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ABSTRACT. The molecular interactions between human melanocortin receptor-1 and -4 (hMC1R and
hMC4R) and their endogenous antagonists, agouti signaling protein (ASIP) and agouti-related protein
(AGRP), were assessed by studying the effects of site-directed mutations on the binding affiffiky of
ASIP[90-132(L89Y)] and*?3-AGRP(86-132). Mutations of homologous residues from transmembrane
helices (TMHs) 3 and 6 and extracellular loop (EL) 3 (D121A, T124A, F257A, and F277M in hMC1R
and D126A, I1129A F261A, and M281F in hMC4R) impaired binding of both antagonists to hMC4R and
binding of the ASIP fragment to hMC1R. However, the mutations in TMH2 (E94A in hMC1R and E100A

in hMC4R), TMH7 (F280A in hMC1R and F284A in hMC4R), and EL2 (Y183S, H184S, and D184H in
hMC1R) only significantly affected binding of the ASIP fragment. The dependence of agonist binding on
the dithiothreitol concentration followed a monophasic curve for wild-type hMC4R and its C40A, C271A,
and C279A mutants and a biphasic curve for hMC1R, suggesting the presence of at least one structurally
and functionally essential disulfide bond in both wild-type receptors and the hMC4R mutants. Models of
complexes of both receptors with the ASIP fragment and hMC4R with the AGRP fragment were calculated
using constraints from the experimental structures of rhodopsin and AGRP fragments, a set of deduced
hydrogen bonds, supplemented by two proposed disulfide bridges and redegod contacts, derived

from our mutagenesis data. In the models of the ASIP fragment complexed with both receptors, the core
ligand tripeptide, Arg-Phe-Phe, positioned between TMHs 3 and 6, is shifted toward TMHs 2 and 7
relative to its position in the AGRPhMC4R model, while the N-terminal loop and two central disulfides

of the antagonists interact with EL2 of the receptors.

The melanocortin receptors (MCR#$)elong to the super-  temperature control, cardiovascular regulation, and neuro-
family of seven transmembrane G-protein coupled receptorsmuscular regeneratiori),

(GPCR). MCRs are positively coupled to cAMP generation  The MCRs are unique among GPCRs with regard to the
by adenylate cyclase via the stimulatory @otein and are  exjstence of endogenous antagonists, agouti/agouti signaling
involved in other pathwaysl( 2), thus regulating a diverse  protein (ASIP) and agouti-related protein (AGRF3).(
number of physiological functions including pigmentation, antagonists demonstrate subtype specificity for the five
steroidogenesis, energy homeostasis, exocrine secretionpcRs @): agouti/ASIP has nanomolar affinity for MC1R,
sexual function, analgesia, inflammation, immunomodulation, \c2R, and MC4R, a much lower affinity for MC3R, and
no affinity for MC5R; AGRP has nanomolar affinity for
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132), and hMC4 AGRP(87-132) are publicly available through http://  MC1R. The role of ASIP in humans is unclear. AGRP
mosberglab.phar.umich.edu/resources/. participates in energy homeostasis in mammals and is an
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Pharmacological studies established that the conservedEXPERIMENTAL PROCEDURES
tripeptide Arg-Phe-Phe represents a key element required for

agouti/ASIP and AGRP functiori4—16). This differs from Site-Directed Mutagenesighe wild-type hMC1R and

: - ; hMC4R and all mutants were expressed from the eukaryotic
ﬂ]ii_?)%zli]frtgg%e{\%c'zorucotroplc or MSH) pharmacophore, expression vector pcDNA3.1 (Invitrogen, Carlsbad, CA). For
i these studies, several new mutants were designed for h(MC4R

Recently obtained NMR structures of the fragment AGRP- (C40A, 1129A, F284A, S180F, F201A, F262A, F261A/
(87—132) (18) and AGRP(87120) @) revealed an inhibitor  FogoA L265A, M281F, F184A, S188Y, D189H, S190H,
cystine knot motif that was previously found only in C271A, C277A, and C279A) and for hMC1R (T124A,
invertebrate neurotoxind @). The structure of AGRP(87 W254A, L284A, M128A, F175S, F258A, L261A, 1264Y,
132) consists of & hairpin with an additionagB strand and F277M, Y183S, D184H, H185S, E269Q, E269S, T272Y,
3 loops and is stabilized by 5 conserved disulfide bonds. D184H/E269S, and H185S/T272Y). The remainder of the
The structure of the smaller fragment AGRP{820), which  mutations had been constructed during the course of previous
lacks the C-terminal flexible loop, overlaps AGRP{8I/32) studies 17, 27). C277A, C279A, and F284A have been
at the threef strands but has a somewhat different reported upon by others39, 42). New mutations were
conformation of the N-terminal loop. In both structures, the constructed using the QuickChange Site-Directed Mutagen-
pharmacophoric element, Arg-Phe-Phe, is located at the apexsis Kit (Stratagene, La Jolla, CA). The presence of desired
of the 5-hairpin turn region 114113. While this triplet is mutations and the integrity of the entire receptor sequence
essential to ligandreceptor interactions, it is not sufficient  were confirmed by sequencing performed at the University
for selective high-affinity binding to MCRs and for full  of Michigan Biochemistry Core. Large-scale plasmid prepa-
antagonist potencyl@). Possibly, the residues from N- rations were made using a Qiagen Plasmid Maxi Kit (Qiagen,
terminal loop 94-101 of AGRP or residues flanking the Valencia, CA).
central § hairpin may represent the additional receptor-  Cell Transfection and Culturézor these studies, HEK 293
binding interface 20, 21). cells in a 10 cm dish were transiently transfected witing5

MCR—antagonist interactions have been studied by ex- Of receptor plasmid DNA using 2@L of Lipofectamine
tensive site-directed mutagenesis and creation of receptorReagent (Invitrogen, Carlsbad, CA). After 24 h, the cells
chimeras, which highlighted a set of residues forming the Were trypsinized and aliquoted into 24-well plates and grown
ligand-binding pockets foMSH and AGRP 10, 15, 17, 22, in Dulbecco’s modified Eagle medium (DMEM) containing
23). It was found that only a few mutations in MC4R, such 4-> 9/100 mL glucose, 10% fetal calf serum, and 1 mM
as E100K, D122R, D126A N K, D122A N/D126A N, F184K, Sodium pyruvate.

Y187C, F201S, and F262S affected the binding and antago- Ligand Binding.**3-[Nle“ p-Phé]-a-Melanocyte stimulat-
nist properties of AGRPI(7, 23). These data suggested that ing hormone (NDP-MSH)?4-AGRP(86-132), and**3-

the Arg-Phe-Phe triplet of AGRP might interact with a cluster ASIP[90-132(L89Y)] were prepared by the chloramine-T
of negatively charged residues in transmembrane helix Method as previously describe28|. NDP-MSH was pur-
(TMH)3 and aromatic residues in TMHs 4, 5, and 6 of MC4R chased from Penmsula Labqratorles, Inc. and AGRP(86
(17, 23). Cassette substitutions in MC4R underlined the 132), from Peptides International. Several batches of each
importance of TMH3 and TMH4 for binding of core radioligand were required for the binding experiments. The

octapeptide AGRP(116117) (L5), while the studies of specific activity of radioligands were 6327 Ci/mmol*?3-
] _ i 125/ _
chimeric receptor constructs revealed the essential role ofNDID MSH, 504-637 Ci/mmol *4-AGRP(86-132), and

. 125 o i
EL2 and EL3 of MC4R in the binding of the larger fragment, 665._790 Ci/mmol*= ASIP[90—'132(L89Y)]. Blndm_g EX
AGRP(87-132) 22). The data obtained allowed the devel- periments were performed using 0.35 nM of radioligand.

o : ; Binding assays were performed as previously describéd (
opment of a model describing the interactions between
AGRP with MC4R 04). A total of 3 x 1 cells were planted on 24-well plates and

) ] ) cultured for~17—19 h before the experiments.dgG/alues
However, our understanding of molecular interactions \vere determined from the displacement of the radioligand
between MCRs and their antagonists is incomplete. Notably, by increasing concentrations of the same nonlabeled peptide.

no data are available regarding hMC1R and hMCA4R residuesThe highest nonlabeled peptide concentration used wés 10
that are involved in agouti/ASIP binding. Moreover, the M. Nonspecific binding were determined in the presence of

reason for the selectivity of AGRP to MC4R versus MC1R cold ligand at 105 M. Nonspecific binding was less than

is incompletely understood. The studies herein were designed7% of specific binding. 16 values are reported as the mean
to compare the molecular interactions of hMC1R and 4+ standard error. To calculaté values using the same
hMCA4R with their natural antagonists, ASIP and AGRP, compound as the radioligand and competitor, the equation
respectively. To achieve this goal, we used a combination K; = K4 = ICs — [radioligand] was used2@). To quantify

of receptor mutagenesis and molecular modeling. The modelsreceptor expression, competitive binding assays were per-
of receptor-antagonist complexes were calculated by the formed to determine the amount of receptor protein according
distance geometry algorithm using structural constraints to the equatioBn.x = [total binding— nonspecific binding]/
derived from the rhodopsin X-ray structur2s( 26), NMR [radioligand]/Kq + [radioligand] (Graphpad Prism, Graphpad
structures of AGRP(87132) (18) and AGRP(87120) @), Software, San Diego, CA). Experiments were repeated at
predicted receptor-specific disulfide bridges, and a set of least 3 times using duplicate wells on different days.
hydrogen bonds between receptor polar residues, together 3',5-Adenosine Monophosphate (CAMP) Measurement.
with receptot-ligand contacts derived from our current and cAMP measurements were performed using a competitive
previously published mutagenesis data. binding assay kit (TRK 432, Amersham, Arlington Heights,
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IL) as we have previously described7]. A total of 2 x plate, except for 45 extra residues in IL3, which were added
1 cells were planted on 24-well plates and cultured for as ana-helical extension of TMH5. The long extracellular
~17—-19 h before the experiments. The mean value of the loop EL1 was predicted to form fa hairpin, judging from
data was fit to a sigmoid curve with a variable slope factor its hydrophobicity pattern and the highsheet propensity
using the nonlinear least-squares regression in Graphpadf residues in this region. A similgt hairpin in EL1 exists
Prism (Graphpad Software). B&Gralues are reported as the in all bacterial rhodopsins, another family of sevehelical
mean+ standard error. Experiments were repeated at leasttransmembrane proteins. Therefore, this loop was modeled
3 times using duplicate wells on different days. using the corresponding hairpin from sensory rhodopsin

Modeling of MCR-Antagonist Complexesdomology (1gue, residues 5671) as a structural template. The N-
models of ASIP(93-132) and MCRs can be generated terminal segment of the receptors (before the conserved
automatically using various standard softwaB@-32) or cysteine in the N terminus) and C-terminal segments,
taken from the ModBase databa$3)( However, because following helix 8, were omitted in the calculations. It has
of low sequence homology between MCRs and rhodopsin previously been shown that deletion of 23 N-terminal
(~15%), receptor models were identified as unreliable in residues in hMC1R or 28 residues in hMC4R does not affect
ModBase (score of 0.020.1). ligand binding 88). The three residues of EL2 (YYD in

In this study, homology modeling and receptantagonist MCI1R and YSD in MC4R) adopted an extended conforma-
docking were accomplished using iterative distance geometrytion during the calculations to connect ends of the adjacent
refinement, an approach that has been described and testedMH4 and TMH5. The structurally important EL3 was
previously 84—36). The calculations were conducted using constrained by the ends of adjacent helices and by different
DIANA (37), QUANTA (Accelrys), and supplementary in  combinations of disulfide bonds that could be formed within
house software for the generation of distance and angleEL3 of MC4, as natural (272277), “rescue” (272277),
constraints4). The constraints were of several types. First, or “improper” (271279 and 277279) disulfide bridges (ref
the backbone structure was restrained as in the corresponding9 and this paper). The residues from the N terminus,
experimental template (crystal structure of rhodopsin or NMR preceding TMH1 (Figure 1), were restricted to an extended
models of agouti-related peptides) by using the correspondingconformation, attached to EL3 by a disulfide bond, which
CF---C# distances with allowed deviations of 1 A, as the was proposed from mutagenesis studies of MCHR).(
upper distance constraints. This permits small structural Suggesting the conservation of the disulfide bond system
adjustments during the calculations. Second, we included anamong MCRs and considering current and previously
evolving system of hydrogen-bonding constraints that was published experimental data (see the Results), we explicitly
iteratively refined during the calculations, as described introduced two proposed native-S bonds, one within EL3
previously @4, 36). These hydrogen bonds were formed and another between EL3 and the N terminus in each receptor
within the receptors and peptides and between them. The(Cys’*~Cys"” and Cy4°—Cy<s’® in hMC4R and Cy¥™—
upper distance constraints were 1.9 A for4, 2.9 A for Cyg?and Cy$>—-Cy<g’5in MC1R), while other cross-linking
O---O and N--0, 2.6 A for H--S bonds, and 3.5 A for O  restraints were included as*€C’ distances of 5 and 7 A
--N, participating in the binding of Z ions. For disulfide between residues corresponding to “rescue” and “improper”
bonds, the upper limits for distance constraints were chosenS—S bond partners, respectively. Additionally, two alterna-
as 2.04, 3.05 and 4.20 A forss, ¢f+--S, and G---Cf tive models of the hMC4R were calculated with different
distances, respectively. Finally, the dihedral anglesxin  disulfide bond patterns, corresponding to the formation of
helices were constrained with allowed deviationst#0°. “improper” bridges 89): one for the C271A mutant with
Most of the side-chain conformerg &ngles) were “traced”  the Cy$’"—Cys’® bond and another for the C277A mutant
as in the experimental templates, while others were adjustedwith the Cy$’*~Cys'’® bond. Additional constraints were
during the iterative distance geometry refinement. The taken from a zinc-binding site that can be formed between
optimization protocol and weighting factors have been TMHSs 2 and 3 (1103H-Asp*??) of MC4R (41). All hydrogen

described previously3d). bonds formed by the loops were also applied as distance
The computations included three steps: (1) comparative constraints.
model of ASIP(93-132), which demonstrates 50% homol- The initial docking of antagonists was accomplished

ogy to AGRP(8%132), using a higher quality NMR  manually (using QUANTA). The approximate arrangement
structure of AGRP(87120) [ImrO @)] as a template for  of peptide and receptors was defined based on pretein
the first 34 residues and a second NMR model of a longer protein interactions identified by site-directed mutagenesis
fragment AGRP(8%#132) [1hyk (L8)] as a template for the in the current and previously published studiés, (23).
C-terminal loop 121132, (2) homology modeling of MCR1  Interactions between key residues, such as Arg-Phe-Phe in
and MCR4, based on the crystal structure of rhodopsin the peptide antagonists and acidic and aromatic residues in
(1gzm) @6), and (3) calculation of three recepteantagonist the transmembrane domains of both receptors (see Table 1),
complexes using our mutagenesis data to identify residuesguided the initial ligand docking. The initial structure of the
important for binding of ASIP(93132) and AGRP(87132) complex was then refined by iterative distance geometry
by the corresponding receptors. calculations. The refinement was guided by the formation
The inactive conformation of h(MC1R and hMC4R were of intermolecular hydrogen bonds, between the receptors and
modeled using the X-ray structure of the inactive state of Tyr'%, Arg™% Asnt!4 Tyr!8 and Arg?°of AGRP(87-132)
rhodopsin with its bound inverse agonist dis+etinal. The or GIutt5, Arg'?7, Arg'?°, Set?!, Sef?4 and Arg?® of AGRP-
corresponding sequence alignment is shown in Figure 1. The(93—132) and by side-chain packing at the protejgmotein
modeling of loops was a significant challenge. All short interface (Table 3). The likelihood of proposed hydrogen-
intracellular loops were modeled from the rhodopsin tem- bond contacts between polar atoms of the receptor and ligand
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A
AGRP 87 CVRLHESCLGOQVPCCDPCATCYCRFFNAFCYCRELGTAMNPCSRT
ASIP 53 CVATRNSCKPPAPACCDPCASCQCRFFRSACSCRVLSL---NC---
B N-terminus TMH1 * IL-1
RHODOPSIN 33 EPWQFSMLAAYMFLLIMLGFPINFLTLYVIVQHKKLRT
hMC1R 35 CL-EVSISDGLFLSLGLVSLVENALVVATIAKNRNLHS
hMC4R 40 CYEQLFVSPEVFVTLGVISLLENILVIVAIAKNENLHS
hMC2R 21 CP-RVVLPEEIFFTISIVGVLENLIVLLAVFENENLQA
hMC3R 72 CE-QVFIKPEIFLSLGIVSLLENILVILAVVENGNLHS
hMCSR 33 CE-DMGIAVEVFLTLGVISLLENILVIGAIVENENLHS
TMH2 * EL1
RHODOPSIN 71 PLNYILLNLAVADLFMVFGGFTTTLYTSLHGYFVF------- GPTG
lgue 5l ---m-mmrmm e e e e - YVVMALGVGWVPVA--ERTVF&E
hMC1R 72 PMYCFICCLALSDLLVSG-TNVLETAVILLLEAGALVARAAVLQOL
hMC4R 78 PMYFFICSLAVADMLVSV-SNGSETIIITLLNSTDTD-AQSFTVNI
hMC2R 58 PMYFFICSLAISDMLGSL-YKILENILIILRNMGYLKPRGSFETTA
hMC3R 109 PMYFFLCSLAVADMLVSV—SNALETIMIAIVHSDYLTFEDQFIQEE
hMCSR 70 PMYFFVCSLAVADMLVSM-SSAWETITIYLLNNKHLVIADAFVREE
TMH3 * IL2
RHODOPSIN 110 CNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNFRFG-
hMC1R 117 DNVIDVITCSSMLSSLCFLGAIAVDRYISIFYALRYHSIVT
hMC4R 122 DNVIDSVICSSLLASICSLLSIAVDRYFTIFYALOYHNIMT
hMC2R 103 DDIIDSLFVLSLLGSIFSLSVIAADRYITIFHALRYHSIVT
hMC3R 154 DNIFDSMICISLVASICNLLAIAVDRYVTIFYALRYHSIMT
hMCER 115 DNVFDSMICISVVASMCSLLAIAVDRYVTIFYALRYHHIMT
TMH4 * EL2
RHODOPSIN 150 ENHAIMGVAFTWVMALACRAAPPLVGWSRYIPEGMQCSCGIDYYTPHEETN
hMC1R 158 LPRAPRAVAAIWVASVVEFSTLFIAYY
hMC4R 163 VKRVGIIISCIWAACTVSGILFIIYS
hMC2R 144 MRRTVVVLTVIWTFCTGTGITMVIFS
hMC3R 195 VREALTLIVAIWVCCGVCGVVFIVYS
hMCSR 156 ARRSGAITAGIWAFCTGCGIVFILYS
TMHS * IL3
RHODOPSIN 200 NESFVIYMFVVHFIIPLIVIFFCYGQLVFIVEEARRAQQQE------
hMC1R 184 DHVAVLLCLVVFFLAMLVLMAVLYVHMLARACQHAQGIARLHKRQ-
hMC4R 189 DSSAVIICLITMFFTMLALMASLYVHMFLMARLHIKRIAVLPGT - -
hMC2R 170 HHVPITVITFITSLFPLMLVFILCLYVHMFLLARSHITREI--------
hMC3R 221 ESKMVIVCLITMFFAMMLLMGTLYVHMFLFARLHVKRIAALPPADG
hMCSR 182 ESTYVILCLISMFFAMLFLLVSLYIHMFLLARTHVKRIAARLPGA- -
TMH& * EL3
RHODOPSIN 240 SATTQKAEKEVIRMVIIMVIAFLICWLPYAGVAFYIFTHQ---GSDFGP
hMC1R 229 RPVHQGFGLEGAVTLTILLGIFFLCWGPFFLHLTLIVLCPEHPTCGCIF
hMC4R 233 GATROQGANMEGAITLTILIGVFVVCWAPFFLHLIFYISCPONPYCVCFM
hMC2R 208 -STLPRANMEKGAITLTILLGVFIFCWAPFVLHVLLMTFCPSNPYCACYM
hMC3R 264 VAPQOHSCMKGAVTITILLGVFIFCWAPFFLHLVLIITCPTNPYCICYT
hMCSR 226 SSARQRTSMQGAVTVTMLLGVFTVCWAPFFLHLTLMLSCPQNLYCSRFM
TMH7 * IL-4
RHODOPSIN 286 IFMTIPAFFAKTSAVYNPVIYIMMNEQFRNCMVITLCCGK
hMC1R 278 KNFNLFLALITCNATIDPLIYAFHSQELRRTLKEVLTCSW
hMC4R 282 SHFNLYLILIMCNSIIDPLIYALRSQELRKTFKEIICCYP
hMC2R 256 SLFQVNGMLIMCNAVIDPFIYAFRSPELRDAFKEMIFCSR
hMC3R 316 AHFNTYLVLIMCNSVIDPLIYAFRSLELRNTFREILCGCN
hMCSR 275 SHFNMYLILIMCNSVMDPLIYAFRSQEMRETFKEIICCRG

Ficure 1: Sequence alignments of (A) AGRP(8T32) with ASIP(93-132) and (B) bovine rhodopsin with five human MCRs. Bold
characters represent conserve®%% identity for 154 MCRs) residues in MCRs and identical residues in both ligands. Underlined characters
represent residues fromhelices. Mutated residues are colored red. The most conserved residue in each TMH (1.50, 2.50, 3.50, 4.50, 5.50,
6.50, and 7.50 in the nomenclature of &) of rhodopsin-like GPCR is indicated with an asterisk.

taken from the manually docked complexes were subse-transmembrane part of the receptor in the complex and the
quently modified during the iterative refinement procedure transmembrane part of the receptor calculated alonetas

to satisfy the hydrogen-bonding potential of buried polar A (for 208 Ca. atoms); and the rmsd between the ligand in
groups and to decrease the target function of the calculatedthe complex and the ligand calculated alone was5 A
complex. The constraints and the corresponding structure of(for 40—46 atoms).

the ligand-receptor complexes simultaneously evolved dur-

ing refinement steps until the final structure satisfied the RESULTS
following criteria: target function of the complex wa0; Antagonist Binding to hMC4R and hMC1R> understand
pairwise root-mean-square deviation (rmsd) between thethe molecular determinants of binding of natural peptide
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Table 1: Competitive Displacements Bfl-ASIP[90—132(L89Y)] and*®3I-AGRP (86-132) by the Corresponding Nonlabeled Peptides on
Cells Expressing Human Wild-Type and Mutants MC1 and MC4 Recéptors

hMC4R hMC1R
Brnax AGRP(86-132)  ASIP[90-132(L89Y)] Brax ASIP[90-132(L89Y)]
receptor (fmol/mg) 1Cs0 (NM) 1Cs0 (NM) receptor (fmol/mg) I1Cs0 (NM)
hMC4R wild type 375+ 35 21+1.0 9.2+ 1.3 hMC1R wild type 318t 38 8.5+ 0.1
Interactions Involving AGRP Arg!or ASIP Arg’
E100A(TMH2) 327+ 12 3.9&#01 76.1+ 4.2 E94A(TMH2) 319+ 16 590.0+4.1
D122A(TMH3) 344+ 13 1.5+ 05 153+ 1.3 D117A(TMH3) 194+ 29 91.6+ 16.5
D126A(TMH3) 290+ 30 38.5+4.5 110.7+ 2.0 D121A(TMH3) 226+ 30 64.4+15.2
D122A/D126A 175+ 33 NB 148.0+ 26.2 D117A/ D121A 103+ 14 119.3+ 0.5
Interactions Involving AGRP PA¥ or ASIP Phé!®
1129A(TMH3) 3294+ 28 8.4+ 0.8 73.9£ 55 T124A(TMH3) 286+ 19 20.1+15
W258A(TMH6) 299+ 21 23+£0.1 446+ 12.1 W254A(TMHG6) 337+ 15 14.8+ 2.5
F284A(TMH7) 339+ 22 1.7+ 0.3 104.6+ 6.1 F280A(TMH7) 289+ 14 50.1+ 3.6
L288A(TMH7) 379+ 35 6.0+ 0.1 21.0+£1.8 L284A(TMH7) 2604 22 323+ 12
Interactions Involving AGRP PR or ASIP Phé!®
L133A(TMH3) 41716 1.0+ 04 17.4+£ 05 M128A(TMH3) 349+ 27 5.4+ 0.6
S180F(TMH4) 273t 9 7.0+£0.2 25.2+0.2 F175S(TMH4) 27H 25 45+£05
F175A(TMH4) 317+ 19 6.8+ 0.4
M200A(TMH5) 365+ 24 3.1+ 0.1 59+ 0.5 F195A(TMH5) 314+ 15 3.4+ 0.5
F201A(TMH5) 430+ 21 4.24+0.2 8.3+ 0.5 F196A(TMH5) 286+ 14 115+ 1.1
F261A(TMH6) 361+ 15 10.2+1.9 54+£0.2 F257A(TMH6) 131+ 17 67+ 6
F262A(TMH6) 317+ 22 1.4+ 04 19.3+ 0.8 F258A(TMH6) 315t 14 4.0+ 0.3
F261A/F262A 113+ 16 121+ 28 48.6+ 2.5 F257A/F258A 107+ 16 66.3+ 10
L265A(TMH®6) 320+ 19 16.1+ 1.8 75.7£ 135 L261A(TMH®6) 321+ 20 13.4+ 3.2
Interactions Involving AGRP Afd®or ASIP Set!
H264A(TMH6) 292+ 10 4.7+ 1.8 107.1+11.3 H260A(TMH6) 221+ 29 4.3+1.6
Interactions Involving AGRP PA#¥ or ASIP Alal??
Y268A(TMH®6) 321+ 18 3.6:1.8 6.5+ 11 1264Y(TMH6) 321+ 39 5.2+ 0.6
M281F(EL3) 77+ 37 15+ 6 1544 40 F277M(EL3) 170+ 21 140+ 16
Interactions Involving Receptor EL2 and EL3
F184A(TMH4) 331+ 26 1.05+ 0.3 205+ 1.1 F179A(TMH4) 255+ 15 10.1+£ 0.4
S188Y(EL2) 266+ 38 1.9+0.2 53+04 Y183S(EL2) 31119 33.0£ 2.6
D189H(EL2) 371+ 26 1.8+ 0.3 6.0+ 0.2 D184H(EL2) 280k 23 412428
S190H(EL2) 314 18 2.5+0.2 8.8+ 0.7 H185S(EL2) 20K 14 173+ 27
E269Q(EL2) 335t 16 6.94 0.4
E269S(EL2) 356t 26 12.0+1.3
T272Y(EL2) 314+ 22 7.6+£0.8
D184H/E269S 27215 61.3+4.2
H185S/T272Y 304t 35 9.2+ 0.5

aNB, no detectable bindingBnax values were calculated froAt9-ASIP[90—132(L89Y)] displacement curves. Bold characters indicate the
substantial changes in binding affinity (exceeding 3-folds) and the significant changes in receptor cell surface exBrasderréased more than
2 times).

Table 2: Effect of Mutagenesis of Conserved Cysteines from the N Terminus (Cys40) and EL3 (Cys271, Cys277, and Cys279) of hMC4R on
the Binding Affinity of AGRP(86-132), ASIP[96-132(L89Y)], and NDP-MSH and on NDP-MSH-Induced cAMP Accumulation

ICs0 (NM) cAMP (NDP-MSH)

hMC4R Brmax EGCso Emax fold possible
mutations  (fmol/mg) AGRP(86-132) ASIP[90-132 (L89Y)] NDP-MSH (nM) (pmol) (above basal) S—S bonds
wild type 375+ 35 21+10 9.2+ 1.3 23+0.3 0.62+0.06 34.03-3.5 45.4 cr-c2

C40,c279

C40A(S1) 303+ 20 2.6+0.8 16.7+£1.3 54+ 1.1 0.38:0.12  30.6+2.8 43.1 cr-c2m7
C271A(S2) 4+ 6 NB 202+ 45 NB 6.01+ 2.2 7.5 G-
C277A(S3) 134+ 19 1.7+ 04 30.3+ 2.5 2.7+ 0.8 2.6+ 0.1 20.2+ 3.6 21.7 cr-c?
C279A(S4) 358t 12 2.4+ 0.3 11.8£ 0.6 1.7+ 0.13 0.61+0.03 28.75t£4.5 41.7 cr—cerr

aNB, no detectable binding observed using 0.35 nM of radioligand. The highest cold ligand concentration used® WasNthspecific was
determined in the presence of cold ligand at%Wl. Basal cCAMP levels can be calculated by dividiBgax by the fold (above basalBmax values
were calculated from?4-ASIP[90—132(L89Y)] displacement curves.

antagonists, we undertook comparative studies of the effects(17, 23, 27, 42). The results of competition binding assays
of equivalent point mutations in hMC1R and hMC4R on the of ASIP[90-132(L89Y)] and AGRP(86-132) against their
binding affinity of ASIP or ASIP/AGRP, respectively. radioactive analogues in the HEK 293 cells, expressing either
Corresponding residues of both receptors were mutated inthe wild-type or mutated receptor of both types, are sum-
TMHs 2—-7, EL2, and EL3 in the area of the predicted marized in Table 1.

ligand-binding pocket, previously defined for MC1R and Importantly, several receptor mutations, such as double
MC4R using a large set of different melanocortin ligands mutants of acidic residues in TMH3 (D122A/D126A in
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Table 3: Hydrogen Bonds between Receptors and Antagonists in the Modeled Complexes of hNE&PR0-132),
hMC4R-ASIP(90-132), and hMC4R AGRP(86-132)

hMC4R—-AGRP hMC4R-ASIP hMC1R-ASIP
receptor ligand receptor ligand receptor ligand

Hydrogen Bonds Involving Receptor TMH2
Glu1%Oel Arg*7 Nyl Glu% Oel Argt7 Nyl

Hydrogen Bonds Involving Receptor EL1

Asp'® 051 Arg'3t Ne

AspttO Set?9 Oy Alal®0 Set?° Oy

Ala'*0 Arg®” Np2 Argi®0 Arg® Np2
GInt50 His®* Ne2 GInt**O Arg® Ny2 Alat’o Arg® N2
Thrl8 Oy1 Arg?°Ny2 Thrt18Oy1 Argt?8 Ny2 GInt* Oel Argt?6 Ny2

Hydrogen Bonds Involving Receptor TMH3
Aspt?2001 Arg't Nyl Aspt?2 061 Argtt’ Nyl Asplt’ 04l Argtt’Nnl
Aspt?2051 Arg*tNe Asp't’ 001 Arg*t"Ne
Asnt22 001 Tyr'%®On
Asp?6 091 ArgttNy2 Asp'?6 091 Argt7 Ny2 Aspt?1 001 Arg7 Ny2
Asp'?6 041 PhéN
Hydrogen Bonds Involving Receptor EL2

Sef8 Oy GIntt5 Oel Tyr180g GIn*5Oel
Sef Oy Cys*0 Set® Oy Pra®* 0O His'®*Nd1 Cyst®°0
Set°0 Gly** N Sef Oy Alal®0O His'® Ne2 Cys40

Asp'®? 0O Arg? Nyl Asp®tO Arg?° Nyl

Hydrogen Bonds Involving Receptor TMH6

Lew?® 0O Asnt**Ne2

His?64 Ne2 Sef? Oy
Tyr?%8 Oy Ala’>0O Tyr?8 Ony Sef?1 O

Hydrogen Bonds Involving Receptor EL3

Pre’20 GIn’” Ne2
Asr?’40 GIn” Ne2
Asr?’4 001 GIn®® Ne2
Tyr?76 Oy Sef? Oy Tyr?’Ony Sef? Oy Thr?20y1 Sef?0

2 Bold characters indicate mutated residues that significantly affected peptide antagonist binding. Only hydrogen bonekOndibthces less
than 3.2 A were presented in Table 3. These hydrogen bonds were used for the automated docking of the antagonist in the corresponding receptors.

hMC4R or D117A/D121A in hMC1R), double mutants of hMCA4R allowed us to determine which residues from the
aromatic residues in TMH6 (F261A/F262A in hMC4R or receptor-binding pocket are important for high-affinity bind-
F257A/F258A in hMC1R), or single mutants in EL3 (M281F ing of both ligands, which residues have distinct effects on
in hMC4R or F277M in hMC1R) demonstrated decreased each peptide, and which residues are nonessential for binding.
Bmax values (Table 1). The lovBmnax could be caused by a  Changes in binding affinity exceeding 3-fold are shown in
combination of low receptor expression and redut®d Table 1 in bold characters. Almost half of the single mutants
ASIP[90-132(L89Y)] binding affinity, and therefore itwas  demonstrated significant changes in the binding of one or
corrected foK, (see the Experimental Procedures). However, both antagonists, which might suggest an involvement of
other mutants with similarly low 16 (e.g., F284A in  these residues in direct contact with the corresponding
hMC4R) hadBmax values similar to the wild-type receptors.  ligands, although an indirect effect cannot be excluded. In
This suggests that the major cause for redusgg values  general, ASIP[96-132(L89Y)] binding was affected by a
may be low cell-surface expression. We can suggest thatgreater number of single mutations. However, ASIP{90
these residues may also have an important structural role.132(L89Y)] binding was not eliminated by any of the
The correct conformation of EL3, which can be damaged mutations tested. In contrast, AGRP{8632) binding was
by a single-point mutation (M281F), seems to be particularly completely abolished in the D122A/D126A double mutant
impqrtar)t for stabilization of a receptor structure that is able gng largely impaired in the F261A/F262A double mutant.
to bind ligands. Residues whose mutation significantly influenced binding

Our current data show that AGRP(8@32) binds only of both antagonists include A%, Ile!?°, Sef®, Lewrss, and
wild-type MC4R (IGo ~ 2 nM), while ASIP[90-132- Leu28in TMHSs 3, 4, 6, and 7 and M&t in EL3. Residue
(L89Y)] interacts well with both wild-type hMC1R and wild-  replacements that impaired binding of only ASIPJarB2-
type hMC4R (IGo ~ 9 nM). All designed mutants of both  (L89Y)] were E100A, W258A, F262A, H264A, and F284A
receptors, except the D122A/D126A double mutant of in TMHs 2, 6, and 7. Other tested residues from the predicted
hMC4R, retained binding affinity for their corresponding binding pocket of hMC4R, including residues from EL2,
ligands with variations in I& in the nanomolar range. were not essential for the binding of either antagonist. These
However, no hMC1R mutant examined, including triple data indicate that both antagonists share a similar binding
mutant F175S/F277M/H185S, acquired detectable AGRP- pocket in hMC4R, where both ligands are in contact with
(87—132) binding (data not shown). residues from TM3, TM5, and TM6, while ASIP[9Q.32-

The comparison of the binding affinity of ASIP[9Q.32- (L89Y)] more strongly interacts with residues from TM2
(L89Y)] and AGRP(86-132) to the wild-type and mutated (Glu'®) and TM7 (Phé®).
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In the second part of our mutagenesis studies, we sought
to understand the distinction between hMC4R and hMC1R
in binding ASIP[9G-132(L89Y)]. Residues predicted to be
involved in binding ASIP[96-132(L89Y)] in both receptors
are localized in TMHs 2, 3, 4, 6, and 7 and EL3 (corre-
sponding to GIef, Asp'?l, Thr'?4 Phé’s Phé%’, Phe%®
Phes®% and Led® of hMC1R). However, some dissimilarity
in binding effects was observed in hMC1R, as compared
with hMCA4R, for several mutations in helices 3, 4, and 6
and particularly in EL2. For example, the D117A mutation
in hMC1R demonstrated a larger negative effect, while
W254A and L261A had a smaller impact on ASIP{o032-
(L89Y)] binding than did the corresponding substitutions in

Chai et al.
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Ficure 2: Effect of disulfide reduction by DTT on the binding of

hMCA4R. Interestingly, several mutations in hMC1R (M128A, 125-NDP-MSH to the wild-type human MC1 and MC4 receptors
F175S, F258A, and H264A) slightly increased the binding and MC4 mutants with alanine replacement for the conserved

affinity of ASIP[90—132(L89Y)], while the homologous
substitution in hMC4R (L133A, S180F, and F262A) sig-
nificantly decreased its binding. On the other hand, mutations
in TMH6 (F257A) and in EL2 (Y183S, D184H, and H185S)
impaired binding of the antagonist to hMC1R, while the

cysteines (C40A, C277A, and C279A).

increase in EG). A similar effect of C277A has been
reported for the activation of the MC4R mutant by MSH
and3-MSH, while a stronger effect has been observed for

homologous mutations in hMC4R to some extent improved NDP-MSH-induced activation3g). Moreover, both posi-
its affinity. These data suggest a dissimilar positioning of tions, S and S, appear to be structurally important, because

ASIP in both receptors, which may be attributed to the
different geometries of their binding pockets.

Disulfide Bonds in the Structure of EL3 of hMCARCRS
lack the conserved disulfide bond between TMH3 and EL2,
which participates in structural stabilization in numerous
GPCRs 43). Therefore, in MCRs, other extracellular di-
sulfides likely exist to maintain a correct receptor conforma-

alanine substitutions for these cysteines decreaseBythe

values, indicating an impaired level of cell-surface expression
for these mutant receptors. In contrast, mutation of S

cysteine (C279A) demonstrated a wild-type-like phenotype,
and the mutation of N-terminal,®ystein (C40A) had only

a minor influence on the binding of ASIP[9Q.32(L89Y)]
and NDP-MSH, while preserving the wild-type activation

tion. Recently, it was suggested that conserved cysteines fron@Dility. This also agrees with published data for these MC4R

the N terminus (named herg@)STMH6 (S,), and EL3 (3
and §) of MC1R and MC4R could form structurally and
functionally important disulfide bonds39, 40, 44, 45).
However, the published data are conflicting, indicating the
presence of onedd, 45) or two (40) disulfide bonds and
pointing to different cross-linking partners89, 44). In
MC1R, an $—S; bond in EL3 was proposed ) based on
the similar functional phenotype of corresponding mutants.
In MC4R, a different $—S; bond between TMH6 and EL3
was suggested as the native one, although the data obtaine
also indicated that, in a mutant receptor lackinge®normal
disulfide bonds, $-S,, could be formed and aggravate the
damaging effect of a broken,SS; bond @9).

To understand the structural and functional roles of
conserved extracellular cysteines, four cysteiaknine
substitutions were made in the N terminus (C40A), TMH6
(C271A), and EL3 (C277A and C279A) of hMC4R and the
consequences of these mutations were examined. We com
pared the binding affinities of the agonist, NDP-MSH, and
the antagonists, ASIP[96132(L89Y)] and AGRP(86132),
at the wild-type and mutant hMC4Rs (C40A, C271A,
C277A, and C279A). In addition we studied agonist-induced
CAMP production.

The results (Table 2) indicate that mutation gtgsteine,
C271A, eliminates detectable AGRP(8632) and NDP-
MSH bindings and decreases the binding of ASIP{262-
(L89Y)] ~20-fold. S mutation also significantly interfered
with the agonist-induced cAMP accumulation. A similar
effect of the $ mutation has been observed for MC438)
and MC1R 40, 44). Mutation of the $ cysteine, C277A,
decreased the binding of ASIP[9Q32(L89Y)] and affected
the potency of receptor activation by NDP-MSH4-fold

mutants 89). Interestingly, the effects of similar mutations
in MC1R were more controversialdQ, 44). In some
experiments, mutation of the, 8ysteine (C273A) severely
damages MC1R activation ByiSH, while the $ mutation
(C271A) has a smaller effect4). However, in another study
of MC1R (40), the S mutation has less of an effect on NDP-
MSH binding than § S;, or S mutations.

To further examine extracelluar disulfides in the MCRs
and to deduce the possible disulfide bond partners, we studied
the effect of disulfide reduction by dithiothreitol (DTT) on
the binding affinity of NDP-MSH in cysteine mutants. Each
antagonist, ASIP[96132(L89Y)] and AGRP(86:132), has
5 disulfide bonds and thus is not appropriate for use as a
ligand in the presence of DTT. Therefof@3I-NDP-MSH
was chosen for binding experiments in the presence of DTT
(1—100 mM) with wild-type hMC1R and hMC4R and C40A,
C277A, and C279A hMC4R mutants (Figure 2). DTT
dependence could not be assessed for the C271A mutant,
which did not have detectable binding of NDP-MSH (Table
2).

In wild-type hMC1R, DTT decreased3-NDP-MSH
binding in a biphasic manner with }gvalues of 2 and 30
mM DTT, in agreement with previous observatiodg)( The
biphasic character of the DTT titration curve suggests the
presence of two disulfide bonds. One disulfide is fully
reduced at 10 mM DTT, decreasing agonist binding by 60%,
while the second is fully reduced at 100 mM DTT, leading
to complete loss of NDP-MSH binding. In contrast, h(MC4R
demonstrated a monophasic DTT behavior for the wild-type
and three cysteine mutants (C40A, C277A, and C279A).
Interestingly, all h(MC4R variants were DTT-sensitive with
a similar IGo, ~ 60 mM. These data suggest that the wild-
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Ficure 3: Disulfide bonds in the model of hMC4R (A), CY¥s-Cys’® and Cyd"—Cy<s’% in C277A mutant of hMC4R (B), Cy$—
Cy<7% and in C271A mutant of hMC4R (C), C3/4—Cy<’°. The EL3, part of N termunus, and helices 1, 6, and 7 are shown by ribbons.
The conserved cysteines and alanines substituted fot Q¥ and Cy3’! (C) are colored purple.

type hMC4R and hMC4R mutants (C40A, C277A, and typei andi + 5 (48). A misalignment in the area of such

C279A) have at least one-S5 bond, which is important for  insertions is detrimental for modeling, because this would
high-affinity NDP-MSH binding and can be reduced only produce a register shift in the TMH. The existence of
at a high DTT concentration. o-aneurisms in TMHs 2 and 5 of MCRs can be deduced

Modeling of Antagonist ASIP(93L32) and Two MCRs, from the mutagenesis data?q 2_3, 27), which indicate the
hMC1R and hMC4RThe computational part of this study importance of a conserved Glu in TMH2 and PFREMC1R)
included homology modeling and docking of water-soluble OF Met% (hMC4R) in TMHS for ligand binding and receptor
peptide ligands with transmembrane receptors. ASIP(93 activation. These residues are oriented into the binding pocket
132) was calculated by distance geometry from structuresOnly if the rhodopsin-likea-aneurism is absent in TMH2
of its close homologue, AGRP (PDB entries 1mr0 and 1hyk), Put preserved in TMHS. Therefore, the-aneurism was
as described in the Experimental Procedures. The calculated®moved from TMH2 and retained in TMHS.
structure of ASIP(93132) was well-defined, with a pairwise During the modeling, we paid particular attention to the
rmsd < 0.40 A (for 40 C atoms) within a set of 50 models  second (EL2) and third (EL3) extracellular loops (see the
with the lowest target function. The five best models had an Experimental Procedures), because these loops are important
rmsd of 0.8-1.0 A (for 28 C* atoms) with the original for ligand binding, as is evident from our current (Table 1)
template, AGRP(8%120) (excluding the N-terminal loop). and previously published1b, 22) data. The conserved
This is comparable to the deviations in backbone coordinatesextracellular cysteine residues were oriented toward each
between two NMR structures of the AGRP fragments, 1hyk other to allow the formation of two native disulfides (s
and 1mr0 (rmsd of 1.14 A for 28 Catoms). The proline-  Cys’>and Cy85"—Cy<73in hMC4R and Cy¥—Cys"and
rich N-terminal loop of ASIP,1CKPPAPACY, was Cyg-Cy<’” in hMC4R) and to permit suggested re-
unconstrained during calculations. However, because of thearrangement of disulfide bonds in the mutant recept®® (
presence of rigid proline residues, its backbone structure wasThe 10 best structures of each receptor, h(MC1R and hMC4R,
unequivocally defined a8ararforfarS (Whereag andf were well-defined with pairwise rmsd 1 A for all 283 (for
denote regions of the Ramachandran plot occupied by thenMC1R) or 282 (for h(MC4R) €atoms. Larger deviations
corresponding residues). Theandvy angles of residues in  were observed for TMH5, near the ends of helices and in
the N-terminal loop of ASIP(93132) were constrained in  the loop regions. The models of hMC1R and hMC4R can
these regions during calculations of receptiigand com- be superimposed well with rhodopsin (1gzm): the corre-
plexes. The model of AGRP(87132) was obtained simi-  sponding rmsd values werel.55 and 1.31 A, respectively
larly. The distance geometry calculations produced a set of (for 198 common € atoms in TMHs). The imposed
50 structures with pairwise rmsd 0.4 A. The five best restrictions uniquely defined the conformation of EL3 of
models had an rmsd of 0.8 A with the 1mr0 template hMC4R, resulting in models with pairwise rmsd of 0.9 A
and 1.1 A with 1hyk (excluding the N-terminal loop for C* atoms (Figure 3A).

1. GQQVP'?, which has a different conformationin 1hyk). 1o examine whether the non-native disulfides @ys

The conformatlop of the N—termmal_loop of.AGRP(8132) ~ Cyg™and Cy&—Cy<7™) are actually possible in the C277A
was chosen as in 1mr0, because it permitted the formationgng c271A mutants of hMC4R (Table 2), we calculated
of many more hydrogen bonds with the receptor (see Table yodels of these mutants with the alternative disulfides (parts
3). B and C of Figure 3). In the C277A mutant, the structure of

The severu-helical domains of the hMC1R and hMC4R  EL3 was nearly unchanged (rmsd from the wild-type of only
receptors were modeled using the crystal structure of bovine1.8 A for 11 C* atoms). However, in the C271A mutant,
rhodopsin (1gzm), as described in the Experimental Proce-this loop was very flexible (rmsd of 3.27 A within the set of
dures. The most serious problem appears to be due to thegenerated conformations) and different from that in the wild-
presence of-aneurisms in TMHs 2 and 5 of the rhodopsin type protein (rmsd up to 4.7 A) because of a sharp turn
template 25, 47), which is unlikely to be a conserved feature induced by cross-linking C§§—Cy<7°. Thus, the non-native
in all GPCR structures3g). The a-aneurism represents the disulfide bridges can easily be formed in our models of the
insertion of a single residue in am-helical turn and is MCRs. Moreover, the minor conformational changes of EL3
characterized by the formation of two hydrogen bonds of in the C277A mutant are consistent with its small impair-
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(Phé® or Met?®), and TMH6 (Phé&’ or Phé&b%, Phe&®8 or
Phet2 and Led®* or Lewr®). In the complexes, the N-
terminal loop of the ligands forms a number of hydrogen
bonds with EL2 and EL3, while their C-terminal loop and
His®” interact with EL1. The core octapeptide of AGRP(310
117) interacts not only with the transmembrane part of the
receptor but also with residues in EL3 (PReand Met8?).
The specificity of binding largely depends on Afaand
Phé16 of AGRP, which are replaced by S&rand Ald??in
ASIP. These residues of ASIP are close td’and Phé&’”
from EL3 of hMC1R.

The residues surrounding the key loop AtgPhél>Phé?!3
of AGRP(87132) are shown in more detail in Figure 5,
and the corresponding’€C? distances are presented in
Table 4. The superposition of three liganeceptor com-
plexes reveals that the exact positions of the ligands vary
slightly in the models. For example, ASIP(9332) is shifted
by ~1 A relative to AGRP(87#132) in the complex with
hMC4R. ASIP(93-132) moves toward TMH2 and TMH?7,
judging from the decreased distances between Arg-Phe and
Glut% and Phé&* This correlates with the increased impor-
tance of the GI° and Phé&**residues of hMC4R for binding
of the ASIP fragment (Table 1). Moreover, S&nof ASIP
approaches H#%* in TMH6 (distance changes by 1.5 A),
enabling the formation of an intermolecular hydrogen bond.
s This correlates with the increased influence of the H264A
FIGURE 4: Model of the hMC4R-AGRP(87132) complex. mutation on binding of the ASIP fragment to hMC4R (Table
Rﬁceptor he"CSS are oSr?0¥the6::SO r?srgreyecrii%%%r;?ﬁa?:rc])% r:gfic"glaelar;](qjeir?l)' In hMC1R, ASIP is shifted even further relative to its
snown as a rea car . iti i i i
B o st S A
between Hi%* of hMC1R and the ligand N-terminal loop
and 2 disulfides (100114 and 116-123) promote the-15°

ment, while the significant changes and flexibility of EL3
in the C271A mutant correlate with the observed misfolding counterclockwise rotation (as viewed from the extracellular

and mal_funcuon of the mutant (_Table 2)- surface) of the entire ligand inside the binding pocket (Figure
Modeling of RecepterAntagonist Complexeshe models gy The ligand movement in hMC1R relative to its position
of hMC1R and hMC4R have an open cavity between TMHS iy h\C4R decreases the distance betweeriAlaf ASIP
2—7, which is only partially covered by the N-terminal loop 5,4 Ph&’7-Met28! of the receptors by-2 A (Table 4). The
and EL1 and EL3. This cavity is large enough to accom- gnerposition of ASIP(93132) in both receptors results in
modate small proteins, such as ASIP or AGRP. The 45 msd of 2.29 A for all 40 Catoms of the ligand, while
receptor-antagonist docking was accomplished by distance g gimjlar superposition of unbound ligands gives an rmsd of
geometry calculations, which were guided by hydrogen bonds g gg A for 40 C atoms. If the AGRP fragment was similarly
applied as distance constraints. The set of hydrogen bondspositioned in the ligand-binding pocket of hMC1R, its Phe
was gradually refined (see the Experimental Procedures). Theagique would collide with PR&Z. These hindrances may

final sets of hydrogen bonds in the complexes (Table 3) were explain the observed poor binding of AGRP{(SE32) to
sufficient to uniquely define positions of the ligands: the LMmc1R.

deviations of their spatial positions were 1.5, 1.1, and 0.9 A
in the AGRP-hMCA4R, ASIP-hMCA4R, and ASIP-hMC1R DISCUSSION
complexes, respectively, in the sets of distance geometry
generated structures (the corresponding rmsd values were The goal of this study was to identify the molecular
calculated for atoms of the ligands, after superimposing only determinants of binding affinity of AGRP(86L32) and
the receptors). Importantly, the association with ligands did ASIP(93-132) to hMC4R and hMC1R, using site-directed
not significantly affect the structures of the receptors: rmsd mutagenesis and molecular modeling. The obtained mu-
values between the ligand-bound and ligand-free receptorstagenesis results together with published data were used to
were in the range of 0-71.3 A. develop atomic models of h(MCHRASIP(93-132), hMC4R-

The mode of ligand binding is represented in Figure 4. AGRP(86-132), and hMC4RASIP(93-132), which were
All ligands are arranged similarly, with their common helpful to better understand the experimental data.
pharmacophore fragment Arg-Phe-Phe inserted deep between Earlier point-mutation experiment&, 23) demonstrated
TMHs: Arg interacts with acidic residues in TMH2 and the negative influence of E100K, D122R, D125A,N,K,
TMH3, and the first Phe interacts mostly with TMH3 (THr D122A,N/D126A,N, F184K, Y187C, F201S, and F262S
or lle'?® in hMC1R and hMCA4R, respectively) and TMH7 mutations on the binding affinity of AGRP fragments to
(Phes80 or Ph&®* and Led® or Lewr®®), while the second  MC4R; however, the binding interactions of ASIP with either
Phe occupies a site between TMH4 (Pher Set®%), TMH5 MC1R and MC4R have not previously been examined.
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Ficure 5: Stereoview of AGRP(87132) inside hMC4R-binding pocket. Mutated residues of hMC4R are shown colored by element.
AGRP(87132) and pharmacophore element AtgPhé1>-Pheld are colored red.

Table 4: G—C’ Distances between Mutated Residues of Receptors and Antagonist Residues, Derived from the Modeled Complexes of
hMC1R—-ASIP(90-132), hMC4R-ASIP(90-132), and hMC4R AGRP(86-132}

hMC4—-AGRP hMC4R-ASIP hMC1R-ASIP
receptor ligand (oo receptor ligand - receptor ligand -
residues residues distances (A) residues residues distances (A) residues residues distances (A)
Interactions Involving AGRP Arg!or ASIP Arg-t?
Glutoo Argtit 11.9 Glu10 Argt? 11.0* Glu% Arg™? 12.0*
Aspt?? Arg'tt 4.9* Aspt?? Argt? 4.8* Asp't? Argt? 6.2*
Asp'? Arg'tt 6.9* Asp'2¢ Argtt? 6.4* Asp'?t Argtt? 6.6*
Interactions Involving AGRP PA¥ or ASIP Phé!®
llet?® Phe?? 8.4 llet?® Phe18 7.9 Thri2 Phe18 8.1
Trp258 Phe12 135 Trp 258 Phe18 13.6 Trp?5 Phe1s 14.2
Phes* Phe'? 9.0 Phe?84 Phé'8 8.0 Pheso Phé's 7.6
Leu?8 Phe?? 8.9 Leurs8 Phe18 8.1 Leu?8* Phe18 8.3
Interactions Involving AGRP PR or ASIP Phé!®
Leuts® Phe1s 8.1 Leuss Phe?? 8.1 Met28 Phet® 8.2
Sert&0 Phe?s 8.8 Sef8o Phe?® 9.5 Phé7s Phét® 9.4
Met200 Phels 9.7 Meg® Phe?? 10.2 Phés Phet® 10.1
Phett Phet3 11.3 Phett Phét® 11.7 Phé* Phét® 12.0
Phe?st Phes 9.0 Phest Phe1e 7.6 Phe?s? Pheo 8.3
Phes? Phe 9.6 Phés? Phe1® 9.3 Phés® Phe?® 9.4
Leu?s Phe?2 6.9 LeLpss Phe1s 5.5 Lewrs! Phe1s 5.2
Interactions Involving AGRP Afd°or ASIP Set?!
His?4 Alalts 8.8 His264 Sef2! 7.3* His?© Sef! 8.4
Interactions Involving AGRP PA¥ or ASIP Ala??
Tyr2e8 Phe16 9.3 TyrRos Alal?? 8.3 11264 Alal?? 9.7
Met23! Phe16 9.5 Met’? Ala122 9.5 Phé" Ala122 7.7
Interactions Involving Receptors EL2 and EL3
Phes* Phetd 7.2 Phés4 Phét® 8.2 Phé? Phét® 9.4
Sef8s Tyrlod 7.2 Sets8 GInt15 5.7% Tyr18 GInt15 7.1*
Asp's Cys 9.6 Aspo Alaio4 7.6 Asp's4 Alatos 7.6
Sef90 Cys* 4.7 Set® Cysioo 46 His!85 Cysioo 7.0
His185 Cys'14 8.0
His?8® CysHe 7.7
His18 Cys' 7.0
Thr272 Sef? 3.9*

aBold characters indicate mutated residues that significantly affected peptide antagonist binding. An asterick indicates residues forngieg a hydro

bond between side chains.

Consequently, we examined the binding affinity 8f-ASIP-
[90—132(L89Y)] toward wild-type hMC1R and 30 of its

mutants and the binding of botf-ASIP[90—132(L89Y)]
and?8-AGRP(86-132) toward wild-type hMC4R and 27
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FiGURE 6: Stereoview of the superposition of modeled complexes: ASH{32)-hMC1R (colored dark and light blue) and ASIP{93
132)-hMC4R (colored red and pink). Pharmacophore element of ASIP{82), Argt-Phé18Phé1’, a set of important residues of AMC1R
(Glu®4, Asp!?’, Asp!?2 Phé’5, His!'85 and Ph&’"), and correspondent residues of hMC4R (@luAspl??, Asp!?6, Sef80 Sef and Met8l)
are shown by licorice.

of its mutants in similar experimental conditions. The cysteines are highly conserved in this receptor subfamily:
mutagenesis results indicate that the binding pockets of bothone in the N terminus (35 or 40 in hMC1R and hMC4R,
ligands are composed of residues from homologous structuralrespectively, denoted here ag,®ne in TMHG6 (267 or 271,
positions; however, similar mutations in different receptors respectively, denoted here ag,%nd two in EL3 (273, 275
affected the binding of both ligands slightly different (Table or 277, 279, respectively, denoted here asu®d S).

2). These results can be attributed to the variations in  one of them, Cy&1 (S,) in hMC4R was shown to be
positioning of different antagonists inside the ligand-binding highly functionally important, and its naturally occurring
pocket of both receptors. mutations (C271R and C271Y) are related to severe familial
To explain our experimental results, we performed model- obesity @6, 50, 51). Previous results from cysteine mutagen-
ing of the three receptetligand complexes. To improve the  esis in hMC4R indicated the involvement of C¥sin a
accuracy of the modeling and to avoid the common modeling structurally and functionally important disulfide between
errors related to the structural misalignment and erroneousTMH6 and EL3 (Cy8'—Cys*’") and provided evidence in
loop modeling 80, 49), we used model refinement by favor of disulfide rearrangements inside EL3 in the mutant
satisfying structural restraints3]). The restraints were  receptors39). Interestingly, a similar situation was explored
derived not only from the structural templates (1gzm for the for the conserved disulfide bond between TMH3 (E9s
receptor and 1hyk and 1mr0Q for the ligand) but also from and EL2 (Cy%") in bovine rhodopsin 43, 52). The
mutagenesis experiments demonstrating the formation ofconserved disulfide Cy¥—Cys'®’ is required for correct
Zn?*-binding sites in MCRs39—41, 44). The native and  folding and function of rhodopsin; however, in the naturally
non-natural disulfide bonds, which can be formed in wild- occurring mutants, C110F, C110Y, and C187Y, associated
type or mutant receptors, provide the additional structural with retinitis pigmentosa, alternative disulfides were observed
restrains. between Cy8°-Cys'®in EL2 (for C110F and C110Y) and
The comparison of the three calculated receptor between CyS°—Cys'® (for C110F and C110Y)E). It was
antagonist models, (MCHRSIP(93-132), h(MC4R-ASIP-  shown, that the formation of the abnormal €ysCys'¢’
(93—132), and hMC4RAGRP(87132), allows a better  disulfide causes receptor misfolding and loss of function,
understanding of the specificity of receptdigand inter-  while in the C187A mutant, the formation of the Cifs-
actions. The major difference between binding pockets of Cyst®bond results in a wild-type-like phenotype with altered
the two receptors is associated with the presence of bulkybleaching behavior.
Phé™sin TMH4, Phé®in TMHS, His'8in EL2, and Ph&” The data presented in Table 2 and Figure 2 provide
in EL3 of hMC1R, which correspond to the smaller 8ér  additional experimental evidence for the presence of two

Met?®, Sef®, and Met®, respectively, in hMC4R. The functionally important disulfide bonds in h(MC1R and at least
interaction of the ligand with these residues results in a small gne important disulfide bond in hMC4R and its cysteine

rotation and~1 A shift of ASIP toward TMH2 and TMH7  mutants (C40A, C277A, and C279A). A major question
in the binding pocket of h(MC1R, relative to its position and  relates to the identification of disulfide bonds formed in the
the position of the AGRP fragment in h(MC4R (Figure 6). studied cases. Our results on hMC4R are in agreement with
This altered positioning of the antagonists is consistent with previously published date89) that suggest that the native
the mutagenesis data presented in Tables 1 and 4. disulfide bridge is formed between CG¥5(S;) and Cy&’?

In this study, we also tried to clarify the situation with (S;), because in our experiments, C271A and C277A both
suggested extracellular disulfide bonds that might exist in affect the receptor expression level, ligand binding, and
MCRs 39, 40, 44), using both mutagenesis and the modeling receptor activation, albeit to different extents. An additional
approach. Both MCRs, hMC1R and hMC4R, have 14 S—S bond might be formed in wild-type hMC4R only
cysteines in TMHs and connecting loops. Four extracellular between Cy¥ (S;) and Cy3’° (S;). However, C40A and
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C279A mutants, where theSS, bond is obviously absent  expression, ligand binding, and receptor activation in this
and $S—S; is preserved, demonstrate a wild-type-like phe- mutant (Table 2).
notype. This result could indicate that the-=%, bond is Our models of hMC1R and hMC4R in complexes with
less important for stability and activation of the wild-type their peptide antagonists differ in many details from recently
hMC4R. However, minor changes in ligand binding for the published 3D models of MCR24, 41, 54) and dozens of
C40A mutant (Table 2) suggest that such a disulfide bond automatically generated models that have been deposited in
is indeed likely present in the wild-type MC4R. the GPCRDB %5) and ModBase database3s), which also
The sequence similarity of MCRs indicates that a common were based on the crystal structure of bovine rhodopsin. First
pattern of intramolecular disulfide bridges could be conserved of all, the sequence alignments with rhodopsin are often
throughout the receptor subfamily. The notable exception is dissimilar in the area of loops and even in TMHs. For
hMC5R, which lacks the S-S, disulfide bond, because its example, some automated models in GPCRDB and ModBase
S, cysteine is substituted by arginine (see Figure 1). have misalignments in TMH5 or TMH7. Existing automated
Interestingly, hMC5R is characterized by unusually low models 83) and several published MCR modekl{( 54)
affinity for MSH, but the Arg271— Cys mutation, which retain ana-aneurism in TMH2, which is present in the
could restore the S-S, disulfide bond, increases its affinity  rhodopsin structure but absent in thl®pioid receptor 36)
for MSH 690-fold £3). On the basis of sequence similarity and highly unlikely for MCRs. For example, in the hMC4R
of receptors and the biphasic behavior of the DTT titration model proposed by Lagerstroet al. @1), the presence of
curve (Figure 2), we suggest that hMC1R has two disulfides an a-aneurism in TMH2 forces the orientation of the
in homologous positions: C¥s-Cys’>and Cys¢'—Cys’’3, functionally important GIEP° and two residues located one
The S—S, bond may be more significant in h(MC1R than turn apart from GI&¥° in TMH2 (lle'® and 11€%%) toward
in hMC4R, because its reduction by DTT (Figure 2) and its the lipid bilayer. However, GR°is known to be important
elimination by $ and § mutations exhibited greater effects for binding of agonist and antagonists (Table 1Y,(23),
on the binding and activation characteristics of MCHR, ( and it can participate in the formation of the metal-binding
44). We can also hypothesize that the-S, bond is more site between TMH2 and TMH34@). To satisfy the experi-
reactive toward DTT, because it can be reduced at 10 mM mental constraints between TMHs 2 and 3 derived from
DTT, leading to partially decreased NDP-MSH binding. In artificially designed Z#"-binding sites (GIfP*-1125H, Asg?*
contrast, the complete loss of NDP-MSH binding only at 1104A, or Asg?%1103H), the authors proposed a’#6tation
100 mM DTT for wild-type hMC1R and hMC4R and C40A  of the central TMH3 41), which dramatically modified the
and C279A mutants of hMCA4R (Figure 2) indicates that the receptor structure relative to the rhodopsin template. In our
important $—S; bond, which is reduced in this case, is less model of hMC4R, which lacks am-aneurism in TMH2 and
reactive to DTT. is very similar to the rhodopsin template (rmsd of 1.31 A
The organization of SS bonds in the functionally for TMHSs), GIU%, 11e1%, and Ilé% face the ligand-binding
impaired C271A and C277A mutants may be more complex. pocket and at the same time are close enough té?Aapd
Neither of these mutants can form an—S; bond. The lle’?>in TMH3 to form a zinc-binding cluster.
C277A mutant still contains one disulfide bond that is  The orientation of GItf° toward the binding pocket was
reduced by 100 mM DTT (Figure 2), leading to decreased also proposed in the model of the MC4ARGRP complex
agonist binding. This disulfide in the C277A mutant could that has been developed recently by Haskell-Luevano and
be either the native ;5S; or a non-native $-S, if co-workers 24). Their receptor model is very similar to our
rearrangement of disulfides indeed takes place in the extra-model of h(MC4R, with rmsd of 1.8 A for 216°Catoms in
cellular loops, as was previously suggest8€).( The fact TMHSs. Moreover, the positions of the pharmacophore triplet
that the disulfide in the C277A mutant was reduced only at Arg-Phe-Phe of AGRP(87132) inside the ligand-binding
100 mM DTT suggests the formation of the-&, bond in pocket of the receptor are very close in both models.
place of the more DTT-reactive SS, disulfide. Finally, the However, the bulk of AGRP is more tilted toward EL1 and
existence of an S§S bond in the functionally deficient TMH1 in the published model2d) relative to our model,
C271A mutant could not be directly deduced from our data. resulting in an rmsd of 11.5 A for 46°Gitoms of the ligands
However, our results do not contradict the recent suggestionafter superimposing receptors of the modeled complexes.
that an improper &S, disulfide, altering the receptor This demonstrates difficulties related to the correct docking
structure, could be formed in this case, causing the loss ofof the ligands that should be guided not only by the
function in the C271A mutant39). interaction of the Arg-Phe-Phe triplet with the few aromatic
The disulfides in MCRs could play a similar role in and acidic residues of the receptor core but also by the
structure stabilization as the conserved disulfide betweeninteraction with the receptor loops. The ligand orientation
TMH3 and EL2 in other GPCRs. The structural role of these in our models of hMC1RASIP, hMC4R-ASIP, and
disulfides in MCRs was also supported by distance geometryhMC4R—AGRP complexes was automatically generated by
calculations (Figure 3). The modeling indicates that the implementing the set of hydrogen-bond constraints between
C277A mutant of hMC4R, demonstrating a wild-type-like homologous residues from the receptor core and loops and
phenotype, has an alternative €{sCys"® (S,—S,) bond ligand residues in all three cases (Table 3). Moreover, AGRP
that does not change the conformation of EL3, which in the positioning in hMC4R is also restricted by the formation of
wild-type receptor is stabilized by two disulfides: C¥s- the Cy4$°—Cy<7° disulfide, which brings the N-terminal
Cyg7"(S,—S3) and Cy49—Cy<7°(S,—S,). In contrast, EL3 ~ segment of the receptor close to EL3, and by the interactions
in the model of the C271A mutant with the abnormal with the extracellular loops. Finally, our modeled complexes
Cyg—Cyg"® (5—S,) bond is highly flexible and has an  better satisfy the known data on involvement of EL2 and
altered conformation, which correlates with impaired receptor EL3, rather than EL1, in ligand bindind2®) and better
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correlate with the significance of 27 homologous residues
in the binding pocket of both receptors, hMC1R and hMC4R,
for the antagonist binding results in Tables 1 and 4. In
particular, our model explains the role of PHSer in
TMHA4 for ligand binding, which in both receptors is in direct
contact with the second Phe of the pharmacophore triplet of
the peptide antagonists.

CONCLUSIONS

Because of experimental difficulties in crystallization of
membrane proteins, comparative modeling using experimen-
tally derived structural restraint81) remains an important
tool for understanding the molecular determinants of ligand
receptor interactions and to explain experimental results.
Herein, for the first time, we have performed comparative
studies of the binding of ASIP and AGRP fragments to both
hMC1R and hMC4R. We modeled the complexes of hMC1R
and hMC4R with their selective peptide antagonists ASIP-
(97-132) and AGRP(8%132) hy satisfying experimental
structural restraints derived from structural templates of
homologous proteins and from our mutagenesis data. In both
calculated receptetligand complexes, the Arg-Phe-Phe
motif of the antagonist interacts with negatively charged and
aromatic residues of the receptor. However, they do so in a

slightly different manner because of a small rotation of ASIP 15

and its shift toward TMH2 and TMH7 relative to the position
of ASIP and AGRP within the hMC4R-binding pocket. This

shift might be caused by the presence of bulky residues in 16.

MC1R. The detailed structural information on ligand
receptor complexes obtained in our studies may assist future

attempts to optimize the selectivity, potency, and efficacy 17.

of recently proposed non-peptide MC4R agonists and
antagonists (5658) and the rational design and development
of other MC3R/4R drugs.
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