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ABSTRACT. Specific interactions of human melanocortin-4 receptor (hMC4R) with its nonpeptide and peptide
agonists were studied using alanine-scanning mutagenesis. The binding affinities and potencies of two
synthetic, small-molecule agonists (THIQ, MB243) were strongly affected by substitutions in transmem-
branea-helices (TM) 2, 3, 6, and 7 (residues &R Aspt??, Asp'?5, Phe®l, His?%4 LewrsS, and Led®s).

In addition, a 1129A mutation primarily affected the binding and potency of THIQ, while F262A, W258A,
Y268A mutations impaired interactions with MB243. By contrast, binding affinity and potency of the
linear peptide agonist NDP-MSH were substantially reduced only in D126A and H264A mutants. Three-
dimensional models of recepteligand complexes with their agonists were generated by distayeametry

using the experimental, homology-based, and other structural constraints, including interhelical H-bonds
and two disulfide bridges (C§$-Cys’%, Cys’1-Cy<’") of hMC4R. In the models, all pharmacophore
elements of small-molecule agonists are spatially overlapped with the corresponding key residyes (His
p-Phé€, Argé, and Trg) of the linear peptide: their charged amine groups interact with acidic residues
from TM2 and TM3, similar to Hi&and Arg® of NDP-MSH; their substituted piperidines mimic Prpf

the peptide and interact with TM5 and TM6, while thd>he aromatic rings of all three agonists contact
with Leu!33, Trp2%8 and Phéf! residues.

Melanotropins, which include melanocyte-stimulating proteins. They are involved in regulation of multiple physi-
hormones ¢-, -, and y-MSH) and adrenocorticotropic  ological functions, such as pigmentation (MC1R), adrenal
hormone (ACTH), are the products of proteolytic cleavage cortical steroidogenesis (MC2R), exocrine secretion (MC5R),
of the 31-36 kDa precursor, pro-opiomelanocortid).( energy homeostasis, penile erection (MC3R and MC4R), and
o-MSH! (Ac-Set-Tyr?-Sef-Met*-Glus-Hisb-Phe-Arg8-Trp®- many others{, 5, 6).

Gly%-Lys'-Prot2-Val'®-NH,) shares with all melanotropins The MCA4R subtype is regarded as a potential drug target,
the central core tetrapeptide ‘KHBPhe-Args-Trp®, which because it is involved in feeding and sexual behavier (

is essential for its biological activity?]. These neuropeptides 9). Mammals with a defective MC4R gene, which is
exert their function through five subtypes of melanocortin expressed in the brain, are characterized by obese phenotype
receptors (MCRs), which have been cloned and characterizedand increased food intaké@-12). AGRP acts as an inverse

(1, 3). MCRs belong to the G protein-coupled receptor agonist, reducing the elevated basal activity of MC4BA
(GPCR) superfamily4) and are positively coupled to cAMP  17). Pharmacological studies indicate that activation of the
generation by adenylate cyclase via the stimulatory Gs MC4R in rodents modulates erectile functio®).(Conse-
quently, research efforts have been focused on the develop-
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THIQ MB243
Ficure 1: Structures of hMC4R small-molecule agonists.

obesity drugs or as treatments for sexual dysfunctif) ( In the present study, mutagenesis data are used similarly
19). On the other hand, MC4R antagonists that block the to model the active state of the hMC4R receptor in complex
satiety-inducing effect ofa-MSH could be helpful for with agonists by distaneegeometry calculations with ex-
treatment of anorexia or cancer cachex8)( perimental, hydrogen-bonding, and homology-based con-
Recently, a number of small-molecule MC4R agonists and straints. More specifically, we have identified hMC4R
antagonists have been synthesized using “privileged struc-residues required for activity of two small-molecule, pepti-
tures” formerly employed in other GPCR ligand&l(22). domimetic agonists, THIQ and MB243, by examining the
In particular, THIQ and MB243 (Figure 1) were identified effects of 13 mutations in the TM domain on agonist binding
as potent MC4R agonists with 100-fold selectivity over and ligand-induced, receptor-mediated cAMP accumulation.
MC1R, MC3R, and MC5R X8, 19). A homology model of the active hMC4R state was generated,
The binding affinities, potencies, and selectivities of the based on our previous experimental and modeling studies
ligands can be interpreted, understood, and applied forof the inactive hMC4R 33) and of theu-opioid receptor in
rational drug design only in the context of 3D structures of the active state3l), and was used for docking of the two
receptor-ligand complexes. However, among all GPCRs, a small-molecule agonists into the receptor model, guided by
crystal structure has been determined only for rhodopsin, andour mutagenesis data. Subsequently, a complex of hLMCR4
only in its inactive state (23, 24). In the absence of direct with its linear peptide agoniste;MSH and NDP-MSH 86),
crystallographic data, other GPCRs can be modeled simplywas calculated assuming the structural overlap of pharma-
by homology from the rhodopsin template. Indeed, homology cophoric elements of peptide and nonpeptide ligands.
modeling is a well-established techniq&b) that currently
works best for GPCRs26). However, several challenges EXPERIMENTAL PROCEDURES
remain. First, the active, agonist-bound conformation of . )
GPCRs differs from the inactive state, especially in the  Cell Transfection and Cultur&he wild-type hMC4R and
position of transmembrane helix (TM) @7). Second, the all mutants were expfessed from the eukayotic expression
sequence alignment of rhodopsin and other GPCRs is notvector pcDNASZ.1 (Invitrogen, Carlsbad, CA). The hMC4R
obvious in the region of the nonregular loops and at helical Mutants had previously been constructed during the course
distortions, such as the-aneurisms (the insertion of a residue Of other studies 33, 37, 38) using Quick Change Site-
in a helical turn) present in TM2 and TM5, in the rhodopsin Directed Mutagenesis Kit (Stragene, La Jolla, CA). The
structure, which may be absent in other GPCRs. Finally, Presence of desired mutations and the integrity of the entire
ligand docking is a complicated problerdg). receptor sequence were c_onflrm_ed by sequencing performed
These difficulties can be resolved by obtaining additional @t the University of Michigan Biochemistry Core. Large-
experimental data probing interactions of the specific recep- Scale plasmid preparations were made using Qiagen Plasmid
tors and their ligands and by using distangeometry ~ Maxi Kit (Qiagen, Valencia, CA). HEK 293 cells were
calculations to assist homology modeling by satisfying target transiently transfected in a 10 cm dish witu§ of receptor
receptor-specific experimental and other structural constraintsPlasmid DNA using 20uL of Lipofectamine Reagent
(29-32). The experimental constraints can be determined (Invitrogen, Carisbad, CA). After 24 h, the cells were
using a variety of techniques8y, 32). For example, the trypsinized and Ql_lquoted into 24-_vveII plates and grown in
experimental studies of the effects of numerous mutations Pulbecco’s modified Eagles medium (DMEM) containing
on binding of natural antagonists to hMC4R allowed model- 4-5 9/100 mL glucose, 10% fetal calf serum, and 1 mM
ing of the complex of the inactive conformation of h(MC4R ~ Sodium pyruvate.
with AGRP and agouti protein3@). Moreover, we have Ligand Binding. ?39-NDP-MSH was prepared by the
recently calculated the model of active conformation of the chloramine-T method as previously describ&®)( NDP-
u-opioid receptor, using distance constraints from the crystal MSH was purchased from Peninsula Laboratories, Inc. The
structure of the inactive conformation of rhodopsid)( specific activity of'?4-NDP-MSH was 618-727 Ci/mmol.
together with a large set of experimental constraints that areBinding experiments were performed using 0.35 nM of
compatible with active states in several GPCR%)(This radioligand. Binding assays were performed as previously
model of the active conformation pfreceptor can be used described38). Cells (3x 10F) were planted on 24 well plates
as a structural template for the modeling of other rhodopsin- and cultured for~17—19 h before the experiments. 4
like GPCRs that apparently share common activation mech-values of NDP-MSH were determined from the inhibition
anism and similar active conformation34( 35). of radioligand binding by increasing concentrations of
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N-terminus TMH1 * IL-1

RHODCOPSIN 33 EPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKELRT
hMC4R 40 CYEQLFVSPEVFVTLGVISLLENILVIVAIAKNKNLHS

TMHZ2 * EL1
RHODCOPSIN 71 PLNYILLNLAVADLFMVFGGFTTTLYTSLHGYFVF------- Gw
hMC4R 78 PMYFFICSLAVADMLVSV—SNGSETIIITLLNSTDTD—AQSFTVN_I

TMH3 * IL2
RHCDOPSIN 110 CNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNFRFG-
hMC4R 122 DNVIDSVICSSLLASICSLLSTAVDRYFTIFYALOYHNIMT

TMH4 * EL2
RHCDOPSIN 150 ENHAIMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEETN
hMC4R 163 VKRVGIIISCIWAACTVSGILFIIYS

TMHS * IL3
RHODOPSIN 200 NESFVIYMFVVHFIIPLIVIFFCYGOLVFTVEEARAQQOQE---
hMC4R 189 DSSAVIICLITMFFTMLALMASLYVHMFLMARLHIKRIAVLPGT
TMH& * EL3

RHODOPSIN 240 SATTQEAEKEVTREMVIIMVIAFLICWLPYAGVAFYIFTHQ---GSDFGE
hMC4R 233 GAIRQGANMEGAITLTI LIGVFWCWE F FE:—:LHYEPQNPYCV CFM

TMH7 * IL-4
RHCDOPSIN 286 IFMTIPAFFAKTSAVYNPVIYIMMNEKQFRNCMVTTLCCGK
hMC4R 282 SHFNLYLILIMCNSIIDPLIYAILRSQELRKTFEEIICCYP

Ficure 2: Sequence alignments of bovine rhodopsin with human MC4R. Underlined characters represent residudefices; mutated
residues are colored red. The most conserved residue in each TMH (1.50, 2.50, 3.50, 4.50, 5.50, 6.50, 7.50, in the nomencl@8)re of ref
of rhodopsin-like GPCR is indicated with an asterisk.

nonlabeled ligand. The highest nonlabeled ligand concentra-helical shifts and, especially, the large movement of TM6
tion used was 1@ M. Nonspecific binding was determined upon receptor activation. All constraints for the seven
in the presence of cold ligand at £M. Nonspecific binding o-helical TM domains were taken from the actpseeceptor

was less than 5% of specific binding.sf¥alues are reported  model, while the constraints for loops were taken from the
as the meant standard error. To calculate values, the model of inactive hMC4R. On the basis of mutagenesis and

equationK; = Ky = I1Csq — [radioligand] was used3Q). modeling results, we have previously proposed that in MCRs
Experiments were repeated at least three times usinga-hairpin is formed in EL1, as in bacterial rhodopsins. An
duplicate wells on different days. additional shortf-strand in the N-terminal segment is

3,5-Adenosine Monophosphate (cAMP) Measurement. attached to EL3 by a disulfide bond between €yand
cAMP measurements were performed using a competitive Cys”’%, while another important disulfide bond, Cys-
binding assay kit (TRK 432, Amersham; Arlington Heights, Cys*’’, connects EL3 to TM6 (33). An alterative conforma-
IL) as previously describe®g). Cells (2x 10F) were planted tion of EL3 was also used with TM6 extended by three
on 24 well plates and cultured for17—19 h before the residues at the extracellular end. Sequence alignment of
experiments. THIQ18) and MB243 (9) were synthesized =~ MCRs and rhodopsin (Figure 2) has been described previ-
by Merck & Co., Inc. The mean value of the data was fit to ously @3). The alignment assumes the disappearance of an
a sigmoid curve with a variable slope factor using the o-aneurism in TM2 that is present in rhodopsin, but the
nonlinear least squares regression in Graphpad Prism (Graphconservation of thea-aneurism found in TM5 of the

pad Software). EG values are reported as mean the rhodopsin crystal structure, consistent with previous mu-
standard error. Experiments were repeated at least three timetagenesis studieS?g).
using duplicate wells on different days. During distance-geometry calculations of the ligand-free

Modeling of Melanocortin RecepteiAgonist Complexes.  receptor with DIANA (41), the spatial positions of all TM
The inactive state of hMC4R (SwissProt accession code helices were restrained using the following upper distance
P32245) has recently been modeled from the rhodopsinconstraints (specified in Supporting Information): (a) tife C
crystal structureZ4) by iterative distancegeometry refine- --C? distances from the templates with allowed deviations
ment @3), an approach described and tested previo@dy-( of 0.5 A, (b) a set of 54 H-bonds specific for hMC4R+(O
31, 40). This modeled structure of h(MC4R remained very +-O, N---O distances of 2.9 A)), (c) constraints for two
close to the rhodopsin template (rmsd 1.31 A for 198 C  disulfide bonds (&--S, C#---C#, and C---S distances of
atoms of TM domain). The homology modeling of the 2.04, 4.20, and 3.05 A, respectively), linking @§sCys*"®
agonist-bound state of hMC4R (residues—321) was and Cy8'-Cy<", and (d) constraints (N-O distances of
accomplished here similarly, using the program DIANA)( 3.5 A) for two artificial Zre*-binding centers previously
which calculates a set of structures satisfying the imposeddesigned in hMC4R42) between TM2 and TM3, 1104H-
distance and angle constraints. Two different structural Aspt??and 1125H-GId%, which enabled receptor activation
templates were used: the model of the inactive conformationby Zr?™-ions. The implementation of these constraints
of hMC4R 33) and the model of the active conformation retained the structure of the templates but allowed small
of u-opioid receptor, which we have previously described spatial adjustments of adl-helices during the calculations.
(31). The template of the active conformation @fopioid The dihedral angles of receptor residues were generally taken
receptor, which deviates from the rhodopsin structure mostly as in the template, with allowed deviations of°3®ide-
in the position of TM6 (rmsd 2.2 A for 212 @atoms of chain rotamers were taken from the model of the inactive
TM domain), was chosen because it adequately reproducesiMC4R 33), with the exception of several residues that
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Table 1: The Effect of h(MC4R Mutations on the Agonist Binding and Agonist-Induced cAMP Accumulation

mutant NDP-MSH THIQ MB243

hMC4R 1G5, NM EGso, NM ratic® I1Cs0, NM EGCso, NM ratio® 1Cs0, NM EGso, nM ratio?
wild-type 2.30£0.30 1.70+£0.61 1 2.55+-0.41 1.75+0.33 1 30.3:5.4 17.214-3.42 1
E100A 6.71+ 0.69 12.4143.42 7.3 93.5+ 6.3 92+ 4 53 >1000 >1000 >100
D122A 9.324+2.10¢ 5.01£0.32 2.9 110+ 22 105+ 10 60 >1000 4184+ 30 24
D126A >1000 >1000 >1000 >1000 >1000 >1000 >1000 >1000 >100
1129A 1.604 0.30 2.14+0.15 1.2 29.9+ 3.1 15.7+:45 9 68.5+ 8.3 58.1+5.3 3.4
L133A 5.104+ 2.00 0.84+ 0.44 0.49 8.5k 2.2 3.74+ 1.74 2.1 71.3:10.2 20.1+£15 1.2
F184A 2.9440.61 1.03+0.23 0.6 1.18:0.89 1.3240.53 0.75 14.5-6.8 472+ 0.73 0.27
W258A 4.01+0.13 2.94+ 0.53 1.7 9.55+ 2.6 6.24+ 1.26 3.6 785+ 23 357+ 25 21
F261A 3.804 0.60 3.35£0.21 2.0 126+ 11 107+ 20 61 >1000 >1000 >100
F262A 2.30+1.70 1.714+ 0.42 1 18.9+ 3.4 7.26+ 1.14 4.1 520+ 64 176+ 15 10.2
H264A >1000 134+ 7 79 ND? 19.6+ 2.8 11.2 ND 4774+ 30 27.7
L265A 5.834+ 1.04 6.84+ 1.72 4.0 26.8-6.6 51.3+6.3 29 262+ 31 231+ 15 134
Y268A 1.874+0.90° 3.03£0.22 1.8 6.94- 2.21 4,93+ 2.51 2.8 433+ 85 153+ 16 8.9

aRatio = ECsMutantyECywild—type) b Data from ref29. ¢ ND, not determined.

rotate upon receptor activatioBl), such as the conserved THIQ. The iterative distancegeometry refinement removed
Asp'?s Leut*0, Arg¥’, Tyr?'?2 Trp?%8 and several additional  steric overlaps and maximized the number of H-bonds
residues (Letf® Arg!® Phé®4 Met%, and Met'd. The between the receptor and ligands. Final energy minimization
standard target function weights and minimization protocol of all hMC4R—agonist complexes was performed using the
were applied41). The pairwise rmsd between the 10 best- CHARMmM (45) potential withe = 10 and using the adopted-
calculated models of the hMC4R was.7 A (for 282 C- basis NewtorrRaphson method (50 iterations).

atoms).

Three-dimensional structures of the agonist ligands THIQ RESULTS
and MB243 were generated with QUANTA (Accelrys), and Interactions of Agonists with hMC4R Residu&s. un-
low-energy conformers of the ligands (within 3 kcal/mol of derstand how agonists interact with hMC4R, we studied the
the lowest energy conformation) were used for docking. Both effects of point mutations on the binding affinity and potency
ligands were first docked manually into the binding pocket of the peptide agonist NDP-MSH and two small-molecule
of hMC4R to satisfy the following criteria: (1) a similar  agonists, THIQ and MB243. Alanine-scanning mutagenesis
spatial arrangement of common pharmacophore groups inwas done in 13 positions in the area of the putative ligand
THIQ and MB243; (2) interaction of most functionally binding pocket 16, 33, 37, 38, 46), whose mutation has been
important groups of the ligands (especially, the central shown to affect binding of linear peptide agonists to MC4R
aromatic ring and N-terminal Ngroup) with the corre-  and MC1R 87, 38, 46). The mutated residues include %
sponding receptor residues found to be most important for which is highly conserved in rhodopsin-like GPCRs and is
binding of the small molecule agonists (GR1Aspt??, Phet?, presumed to be involved in activation mechanigt) (five
and Hig%%), as described in Resultg)(minimization of steric residues that are generally conserved in MCRs {&lu
overlaps and maximization of receptdigand H-bonds and ~ Asp'?? Asp'?5, Phe&®., and Hig®9), four residues conserved
ionic and aromatiearomatic interactions (conformers of in most MCRs, except MC2R (PH8, Phé&b? Lel?®, and
several side-chains in the binding pocket were also adjusted).Lew?®®), and three more variable residues {ifeLeu33 and
The structures of the complexes were then refined using theTyr?%8). The residues were individually replaced by alanine
standard docking tool (DOCK) from QUANTA. to uncover the role of the assessed side chains in their

Large linear peptide agonists, NDP-MSH andVSH, interaction with small-molecule agonists. The results are
were included in the distanegieometry calculations together summarized in Table 1, where JCvalues are determined
with the receptor. Therefore, separate modeling of the from competition binding assay of NDP-MSH against its
isolated peptides and their docking was not required. The radioactive analogues, and ECvalues are defined as
following types of constraints were used for the complex: receptor-mediated accumulation of cAMP induced by cor-
(1) those within the receptor, taken exactly as in the ligand- responding agonists.
free form (above); (2) seven H-bonds between the receptor The wild-type hMC4R binds NDP-MSH and THIQ with
and ligand identified in the initial model of the complex and ~10-fold higher affinity (IGo = 1.7 nM and 1.2 nM,
during its iterative refinement (see Results); (3j—C/ respectively) than MB243 (1§ = 16 nM). The 1Gy and
upper-limit constraints between ligand residuesl® and ECso values are similar for each of the three agonists at the
5—10 of 4.5 and 7.5 A, respectively, that correspond-+d @ wild-type receptor. All 13 mutations alter potencies but do
disulfide and 5-10 lactam bridges in the highly potent not significantly affect the efficacies of the agonists.
o-MSH analogues [Cys-Cys'9-a-MSH (43) and MT-II The changes in 1§ and EGo values for NDP-MSH were
(Ac-Nle*-cycldAsp®, Lyst%a-MSH(4—11)NH,) (44), re- also parallel in the majority of tested mutants, with the
spectively; and (4) torsion angle constraints in the central notable exception of H264A and D126A mutations, which
portion of the peptides (Hia.,p-Phe-Arg8-Trp?), chosen to led to significant reduction of NDP-MSH binding affinity
mimic the bound conformers of the small-molecule agonists such that no specific binding was detected by the filtration
determined as described abo®&de-chain conformers of  method.

His® (y1 ~ —60°) and (, p)Ph€ (y1 ~ 18C°) were chosen The binding affinities and potencies of the small molecule
to mimic orientations ob-Tic andbp-Phe aromatic rings of  agonists are affected by substitutions of the majority of
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mutated residues, which are located in TM3, TM6, and TM7 Phé®, Mef% Tyr?2, Met'5 and Trg%¥) change their
(Table 1). This suggests that these side chains are involvedorientation, which affects the geometry of the binding pocket
in the direct contact with the small-molecule agonists, and alters interhelical H-bonds, especially between residues
although indirect effects cannot be excluded. The relative from TMs 3, 6, and 7, exactly as observed for theeceptor
contributions of the replaced side chains in the ligand (31). The most significant changes can be described as
receptor interactions are reflected in the degree of changefollows. First, the concerted movements of #fgy?2 rotation
of the binding affinity in the mutants. Our data indicate that from ~90° to ~20°), Asp*?%, and Led®® (1 rotation from
the most important interaction likely involves charged ~180° to ~-60°) residues affect the shape of the ligand
residues (GIH° Asp'??2, Asp'?6, and Hig%), residues from  binding pocket at its bottom, making it more suitable for
TM6 (Phe®! and Led®) and from TM7 (Led®), as their agonist. Second, the counterclockwise rotation of TM6 brings
mutations decrease dgand EGo of both agonists more than  His?%* into the binding pocket, shifts PHé Leu?®S, and
10-fold. These residues are relatively conserved for MCRs Tyr?%8 and moves P& toward the lipid. This explains the
1, 3, 4, and 5 and therefore are not likely to be involved in larger effect of mutations involving H%, Phe®l, Lew?s,
the specific interactions with MC4R that providel00-fold and TyP®8residues and the relatively minor effect of F262A
selectivity of these agonists over MC1R, MC3R, and MC5R substitution on agonist binding affinities and potencies (Table
(18, 19). To reveal the ligangreceptor interactions respon-  1). Third, the rotating Artf’ residue (from the conserved
sible for the selectivity of these agonists would require DRY motif in TM3) breaks an H-bond with the adjacent
additional mutations in other sites of the binding pocket, Asp'®but forms new H-bonds with T¥#? (TM5) and Ty#0?
particularly, in the positions of variable residues such as (TM7), while the released A3ff residue forms a new
Leu*, Val*s, 11et% Ile??5 and Tyr® which interact with H-bond with Arg®® from IL2. This affects the shape of the
these agonists in our modeled receptiigand complexes intracellular binding cavity for Gs.
(see below). A distinct feature of the melanocortin receptors is the
The binding affinities and potencies of small agonists are deletion of thes-hairpin from EL2, together with a highly
more sensitive to point mutations than those of peptide conserved disulfide bond connecting tfidairpin to TM3,
agonists: receptor activation by the linear peptide agonist, features generally found in the rhodopsin family of GPCRs.
NDP-MSH, is strongly affected only by D126A and H264A Instead, the structure can be stabilized by two additional
mutations (potency decreased more than 80-fold) and, to adisulfide bridges, connecting EL3 with the N-terminus
lesser extent, by the EL00A mutation. This may be due to (Cys'°—Cy<79), or EL3 with TM6 (Cyg"—Cy<"") (33). The
more extensive and redundant interactions between thedeletion of thes-hairpin from EL2 creates a large, elongated
receptor and peptide and perhaps due to peptide flexibility, ligand binding cavity containing several acidic residues. The
which allows adjustment inside the modified receptor. In walls of this cavity are formed by Létiand Vaf® (N-
addition, the lower affinity agonist MB243 is much more terminus); Ph& (TM1); GIut%, 11e'% and 11é% (TM2);
affected by substitutions of T#F and Phé&?than the higher  Asp'?? lle!?5, Asp'?5, 1le1?°, Cys30, and Led®3 (TM3); Sei’®
affinity agonist THIQ. These data can guide receptiand and Phé&** (TM4); Val'% Cys'%, and Met® (TM5); Trp?%8,
docking. Phé®l, His?%4 Lew?®® and Tyr88 (TM6); Phet®4 Lewr®® and
Modeling Actbe Conformation of h(MC4Rt is accepted  Met?? (TM7); Sef8 and Sel*® (EL2); and Met?! (EL3)
that active and inactive states of GPCR are different and residues, many of which were probed in our mutagenesis
that agonists can preferentially bind to the active conforma- experiments. This cavity can be filled by the N-terminal
tion. However, an experimental structure has been obtainedregion of the receptor or by natural peptide agoniets3
only for the inactive state of bovine rhodopsin with bound y-MSH).
inverse agonist, 1tis-retinal 23, 24). Recently, we have Docking of Small-Molecule Agonists into A@iState
developed an active-state model for th@pioid receptor, Model of hMC4R.Both peptidomimetic agonists have a
based on the crystal structure of rhodopsin and a set ofcommon tripeptide scaffold, with 4-Cl or 4-F derivatives of
experimental constraints (disulfides, metal binding clusters, b-Phe occupying the central position, an N-terminal part with
etc.) that facilitate activation3(). This model was applied  charged amino groups, and a C-terminal portion formed by
here as a template for modeling of h(MC4R (see Experimental 4,4-disubstituted piperidines. Both ligands have limited
Procedures). After calculations, the active-state models of flexibility, with rotations allowed around several single bonds
hMC4R andu-opioid receptor superimpose well in the TM  (Figure 1). One of the agonists, THIQ, has been extensively
domain (rmsd 1.6 A for 205 €atoms). studied by crystallography, NMR in solution, theoretical
A comparison of models for the active and inactive states calculations, and analysis of structtt&ctivity relationships
of hMCA4R reveals the structural changes that accompanyof its analogues1g, 48). THIQ has two nearly identical
activation. Overall rmsd of these models is 2.4 A for all crystal structures, with an extended polypeptide backbone
common 282 € atoms, but decreases to 1.8 A (for 166 C  and piperidine and cyclohexane groups in the chair confor-
atoms) after excluding TM6 and interhelical loops, which mation @8). The crystal structure resembles the tentative
undergo movement during activation. TM6 shifts outward biologically active conformationl@). In these conformations,
and rotates counterclockwise (viewed from the extracellular the 4-chlorophenyl group and piperidine ring are close and
side) during activation, moving its intracellular end away interact with each other, while the aromatic ringoeTic is
from TM3 and toward TM5. As a result of this and other oriented in the opposite direction and the 1,2,4-triazol ring
changes, the receptor structure tightens near its extracellulais highly exposed to the environment. After local energy
surface but opens up at the cytoplasmic side, providing a minimization, one of the crystal structures has the lowest
cavity for binding of the @&s subunit. In the active state, energy, while the other hadaE = 0.8 kcal/mol. Our
several side chains (A5, Leu® Leut*®, Arg'#’, Arg®®, theoretical conformational analysis of THIQ identified 12
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Ficure 3: Stereoview of small-molecule agonist THIQ (purple) inside the binding pocket of the hMC4R active-conformation model. The

mutated residues of hMC4R are shown in the licorice representation colored by element. MB243 is shown in thin purple line for comparison.

The central part of both ligands, a 4-substitute@he, occupies the bottom of the cavity formed by Leu'33 Trp?>8, Phe&bl, and
Lew?88 The positively charged amino group of the first residue is close to negatively charg&§ @kp'?2 and Asp?5, and Asp?® also
forms and H-bond with the backbone amide group#the, while the third residue mimic contacts with Pffe Lews5, and Ty?%8 with

its polar group interacting with Hi&".

clusters of conformers withE < 3 kcal/mol, all of which
were used for docking.

The docking of THIQ was guided by placement of its key
pharmacophore elements of the ligand in contact with

THIQ is situated between Létiand Vaf®, preceding TM1
and residues from TM2 (G, 11e1% and 11€%), TM3
(Asp*t??, 1le'?5, and Asp?9), and TM7 (Asi®9). The charged
amino group ob-Tic forms ionic interactions with several

receptor residues that were found to be most important for acidic residues from TMs 2 and 3, including the most

binding affinities and potency, that is, G Asp?2, Asp'?6,
Phe®l, Lewrs® His?%4 and Led®® (Table 1). Two “anchor”

functionally important AsfS, with which it also forms an
H-bond. Moreover, As}® forms an H-bond with the

pharmacophore groups were the aromatic halogen-substitutethackbone amide group ofPhe, which restrains the position

ring of the centrab-Phe residue and the positively charged

of the ligand inside the binding pocket. The triazole part of

amine nitrogen (Figure 1). Both groups are present in either THIQ occupies a spot between TMs-3. Its piperidine ring

natural melanocortin peptides or synthetic agoni$8; 19,
49). In the model of the complex, the central aromatic ring
of p-Phe(4-Cl) contacts with PF@ and Lei® the amine
group was placed near G, Asp'?? and Asp?®, and the
1,2,4-triazole ring of the peptidomimetic interacts with#fis
The p-Phe(4-Cl) aromatic ring was arranged between TM3
and TMB, in a position and orientation that is similar to that
of the tyramine segment of opioid ligands in theopioid
receptor 81). The elongated binding cavity can accept only
the extended conformations of the ligand withof p-Phe
~18C°. Conformers of THIQ that are more compact or have
+60° y1 conformers ofb-Phe cannot be docked without
steric overlap with the receptor.

A number of extended low-energy conformers of THIQ
could be fitted to the cavity, including the crystallographic

structures. These conformers had slightly different orienta-

tions of p-Tic and the 1,2,4-triazole ring. The best fitting
conformation of THIQ (1 = 59, 2 = 79°, 2 = —147°,

21 =180, w2 = 180, y2 = —70°, y3 = —71°, andy4 =
64°) was not of lowest energy in isolatiolE = 1.1 kcal/
mol). However, it formed energetically favorable H-bonds
with the receptor (N to Aspt?2and Asp?® and 1,2,4-triazol
to His?®¥), unlike the crystal structures. It is quite possible
that the ligand retains some residual flexibility around,
@2, x2, ¥3, and ¥4 dihedral angles when bound to the
receptor. Such flexibility helps to explain high binding
affinity and potency of eithet-Tic or p-Tic in the THIQ
analogue 18).

forms contacts with PR& (TM4) and Phé* (TM7), the
cyclohexyl ring is situated between V& Cys'°6 (TM5),
and Led®%® (TM6), and the polar triazole group interacts with
Lew?®®, His?®4 and Tyr®® (TM6).

A similar analysis was carried out for the THIQ analogue
with L-stereoisomer of the central Phe residue. The extended
low-energy conformation of-Phe-THIQ does not fit the
binding pocket due to changes in backbone angjes=
=78, 92 = 142), resulting in the reorientation of the first
peptide bond, a broken receptdigand H-bond, and steric
clashes between the shifted ligand and TM6 &&r This
may explain the low affinity and potency observed for the
L-Phe analogue of THIQ to hMC4R (18). Interestingly,
L-Phe-THIQ demonstrates higher affinity toward hMC3R and
hMC5R but does not exhibit agonist properties in these
receptors18). The increased binding affinity etPhe-THIQ
to other MCRs may be related to the substitution of?8r
(TM6) in hMC4R by lle in MC3R or Met in MC5R. At the
same time, the reorientation of the first peptide group in
L-Phe-THIQ breaks the H-bond between the functionally
important Asp?® and NH ofL-Phe and forces the rotation
of Asp'?6to a position appropriate for the inactive receptor
state f1 ~ 180°). This Asp?® reorientation may be
responsible for the loss of agonistic activity of this ligand.
Furthermore, substitution af-Phe by the larger aromatic
side chain ofb-Nal(2) also results in the loss of agonism
(18). In our model of the active state of h(MC4B;Nal(2)

Receptor-bound THIQ has multiple favorable interactions exhibits some hindrances with the indole ring of ##rom
with hMCA4R residues (Figure 3). For example, the side chain TM6. However, these hindrances disappear in the inactive

of the centralb-Phe(4-Cl) residue occupies the bottom of
the binding cavity and interacts with 18 Leu33 Trp?%8
Phe®?, and Led®®residues, most of which are important for
binding and activation by THIQ (Table 1). TheTic of

conformation of hMC4R, where the indole ring of 7¥p
changes its orientation, in coordination with rotation of 3éu
from TMS3. This is consistent with the observed antagonistic
properties ob-Nal(2)-THIQ (18).
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Ficure 4: Stereoview of small-molecule agonist MB243 (purple) inside the binding pocket of the hMC4R active-conformation model. The
mutated residues of hMC4R are shown in the licorice representation colored by element. THIQ is shown in thin purple line for comparison.
The central part of both ligands, a 4-substitute@he, occupies the bottom of the cavity formed by Leu33 Trp?>8, Phe&bl, and

Lew?88 The positively charged amino group of the first residue is close to negatively charg¥§ @kp'?2 and Asp?5, and Asp?® also

forms and H-bond with the backbone amide group#the, while the third residue mimic contacts with Pffe Lews5, and Ty?%8 with

its polar group interacting with Hi&".

The lowest-energy conformer of MB243 was structurally group of Arg formed ionic interactions with the functionally
more compact than that of THIQ, and does not fit the binding important Asp?%similar to the positively charged amine of
pocket. Only an extended conformatiohE = 1.85 kcal/ D-Tic; p-Phe€ was overlapped witl-Phe(4-Cl) of THIQ,
mol) with 1 = 158, 2 = 76°, 2 = —135, y1 = 179, and Tr@ mimicked the C-terminal group of THIQ. The
w2 =178, y2 = —175, andy3 = 54°, which resembles  subsequent distanegeometry refinement of the complex
the bound conformation of THIQ, could be docked into the (see Experimental Procedures) helped to maximize the set
model of hMC4R (Figure 4). The higher energy of the of peptide-receptor H-bonds and adjust geometry of the
receptor-bound conformation of MB243 is consistent with peptide and conformers of surrounding receptor side
10-fold lower binding affinity, relative to THIQ. Both small  chains. During the calculations, we also used constraints
agonists interact with the same residues of the receptor, withbetween residues-410 and 5-10, which were introduced
only relatively minor differences, such as the appearance ofto mimic disulfide and lactam bridges from cyclic peptide
an H-bond between methylated amine of piperazine of agonists, [Cy5-Cys'%-aMSH (43) and MT-II (44), respec-
MB243 and GId®in addition to the ionic interaction betwen tively.
second N of piperazine and Asg? Asp'?6, and formation This computational approach defined the structural details
of H-bond betweertert-butylamide group of MB243 and  of the receptor-bound conformation of bothMSH and
His?%4, while THIQ forms only one H-bond between its'N  NDP-MSH (Table 2) and confirmed their proposed arrange-
and Asp?® and interacts with H&* by its 1,2,4-triazole  ment inside the receptor (Figure 5). The backbone conforma-
group. These differences may cause the more pronouncedion andy1 angles in fragment-312 of both peptides and
effects of ELI00A and H264A mutations on the potency of their position inside the receptor were determined unequivo-
MB243, relative to THIQ (Table 1). MB243 in the receptor cally (rmsd 1.2 A for @ atoms 3-12 of peptides in 10
retains some rotational flexibility ap1, ¢2, andy2 dihedral superposed receptor models). Both peptide ligands demon-
angles. In particular, the piperazine can be oriented in the strate g3-hairpin-like structure with a reverse turn spanning
receptor with itsN-methyl group facing either the middle or  His® andL- or b-Ph€. In this conformation, the phenyl ring
the extracellular part of the pocket. Therefore, different of L- or -Ph€ interacts with the indole ring of TPpforming
substituents at th-methyl group of piperazine ring can be a hydrophobic patch, while charged &and Ard are located
adopted in the binding pocket with rather similar affinity on different sides of th@-hairpin.

(19). The space around-methyl-piperazine is reduced in In the binding pocket of hMC4R either-MSH or NDP-
other MCR subtypes due to replacements of #eWal*, MSH forms at least seven H-bonds with receptor residues:
llel%3 and 1l1é?% residues by Val, lle, Met, and Phe, His?®* (TM6) with the carboxylate group of A8pand
respectively, in hMC3R, or by Met, lle, Thr, and Phe, carbonyl of Tr@, Glut (TM2) with the imidazole group of
respectively, in hMC5R. This may explain the lower affinity His®, Asp'?? and Asp?6 with the guanidium group of Afy
and potency of MB243 toward these receptdr8)(On the Asp'?6 (TM3) with the amide group of ,p-Ph€, and Asp®®
other hand, the antagonistic properties ofitiehe analogue  (EL2) with the amine group of Ly& These H-bonds were
of MB243 toward all three MCRs10) could be explained  included in calculations of receptopeptide complexes.
by the broken H-bond between the important Z&pnd the Several additional H-bonds were also found in many
first peptide bond of ligand, and the forced reorientation of calculated structures: A%p(N-terminus) with Sek Thr18
Asp'?® similar to the situation described above for thBhe (EL1) with Tyr?, Glu*? (N-terminus) with Set, Thr'8 (EL1)
analogue of THIQ. with Arg8, and Tyr58 (TM6) with carbonyl of GIy°. His? of

Distance-Geometry Modeling of ReceptoPeptide Com-  the peptide ligands is buried between polar side chains of
plexes Finally, we calculated the complex of hMC4R with  GIul%, Asp!?2 and Asi®®and can form alternative H-bonds
peptide agonist NDP-MSH. The initial model of the complex with these residues, while Atgs water-exposed and can
was generated assuming that “message” residues of theform ionic interactions with both ASg? and Asp?8. The
peptide (Hi&-p-Phe-Arg8-Trp®) would mimic the corre- phenyl ring ofL,D-Ph€ of peptides occupies the bottom of
sponding pharmacophore elements of THIQ: %Hi$ the the cavity between /8% Cys'30 Leu®3, Trp?®8 Phe&®l and
peptide was positioned similar teTic of THIQ; guanidium Lewr® similar too-Phe(4-Cl) of THIQ. The slightly different
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Table 2: The Dihedral Angles (deg) for Calculated Receptor-Bound Conformations of Fragmdzofa-MSH and NDP-MSH

dihedral residues
angles Tyt Sef Met/Nle* Glu® His® LPh€e/DPhe Arg® Trp® Gly Lystt Pro?
a-MSH?2
w 178 175 179 —176 171 —174 172 173 177 168 —179
1) —96 —170 —155 —83 —55 89 —67 —131 —163 —-121 —74
17 106 105 159 —172 131 129 88 65 —144 78 127
71 173 175 —-34 —62 —76 —159 —63 —78 —174
x2 109 —145 81 —159 135 —67 130 —178
%3 —76 —92 143 —169
¥4 —-179 66
NDP-MSH
) 178 169 —175 —-170 174 178 177 169 173 176 —179
) —174 —170 —155 —103 —73 157 60 —-92 —162 —156 —63
17 125 114 153 —-170 86 —22 52 88 —107 74 122
71 —166 178 —-73 —-73 —80 159 —55 —60 —175
%2 80 =177 102 —114 99 —57 110 173
%3 —72 —63 177 —-179
y4 121 70
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Ficure 5: Stereoview of peptide agonist NDP-MSH (purple) inside the binding pocket of the hMC4R active-conformation model. The
mutated hMC4R residues and residues forming H-bonds with peptide are shown in the licorice representation colored by element. THIQ
is shown in thin purple line for comparison. The receptor-bound conformation of NDP-MSH repregehtsrain-like structure with a

reverse turn spanning Hiandp-Ph€, aromatic rings ob-Phe and Trg@ forming stacking interactions, and polar residues®@iod Arg?

located on different sides of the-hairpin. Inside the binding pocket, NDP-MSH forms at least nine H-bonds with polar groups of the
receptor (shown by dashed lines): Tyrydroxyl with ThiA8 hydroxyl, carboxylate group of ASmnd backbone carbonyl of THpvith

His?%4, imidazole of Hi§ with GIul®, guanidinium group of Argwith Asp'??2 and Asp?¢ carboxylate groups and hydroxyl of T,

backbone amide group ofPhe with Asp!?¢ carboxylate, backbone carbonyl of @lyvith Tyr268 hydroxyl, and amine group of Ly5with

Asp'® carboxylate. Important hydrophobic interactions are formed between aromatic ring®hd and Tr¥ of peptide agonist and
nonpolar binding pocket residues, & Leu'33, Phé84 Lel?sS, Trp?%8, Phébl, and Leyd®s,

orientation forp-Ph€ relative to itsL-enatiomer inside the  binding and activation of the receptor. This allowed us to
pocket may be responsible for the greater potency anddevelop putative 3D models of complexes of hMC4R with
prolonged activity of NDP-MSH, relative ta-MSH (36, either THIQ or MB243, based on current data, SAR of small-
50), and for the larger effect of the W258A mutation on the molecule agonists1g, 19), and our previous modeling
binding affinity and potency otr-MSH relative to NDP-  studies of inactive (antagonist-bound) and active (agonist-
MSH (37). Trp°® of both peptides interacts with L&3, His?**, bound) states of different GPCR31( 33). Subsequently,
and Phé* of the receptor, similar to the C-terminal 4,4  the models of hMCA4R with two linear peptide agonists, NDP-
substituted piperidine of THIQ. Such an arrangement of MSH anda-MSH, were calculated by distanegeometry
NDP-MSH inside the binding pocket explains the substantial agssuming that the most functionally significant side chains
effects of E100A, D126A, H264A, and L265A mutations of the pepﬂde (H|§ D-Phé, Argg, and Trﬁ) are Spatia”y
on the potency and affinity of this peptide (Table 1). overlapped with the corresponding pharmacophore groups
of THIQ. The resulting models with peptide agonists were
DISCUSSION different in atomic details from those in earlier studi&s, (

In this study, we have identified residues of hMC4R that 47, 51—53). The proposed peptideeceptor complexes were
may interact with two small-molecule agonists and peptide consistent with the notion that the core residues of flexible
agonists by examining the effects of 13 mutations on ligand peptides reproduced the receptor-bound structure of the more
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Ficure 6: (A) Superposition of receptor-bound conformation of inverse agonist AGRP182) (yellow) inside the model of h(MC4R in

the inactive state and peptide agonist, NDP-MSH (purple), inside the model of hMC4R in the active state; (B) superposition of receptor-
bound conformations of peptide agonist NDP-MSH (purple) and small-molecule agonist THIQ (green) inside the model of hMC4R in the
active state. Core residues of AGRP (AfgPhé!2 and Phé&'®) and of NDP-MSH (Hi§, p-Phé€, Arg®, and Trg) are shown in the licorice
representation.

conformationally rigid small molecule agonists. The peptide Arg® residue is more exposed to water and makes ionic
flexibility was also restrained during calculation by packing interactions and H-bonds with A58 and Asp?6. The
interactions and H-bonds with the receptor and by several reduced ionic interactions of Atgn water and the flexibility
intramolecular cross-linking constraints taken from related of His® can explain the smaller effect of ELO0A and D122A
bioactive cyclic peptides. replacements on the potency of NDP-MSH, relative to their
The most important pharmacophore element of all mel- effect on potency of small agonists (Table 1). Among all
anocortin agonists is an aromatic ring of the centr&the acidic residues of MCRs, A%ff appears to be the most
residue 18, 19, 49, 54). It is inserted at the bottom of the  important for potency of all agonists (L00-fold increase of
binding cavity in close proximity to the conserved 7% ECso in D126A mutant). The essential role of ASpmay
residue that triggers activation of GPCR31,(55). This be due to its H-bond with the backbone NH group of central
region is occupied by the polyene chain of retinal in p- or L-Phe residues in all agonists (this H-bond forces
rhodopsin 24) or by the tyramine portion of opioid ligands reorientation of Asf® in the active state). H#&* may be
(31). Some interesting details of receptdigand interactions ~ more important for NDP-MSH binding because it forms two
can be observed upon superimposition of hMC4R models H-bonds with the peptide (with COMf Glu® and backbone
in complex with the antagonist AGRP (inactive state), with  C=0 of Trp?), but only one H-bond with either THIQ (with
the peptide agonist NDP-MSH, and with small-molecule 1,2,4-triazole) or MB243 (€0 group). The L265A mutation
agonist THIQ (Figure 6). Three key pharmacophore groups demonstrates a large effect only on the binding affinity and
of these ligands are similar: (a) phenyl rings of Phef the potency of small-molecule agonists (Table 1) probably
AGRP,D-Ph€ of NDP-MSH, andb-Phe(4-Cl) of THIQ; (b) because the aliphatic side chain of E®ls more tightly
side chain of Ar§'! of AGRP, charged groups of Hisind packed with the cyclohexane ring of the peptidomimetics
Arg® in NDP-MSH, and N group ofp-Tic in THIQ; and than with the corresponding planar ring of Yrpf the
(c) phenyl ring of Ph&3 of AGRP, indole ring of Trp of peptide. It cannot be excluded, however, that D126A and
NDP-MSH, and cyclohexane ring of THIQ. The correspond- H264A mutations may also impair plasma membrane target-
ing groups are not completely overlapped, but they occupy ing and/or assembly, as radiolabel binding and functional
the same areas of space and interact primarily with the sameactivation is dramatically reduced for these mutants.
receptor residues. Our models are consistent with receptor-bound conforma-
The models of the receptor-agonist complexes help to tions of agonists that have been proposed previousdy (
interpret the observed effects of hMC4R mutations on 48, 56—59). The best-fitting conformation of small agonist
binding affinity and potency of agonists (Table 1). Some THIQ was similar to the crystal structure of this molecule
residues whose mutations have been shown to affect activa{see Results). It has also been proposed that aromatic rings
tion may be in direct contact with ligands. For example, in of p,.-Ph€ and Trg@ residues of MSH peptide form a
the proposed models of hMC4R with small molecule continuous cluster on one side of the bound structure, while
agonists, GIY% Aspt??2 and Asp?® residues form H-bonds  the positively charged side chains of MHand Arg form an
and ionic interactions with the positively charged Mf opposite “hydrophilic surface’5g, 57). Indeed, such aro-
THIQ (p-Tic) or the piperazine ring of MB243. In the matic and charged clusters are present in our models. These
proposed models of hMC4R with peptide agonists °iéis two clusters interact with aromatic residues from TMs73
both peptide ligands is completely buried in the pocket and and negatively charged residues from TMH2 respec-
can form an H-bond either to GR? or to Asrt®, while their tively. Furthermore, the bound conformation of NDP-MSH
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peptide has a type IB-turn formed by Hi$ andL,p-Phé€
residues, as has been suggested previously based on NMR N-terminus
and computational studies of these peptides in aqueous
solution 68, 59). However, thig-turn is distorted ir-MSH,
where backbone angles of the centra-Phe€ and Arg
residues are different (Table 2). THehairpin-like structure

of the peptides was obtained because that@ms of residues
4—10 and 5-10 were kept in close proximity to each other
(4.5 A and 7.5 A, respectively) during distaregeometry
calculations, thus allowing the cyclization through a disulfide
bond in [Cy$, Cys9-a-MSH (43) or a lactam bridge
between Asp and Lys° in MT-Il (44). Further, in the
calculated structures @f-MSH and NDP-MSH the &--C*
distances between residuesBL (~8.5 A), 4-11 (~8.0 A),

5-8 (~7.5 A), and 5-11 (~12 A) are compatible with

. A N ;
formation of the corresponding disulfide or lactam bridges (-rus Crv -y I & e
inother cyclic peptide agonists, such as@eldCys3,Nle10p- SRR 9 ( ‘ - ¢ )
Nal7,Cys11¢-MSH(3—11)NH,, Ac-cycldCys4p-Nal7,Cys11g- ( ¢ ' AN e ' ,’ P

MSH(4—11)NH, (60, 61), Ac-Nle*-cycldp-Orr®,Gluwf]a-
MSH(4—11)NH, (62, and Ac-Nlé-cyclqAsp®p- FIGURE 7. Putative arrangement of the N-terminal fragment{15

410 117 . : 27) inside the binding pocket of hMC4R, docked similarly to the
Phé,Aib™%Lys"]o-MSH(4-11)NH; (57), respectively. peptide agonist-MSH (1—13). The N-terminal fragment is shown

During our calculations of receptﬁpe_ptide comple>_(es, in the licorice representation colored by elementyISH is shown
the side chains of Hfsand (,0)-Ph€ residues of peptides by a thin purple line. The central tetrapeptide fragment of the

were restrained in gauchgl(~ —60°) and trans¥1 ~ 18(°) N-terminal .sequenc.éOSYRL structurally overlaps witfHFRW
conformations, respectively, to mimic orientations of the ©°f the peptide agonist-MSH.
aromatic rings ob-Tic! andp-Cl-p-Phé (y1 ~ 18C°) in the
receptor-bound conformations of THIQ. Such rotamers are to position 10 iny-MSH, which is selective for MC3R. As
well-adopted inside the binding pocket of hMC4R. This a result, Asf’ of yYMSH can form an ionic interaction with
orientation of the imidazole ring of Hiss consistent with ~ Lys??3 (TM5) of hMC3R that in hMC4R is substituted by
the position of the aromatic ring of thg-constrained Seft%%, This is consistent with the observed importance of
(253R)3-phenyl-Pré residue of the MT-II analogue, which  Asp'® for MC3-selectivity 66). Further, the PHeresidue is
retains bioactivity §9). On the other hand, the proposeahs most essential for binding and activity of MCR ligand®,(
rotamer ofp-Ph€ places the aromatic ring in a different  54). Its aromatic ring is situated on the bottom of the receptor
location than the aromatic ring of theR23S)Phe-Pré-MT- pocket and surrounded by AH Leut®3 and Tr3%8 side
Il analogue, which is completely inactivé). These data  chains that rotate during activation in our model. The bulkier
represent additional evidence supporting the proposed sidenp-Nal(2)” in peptide analogues overlaps with L&lin the
chain orientations of Hfsand p-Ph€ inside the receptor  active receptor conformation, but it can be accommodated
binding pocket. easily in the inactive receptor state, where ¥éand TrE>8
The proposed models help to explain SAR of the small change orientation. This is consistent with the functional
agonists, for example, the importance of thetereoisomer  antagonism ob-Nal(2)’-containing peptides in MC4R but
of Phe for binding and bioactivity of THIQ and MB243, not in MC1R, where Let# is substituted by Met54, 63).
the antagonistic properties of ilsNal(2)-analogue, and the  Indeed the L133M mutation in hMC4R conventdNal(2)’-

high potency of a THIQ analogue withLaTic residue 18), containing SHU9119 into an agonig&7). Another residue
as was described in Results. Furthermore, it has recently beeressential for high affinity of the peptide ligands is T¢g9).
proposed that the pharmacophore core éidPhe-Arge- It is located in a hydrophobic, aromatic pocket, enclosed by

Trp® of MT-Il is arranged in the binding pocket similar to  Phé®4 Cys%, Met?%0, Phé&®, His?*4 Lel?%s, and Ph&* This
the important structural elements of THIQ, based on the large pocket is suitable for different aromatic substitutions
comparison of SARs of THIQ and MT-II1). The results but not for small or polar side chains. Indeed, potent agonists
of our modeling support this conclusion. are those with Trj L,p-Nal(2)°, L.-Nal(1)®, or 3-benzothie-
The models are also consistent with SAR of the peptide nylalanine, while ligands with AfaHis%, and Ly$ lose their
ligands @7, 49, 63, 64). In the models, the positively charged activity (65, 68). In contrast, the region around His formed
Arg?® of peptides is located close to the extracellular surface by polar and aliphatic residues (L€uVal*é, GIut%, |let,
of the receptor, and it participates in the H-bond network Asp'?? lle!?5, Aspt?6, and Asi®) and, therefore, can adopt
with acidic residues from TM3 (AdfFrand Asp?9. The likely both polar and aromatic side chairg(65, 68).
presence of water around Arghould decrease the role of Our modeling of hMC4R does not include the N-terminal
ionic interactions with this residue. Indeed, the &rg Glu8 fragment, which can be deleted without loss of receptor
substitution in MT-Il is tolerated, resulting only it+40- activity (69). However, it has been recently suggested that
fold loss of potency compared to the parent peptigls).( the N-terminal domain could function as a tethered intramo-
The negatively charged Glof the peptide ligands is located lecular ligand, which provides intrinsic constitutive activity
on the opposite side of i8-hairpin-like structure, forming  of hMC4R responsible for the tonic satiety signalO);
H-bond and ionic interactions with basic Ffisin TM6. Indeed, the N-terminugresidues'®LWNRSSYRLHSNA??
Interestingly, this acidic residue is shifted from position 5 of hMC4R) can be positioned similar to the natural agonist,
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o-MSH (residues'SYSMEHFRW GKPV?3) in our model.

In this case, their central tetrapeptide fragments (indicated

in bold) structurally match each other, and the functionally
important Ardg® of the N-terminus, whose mutations are
associated with obesityrQ), interacts with the functionally

important acidic residues from TM3 of hMC4R (Figure 7).

In summary, we propose 3D models of complexes of 10,

hMCA4R with either small-molecule agonists (THIQ, MB243)
or linear peptides o-MDH, NDP-MSH), based on our

mutagenesis data. The models are consistent with published

structure-activity and conformational studies of the ligands.

They can be applied in future studies of residues responsible

for high selectivity of small-molecule agonists to MC4R
using mutations of receptor-type-specific ligand contact
residues proposed by the model (for example,*t,evial*s,

el and 11?9 to extend the results of this study. The

models can also be used for computational analysis of

binding of many agonists that were not considered héte (

79),

for finding potential metal-binding sites in MCR4Z,

76, 77), and for rational drug design.

The atomic coordinates of the described models are

publicly available at http://mosberglab.phar.umich.edu/
resources/index.php.
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