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Substituted NDP-MSH Peptides Paired with Mutant Melanocortin-4 Receptors
Demonstrate the Role of Transmembrane 6 in Receptor Activation
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ABSTRACT. The melanocortin-4 receptor (MC4R) is involved in regulating energy homeostasis and is a
potential therapeutic target for obesity and cachexia. Molecular interactions between peptide ligands and
MC4R have been studied in detail. Less is known regarding the role of these interactions in the mechanism
of MC4R activation. The aim of this study was to investigate the molecular mechanism of human MC4R
activation by [NIé¢, b-Ph€]a-melanocyte-stimulating hormone (NDP-MSH), by first defining the role of

the Hi$-p-Phe-Arg8-Trp® residues in receptor activatiof{ax for stimulation of cCAMP accumulation)

using modified peptides, then understanding how their interaction with the receptor modulates activation
using site-directed mutagenesis and a molecular model of NDP-MSH bound to the active state of the
receptor. Alanine substitution indicated that thé>he, Arg®, and Trg@ side chains contribute binding
energy but are not essential for the receptor activation event. Conversélyo is® substitution reduced
receptor activation but did not affect affinity. Chlorine substitutions orptiéa€ side chain also inhibited
receptor activation. F2&1°DA and F2847-3%A receptor mutations acted as gain-of-function mutations,
restoring efficacy to the H¥sandp-Phe substituted peptides that had lost efficacy at the wild-type receptor.
Based on a model of NDP-MSH and MCA4R interaction, the antagonist behavior of these peptides is
consistent with the prevention of transmembrane 6 (TM6) rotation. This data supports the hypothesis that
increasing the size af-Phe directly interferes with TM6 rotation, preventing receptor activation. We
further propose that removing the interaction with the®Hisle chain reorients the peptide within the
binding pocket, indirectly impeding TM6 rotation by strengthening peptide interaction with2&ind
F28473%, These findings refine the molecular basis for the mechanism of ligand-stimulated hMC4R
activation and will be useful for the development of hMC4R agonists and antagonists.

The melanocortin-4 receptor (MC4Rs responsible for ~ MC4R, extensive structureactivity relationship (SAR)
mediating energy homeostasis and is a major target for drugstudies of the endogenous ligands have identified amino acids
design in the treatment of obesity and cachetia3). It is involved in receptor interaction. The KiPhe-Args-Trp®
one of five melanocortin receptors that have been clonedcore sequence, conserved within the endogenous agonist
and sequenced and belongs to the class A superfamily ofpeptides, is important for MC4 receptor interactioAMSH
rhodopsin-like G-protein-coupled receptors (GPCRs), char- truncation studies identified the HiPhe-Args-Trp® fragment
acterized by having seven transmembrareelices (TM1- as the minimal sequence required for detectable melanocortin
TM7) linked by three extracellular and three intracellular receptor interactionl1—14). The identification of this small
loops @—6). Several endogenous agonist ligands for the binding determinant within the peptides formed the basis for
MC4 and other melanocortin receptors have been identified, the development of a large array of cyclic peptides, which
includinga-, 8-, y-melanocyte-stimulating hormone (MSH) have provided highly useful templates for the design of
and adrenocorticotropin hormone, all of which are derived agonist and antagonist peptides selective for individual
from the precursor peptide proopiomelanocorfing). melanocortin receptor subtyped, (L0, 15). Some of these

The molecular interactions between the melanocortin templates form more rigid structures that have allowed the
receptors and their peptide ligands have been elucidated indetermination of potential bioactive conformations, which
detail. (For extensive reviews se@, (L0).) With respect to have been used to optimize nonpeptide leads identified from
high-throughput screenind%—17).

* Corresponding author. Phone: (858) 617-7600. Fax: (858) 617-  Substitution of the individual amino acids of the HMis
7925. E-mail: bfleck@neurocrine.com. Phé-Arg8-Trp? motif modifies receptorligand interaction

5823::%22% 8; I\P/Iré?jrirgr?glogﬁglmistry. (9, 10, 15, 18). The effects of the gubstitutions can pe

1 Abbreviations: NDP-MSH, [NI& p-Phé]o-melanocyte-stimulating ~ dependent on the context of the peptide backbone, particu-
hormone; hMC4R, human melanocortin-4 receptor; TM, transmembrane |arly in comparing linear and cyclic peptide®) (Within the
domain; WT, wild-type; SAR, structureactivity relationship; GPCR, ~ andogenous agonistMSH, the substitution of each of the
G-protein-coupled receptor; cAMP, cyclic adenosine monophosphate; . . .
Tic, R-1,2,3,4-tetrahydroisoquinolin-3-ylcarbonyl; DPBS, Dulbecco's foUr core residues has demonstrated each to be involved in
phosphate-buffered saline. MC4R interaction 1{9—23), (reviewed in ref 9)). For
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example, the replacement of Pheith b-Ph€ substantially receptors, and the findings were interpreted in the context
improves peptide potency (a substitution combined witlf Nle of a molecular model to further define the role of specific
to produce the potent and metabolically stable NDP-MSH receptor-ligand interactions in hMC4R activation.

(19, 24)). Peptide SAR has been combined with site-directed

mutagenesis of MC4R and molecular modeling to provide EXPERIMENTAL PROCEDURES

high-resolution molecular models of ligand orientation within ] ) .

the binding pocketq, 13, 25, 26). Two regions of MC4R Materials. [**1]NDP-MSH was from Perkin-Elmer Life
have been identified as critical for peptide binding: (1) an Sciences (Boston, MA) (specific activity of 2200 Ci/mmol).
acidic pocket formed by negatively charged residues in G418 (Geneticin), Dulbecco’s phosphate-buffered saline
transmembrane domains (TM) 2 and 3; (2) a hydrophobic (DPBS), and cell culture supplies were from Invitrogen
pocket or cage formed by aromatic or hydrophobic residues (Carlsbad, CA). Fetal bovine serum was from HyClone
in TM4, TM6, and TM7 (3, 27—30). (Logan, UT).

A recently published model describes NDP-MSH interac-  Peptide Synthesi&ll peptides were synthesized by solid-
tion with MC4R @5). In this model,p-Ph€ and Trg bind phase methodology using the 4-methylbenzhydrylamine resin
within the putative hydrophobic cage of the receptor and are (Bachem California, Torrance, CA) on a model CS 536
in close proximity to W25848), F261651) H264%5%), and peptide synthesizer (CS Bio Corp. San Carlos, CA). The
F28473% receptor residues, among others.%ind Arg of synthetic method employed the usetdfutyloxycarbonyl
the peptide face a different direction and interact with protection, trifluoroacetic acid deprotection, and hydrogen
residues in TM2 and TM3. This model suggests thatHis fluoride cleavage of the finished peptide from the resin
may interact with receptor residues E#39 and D122-25) anchor. The derivatized amino acids were obtained from
while Arg?® may interact with D128-2% and D126-29, either Bachem California or Novabiochem (EMD Bio-

While the molecular interactions involved in MC4R sciences, Inc., San Diego, CA). The crude peptide product
binding have been identified in detail, less is known regarding recovered from the cleavage reaction was purified on a KP
the mechanism of MC4R activation. Understanding the 100 preparative high performance liquid chromatography
mechanisms by which some ligands activate the receptor(HPLC) system (Biotage, Charlottesville, VA) on a C18
while others do not is important for the development of cartridge, using a linear gradient of acetonitrile in 0.1%
agonists as potential treatments for obesity and antagonistgrifluoroacetic acid. The purity of the synthetic product was
for cachexia. Substitution of Pheén o-MSH or cyclic verified by analytical HPLC and its structure confirmed by
analogues with halogenated or bulkier aromatic residuesmass spectrometric analysis on a SCIEX AP1 LC/MS system
reduces MC4R activation, yielding antagonists (eog(4- equipped with an electrospray ion source (Perkin-Elmer
Cl)Phe in the linear peptide SHU9008(( 31), halogen Corp. Norwalk, CT).
substituents in th&k-1,2,3,4-tetrahydroisoquinolin-3-ylcar- Construction of Mutant Receptors and Expression in

bonyl (Tic)p-Phe-Arg-Trp tetrapeptide3g), p-(4-Phe — hrko93 CellsThe hMC4R cDNA in pcDNA3.1 was used
(SHU8914) and>-2'Nal (SHU9119) in the cyclic peptide ¢ he template for site-directed mutagenesis, using the

MTII (351’)’ anD'Z'NaI in tgehsmerl]l_l cyclic peptilde MBPdl.Q 4 QuikChange Kit (Stratagene, La Jolla, CA) as previously
'(3t4)). ltt. as .ff';;égggse thgtstf_S)eﬁ?gt Invo \.’tﬁtc' rTI]'CI)VIGI}ﬂe described 85). Clones were sequenced using an ABI Prism
Interaction wi an resiaues within 377 DNA sequencer (Applied Biosystems, Foster City, CA),

(mouse receptor)30). o ~_and clones containing the desired mutation were subcloned
Beyond these findings, the role of binding interactions in iy the EcaRI/Xhd site of a fresh pcDNA3.1 vector.

MCA4R activation has not been extensively investigated. LOSSCompIete receptor sequences were confirmed by DNA

of bioactivity upon amino-acid substitution has been used sequencing. Wild-type or mutant hMC4R plasmid cDNA was
to infer the To'e of a residue in receptdigand ir_lteracti_on, . transfected into HEK293 cells using LipofectAMINE (In-
Yitrogen) according to the manufacturer’s protocol. Stable
single cell clones were isolated after selection using 1 mg/
mL G418 in Dulbecco’s modified Eagle’s medium, supple-
mented with 10% heat-inactivated fetal bovine serum, 2 mM
glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 50 1U/
mL penicillin, and 5Qug/mL streptomycin. Stable cell lines
were maintained in medium containing 2G0/mL G418.

is typically quantified as an increase in &@n functional
assays or an increase insfor K; in binding assays. By
contrast, measuring the maximal signaling respoisg.
is necessary to investigate the role of ligand and receptor
residues in receptor activatioBd). The aim of this study
was to further define the mechanism of MC4R activation
by the linear peptide NDP-MSH. This peptide was used .
because it closely resembles the endogenous agoiiSH Preparation of Cell Membrane<ell membranes were
but binds more strongly to the receptds), allowing large prepz_ired using a h|gh_—pressure nl_trogen cell anq differential
reduction-of-function substitutions to be quantified accurately Centrifugation as previously describedb]. The lysis buffer
without the use of impractically high concentrations of Was DPBS, and the final membrane pellet was resuspended
ligand. This peptide was also chosen because it was utilizedin binding assay buffer (25 mM HEPES, 1.5 mM CaQl

in a molecular model of the ligand-bound active state of MM MgSQ;, and 100 mM NaCl at pH 7.0). The protein
MC4R (25), allowing us to experimentally test the inferences €oncentration in the memprane pellet was determlned using
of the model. The experimental approach used was to first the Coomassie method (Pierce, Rockford, IL), using bovine

systematically evaluate the effect of Mis-Phé-Args-Trp? serum albumin as the standard. Membranes were stored at
substitutions on hMCA4R activation, separating effects on —80 °C before use.
binding affinity (Ki, EGs) from those on activationHnay). Radioligand Binding AssaysThe binding affinity of

The substituted peptides were then evaluated on mutantunlabeled ligands for wild-type and mutant MC4 receptors
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was measured by displacement EF[[NDP-MSH binding A

by 12 individual concentrations of ligand to generate dose Hise =
response curves. The following were added sequentially to "
low-binding 96-well plates (Corning, Palo Alto, CA) in

FN
N A
Ac-Ser-Tyr-Ser-Nle-Gl Z\)'(”O;\N/”O Gly-Lys-Pro-Val-NH
. . . c-oer-lyr-ser-Nle-Glu- N N | -Lys-Fro-Val-|
binding assay buffer (see Preparation of Cell Membranes Y N 2 N g ' ’
N

Hz
Arg 8
H

for the recipe): 5Q:L of unlabeled ligand, 7L of [*29]-
NDP-MSH (0.2 nM, final concentration), and 74 of o Phe 7
membrane suspension. The amount of membrane protein Trp9
added per well was fg for WT, 9 ug for F261%59A, and

20 ug for F284735A. In each assay, totatl]NDP-MSH

binding (obtained in the absence of unlabeled ligand) was B. Ala ~CHs c-HexAla

less than 20% of the total radioligand added. The assay was /\O
incubated for 90 min at room temperature on a plate shaker Nle ~ > ch, (4-CliPhe

(Titer Plate Shaker, setting 4, Lab-Line Instruments, Melrose /\Q
Park, IL). Bound and free radioligands were then separated Lys ~ N cl
by rapid filtration, using UniFilter GF/C filters (Packard, o (2:4-Cl)Phe /D\
Meriden, CT) pretreated with 0.1% polyethylenimine in Gln/\)k cl cl
DPBS, on a UniFilter-96 vacuum manifold (Packard). The N, Tie 7Y

filter was then washed three times with 0.2 mL/well 0.01% _ _

Triton X-100 in DPBS, then dried under electric fans for 40 E'GU_ZE 1 (/?)) ﬁn:mdo _aClt?l_ Sequgnc(ep{ls_tfgﬁgfg OJTN%P'MSH-
[ ; i e : : esigues supstitutea In IS stuay 5 -Arge-1rp°) are

min—1 h. Following the addition of scintillation fluid (50 ;426 inside the box. (B) Structures of various amino acid side

uL per filter disc; Microscint 20, Packard), scintillation  chains used in this study. Tic is technically not a side chain since

counts were measured in a Packard Topcount NXT. The its nitrogen makes up part of the peptide backbone.

CPM resulting from the emission of Auger electrons from ] o ] )

129 was converted to DPM, using the predetermined counting Was analyzed using a four parameter logistic equation using

efficiency of 30%. The total amount of radioligand added GraphPad Prism 4.01 to provide an estimate ofEThe

was measured using a Packard Cobra Il gamma counter (7894naximal amount of cAMP produced by NDP-MSH, repre-
efficiency). sented by the top (plateau) of its desesponse curve, was

Measurement of cAMP Accumulatiogells were dis-  determined for each experiment. This was defined as full

lodged from tissue culture flasks and dissociated using Stimulation Emax= 100%) for that experiment, and thax
enzyme-free cell dissociation buffer (Invitrogen, Carlsbad, Values for other peptides (also defined as the top (plateau)
CA). Cells were then isolated by centrifugation and re- of their dose-response curves) were calculated by dividing
suspended in cAMP assay buffer (137 mM NaCl, 8.1 mM the|r_ spemflc CAMP aqcumulanon by that for NDP-MSH.
Na,HPO;, 1.5 mM KH,PQO,, 2.7 mM KCI, 0. 6 mM CaGj, Statistical analysis ofdﬁergnces be.tween values for aII.data
0.5 mM MgCh, and 1 mM IBMX). Cells were then plated Was performed by analysis of variance (ANOVA) using
into low-binding white polystyrene 384-well plates (#3652, GraphPad Prism 4.01, except for the difference between
Corning, Palo Alto, CA) in a volume of 15L, using the ~ NDP-MSH and substituted peptid..xon the WT receptor,
following numbers of cells per well: 5,000 for the wild- Which was determined using the one-saniiest. For Schild
type MC4 receptor and F26FVA receptor, and 4,000 for analy_S|s, the concentration of substituted peptide r(_aquwed
the F284735A receptor. Peptide ligands diluted in cAMP 1O shift _the EGo of NDP-MSH by 2-fold was determined
assay buffer were then added in a volume ofl5 and the Py plotting 10g((EGo/ECso)-1), where EGq' is NDP-MSH
assay was incubated at room temperature for 30 min. ForECso in the presence of substituted peptide, on yreis
Schild analysis, NDP-MSH was diluted in buffer containing Versus log concentration of substituted peptide orxiagis.
various concentrations of substituted peptides for simulta- Thex-intercept determined by linear regression is an empiri-
neous addition to cells. The accumulated cAMP was then €@l estimate of the antagonist potency of the substituted
measured with the LANCE cAMP kit (Perkin-Elmer Life peptide. The slopes of the Schild analysis linear regressions

and Analytical Sciences, Wellesley, MA), using the following did not vary significantly from unity. _
volume of reagents per well: 10L of antibody (1:100 hMC4 Receptor ModelThe hMC4R model with NDP-

dilution) in lysis buffer with 0.1% (w/v) BSA; 1L of ~ MSH bound has been previously described and was down-
detection mix (detection buffer with 1:2,250 dilution of Eu- l0aded from the University of Michigan Peptide Synthesis
streptavadin and 1:750 dilution of biotin cAMP). Fluores- @nd Molecular Recognition Lab website at http://mosber-
cence was measured per the manufacturer’s instructions using@P-phar.umich.edu/resources/index.p2p).(
a ViewLux 1430 Ultra Microplate Imager (Perkin-Elmer Life RESULTS
and Analytical Sciences). All BEf and En.x data were
obtained using 12-point doseesponse curves. Peptides on Wild-Type Receptofo investigate the
Data Analysis Inhibition of [*>]NDP-MSH binding by molecular basis of hMC4R activation, we first examined the
unlabeled peptides was fitted to a four parameter logistic role of His, b-Ph€, Arg®, and Trg residues of NDP-MSH
equation to determink; using XLfit (ID Business Solutions  in activation and binding assays (peptide NDP-MSH
Ltd., Emeryville, CA). In this analysi; was determined  structure in Figure 1A). The residues were individually
from ICsq using the ChengPrusoff equation36). The Hill substituted to produce 16 analogue peptides (pep#dds,
slope factor in the analysis was allowed to float and fell substitution moieties in Figure 1B). These peptides were
between 0.8 and 1.2. Ligand-stimulated cAMP accumulation tested on the wild-type (WT) receptor using competition
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Table 1: Peptide Affinity and Efficacy on Wild-Type hMC4 Receptor

wild —type receptor

no. peptide substitution Ki &= SEM (nM) EGyo + SEM (nM) Emax = SEM (%)
1 NDP-MSH

His® p-Phe Arg?® Trp® 0.79+0.2 13+ 2 100
2 Alab — — — 14+0.1 20+ 6 41+ 3*
3 Phé — — — 1.5+0.2 25+ 4 50+ 2*
4 Tict — — — 0.28+ 0.08 3.6+ 0.3 60+ 4 *
5 - p-Ala’ — — 13,000+ 2,000 * 10,000+ 2,000 * 88+ 10
6 — D-(4-Cl)Phé — — 0.24+0.03* 3.4+03* 32+ 2%
7 - p-(2,4-Cl)Phé - — 0.22+0.03* 6.4+ 2 9+ 3*
8 — — Ala® — 110+ 20* 410+ 20* 88+ 1*
9 — — Nle® — 47+ 1% 500+ 100 * 71+ 5
10 — — GIn® — 29+ 2% 210+ 20* 98+7
11 — — His® — 19+0.1 11+ 0.8 102+ 1
12 — — Lys® — 2.7+ 0.6 7.7+ 0.3 88+ 1*
13 — — — Ala® >30,000 * >100,000 * NP
14 — — — GIn® >30,000 * >100,000 * NP
15 — — — c-HexAl& 120+ 40* 440+ 70 * 88+ 10
16 — — — Phée 34+0.2* 18+ 4 105+ 5
17 — — — (4-Cl)Phé 0.48+ 0.04 1.9+0.3* 92+ 9

aTheK; values were determined from competition binding agait¥8f{NDP-MSH on wild-type hMC4 receptor; data are the meastandard
error from three independent experiments. Thed&0d Enax values were determined by agonist response in a cCAMP assay; data are the-mean
standard error from three to four independent experiments. The maximal cAMP produced by NDP-MSH is defined as 100%;andaioes
for all other peptides on that receptor are determined by comparison to that stafglandhlues could not be determined for curves that did not
reach a distinct plateau and are indicated by KPP EGso, and Emax values for substituted peptides that are significantly different from those for

NDP-MSH ( < 0.01) are marked with an asterisk.

binding assays measuring the displacement'&f][NDP-
MSH to determine affinity Kj) and functional assays

orientation to NDP-MSH, these groups are thought to mimic
His® (16, 25, 44). Similar to the Ala substitution, these

measuring the stimulation of cCAMP accumulation to evaluate substitutions had no effect on affinity or potency but caused

potency (EGg) and efficacy Emay (Table 1). None of the

a decrease in efficacy (460%, Table 1). The fact that

peptides stimulated cAMP accumulation in untransfected neither an aromatic substituent (Phe) nor a substituent

HEK cells (data not shown), indicating that functional
efficacy was mediated solely through the hMC4R.

His® has been shown to be important for MC4R interaction.
Substitution with alanine in the Hi®-Phe-Arg8-Trp® tet-

containing a restricted aromatic group (Tic) was sufficient
to retain full efficacy suggests that the imidazole ring contains
properties distinct from simply aromaticity that are important
in NDP-MSH interaction with hMC4R. The nature of the

rapeptide and other linear templates reduces the functionaldistinction is presently unclear but may involve the basic

potency (EGg) of MC4R activation 21, 37). Substitutions

in MTIl and other cyclic peptide templates also reduce
binding affinity (K;) and functional potency (&) (34, 38—
41). The role of Hi§ in MC4R activation Emay) is less well
defined. Hi§€ may play a role in receptor activation in the
context of cyclic templategtQ, 41). For example, substitution
with proline or proline derivatives in the cyclic agonist MTII
reduces MC4R activatior8g, 42). In this study on NDP-
MSH, replacing the imidazole moiety with a methyl side
chain by substituting Hfsof NDP-MSH with Aléf (2, Table

1) did not change the affinityK() or functional potency
(ECsp) of the peptide on the WT receptor, consistent with
previous results 43), but did cause a large decrease in
efficacy Emax = 41%). This finding suggests that the
imidazole side chain of Hidgs not essential for the binding
of NDP-MSH to the hMC4R but is important for receptor
activation. Peptid@ was further tested for antagonist potency
against NDP-MSH using Schild analysis and was found to
have an empirical pA(antagonist potency estimate) of 77
nM (Figure 2A). Increasing the concentration of peptiie

nitrogen or hydrogen-bonding capacity.

Ph€ is well known as a major contributor to the NDP-
MSH/MC4R binding interaction, with.-Phe to b-Phe
substitution increasing potenc45) and alanine substitution
substantially reducing potency for MC4R3 20), but the
effect of alanine substitution in NDP-MSH on MC4R
efficacy has not been reported. In this study, théla’
substitution in NDP-MSH reduced potency and binding
affinity (5, Table 1) but had minimal effect on the efficacy
of the peptide Emax = 88%, Table 1). Enax Was reliably
determined using higher peptide concentrations (up to 100
uM) than those used in previous studies.) This finding
indicates that the phenyl side chain mfPh€ is essential
for high-affinity binding but not for MC4R activation by
NDP-MSH. While the phenyl side chain @fPh€ is not
required for NDP-MSH efficacy, modifying the benzene ring
of the side chain by halogen substitutioBl{33) or by
increasing aromatic bulk3@, 34) has been shown to decrease
efficacy, demonstrating that modifications of the aromatic
side chain at position 7 can affect receptor activation. In the

causes a rightward shift of the NDP-MSH curve, suggesting present studyp-Phé of NDP-MSH was substituted with

that it competes with NDP-MSH, but further investigation

D-(4-Cl)Phé (6) andb-(2,4-Cl)Phé (7) based on previous

would be needed to elucidate the mechanism causing thepeptide and nonpeptide results showing that these substituents

decrease in NDP-MSHEax.
We also examined Ph&)(and Tic @) substitutions at the

can reduce efficacy4d). 4-Chloro substitution ob-Phée
decreased efficacyEf.x = 32% for 6, Table 1), and

6-position because in nonpeptide ligands that bind in a similar additional substitution at the 2-position further reduced
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A. substitution with alanine did not appreciably affect the
1254 A = NDP-MSH alone efficacy of _NDP—MSH 8, Emax _of 88%, Table_l), suggesting
F 100 - A 1 uM peptide 2 that the side chain of Afgis not essential for MC4R
w ° © 3.2 uM peptide 2 activation. The substitution did reduce binding affinity (140-
Eé 754 o ° O 10 uM peptide 2 fold; Table 1). Several hypotheses have been proposed to
5-:0'. 50 LY explain this affinity-reducing effect: (1) the positive charge
Z contributes to an ionic interaction with D182 and
= D126329 (13); (2) the guanidine moiety is involved in a
o S hydrogen-bonding interaction37); and (3) the spatial
log [NDP-MSH] (M) orientation of the hydrophobic side chains is more important
than the presence of nitrogen groups since many potent
nonpeptide ligands lack a basic residue capable of mimicking
B. Arg (9). Further Ard substitutions in the present study were
1259 iy = NDP-MSH alone selected to elucidate the important characteristics of arginine
'E 100- v 0.1 uM peptide 6 in the binding affinity of NDP-MSH interaction with
AT el S 2 ‘1132 M ‘E"“gee hMC4R. The aliphatic substitution, Nlg€9), produced a
=2 o 3_;“:'&9;@&86 considerable decrease in affinity (60-fold), suggesting that
°g 504 g the spatial orientation of the Nle side chain may not be
; 2. sufficient to replace the binding energy of Args Nle fills
= a space similar to the lipophilic portion of the Arg side chain
R 5 = 3 3 3 without the potential for ionic interaction or hydrogen
log [NDP-MSH] (M) bonding. Substitution with glutamin&@), which allows for
hydrogen bonding but not ionic interactions with the receptor,
resulted in a 37-fold decrease in affinity. The substitutions
C. retaining a basic group, Hi¢11) and Lys (12), had minimal
_ = NDP-MSH alone effect on both affinity and efficacy. These results establish
g 1004 v 0.1 uM peptide 7 that the basicity of Ar§ of NDP-MSH is an important
o T s . ?‘f’la“sgp’:;’;“g“ determinant of the affinity of NDP-MSH interaction, poten-
L 0 3.2 uM peptide 7 tially through an ionic interaction. None of these additional
°& 507 substitutions appreciably affected efficacy (Table 1), con-
; 254 sistent with the hypothesis that the Argide chain is not a
= o major determinant of the MC4R activation event.

. The Trg residue has been shown to be crucial for peptide
log [NDP-MSH] (M) binding to hMC1R, as substitution with alanine in the
Ficure 2: Schild analysis for partial agonist peptide antagonism o-MSH peptide results in a 2000-fold decrease in affinity

of cAMP stimulated by NDP-MSH. Doseresponse curves of NDP-  and over 100-fold decrease in potency8) Data from
MSH in the absence and presence of various concentrations of (A) : : :

pepide 2, AI&NDP-MSH, (B) peplide E-(4-C)Phé-NDP-MSH, MSH "’t‘”of' RI/'DTS’G Sczchc Fﬁggd?\fcﬂ'ved dfﬁg‘;h‘*‘mt
and (C) peptide 7-(2,4-Cl)Phé&NDP-MSH. Increases in baseline  fragment o - » on ML, H an receptors
are consistent with partial agonist activity (Table 1). Data are from suggest that Tamay also be involved in receptor activation,
representative experiments performed three times with similar though the observed lack of efficacy in these studies may

results. Schild plots of the data were used to calculate an p,ye resulted from testing compound concentrations that
approximation of the log peptide concentration required to shift inad te to elicit a full 46(47). Additi
the EGo of NDP-MSH by 2-fold: —7.11+ 0.45 (SEM) for peptide ~ Were inadequate to elicit a full responskg,(47). Addition-

2, —7.57+ 0.11 for peptide 6, ane-7.57 + 0.13 for peptide 7. ally, it is not clear whether aromatic interactions, lipophilicity,
or hydrogen-bonding plays an important role in the interac-
efficacy (9%, for7, Table 1), demonstrating that these chloro- tion. In the present study, [TNDP-MSH substitutions were
substituted phenyl rings do not permit full receptor activation. chosen to investigate the nature of its interaction with the
These substitutions also slightly increased binding affinity receptor and whether it is involved in receptor activation.
(Table 1), consistent with the known role of Plas a major The Al (13) substitution resulted in a loss of binding
determinant of binding affinityq, 19). Schild analysis shows  affinity greater than 4 orders of magnitude (Table 1),
that the substituted peptides antagonize NDP-MSH stimula- confirming that the side chain of Ttps crucial for high
tion of cAMP production, resulting in empirical pAstima- affinity binding (13). The GIrf (14) substitution has the
tions (antagonist potency) of 27 nM for both pept@land potential for hydrogen bonding but showed a loss of affinity
7 (Figure 2B and C). similar to that of the alanine substitution (Table 1). With
The Arg residue of NDP-MSH is thought to contribute both the Al& and GIrf substitutions, it was not possible to
binding energy to the interaction with the TM2 and TM3 determine efficacy because curves did not reach a plateau
regions of the hMC4R1(3), but Alef substitutions in different  at the highest concentrations tested. The bulky lipophilic
peptide templates have not been shown to decr&age amino acid derivative c-HexA¥a(15) produced a large
values (other than shifting the E£curve to the right so  decrease in affinity (150-fold) but still retained efficacy,
that a trueEnax cannot be determined), suggesting that®rg while the phenyl analogue4§ and17) were similar to the
may not play a specific role in the receptor activation event parent peptide in both affinity and efficacy. This implies that
(23, 37, 41, 46). Consistent with this hypothesis, &g the aromatic nature of TPpis critical for binding, while
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FiGUre 3: Effect of F26155UA and F28473%A hMC4 receptor FIGURE 4: Effect of F261650A and F2847-35A hMC4 receptor
mutations on the pharmacology of peptidené(4-Cl)Phé-NDP- mutations on the pharmacology of peptide 4 FINDP-MSH). (A)
MSH). (A) Binding was measured by displacement GHINDP- Binding was measured by the displacement BHJNDP-MSH

MSH binding to membranes from HEK293 cells transfected with pinding to membranes from HEK293 cells transfected with the WT,
the WT, F26165VA, or F2847-35A mutant hMC4 receptors. (B)  F26165LA, or F2847-39A mutant hMC4 receptors. (B) Accumula-
Accumulation of cAMP production in the same cells was measured tion of cAMP production in the same cells was measured and
and analyzed as described in Experimental Procedures. Data arenalyzed as described in Experimental Procedures. Data are from
from representative experiments performeegbdimes with similar representative experiments performee-63times with similar
results. F26%5A and F284-%9A receptor mutations do not affect  results. Receptor mutations decrease the affinity of peptide 4 but
the affinity of peptide 6 but increase its efficacy. increase its efficacy.

lipophilicity also plays a role. For the compounds where an Table 2: Changes in Functional Efficacy Due to Receptor
Emaxcould be determined, there were no significant decreasesMutations

in efficacy, suggesting that the Trimteraction is minimally peptide F261A receptor F284A receptor

involved in activation. E 1+ E - E.+ E _
. . max max(mut) max max(mut)
Peptides on Mutant ReceptorSxploring the effects of no. substitution SEM (%) Emacwn SEM (%) Emax wn)
the peptide substitutions on the WT hMC4R provided new &5 = 76+ 15 (135 7144*  (+30)
insights into the nature of NDP-MSH binding and receptor 3 phé 70+ 6 * (+20)  75+4*  (+25)
activation. We were especially interested in the®Hiad 4 Tic® 88+ 10*  (+28) 92+2*  (+32)

p-Phé peptide substitutions that were found to decrease © D'(‘Z‘?)CFI’Tié g?ig: (igg) ggig: (Ig(l))
efficacy and aimed to further define their interaction with D'(_’ -Ch (+88) - ( : )
the receptor and the mechanism by which they modulate *Maximal cAMP produced by NDP-MSH (peptidg is defined as

’ : ; 565 100% for each receptor, and tBg.x values for all other peptides on
efficacy. Previous studies have shown that the nd that receptor are determined by comparison to that standardeThe

F2847-39) receptor residues are involved in receptligand values on the mutant receptors that are significantly larger (p05)
interaction and receptor activation for both peptide and thanEpm. on the wild-type receptor are marked with an asterisk. The
nonpeptide ligandsl@, 25, 29, 30, 35). The mutation of these  difference betweelkmax on WT receptor andmax 0n mutant receptor
residues in the putative hydrophobic cage to alanine canis indicate_d _in parentheses. Data are the meastandard error from
increase the efficacy of both partial agonist and antagonist &€ '€ Six independent experiments.
nonpeptide ligands36). However, these mutations do not
appear to be global enhancers of efficacy because some smathat their functional receptor expression is similar to that of
molecule hMC4R antagonists do not gain any agonist activity WT (Bmax = 0.72-2.0 pmol/mg) and that the affinity,
on the mutant receptors despite high affinity binding (ben- potency, and efficacy of NDP-MSH are not significantly
zamidine-1 85), from the benzamidine chemical serid$§) different between WT and mutant receptors, similar to
and 12i 49)). previously published F26715VA data (L3), thus demonstrat-
To investigate whether these receptor residues also play ang that the mutations do not dramatically alter receptor
role in NDP-MSH efficacy, the Hfsandp-Phe substituted ~ Structure 85).
peptides causing a decrease in efficacy on the WT receptor When thep-Phé€ chlorophenyl and dichlorophenyl sub-
were tested on the F263Y and F2843% mutant receptors  stituted peptidesi(and?7) were tested on the F2622A and
(Figure 3, Figure 4, Table 2, and Table 3). These mutant F2847-3%A receptors, we observed no change in their
receptors have been previously characterized, establishingaffinities compared to that of the WT receptor (Figure 3A
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Table 3: Changes in Peptide Binding Affinity Due to Receptor
Mutation$

peptide F261A receptor F284A receptor
Ki+SEM  Kimuy/ Ki£SEM  Kignuy/

no.  substitution (nM) Ki wmn (nM) Ki wmn
1 NDP-MSH 1.2+ 0.5 1.5 1.1+ 0.2 1.4 1
2 Alab 50+ 20 * 36 100+ 9 * 71 . \ ‘
3 Phé 190+ 30* 127 120+10* 80 . 6
4 Tict 35+1* 13 22+04* 8 B His
6 Db-(4-Cl)Phé  0.40+0.08 1.7 0.28£0.07 1.2 ’ -
7 p-(2,4-C)Phé 0.31+0.04 1.4 0.36:0.04 1.4

9 7

aTheK; values were determined from competition binding against Tl'p - 4
[**]INDP-MSH on WT and mutant hMC4 receptors and averaged from ‘\, S ‘
three to five independent experiments. The differences betwgen . :
values on WT and mutant receptors and are calculatedpyut)/ \ o of he?
(Ki, WT). TheK; values on the mutant receptor that are significantly . D-Fhe
different from those on the WT receptgs € 0.01) are marked with A : Bl \ J _

. - o
~

)

e
”~ . )

i

an asterisk.

and Table 3), indicating that neither receptor residue is crucial
to peptide binding affinity. However, these two receptor
mutations did result in significant increases in the efficacy
of the two substituted peptides (Table 2). Pepéidisplayed ( : :

an Eqax 0f 32% on the WT receptor (Table 1) but increased f _ - -

to near full efficacy on the F2&15DA and F28473%A F=of A - :

receptors (Figure 3B, Table 2). Similarly, peptitibad only Ficure 5: Computer-aided representation of NDP-MSH interaction

0 - _ with the active conformation of the hMC4 receptor (Pogozheva’s
9% efficacy compared to that of NDP-MSH on the WT model) @5) magnified to show only the His-Phé-Argt-Trp?

receptor (Table 1) but achieved nearly full efficacy with the - motif of the peptide (blue). The remaining residues were removed
F261659A mutation and a lower but still statistically for better visualization. PR&! (TM6) and Phé (TM7) receptor
significant increasep(< 0.05) with the F284-35A mutation residues are indicated in pink.
(Table 2). These results indicate that the hydrophobic cage
residues F26%5D on TM6 and F284-3% on TM7 can play rotation, bringing H264 into the binding pocket and shifting
a role in modulating peptide efficacy. the position of F2685Y), F2626-52) | 265559, and Y26&-59)
This conclusion is also supported by functional assay (25). According to NDP-MSH docking in the hMC4R model,
results from the Hfssubstituted peptides2¢4) on the  D-Ph€ is positioned within the hydrophobic cage of the
F261650A and F28435A mutant receptors. The F263YA receptor, formed by residues in TM6 and TM7 (Figure 5).
and F284-39A receptor mutations increased the efficacies D-Phé allows for unrestricted rotation of TM6, resulting in
of the Hig-substituted peptides (Table 2) compared to that full activation of the receptor upon NDP-MSH binding.
of the WT receptor. On the WT receptor, the Asnd Phé Chlorophenyl and dichlorophenyl substitutions at position 7
peptides both displayed nearly half-maximal efficacy levels, (6 and7) significantly reduce efficacy (Table 1), indicating
but on the F26#5YA and F28435A mutant receptors, the  that these substitutions interfere with receptor activation.
efficacy of these peptides increased to 70% or greater (TableUpon F26155D or F2847-%) mutation to alanine, however,
2). We also saw the same trend with the®Tsabstitution, we observe significant increases in the efficacies of these
where efficacy levels were only 60% on the WT receptor Substituted peptides (Table 2). It is likely that the presence
but near full efficacy on F26%5)A and F284735A mutant  Of the chloro groups on the phenyl ringmfPhe blocks the
receptors (Figure 4B and Table 2). While both receptor counterclockwise rotation of TM6 by means of steric
mutations caused increased efficacy, they also resulted inhindrance through interaction with residues in the hydro-
decreased affinity for the Hissubstituted peptides, shifting ~phobic cage, resulting in the decreased efficacy seen on the
the K; values approximately 10100-fold (Figure 4A and  wild-type receptor. When F2€PY or F2847-3) is mutated
Table 3). Therefore, both of these receptor residues contributelo an alanine residue, TM6 rotation is no longer spatially
binding energy to the Hfssubstituted peptide interactions constrained by the chloro groups and can freely rotate,
with the receptor. However, neither of these receptor allowing full receptor activation. This reversal of steric
mutations changes the affinity of NDP-MSH, consistent with hindrance can result from the mutation of side chains in TM6
the Hi$-substituted peptides having a slightly different as well as TM7.
orientation in the receptor binding pocket compared to that  Neither the F26%-5YA nor the F28435A receptor muta-
of NDP-MSH. tions affect the affinity of theo-Phe substituted peptides
Model of NDP-MSHb-Ph€ Interaction with the hMC4 (Table 3), indicating that neither receptor residue contributes
Receptor To rationalize how the Hfsand b-Ph€ peptide significant binding energy to the interactions. This suggests
residues and the F26%Y and F284-35 receptor residues  that the modulation of receptor activation by relieving spatial
interact to modulate receptor activation, we utilized a constraints within the hydrophobic pocket does not require
molecular model of NDP-MSH binding to the MC4 receptor modifying an interaction that contributes to peptide affinity.
(25). First, we examined-Ph¢€ interaction with the receptor. Model of NDP-MSH Hi% Interaction with the hMC4
During hMC4R activation, TM6 undergoes counterclockwise ReceptorF26165UA and F2847-3%A receptor mutations can
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Table 4: Affinity or Potency Changes Due to Alanine Substitution in Various Peptide Teniplates

fold shift in affinity or potency due to alanine substitution

peptide template His Phe Arg Trp
NDP-MSH 1.8 16,000 140 >38,000
Ac-His-D-Phe-Arg-Trp 58 >5,800 1,300 2,500
Ac-Nle*-c[Asp>-His?-p-Phe-Args-Trp®-Lys9-NH, (MTII) f 10 >100,000 3,700 >100,000
(O)C—(CH,).-C(0)-c[HisDb-Phe-Arg-Trp-Lys]-NH9 14 >6,300 >630 NR
Bu-HisD-Phe-Arg-Trp-Gly-NH 6" NR NR NR

aThe fold shift in affinity or potency due to alanine substitution is calculatedkpysubstituted peptide}, unsubstituted peptide) or (E§
substituted peptide)/(&g unsubstituted peptide) Ref 21. ¢ Ref 20. ¢ Ref 23. ¢ Ref 22. f Ref 46. 9 Ref 41. " Ref 40.

also recover the loss of efficacy caused by ®Hieptide
substitutions (Figure 4B and Table 2). However, instead of
interacting with F26%-°Y) and F284-3% in the hydrophobic
cage, Hi§is believed to face toward TM2 and TM3 (Figure
5) and interact with D1222% and D1262°). We propose
that the Hi§-substituted peptides are oriented differently than
NDP-MSH within the binding pocket of the receptor because
of a modified or weakened interaction with D122 and
D1263%29, This modified orientation results in a stronger
interaction with F26%-°Y) and F284-3% in the hydrophobic
pocket, thereby interfering with the rotation of TM6 and
preventing receptor activation. When F£&) or F2847-35)

is mutated to alanine, the interaction that prevents TM6

tions that stabilize the recepteligand interaction. Alanine
substitutions were also generally better tolerated in NDP-
MSH than in the cyclic templates (Table 4 and refs therein),
potentially because of the greater flexibility of the linear
peptide, which allows for compensating receptor interactions
upon substitution (as suggested for the FNOP-MSH
substitutions in this study). In terms of efficacy, template-
dependent effects of the Phposition are apparent. For
example,p-(4-Cl)Phé substitution in NDP-MSH substan-
tially reducesEnax but does not appreciably affect MC4R
activation by the cyclic MTIl 83). These differences may
be a result of a subtly different orientation of the cyclic
peptides within the binding pocket.

rotation is lost, and receptor activation can occur. This theory  The second aim of this study was to further explore the
is supported by the affinity changes we have observed. mechanism of receptor activation by examining the interac-
F261°5UA and F284'9A receptor mutations do not change  tion of His® andp-Phé with the receptor using site-directed

the affinity of NDP-MSH but decrease the affinity of the mytagenesis and molecular modeling. The mechanism of

HisS-substituted peptides, demonstrating that F¥81and
F28473%have a stronger interaction with the Msubstituted
peptides than with NDP-MSH (Table 3).

DISCUSSION

GPCR activation has not been completely elucidated, but
there is evidence that it is conserved across class A and B
receptors §0). From numerous studies on rhodopsti{

53), f2-adrenergic §4), and PTH receptorsp), it appears
that TM6, TM3, and perhaps TM7 play a critical role in the

There have been a large number of studies looking at thetransition to the active state. Fluorescence spectroscopic

roles of melanocortin peptide residues interacting with the
MC4R, and seemingly inconsistent data in the literature may
result from the use of different peptide templates, receptor
subtypes, and specie§, (43). The first aim of this study
was to further explore the role of the Hio-Ph€, Arg?é,

and Trg residues, specifically within the NDP-MSH peptide,
in hMC4 receptor binding and activation using modified
peptides. We found that neither the Angor the Trj side

techniques reveal that in both rhodopsin ghehdrenergic
receptors %1, 53), TM6 undergoes significant counterclock-
wise movement during transition (viewed from the extra-
cellular side of the receptor) that is crucial to activation.
Pogozheva and co-workers have modeled both the active and
inactive states of hMC4R and propose that similar structural
changes accompany MC4 receptor activati@d).( TM6
shifts outward and undergoes counterclockwise movement,

chain is essential for the receptor activation event, but the changing the position of F26PY), F262°52), | 2655, and

basicity of Arg and the aromatic and lipophilic characteristics
of Trp appear to contribute to binding affinity. Similarly,
the aromatic side chain af-Ph€ contributes significant

Y2686 and bringing H26%5?) into the binding pocket.

Different groups have proposed that large aromatic side
chain substitutions at the Phposition can interfere with

binding energy but is not essential for receptor activation. MC4R activation by interacting with receptor residues within
However, adding chlorine substituents to the aromatic side TM6, physically hindering the conformational changes
chain at this position interferes with receptor activation. The necessary to elicit full efficacy. The specific residues

imidazole group of Hiis the only side chain of the four
residues that is not important for NDP-MSH binding affinity
but is crucial in receptor activation.

The effects of the core tetrapeptide substitutions on the
binding affinity of NDP-MSH are in reasonable agreement
with those reported previouslyl®). Generally, alanine
substitutions in NDP-MSH were better tolerated in terms of
binding affinity than substitutions in the linear Ac-His-
Phe-Arg-Trp-NH tetrapeptide and Bu-His-Phe-Arg-Trp-
Gly-NH, pentapeptide (Table 4 and refs therein). One
potential explanation for this finding is that the additional
amino acids of NDP-MSH form additional receptor interac-

implicated were W2584%) in the human receptor and
F254652 and F25%57 in the mouse receptor (analogous to
the human F26252 and F26%-5) residues) 25, 30, 33). In

the mouse receptor studies, the antagonist peptide SHU9005,
an NDP-MSH analogue whemPh€ is replaced byp-(4-
[)Phe, is converted to a partial agonist by F2%4% and
F259%°5" receptor mutations. This led to the hypothesis that
these wild-type receptor residues may be interacting with
the side chains at position 7 of the peptide and sterically
hindering the rotation of TM6, resulting in decreased receptor
activation (antagonism). When the receptor residues are
mutated so that the steric hindrance is relieved, receptor
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activation is restored. This hypothesis is strongly supported nonpeptides may stabilize an inactive conformation of the
by the findings of the present study and positioning of the receptor by interacting with F26®Y and hindering the
peptide within the molecular model and led us to conclude rotation of TM6. More experiments would be needed to
that the loss of efficacy we see with Hisnd p-Phée establish whether other residues are also involved.
substitutions is caused by steric hindrance to the rotation of ~Furthermore, these nonpeptide studies have shown that the
TM6, without which the receptor cannot form the fully active F26165DA mutation does not affect the efficacy of all
state. The F26%°YA and F284%A receptor mutations  ligands. Benzamidine-BE), from the benzamidine chemical
relieve this steric hindrance and result in increased efficacy series 48), has no agonist activity on the wild-type,
for these peptides. F261650A, or F284735A MC4 receptors. Similarly the small

In this study, we have uncovered unique receptor residuesmolecule antagonist 1240) is unaffected by the mutations
that can play a role in determining peptide efficacy. One (data not shown). This suggests that the efficacy changes
residue, F26%5Y), is located in TM6 like the residues in the  brought about by these receptor mutations involve specific
above-mentioned studies. We also discovered that F#84  receptor-ligand interactions and are not changes that
in TM7 can be involved in regulating receptor activation. globally affect receptor activation.
This is the first demonstration that residues in TM7 may By applying an existing model to our results, we have
affect efficacy through steric hindrance. Since residues in tested a mechanism to explain the changes in efficacy
either TM6 or TM7 can relieve steric hindrance within the resulting from both NDP-MSH peptide and hMC4 receptor
hydrophobic pocket, allowing TM6 rotation and restoring mutations. Our data support a proposed theory that loss of
efficacy, it suggests that no single interaction with a specific agonist activity can be caused by sterically hindering TM6
residue can be fully responsible for stabilization of the rotation within the hydrophobic cage of the receptor. Closely

inactive state.
The Phé residue has received considerable attention in

related peptides can therefore have different efficacies
depending on their interaction with residues in the hydro-

peptide SAR focused on developing antagonists. The findingsphobic cage. This information can be applied to the develop-

of this and other studies39, 42) indicate that Hi% could

ment of agonists for obesity and antagonists for cachexia.

also be targeted to develop antagonist peptides. SubstitutionAntagonists can be specifically designed to obstruct the

with proline in a modified MTII template reduces MC4R
Emax (PG-975, 89)), substitution with the proline derivative
4-R-benzyloxyt-proline in MTII generates a potent MC4R
antagonist (PG10349)), and substitution with Al Phé,
and Ti¢ in NDP-MSH reduces MC4R activation (Table 1).
In the context of NDP-MSH, we propose that the reduction
of MC4R activation results from an indirect effect, in which
His® substitution weakens receptor interaction with the
6-position residue, which faces TM3, and strengthens the
interaction of the peptide with residues within the hydro-
phobic pocket. This hypothesis is supported by the effect of
F261650A and F284735A receptor mutations, which reduce
the affinity of the Al&-, Phé-, and Tié-substituted analogues
but do not affect the affinity of the Hisbearing NDP-MSH
(Table 3). Increasing the strength of peptide interaction with
the hydrophobic cage could impair the rotation of TM6,
hindering the MC4R activation event. Schild analysis results
also show that [AI§NDP-MSH is a functional antagonist
of the NDP-MSH response. In short, Bisubstituents could
indirectly utilize the same molecular mechanism directly
exploited in PhéSAR to develop useful antagonist ligands.
The extent to which this mechanism could explain the
antagonizing effect of proline substitutions in cyclic templates
(39, 42) remains to be determined.

The aim of this study focuses on receptor activation by
the NDP-MSH peptide, but the conclusions may also be

applicable to nonpeptides. The peptide data from the present

study are supported by nonpeptide resuBS) (in which
halogenated aromatic groups,(4-Cl)Phe, and-(2,4-Cl)-
Phe, mimico-Phe of NDP-MSH and are positioned similarly
within the hMCA4R binding pocket. On the WT receptor, both
compounds have high affinity, but the(4-Cl)Phe compound
has poor efficacy Emax = 28%), and thep-(2,4-Cl)Phe
compound does not stimulate the receptor at all. When the
compounds interact with the F283YA mutant receptor,
there is a significant increase in efficacy compared to that
of the WT receptor, suggesting that both peptides and

rotation of TM6, while agonists should avoid large substit-
uents in the hydrophobic pocket. Furthermore, both the
F261651A (TM6) and F284735A (TM7) receptor mutations
relieve steric hindrance within the hydrophobic pocket,
allowing TM®6 rotation and restoring efficacy. This demon-
strates that for the peptides tested in this study, no single
interaction with a specific residue can be fully responsible
for the stabilization of the inactive state. Additional experi-
ments will need to be done to further test this hypothesis
and determine its application to other receptor systems.
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