed at exploring the effects of the aryl-
bisthioether-stapled ring size (from 24 to 26 members) as wellas of the steric hindrance (Cys vs Pen side
chains) on the conformation and in turn the selectivity, potency, and activity of the resulting 12 MT -II
derivatives toward MCRs. Peptides were synthesized by adopting an ultrasound -assisted solid-phase
peptide synthesis (US-SPPS) protocol recently described by some of ug335). Briefly, the linear oligomers
were assembled on an AM-PS resin previously functionalized with a Rink amide linker by iterative cycles
of Fmoc-deprotection and coupling reaction steps to later undergo N -terminal acetylation. The side chain-
to-side chain cyclization was achieved by dissolving the crude peptides in a mixture of acetonitrile (ACN)
ECEWPEUI UwUOOUUPOOWOT wYd k w, wrl '/ . Kdibcpiotylgne Fieusddidnwx U1 U1 O
was stirred overnight when no linear peptides could be dete cted by comparative high-pressure liquid
chromatography (HPLC) analysis. All the peptides were purified by preparative reverse phase (RP}HPLC

and characterized by analytical HPLC and high -resolution mass spectrometry (HRMS). More details of the
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12 peptides including the MS and HPLC can be found in Appendix II, SI.31-SI.46.

/—O—\ 1 X:Cys; Y:Cys
s S 2 X:Pen; Y:Cys
L \ 3 X:Cys: Y:Pen
(Ac-Nle-X-His-D-Phe-Arg-Trp-Y-NH, ) 4 x: pen: Y: Pen
Fmoc
removal
(a) /@ 5 X:Cys; Y:Cys
SH SH s s 6 X:Pen; Y:Cys
(c,d) | 1 (e) 1 \ 7 X:Cys; Y:Pen
x-Q ((Ac-Nle-X-His-D-Phe-Arg-Trp-Y-NH, ) (Ac-Nle-X-His-D-Phe-Arg-Trp-Y-NH, ) 8 X:Pen: Y:Pen

(b)
Coupling A 9 X:Cys; Y:Cys
reaction s s 10 X:Pen; Y:Cys

] \ 11 X:Cys; Y:Pen
(Ac-Nie-X-His-D-Phe-Arg-Trp-Y-NH2 ) 12 x: Pen: Y: Pen

X: -NHFmoc (Rink Amide resin)

Scheme 3General Synthetic Route for the Synthesis of-12. Reagents and conditions: (a) Piperidine 20% in DM& 12min, US irradiation;
(b) FmoeAA-OH, HBTU, HOBt, DIPEA, DMF, 5 min, US irradiation; (c) Ac20, DIPEA, DMF, 10 min, stirring; (d) TFA, TIS;dthiothreitol
solution 1 M in water (95:2,5:2,5), 3 h; (f) pareeta, or orthexylene dibromide, K2HPO4 014, CH3CN (1:1) Resource is from S. Tomassi et
al.(336)

8.1.2Evaluation of the drug binding and activating potendesof the 12 compounds.
The effects of the CLIPS macrocyclizations on the affinity and selectivity of the newly synthesized
compounds were preliminarily evaluated by performing competitive binding assays with [1251] -[Nle4, D-
Phe7}Y-MSH on HEK293 cells, stably expressing the hMC1R, hMC3R, hMC4R, and hMC5R. The
unselective hMCR agonist MT -1l was employed as a control. As reported in Table 5, with the sole exception
of 4, all the synthesized compounds interacted with the tested MCR subtypes with an affinity constant
ranging from the low - to high-nanomolar range. In general, with the same amino acid composition, the
para- uN K A w E-&yEng-Oll WE T Ul Ewxl xUPETl Uwpk NWAWEDUxOEal Ewi BT T 1 Uw
tethered onespN Nl AwOYIT UwUT T w0l U0T Ewi, "1U0U8w OUOOwPPUT POwWUT 1 wUE
both Pen residues involved in the cyclization (4, 8, and 12) showed significantly lower affinity for all the
hMCRs with respect to the analogues featuring at leastone Cys residue involved in the cyclization (2, 3, 6,
7, 10, and 11). These observations seem to indicate that the size and steric hindrance of the explored linkers

can significantly affect the affinity for each of the tested hMCRs. Among the paraxylene d erivatives, 1,
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having the Cys5/Cys10 couple as CLIPScyclization partners, showed a low -nanomolar affinity for the

hMC1R and hMC5R (IC50 = 7.3 £ 0.1 and 2.0 £ 0.2 nM, respectively) while being in the tweadigit nanomolar

range for the hMC3R (IC50 = 24 + 4.0nM) and hMC4R (IC50 = 18 £+ 0.3 nM). Peptides 2 and 3, whose

structure differs only for the presence of one Pen residue involved in the cyclization (in positions 5 and 10,

respectively), exhibited a mild (2) to consistent (3) decrease in affinity. In the case of metaxylene derivatives,

cyclization involving the Cys5/Cys10 pair led to 5, which proved to be a potent unspecific binder over the

four tested receptors, with a selectivity profile comparable to that of MT -( ( 8 w Uwi Exx1 Ol Ewi OUwx 1
alsofork NWOwUT 1 wbOUUOGEUEUDOOWOI WwEWUDOT Ol w/ 1 OwbOwxOUPUDBOOUL
or lower affinities for the tested hMCRs, respectively. In the case of the ortho-xylene-tethered set of peptides

ONNwhil AQwUT T wx Ul Ul Gk eyl (Qutgdulddin asiguifiddntWebldetibn af affinity for all

the receptors except for the hMC4R (IC50 = 9.1 + 3.6 nM). Again, the introduction of a single Pen residue

was better tolerated at position 10than at position 5, with compound 10 acting as a non-selective binder of

hMCRs with two -digit nanomolar IC50 values.

Xylene

Bridge  CPd Sequence hMCIR hMC3R hMC4R  hMCSR
N Ac-Nle-[DHRWK]-NH, 19401 98+0.1 74+02 15402
1 Ac-Nle-[CHRWC]-NH; 73501 2440 18203  20%02
2 Ac-Nle-[CHfRW-Pen]-NH, 19460 64+70 572491  69+5.0
3 Ac-Nle-[Pen-HRWCI-NH, 227475 >1000  >1000 4224125
4 AcNle-[Pen-HRW-Pen[-NH,  >1000  >1000  >1000 >1000
5 Ac-Nle-[CHRWC]-NH, 35509 32£60 9141  44+13
6 Ac-Nle-[CHfRW-Pen]-NH, 9+1.0 T1£3.0 126+ 32 D+£2.6
7 Ac-Nle-[Pen-HRWC]-NH, 70417 244+9  628+103 935436
8  Ac-Nle-[Pen-HRW-Pen-NH, 45018  450=12  >1000 17265
9 Ac-Nle-[CHIRWC]-NH, 275550  302:16  9.0%36 7810
10 Ac-Nle-[CHIRW-Pen]-NH, 44520  74+80 458+82 46416
1 Ac-Nle-[Pen-HRWC]-NH, 150414  222=32 619424 15721
12 Ac-Nle-[Pen-HfRW-Pen]-NH, 553+£25 452 £23 =1000 507 + 22

Table 5. IC50 Values of Peptides 1112 in the In Vitro Competitive Binding Assay with [125[]NDP-U-MSH on MCRs. ICso(nM) is the
concentration of the peptide at 50% specific binding (N = 4). The peptides were tested over a range of concentratidridftord@6 M. b
MTIl is used as a controResource is from S. Tomassi e{286)

The activation of Adenylate Cyclases(AC) of some these compounds were also tested and shown in
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Table 6. The most promising candidates (IC50 < 100 nM for at least one of the four tested hMCRs) that
emerged from binding experiments were further assessed for their ability to activate adenylate ¢ yclase in
HEK293 cells, stably expressing hMC1R, hMC3R, hMC4R, and hMC5R. Also, for this experiment, the
unselective hMCR agonist MT -1l was employed as a control. As reported in Table 6, with the sole exception
of 7 and 9, all the selected compounds showed the ability to activate the hMC1R with EC50 values
comparable to those of MT-II. Interestingly, of these latter two peptides, 7 shows a selective efficacy profile
as being able to act as a full agonist at low nanomolar concentrations for the hLMC3R. Among the remaining
compounds, 1 also strongly activated the hMC4R acting as selective hMC1R and hMC4R agonists, while 2
activated the hMC1R and hMC5R. Conversely, 5, 6, and 10 exhibited a diverse degree of selectivity toward
the hMC1R with peptide 5 possessing at least 300fold selectivity for the hMC1R over the hMC3R, hMC4R,

and hMC5R, emerging as a potent and selective hMC1R agonist.

hMCIR hMC3R hMC4R hMCSR
Cpd ECg, (nM)“ % max effect” ECg (nM) % max effect ECg (nM) % max effect ECs (nM) % max effect
MTII 44 + 03 100 31+02 100 5.6 £ 0.6 100 L7 £ 0.1 100
1 4.0 £ 03 100 645 + 50 100 12 + 0.2 100 >1000 100
2 3.0+ 0.1 100 246 + 25 100 219 + 22 100 48 £ 5.0 100
5 3.0 £ 0.7 100 902 + 100 100 915 £ 90 100 >1000 100
6 65+03 100 435 £+ 30 100 500 + 42 100 >1000 100
7 >1000 100 9.4 + 0.3 100 618 + 60 100 126 + 10 100
9 107 £ 15 100 >1000 100 360 + 34 100 >1000 100
10 6.1 +03 100 >1000 100 >1000 100 N.A® 100

Table 6. EC50 Values of Selected Arybisthioether-Stapled Analogues of MFIl in the Adenylate Cyclase Activation Assay EC50 is the
effective concentration of the peptide that could generate 50% maximal intracellular cAMP accumulation (N = 4). b % t=theffesrcentage
of cAMP produced at a ligand concentration of &ld, in relation to MFIl. ¢ NA indicates 0% cAMP @umulation observed at 1M
concentrationResource is from S. Tomassi e{Z86)

8.1.3 Computational analysi®of compound 5 as a good hMC1R selective agonist
Theoretical studies were undertaken to provide a possible model of interaction of the most interesting

peptides in complex with their biological targets. Most precisely, these studies were focused on the meta

RaOl Ol U1 UTT Ul Ewx1 xUPEIl Uwpk NWAwWUOT EQwT 1 Ol UEOCOawi 1 EOUUIT w
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xI xUPDEI wk wgl DOT wEOUOWEEOI wUOwUI Ol EUPYI OawEOEwW UOOawEEUD
to replica-exchange molealar dynamics (REMD) simulationsto pre -UE O x Ol wOT 1 wx 1 >efelyfEl Uz wOOb
conformational basins and capture the influence of the employed cyclization strategy . Details can be

referred in the published article (336) which can be found in the Appendix llI; Published and unpublished

papers related to the topics included in the thesis. In this work, we docked the most frequently occurring

conformation of peptide 5 into the 3D structure of the human hMC1R (7F41)(259) that was demonstrated to

be fully and selectively activate d by the above-mentioned peptide . In particular, the calculated orientation

places the N-term Nlel residues in a lipophilic cleft at the crevice between TM5 and TM6 helices made up

of V188, L189, and 1264 residues. The metxylene peptide portion does not seem to make direct contact

with the receptor counterpart, while an H -bond is formed by the backbone CO of Cys2 and H260 side

chains. His3 of 5 finds hydrophobic contacts at the interface with TM4 and TM5 with F179, 1180, V188, and

L189, while the D-Phe4 residue points toward the bottom of the binding cavity, establishing hydrophobic
EOOUEEUUwWPDUT w, ul WOw+ NI OWEOE w+ 1 t hais). BlErey thiinjendtornidf UEEUD OO
the ligand d-Phe4 side chain and the M128 side chain would induce the repositioning of W254 to act as a

rotameric microswitch in the hMC1R activation, thereby rationalizing why 5 has the capability to fully

activate this receptor. Interestingly, similar interactions were also experimentally demonstrated in the cryo -
EMSOUUEUOUUT woOil wi, "1 wbDOwWEOOxOI RwbbHUT w ONSH] athmeiahofid®,p U U U w U |
and SHU9119). An important detail of the obtained 5/hMC1R complex is the coordination of a Ca2+ ion by

the receptor (E94, E117, and D121) and by the ligand. Hereit should be mentioned that the Ca2+ ion has

been already demonstrated to contribute to the full agonist activity of other peptide ligands. lonic

interactions are formed by Arg5 with D117, which have already been experimentally detected in the

SHU91190 uMSH-, and afamelanotide-bound conformations. Moreover, the same residue is also involved

in the charge-reinforced H -bond with the N118 side chain. The adjacent Trp6 residue forms an H-bond

interaction with the Y183 side chain.
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Figure 41 Close viewof compound5 docked into hMC1R crystal structure 7F4l (a) Peptide 5 docked into the hMC1R 3D e structure
(PDB code: 7F4l). Peptide 5 is represented as cyan ribbons and sticks, while the receptor is represented as transpadeatamigigeribbons
and sticks. Fbonds are represented as blue dashed lines. (b)}@osew of the chelation interactions that are represented as violet dashed lines
Resource is from S. Tomassi e(286)

8.2 Discussion andconclusion

We reported a small library of MT -1l analogues, awell -known unselective hMCR agonist, by replacing
the lactam bridge of the original sequence with xylene -derived thioethers differing in size and steric
hindrance. The obtained peptides displayed IC50 values toward the h(MC1R, hMCR3, hMCR4, and hMCR5
ranging from low nanomolar to sub -micromolar concentrations, highlighting a correlation between the
different types of linkers and the affinity toward each of the tested hMCRs. Specifically, we observed that
with the same amino acid composition, the 25- and 26-member ring derivatives exhi bited higher affinity

compared to the 24-member ring ones. On the other hand, within the same macrocycle size, peptides
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featuring both Pen residues involved in the cyclization (8) showed a lower affinity for all the hMCRs with
respect to the analogues feal UD OT WEO wOl EUO0wWOOT w" aUwhbOwli 1 wEAEOPAEUDOOD
the peptides were assessed for their ability to activate adenylate cyclase, peptide 5 showed at least 300-
fold selectivity for hLMC1R over hMC3R, hMC4R, and hMC5R. By performing REMD simulations and
docking calculations, we elaborated a theoretical model of the 5/hMC1R interactions that would allow us
to hypothesize why peptide 5 has the capability to fully activate this receptor. In light of these results, the
CLIPS strategy was confirmed to be an efficient cyclization option, which if systematically applied to
cyclopeptides interacting with complex GPCR systems could enable exploring a larger conformation space
compared to other strategies, providing chemotypes potentially endowe d with different degrees of affinity
and selectivity. In conclusion, even if MC3R and MC4R have been considered for years as the most
promising targets within the melanocortin family for therapeutic intervention, the development of highly
selective agonists and/or antagonists for other MCRs is crucial for the thorough comprehension of this
pathway in the onset of multiple diseases. In this perspective, compound 5 not only represents a good
candidate for further biological investigations on the role of MC1R in pathologies such as immune-
inflammatory disorders but also provides the basis for the development of a new family of selective
agonists for the MC1R, which could allow for the full capitalization of this receptor in pharmacological
intervention .

This chapter has not incorporated all information of this research. More details can be found in

Appendix Ill: Published and unpublished papers related to the topics included in the thesis .
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Chapter 9. Discussion andfuture directions

The human knowledge of GPCRs spans and flourishes for almost a century. From the very early lock
and key model to the most current multi state model, people have been looking into ways to reveal the
secret of these fine machineriesand as well developing drug molecules to control them. Melanocortin
receptors are a very good example to depict the evolution of the peptide drug development . In the past
decades, MC4R research has been blooming, making this receptor the most welknown of the melanoc ortin
receptors. So far, the understanding of MC4R working mechanisms is revealed step by step. The discovery
of alternative GPCR signaling pathways provides inspirations for novel drug screening beyond
technologies that focus solely on proximal signaling Ul Ux OOUI Uw Ol E b E-PdABpathiwayw U1 1 w & Y
According to the research so far, the toggle switch deep inside the MC4R orthosteric binding site is of great
significance to be taken into consideration during drug design. Because the ligand interaction at this site
directly determines if the allosteric G protein binding site can be opened. The past decades have withessed
waves of peptide drug development from the mimics of natural endogenous hormones to modification of
the humanmade mimics, and from the non -selective ligands to receptor subtype selectivity. As the
knowledge of cell biology progresses, people have now been clearer about the reasons for many of the side
effects and the way to get rid of them should be the next wave of drug design targeting specific cell
signaling. For the MC4R, targeting the non-canonical signaling pathways depending on the physiological
response desired could theoretically improve current MC4R -based therapies through enhanced efficacy
and reduced side effect profiles. The different ligands binding to MC4R induces specific receptor
conformations that favor specific G protein subtypes. This conclusion is in alignment with our own research
on Plasmon Waveguide Resonance PWR) spectroscopy, where the conformational difference can be
detected and converted into the position of the absorbed laser peak. Our results also showed similar
phenomenon that the balanced agonists, for example NDP-Y-MSH and MTII, induce similar MC4R

conformations and THIQ and Setmelanotide, as biased ligands, trigger different MC4R conformations ,
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while the antagonist SHU9119 leads to almost no change of the MC4R structure, explaining its role as an
antagonist. However, the number of structures observed for MC4R is still limited, with only several
representative ligands co-crystallized (MSH, NDP -Y-MSH, MTII, THIQ, Setmelanotide). Thus, it is still not
clear if the positional differences of those specific amino acids, between these MC4R structures, at the
orthosteric binding pocked and at the allosteric G protein bindin g site has definite correlation. In other
words, it is still not completely clear about the universal rule of the G protein profiling that MC4R and its
ligands control. In this respect, more representative biased ligands, for example the typical Gq biased
ligands or Gs biased ligands for MC4R need to be developed, so that more cecrystal structures with these
ligands can give conformational information for the specific biased signaling. The rule of the signaling
pathway selection can to some degree be summaized and utilized in the future drug design. This is also
of great significance to reveal the secret of the biased pathway selection happening on other MCR subtypes
because they share a lot of conformational similarities and similar activating mechanisms may also apply.
Further, as a GPCR, the findings on MC4R biased signaling selection may also be instructive for the studies
of other GPCRs with important biological functions.

In addition to agonists and antagonists, inverse agonists, like AGRP and its mimics for MC4R are also
an important area for biased signaling research, which represents a totally novel signaling type than the
currently discussed pathways. Making clear the binding pattern of AgRP with MC4R may help reveal the

Ol awdi ET E &b U Cdwsifrialing: Bebaarfetifstan also regulate special signaling on MC4R which

is independent from the G protein mediated regulation. Another interesting phenomenon is that

setmelanotide-MC4R-& YUWEUAUUEOwWUUUUEOUUI 6w' OP1 YI UOQwPUwT EVUwYI Uau
other MC4R agonists do not have. This brings a new question of interest: DoesSetmelanotide activate Gq
more than Gs or not? According to clini cal trials, it apparently showed that Gq signaling is dominating

because there of no observable cardiovascular side effects. This may require further research and the
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guantitative evaluation of the signaling strength between these 2 pathways being established. In conclusion,

even though there have been recent novel findings on MC4R structures, except the one cecrystallized with

2' 4NNNhUNOWEOOwWUT 1 wOUT T UUWEUT w& YUWEOUOEWEOOxOI R1 Uwbi DET wt
S UO1 OE 60U D E Iq hisséuliadiiaiiok meghénism is still not totally clear and more like a hypothesis

based on current evidence. Given the significant economic and time costs in late phase clinical trials,

accurately quantifying the biased signaling properties in the early phase of drug development is necessary.

This requires more biological assays targeting different signaling pathways with accuracy and

dependability. The overall progress in MC4R will at the same time push forward the resolution of

structures of other melanocortin receptors due to their high similarity of sequence and conformation, which

will further benefit the drug development on MCR family and diseases related to these receptors.

PWR is a novel technique to study conformational change of the sample from both vertical and
horizontal dimensions compared to traditional SPR. Due to the GPCR multistate theory, it is very possible
that the downstream signaling that is preferentially biased is due to the different signaling proteins
recruited onto the GPCRs. This is an outcome of the differentially induced GPCR conformations by
different ligands. In this regard, the relationship between ligand structure to its final induced GPCR
conformation is of great significance and once this secret is revealed the signal targeting drug development
EEOWEIl wUI EOPAEEOI w311 wxEUUWEI EEETI Uwpkbl zYI WEOOQ@UI Ul EwWE
hormones to artificially make macro/small molecules to selectively bind and give higher potency to specific
GPCR subtypesaccording to structure -activity -relationships (SARs), which | would call them the first wave
and second wave of peptide drug development. Even though the science has been heading forward, the
third wave is just started in the very recent yearswith the knowledge and observations of biased signaling
in control of expected effects verses side effects. With the help of PWR, it is not hard to establish a spectrum
library of different drugs working on the same receptor. Through analyzing the commonalities and

receptor induction outcomes, we can get clues of what signaling prefers what receptor conformation, and
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as well what ligand conformations can lead to these receptor states. For example, as we discussed in
previous chapters, MC4R controls appetite and cardiovascular responses through 2 different pathways. If
we have a lot more drugs with known physiological response to MC4R, we can establish a 3D axis to
summarize the characteristics and laws. The PWR peak gives 3 distinguished variables during the
measurement: 1. Vertical direction peak absorption change; 2. Horizontal direction peak absorption change;
3. Peak absorption depth. Each of these 3 variables represent specific physical meaning as discussed in
previous chapters, which in simple words are related to the U E O x @dightWidth and density at the time
being tested. The 3D axis concept is illustrated inFigure 45. For the MC4R system,unfortunately there are
not enough representative ligands to establish this library : Currently setmelanotide is the only known
possible Gq biased ligand, while THIQ is the only Ga biased ligand on MC4R, with other ligands mostly
balance ligands. So, B U zety lna¥d to generalize or summarize useful conclusions from these limited
numbers of MC4R agonists. If we have over 10 for each signaling selective ligands, we may have those
whose functions are close to each otherand have similar MC4R conformation inductions, thus give plots
close to each other Then from analyzing the commonalities of these ligands we can conclude structural
determinants during design. Under this circumstance, when the in vivo animal assays are very e xpensive
and time consuming to be done, it is hard to know the physiological effects for a lot of drugs in a short time.
20w xxVUUPOT wUOTTUTT UwOl wiOTl T wUOOOOPOWEUUTUzw/ 61WEOOUED
physiological functions can help with the p rediction of functions for unknown drugs . For example:we can
test hundreds of unknown ligands binding to MC4R, getting their PWR absorption peak variables and put
them in the 3D axis system. The close plotsmean they induce similar MC4R conformation sand thus could
be possibly with similar signaling potential. If one bunch of plots include a known model drug, then the
others close to it could be in similar pharmacology. In this way, the ligands can be fast categorized and then

be determined which ones to go further in vitro/in vivo test ing.
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Figure 45. Concept of3D axis depicting PWR absorption peaknformation . The 0,0,0 point will be set as the MC4R sole reading of vertical(X),
horizonal(Y) peak location and peak depth(Z). When treated with different ligands, MC4R conformation changes and ttargygivalobrption

peak including changes in vertical/horizorebk location and peak depth. For peak locations, left shift to MC4R sole is set in minus, and right
shift is set for positive value. Similarly, upshift of peak depth is set for positive Z value, and downshift of the pefak iegative Z value. The

plots determined by these 3 variables reflects the length, width and density changsahpiebeing tested. Plots lay in the same quadrant
represent close relation in the 3 parameters, indicating similar MC4R induced conformations, which furtherssiebn gpmilar signaling
functions can be fulfilled.

The impact of GPCR biased signalingis also manifested in the opioid research project. As discussed
in Chapter 7, different opioids do show variations to pain relie f effects. For example, oxymorphone can be
strengthened in analgesic effect with addition of D24M or D24M derivatives, but the same thing does not
happen on bupremorphine or morphine, which are partial agonist son the mu opioid receptor. This might

be due to the special conformation of oxymorphone that makes it able to initiate a special feedback loop
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via MDOR while the other 2 cannot. Also, the application of D24M can decrease the morphine withdraw al.

We have observed that D24M antagonism blocks the feedba& loop of Mu opioid activation that was

EUOUT T DwOO0OawEawobraoObUxT 001 wexx OPEEUDPOOOWEUUwWOI EOPT BOI
morphine withdraw and tolerance side effects. As discussed previously, one hypothesis of the reason of

withdraw and to lerance is: Specific GPCR agonists can recruit arrestin so that the recepteagonist complex

can be internalized and thus stop the stimulation. The decreased number of receptors makes more drugs

needed to maintain the previous stimulation level , which generates the toleranceand meanwhile, the fewer

receptors also cause decreased capability of the cedl to be stimulated by endogenous hormones, which

generates the drug dependence and withdrawal. B-arrestin mediated GPCR internalization is a very

commonly accepted feedback regulation mechanism in protecting the cells from over signaling. However,

POwUI El OUwal EUUwPUOUZUWET T Owi OUOEWEawOOUI udefideely @OUT wUl U
happen to all ligands, instead it is a biased signaling occurs only after the binding of specific ligands.

According to previous research, arrestin knockout can reduce the morphine withdraw and tolerance but

not in response to fentanyl, methadone or oxycodone. And our own research has found that MDOR
antagonism(D24M) also helpsP DUT wUT 1T wUEOQT wUT DOT 6 w2 OOwUT 1 Ul wbUwUI EUOOW
of controlling b eta-arrestin recruiting on opioid receptor, in which MDOR antagonism inhibits b eta-

arresting from being recruited to the opioid receptor. Even thou gh a lot of interesting phenomena have

been observed, there still needs further solid and direct evidence to demonstrate these hypothesizes. But

OTTw#l K, zUwUadil Ul PUUPEwWI I T TEVOwWwPOwWwXxEPOwWUI OP1 YI wi OUwOR:

therapeutic potentials.

For the MTII conjugate project, we noticed that the release of fluorescein from the whole conjugate
molecule into A375 takes at least 90 min. The proposed drug release mechanism for liganddrug conjugates
include conjugate binding to the receptor, endocytosis, release of the cleavable linker, and diffusion of the

drug through the membrane of the endosome (307). Even though the process of MT-II binding to the MC1R
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and causing endocytosis could be observed within 10 min(313), 36% of surface bound MC1R agonist was

shown to internalize 1 h after 125I-NDP-Y-MSH incubation. The half time of reducing the disulfide bond

in ligand -drug conjugates in the presence of glutathione was demonstrated to be 1 h(337). Considering the

excessive time required for fluorescein to penetrate the membrane of the lysosome, 90 to 150 min is a

reasonable time window for drug -MT -1l conjugates to deliver the drug into melanoma cells. A similar long-

time frame was also reported in the development of a ligand -drug conjugate targeting the formyl peptide

receptor (FPR1)124). When doxorubicin was conjugated to the FPR1 agonist through a pH-sensitive linker,

doxorubicin was shown to mainly colocalize with FPR1 in the endosome 1 h after incubation. Doxorubici n

was demonstrated to pass through the endosome membrane and enrich in the nucleus 6 h after

incubation (124). In our study, we chose the pH-sensitive dye fluorescein, which has strong fluorescence

intensity at neutral to basic pH but only retains a minimal level of fluorescence intensity when the pH is

less than 5.5142). Fluorescein would lose its fluorescence when trafficked in the acidic environment of

endosomes and lysosomes. Fluorescein would regain fluorescence when itreaches the cytoplasm, thus
OPOPEODPOT wUI T WEOOXxOI Ul wEUUT WETI OPYI UawxUOEI UUwWOI wobi EOE
MC1R overexpressing melanomas is provided by the MT-( ( wOOU DT wOI -cbhjugand aiktesiy, 3

opens up opportunities for a much wider range of therapeutic drugs selection. From a synthetic perspective,
EQAawEaAUOUORPEWEUUT whpPUT WEOWN- ' | WD coNugatas thio@ltkeusdnie O wE T wU U
synthetic strategies. To achieve maximal killing of cancer cells, drugs with high potency are favored due to

limited number of receptors on the membrane. Potential personalized therapy may be developed by

UEUI 1 OPOT wi OUWEaAaUOUORPEWEUUT UwUT E0wl EYT wOOPwWUI UDUUEOEI 1
tumor cells without having to consider selectivity, and then provide selectivity to melanoma cells through

O U U wE U tilcamjugaite design. Moreover, a potential combinational therapy with MT -Il conjugated to

different cytotoxic drugs can be developed based on the drugN w ,-IBconjugate design, as combinational

therapy is widely considered the best option for combating drug resistance in cancer. These approaches
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may greatly reduce the chances that the melanoma tumor become resistant to the therapy. GPCRs such as
protease-activated receptor-1 (PAR-1), angiotensin-ll receptor, G protein-coupled receptor 30 (GPR30),
lysophosphatidic acid receptor (LPAR) and gastrin releasing peptide receptor (GRP-R) have been
demonstrated to overexpress in a variety of cancers and play important roles in carcinogenesis, tumor
progression and metastasiq274). Distinct from previously developed ligand -drug conjugates that target
non-GPCR receptors such as FR, PSMA, and glucose transporter 1 (GLUT{338), we demonstrate through
our drug-MT-( ( WEOORUT EUI UwUEUT 1 UPOT wOT T wdOYIT Ul BRxUIT UUT Ew, "l wC
can target GPCRs for cancer specific drug delivery. Though FPR1 is also a GPCR, ligandnduced

internalization of FPR1 was shown to happen through the clathrin -independent mechanism, whereas MT-
((wUUDPOUOEUI Uw, " vl wb OU latk&li-od&l@tedtatirid tddpéntedt UnedhaniSm(339u ¢

that is the most common for GPCR internalization. With our results demonstrating its feasibility, we
EOUPEDXxEUI wOOUIT woODI rgeling tifferani GRECRIEE delvebped 10 addrEss the problem

of cancer resistance in the future.

In conclusion, this thesis targets mainly on the melanocortin receptor system, spanning from the in-
depth study of its biased signaling phenomenon to the design and synthesis of peptide drugs targeting on
different hMCR subtypes, to the structure activity relationships between the designed ligands and hMCRs,
to the conjugated drugs working on melanoma and opi oid receptor system, and to the novel gene therapy
with peptide conjugation as a delivery method. The author hopes this thesis can shed a light on the future

peptide science on melanocortin system as well as wider applications to other GPCRs
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Appendix I. Abbreviations of the chemical and biological terms

ACTH: Adrenocorticotropic Hormone

AC: Adenylyl Cyclase

ACC: AcetylCoA Carboxylase

ATGL: AdiposeTriglycerideLipase

AMPK: 5 -®MP-Activated Protein Kinase

ARC: Arcuate Nucleus

AgRP: Agouti Related Protein

ASO: Antisense Oligomer

BMI: Body Mass Index

CNS: Central Nervous System

CLIPS: Chemical Linkage of Peptide onto Scaffolds
CREB: cAMP Response Element Binding Protein

D ( 2 6 ) 3NZ&Naphthyl}D-Alanine

DYR motif: Aspartate, Tyrosine, Arginine tripeptide motif
DIEA: N,N-Diisopropylethylamine

DIAD: Diisopropyl Azodicarboxylate

DAMP: Deoxyadenosine Monophosphate

DM: Myotonic Dystrophy

DMPK: DM Protein Kinase

NMP: N-methyl2-pyrrolidone
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DOPA: 3,4-dihydroxyphenylalanine

ELS: Extracellular Loops

ERK: ExtracellularSignalRegulateKinase
GPCR: G Potein Coupled Receptor
GLP-1: Glucagon Like Peptidé&

GLUT: GlucoseTransporter

HSL: HormoneSensitiveLipase

ILS: Intracellular Loops

incRNA: Long Noncoding RNA

JAK: Janus kinase

miRNA: Micro Interference RNA

MCR: Melanocortin Receptor

MDOR: Mu Delta Opioid Receptor Dimer
MEK: MAPK/ERK kinase

MLC: myosin light chain

MSK: mitogen and stressctivated protein kinase

NDP-a -MSH: [Nle4, D-Phe7}alphaMelanocotin Stimulating Hormone

NPY: Neuropeptide Y
POMC: Proopiomelanocortin
PKA: Protein Kinase A

PKB: Protein Kinase B
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PLC: Phospholipas€

PTX: Pertussis Toxin

PVH/PVN: paraventriculanucleus

PMO: Phosphoridiamidate Morpholino Oligomers
PEPCK: Phosphoenolpyruvat€arboxykinase
PI3K: Phosphatidylinositol &inase

PLIN: Perilipin

REMD: ReplicaExchange Molecular Dynamics
RSK: Ribosomal S&inase

SAR: Structure Activity Relationship

STAT: Signal Transducers andctivators ofTranscription.
TM: Transmembrane

TFA: Trifluoroacetic acid

TIS: Triisopropyl silane

THIQ: (N-[(1R)-1-[(4 Chlorophenyl) methyip-[4-cyclohexyt4-(1H-1,2,4trazot1-ylmethyl)-1-
piperidinyl]-2-oxoethyl}1,2,3,4tetrahydre3-isoquinolinecarboxamide)
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Appendix Il: Supporting information of experimental details
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Sl.1: Chemical structures of compound Aim19.
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*Aim1l: Chemical Formula: C51H74N1609, Exact Mass: 1054.58, Molecular Weight: 1055.26,m/z: 1054.58
(100.0%), 1055.59, (56.4%), 1056.59 (17.5%)55.58 (5.9%), 1057.59 (4.6%), 1056.58 (3.4%), Elemental Analysis:
C, 58.05; H, 7.07; N, 21.24; O, 13.65, 4.2.2 Aim2: Chemical Formula: C51H74N1bBx2@t Mass: 1054.58
Molecular Weight: 1055.26m/z: 1054.58 (100.0%), 1055.59 (56.4%), 1056.59 (17.5@5558 (5.9%), 1057.59
(4.6%), 1056.58 (3.4%)Elemental Analysis: C, 58.05; H, 7.07; N, 21.24; O, 13.65. Aim3: Chemical Formula:
C52H76N1609 Exact Mass: 1068.60Molecular Weight: 1069.28m/z: 1068.60 (100.0%), 1069.60 (63.4%),
1070.60 (20.8%), 1071.6%.0%), 1071.60 (1.2%Flemental Analysis: C, 58.41; H, 7.16; N, 20.96; O, 13.47.Ain4:
Chemical Formula: C51H73FN16(EXact Mass: 1072.5M™olecular Weight: 1073.25n/z: 1072.57 (100.0%),
1073.58 (56.3%), 1074.58 (17.5%), 1073.57 (5.9%), 1075.58 (4.@#}.97 (3.4%)Elemental Analysis: C, 57.08;

H, 6.86; F, 1.77; N, 20.88; O, 13.42. Aim5: Chemical Formula: C51H73FN1EQ8&t Mass: 1072.5Molecular
Weight: 1073.25m/z: 1072.57 (100.0%), 1073.58 (56.3%), 1074.58 (17.5%), 1073.57 (5.9%), 1075.58, (4.6%)
1074.57 (3.4%)Elemental Analysis: C, 57.08; H, 6.86; F, 1.77; N, 20.88; O, 13.42 Aim6: Chemical Formula:
C52H75FN1609 Exact Mass: 1086.59Molecular Weight: 1087.27m/z: 1086.59 (100.0%), 1087.59 (63.4%),
1088.60 (16.2%), 1088.59 (5.2%), 1089.60 ¥4),11089.59 (1.1%)Elemental Analysis: C, 57.44; H, 6.95; F, 1.75;

N, 20.61; O, 13.24. Aim7: Chemical Formula: C51H74N16B%act Mass: 1054.58olecular Weight: 1055.26

m/z: 1054.58 (100.0%), 1055.59 (56.4%), 1056.59 (17.5%), 1055.58 (5.9%), 105%%9),(4056.58 (3.4%)
Elemental Analysis: C, 58.05; H, 7.07; N, 21.24; O, 13.65 Aim8: Chemical Formula: C51H73CIND29Mass:
1088.54 Molecular Weight: 1089.70n/z: 1088.54 (100.0%), 1089.55 (56.3%), 1090.54 (35.4%), 1091.54 (19.8%),
1090.55 (17.5%)1089.54 (5.9%), 1092.55 (5.5%), 1091.55 (4.9%), 1092.54 (1.7%), 1093.55 ,(ER¥bental
Analysis: C, 56.21; H, 6.75; Cl, 3.25; N, 20.57; O, 13.21 Aim9: Chemical Formula: C52H75CINE&& Mass:
1102.56 Molecular Weight: 1103.73n/z: 1102.56 (100%), 1103.56 (62.5%), 1104.56 (37.2%), 1105.56 (19.5%),
1104.57 (16.2%), 1106.56 (6.8%), 1105.57 (4.1%), 1105.55 (1.9%), 1107.57 (1.1%), 1106.57 Ele@detal
Analysis: C, 56.59; H, 6.85; Cl, 3.21; N, 20.31; O, 13.05.
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S1.2 HPLC for Aim 1-9 compounds* Details about structure and chemical information of each compound
is shown in SI.1

WD E, Sig=260,16 Ref=360,100 (ART05061 901 0
ML @ .
an & . | Aim 1
o R
0o - S s
B0 e r
50 LT
0 _ | o
30
Lan]
20 - B=zg % a
10 " g ] ; _JI E i
o = — b ™ ;
] it ==l 1= T T
I T T T T T T
0 10 20 30 40 i
MWD E, Sig=280,16 Ref=350,100 (AM2¥I3081 901 0
mal - .
3 |
0 3 . S Aim 2
3 @ ‘
B0 i r
50 -
“ _ . ‘:
30 3 b
] o s
7 - 2 = = & i 25
10 ' m ﬁ ll.. E o g E_ﬁ T
i ] m . - e .}_ . 1 I'?l L ! : . ! !
T T T T T T
0 10 20 30 40 tmin|
WD E, Sig=260,1 6 Ref=360,100 { AMI03061901 0
mall 2 AL Aim 3
70 - DS
E ' [
60 SeRua
50
40
30 .
k -— [ [ar]
20 E A o =z i B D % E
10 3 noE 28 W on = oo b =
] ~om =S FREm ot iy T u
o gz —-a &
T T T T T T T
0 10 20 30 41 iy

169
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*Aim1-9 were listed from top to bottom, witletention times: Aim416.939min, Aim213.862min, Aim315.6min,
Aim4-16.662min. Aim515.672min, Aim620.939min, Aim7#21.944min, Aim818.999min and Aim25.103min.

Analytical C18 RFHPLC (column:YMGPack ODSAM 150 4.6 mm, 83 & m, 120 ). Syl8wt em 1:
TFA in water; solvent B, 0.08% TFA in acetonitriléth agradient elution (from 10% to 90% of acetonitrile in water

(0.1% TFA) overdO mins. Th e maj or peak of all compounds accounted f
monitored by a UV detect at 254 nM
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SI.3 Mass Spectrum of Aim 19 compounds* Details about structure and chemical information of each
compound is shown in SI.1
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Intens. +MS, 7.7-8.1min #281-298]
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|nu:noss, +MS, 2.7-3 2min #68-90]
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