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ABSTRACT. Several mutations that cause ectopic expression of the agouti gene result in obesity,
hyperinsulinemia, and yellow coat color. A candidate pathway for agouti induced obesity and
hyperinsulinemia is through altered signaling by melanocortin receptors, as agouti normally regulates
coat coloration through antagonism of melanocortin receptor 1. Furthermore, melanocortin peptides mediate
functions including steroidogenesis, lipolysis, and thermoregulation. We report apparent inhibition
dissociation constants for mouse and human agouti protein inhibition of ligand binding to the melanocortin
receptors, to determine which of these receptors might be involved in agouti induced diabetes. The
similarity in the apparerK, values for agouti inhibition of ligand binding to the brain melanocortin receptors

3 and 4 (mouseK; app = 190 + 74 and 54+ 18 nM; human: K, app = 140 + 56 and 70+ 18 nM,
respectively) suggests that the MC3-R is a potential candidate for a receptor mediating the effects of
agouti protein overexpression. Agouti residues important for melanocortin receptor inhibition were
identified through the analysis of deletion constructs and site-specific variants. Val83 is important for
inhibition of binding to MC1-R K app for Val83Ala agouti increased 13-fold relative to wild-type protein).
Arg85, Pro86, and Pro89 are important for selective inhibition of binding between MC1-R and MC3-R
and MC4-R as their appareHi values are essentially unchanged at MC1-R, while they have increased
6—10-fold relative to wild-type protein at MC3-R and MC4-R.

The murine agouti gene encodes for a 131 amino acid manet al, 1992). The obese/diabetic phenotype induced
secreted protein normally expressed in the skin during hair by ectopic agouti expression probably does not result from
growth (Bultmanet al., 1992). Dominant mutations such altered signaling of this receptor, as theecessive mouse
as lethal yellow (X) and viable yellow (XY) which cause  lacks a functional MC1-R (Robbinst al, 1993) and the
the agouti gene to be expressed in most, if not all, tissuescrossing of these and“A animals results in obese mice
result in yellow coat color (Yeret al, 1994; Michaudet (Lamoreux, 1973). This phenotype may instead occur
al., 1993, 1994). Mice with these mutations also become through altered signaling of other melanocortin receptor
obese and hyperinsulinemic, suggesting that ectopic agoutifamily members, as they are expressed in energy-relevant
protein expression has a role in altering metabolic regulation. tissues such as brain, adipose, and muscle (Roselli-Rehfuss
Indeed, the diabetic as well as the yellow phenotype is a €t al, 1993; Mountjoyet al,, 1994; Gantzt al,, 1993a,b;
result of the abnormal expression of the agouti protein, as it Labbe et al, 1994). Furthermore, the pre-peptide, pro-
is reproduced when the murine agouti cDNA is placed under OPiomelanocortin, from which-MSH is derived also gives
the transcriptional control of a ubiquitous promoter in a 'ise to a variety of other biologically active substances. These

transgenic mouse (Bultmagt al., 1992; Klebiget al., 1995). peptides mediate a broad array of physiological functions
. . o . . . including steroidogenesis, lipolysis, and thermoregulation
The murine agoulti protein is a paracrine signaling molecule (Schwyzer & Eberle, 1977; Di Wied & Jolles, 1982;

that regulates coat coloration through competitive antagonismo,Donohue & Dorsa, 1982: Ramachandran, 1987: Chretien,

[inhibition dissopiation constantk( apy)* - 1 .nM] qf 1974; Murphyet al, 1983; Martinet al., 1990). Mouse
a-melanocyte stimulating hormone-MSH) binding to its 554 protein has been shown to antagonize the melanocortin
seven transmembrane receptor (MC1-R) (Blanchardl, — rocentor 4 (MC4-R), but no effect was observed on MC3-R
1995; Bultmanet al, 1992). Agouti protein antagonism .. Mc5.R (Luet al, 1994). Here we repok; ., values
prevents the increase in intracellular cAMP produced Upon ¢4 mouse and human agouti protein inhibition Bf]-NDP-

a-MSH receptor binding which results in the cell switching ,_\MsH binding to melanocortin receptors 1, 3, 4, and 5.
from production of black pigment to yellow pigment (Bult-
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§ Glaxo Wellcome Research & Development Limited. dissociation constant; HEK 293 cells, human embryonic kidney 293
' University of Auckland. cells; SDS-PAGE, sodium dodecyl sulfatgpolyacrylamide gel elec-
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The similarity in agouti affinity for MC3-R and MC4-R  BRL). In this system, recombinant baculoviruses are gener-
suggests that MC3-R is also a potential candidate for the ated efficiently by site-specific transposition of a DNA
receptor mediating the effects of agouti protein overexpres- cassette containing the gene of interest into a baculovirus
sion. shuttle vector (bacmid) propagatedischerichia coli. To

In addition, we have localized residues in the agouti protein express the agouti proteinis, ni cells (16 cells/mL) were
that are important for selective melanocortin receptor inhibi- infected (MOI= 2) with the agouti recombinant baculovirus
tion. As there is no significant amino acid sequence and cultured for an additional 248 h [120 rpm, 27C, in
homology between agouti and the melanocortin peptides, Ex-Cell 405 media (JRH Biosciences) plus »@/mL
these residues were localized with deletion constructs, agentamycin]. T. nicells infected with wild-type baculovirus
proteolytic fragment consisting of the carboxyl terminus of were used as a control. Media containing secreted agouti
agouti, and point mutations. The mouse agouti protein protein were separated from the cells by centrifugation.
consists of a 22 amino acid secretion signal sequence, an Purification of Agouti Proteins.Wild-type agouti protein
internal basic region (Lys 57Arg85), and a carboxyl- ~ was partially purified {80%) from theT. ni media on a
terminal cysteine-rich region (Cys9Zys131). The data Poros-20 HS cation-exchange column and subsequently
indicate that Val83, Arg85, Pro86, and Pro89 are important dialyzed into phosphate-buffered saline (PBS) as described
for inhibition of binding to melanocortin receptors 3, 4, and previously (Willardet al, 1995). TheAC-term construct
5 while Val83 is also important for inhibition of MC1-R.  was similarly purified £-60%) using S Sepharose cation-

exchange chromatography followed by desalting on a G-10

MATERIALS AND METHODS column (Pharmacia) equilibrated in PBS. As thbasic

, d tor . ¢ . construct lacks the basic region, it could not be purified by
Construction and Bacularus Expression of Mouse Agouti cation-exchange chromatography. Instead, thieasic-

Proteins. Cloning and baculovirus expression of wild-type o, qitioned media was concentrated first using an Amicon

agouti protein were performed as previously described (Lu y5 fijter and then by ammonium sulfate precipitation. The
et al, 1994). Two agouti deletion construcisbasic and  ecipitate was resuspended (3.7 mL) and chromatographed
AC-term (Figure 1), were constructed using an mp18/agouti on a 2.6 x 66 cm Superose 75 gel filtration column
single-strand DNA template and a mutagenesis kit from (Pharmacia) equilibrated in 25 mM HEPES, pH 7.1, 150 mM
Amersham (Amersham Life Science). Antisense oligonucle- NaCl which resulted in a sample consistingﬁO%Abasic
otides composed of nucleotide sequences flanking the agou“protein and~80% of one other high molecular weight
basic domain were used to loop-out this domain generating poein.  The control media from wild-type baculovirus-
Abasic (A57—85). Truncated agouti without carboxyl- jacected cells were concentrated by ammonium sulfate
terminal sequenced(C-term) was generated by introducing e cinitation, and without further purification, desalted by
a stop codon at Ser90. G-10 chromatography as described f€-term. The site-
Site-specific agouti variants were produced by cassette specific agouti variants were partially purified from tfie
mutagenesis of the agouti gene containing six “silent” ni media by S Sepharose cation-exchange chromatography.
restriction sites in the carboxyl terminus. These restriction The column was washed with 0.5 M NaCl, 50 mM HEPES,
sites were incorporated by annealing 6 synthetic oligonucle- pH 7.5, and the agouti protein eluted Wit M NaCl, 50
otides containing 4862 nucleotides each which spanned the mm HEPES, pH 7.5. The salt wash was skipped in the case
carboxyl-terminal cc_)ding regio'n of the agouti gene. The 5 ¢ Arg85Ala agouti. The NaCl was removed by G-25
ends of all of the oligonucleotides (except the two mdst 5 (pharmacia) gel filtration chromatography in PBS. Agouti
on the sense and antisense strands) were phosphorylategrotein concentration was determined by first estimating the
using T4 polynucleotide kinase and then annealed by percentage of agouti protein present in a sample by visual
comblnmg the ollgonuc_leondes in an equal molar ratio (6 examination of an SDSPAGE gel stained with ProBlue
#gin 10uL of 10 mM Tris-HCI, pH 7.5, 50 mM NaCl) and  (|ntegrated Separation Systems). This percentage was then
heating at 95C for 5 min followed by slow cooling to RT.  mytiplied by the total protein content measured by BCA
The annealed oligonucleotides were ligated using T4 DNA a5say (Pierce) using bovine serum albumin as the standard.
ligase (Promega), and the full-length construct was purified  |golation of Melanocortin Receptor Clones and Cell
by electrophoresis on a 5% acrylamide gel. This carboxyl- cyiture. B1dF10 monolayers were cultured as described
terminal construct was placed behind the amino-terminal previously (Blanchardet al, 1995). Human embryonic
region of the mouse agouti cDNA which had been cloned kigney (HEK) 293 cells (ATCC) were cotransfected with
into pCR-Script Direct Skf) (Stratagene) after PCR  gne of the human melanocortin receptor cDNA’s in pMT4
amplification. and pRSV-Neo using Transfectam Reagent (Promega). The
Mutagenesis was performed by first cutting out the desired cDNA’s were obtained from genomic DNA using PCR with
cassette from the agouti CDNA with the appropriate restric- primers designed specifically for each of the four melano-
tion enzymes, selectively precipitating the plasmid DNA cortin receptors (1, 3, 4, and 5) according to the published
away from the liberated cassette (use of ammonium acetate)sequences (Chhajlani & Wikberg, 1992; Mountjey al.,
and ligation of the synthetic cassette DNA (286 nucle-  1992; Gantat al,, 1993a,b; Labbet al, 1994). The coding
otides in length) back into the cDNA. The accuracy of the sequences of the mouse melanocortin receptors (3, 4, and
agouti coding region was confirmed for all of the constructs 5) were subcloned into pcDNAIneo vector (InVitrogen), and
by Taq Dyedeoxy cycle sequencing using Amplitag polym- these were stably transfected into HEK 293 cells using a
erase to synthesize DNA chains terminated by fluorescentmodified CaPQ procedure (Chen & Okayama, 1987). The
dye-labeled ddNTPs (GIaxoWeIIcome Sequencing Facility). Coding sequences of mouse MC3-R and MC4-R were
The variant agouti proteins were expressed using the obtained by probing a genomic DNA library, 129 strain
baculovirus Bac-To-Bac system (Luckawal., 1993) (Gibco (Stratagene), with the corresponding rat receptor DNA
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sequences. The mouse MC5-R cDNA was obtained from
brown fat cDNA using PCR with primers specific for this
gene (Labbet al., 1994). Stable clones were selected using
600 ug/mL Geneticin (Gibco BRL) and subsequently cul-
tured in Minimum Essential Media with Earle’s Salts, 2 mM
L-glutamine, 5Qug/uL penicillin/streptomycin, 25Q:g/mL
Geneticin, and 10% fetal bovine serum (Hyclone) in a
humidified 5% CQ air atmosphere.

Binding Assays.BigF1o cells were plated at 201 day)
or 2.5x 10* (2 days) cells/well prior to use, and HEK 293

cells stably expressing one of the human or mouse melano-

cortin receptors were plated at®dells/well 2 days prior to
use. Kp app Values were determined by saturation binding
of ['?9]-NDP-a-MSH to whole cell monolayers under
equilibrium conditions (25C, 2 h) in RPMI 1640 containing
50 mM HEPES, pH 7.5, and 1 mg/mL BSA (total volume
= 100 uL). K app values were determined similarly by
incubating cells with~0.1 nM [}29]-NDP-a-MSH [prepared

as described in Willareet al. (1995)] and agouti protein.
After incubation, samples were cooled on ice, and the
medium was removed by rapid aspiration; 125 of
scintillation cocktail was added, and bound radioactive ligand

was measured using a Wallac 1450 Microbeta Plate counter.

Nonspecific binding (determined by addition ofiM NDP-
a-MSH) ranged from 515% and was subtracted from all
data. Kp app values for [?9]-NDP-a-MSH binding were

calculated by nonlinear least-squares curve fitting to a simple

one-site model. 16 values for agouti inhibition of binding
were calculated similarly by fitting to eq 1 in whidihax is

the amount of specific'f4]-NDP-a-MSH bound in the
absence of agouti protein and [l] is agouti protein concentra-
tion. 1Cso values were converted € 4, values using eq 2
(Cheng & Prusoff, 1973):

fraction bound= b/b,,, =1 — [[I//(IC 5, + [ID] (1)

ICsd/[1 + ([*I-NDP-0-MSH]/Kp 507 EC5)]
)

Measurement of k for [*?9]-NDP-a-MSH. HEK 293
cells plated as described above were incubated widhl
nM [*?9]-NDP-a-MSH for 30 min at 25°C in binding
medium (total volume= 100uL). After removal by rapid
aspiration, this medium was replaced with 100 of the
same medium containing AM unlabeled NDPa-MSH.

K app

Kiefer et al.

Arg85

wild-type Basic — C-term

Val83

C-term C - term
Asn56 Pro86

Abasic C - term

Pro89
AC-term Basic

Ficure 1. Mouse agouti protein deletion constructs. The wild-
type agouti protein contains an internal highly basic region and a
carboxyl-terminal cysteine-rich domain. The C-term construct is a
proteolytic fragment of the wild-type protein consisting of residues
Val83—Cys131 purified to homogeneity as described in Willatd

al. (1995).Abasic is a deletion construct lacking the internal highly
basic region A Lys57—Arg85) which has been partially purified
as described under Materials and Methods. Another deletion
construct AC-term, lacks the carboxyl-terminu& Ser96-Cys131).

pmole of cAMP= [b, . II/(IC 5+ [ID] +Y2 (3)

RESULTS

We have analyzed the ability of mouse and human agouti
proteins to inhibit ligand binding to their respective mouse
and human MC1, MC3, MC4, and MC5 receptors. To
localize the region of the mouse agouti protein necessary
for receptor inhibition, two deletion constructs were analyzed
after partial purification (Materials and Methods). The first
constructAbasic, lacks the internal highly basic regiah (
Lys57—Arg85), while AC-term lacks the carboxyl-terminus
(A Ser90-Cys131) (Figure 1). These proteins differ from
the carboxyl terminal, proteolytic fragment of the agouti
protein (C-term, Val83-Cys131; Willardet al., 1995) in that
Abasic lacks only the first three amino acids, Val3gg85,
while AC-term contains only the first seven residues, Vai83
Pro89. Inhibition of ligand binding to the melanocortin
receptors by the C-term fragment was also measured.

We (Blanchardet al, 1995) have demonstrated that the
agouti protein is a competitive inhibitoK( ;pp = 1.9 nM)
of the high-affinity o-MSH analogue, 'F4]-NDP-0-MSH,
for binding to mouse melanomadBo cells. Studies indicate
that the BgF1o cell line expresses only a single melanocortin

Bound radioactive ligand was measured as a function of time receptor, MC1-R (Solc&t al, 1991; Lunecet al, 1993).
as described above. The amount of nonspecific binding waswe similarly analyzed the ability of full-length and partially

assessed by addingiM unlabeled NDPa-MSH at the same
time as the 9]-NDP-a-MSH. Dissociation rate constants
(ko) were calculated by nonlinear least-squares curve fitting
to a single exponential decay.

CAMP AssaysBigFio cells were plated as described above
and then incubated with 1 n-MSH and agouti protein in
the culture medium without serumrfd h at 37°C (total
volume= 100uL). The reaction was terminated by addition
of 50 uL of 50 mM sodium acetate, pH 4, containing 0.1%
Triton X-100. The cAMP content of the samples was
measured by scintillation proximity assay using a com-
mercially available kit (Amersham, Arlington Heights, IL).
Data were fit to eq 3 in whiclbyax is the amount of CAMP
in the absence of agouti protein, [I] is agouti protein
concentration, and Y2 is a constant:

deleted mouse agouti proteins to inhibit ligand binding to
the mouse MC1-R. The relative ability of the agouti proteins
to compete with 0.1 nM*3]-NDP-a-MSH for binding to
B1gF10 cells is depicted in Figure 2. The data were analyzed
by nonlinear least-squares curve fitting to a competitive
model (eq 1) andK, 4, vValues (Table 1) for this inhibition
were calculated using eq 2 and tg ap, value for [23]-
NDP-0-MSH determined previously (Blanchaetlal,, 1995).
Control medium (medium from wild-type baculovirus-
infected cells that was concentrated and desalted as described
for Abasic andAC-term) was assayed similarly and showed
no inhibition of binding (data not shown). We (Blanchard
et al, 1995) have also measure&@a,,, = 0.9 nM for agouti
antagonism of cAMP production induced lmMSH in
B16¢F10 cells (evidence that cAMP production is proportional
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FIGURE 2: Mouse agouti deletion construct inhibition &]-NDP- ) o
Curves are representative of the 2 experiments performed, and ~ Cells stably expressing the human MC1-R. Curves are representative
each point is the mean of duplicate experimental values. The Of the 2-4 experiments performed, and each point is the mean of
ordinate is expressed as a fraction of the total specific binding. duplicate experimental values. Curve fitting using a nonlinear
ICso values were calculated by curve fitting using a nonlinear regression algorithm and a single-site model yieldepasy, of
regression algorithm and eq 1. Appar&ntalues were calculated ~ 0.06 nM (Table 2).

with eq 2 and are listed in Table 1.

Table 2: [?4]-NDP-o-MSH Binding to the Human and Mouse

Table 1: Antagonism of cAMP Production and Inhibition of Melanocortin Receptors
[*29]-NDP-a-MSH Binding to the Mouse MC1 Receptor by Mouse Ko app(NM)?
Agouti Proteins
MC1 MC3 MC4 MC5
Ki app (NM)? h
: : uman  0.1(0.05) 0201 05(02)  09(0.1)
wild-type C-term Abasic AC-term mouse 0.2 0.6 (0.2) 0.2 (0.1) 0.2(0.1)
CAMP 08(03) 08 13(6.0)  360(220) 2 Performed under equilibrium conditions (26, 2 h). Standard
binding 2.6(0.8) 2.9(0.6) 16 (6.6) 230 (11) error values from 24 experiments are reported within the parentheses.

a Al values are the average of-2 experiments? Standard error ~ © Taken from Blancharet al. (1995).
values are reported within the parenthesdsaken from Willardet al.
(1995).

Table 3: Inhibition of [?3]-NDP-a-MSH Binding to the Human
Melanocortin Receptors by Mouse and Human Agouti Proteins

to receptor occupancy is provided). Again the data are best

Ki app (NM)2
fit to a competitive model of inhibition. The agouti e Mcl;p( ) Ca e
antagonism is reversible, and agouti has no effect on basal _
cAMP accumulation (Blanchareét al, 1995). We have  humanagouti 23 (3.3) 140 (56) 70(18) >1000
imilarly measured the ability of the agouti deletion mutants ouseagouti 2.1 (0.9) 140 (22) 59 (39) >1000
simuiarty me y ofthe ag C-term 2.9(0.1) 230 (40) 71 (4.5)
to antagonize cAMP production induced by 1 rmivMSH. Abasic 39 (22) 2000 (590) 290 (81)
The K| app values for this inhibition, calculated from eq 2  AC-term 770 >21000 6600
and the EG value of 0.9 nM fora-MSH determined a All values are the average of-2 experiments except in the case

previously (Blancharcet al, 1995), are listed in Table 1.  of AC-term.” Standard error values are reported within the parentheses.
The K, app Values for both binding and cAMP production
are increased-515-fold and 106-500-fold relative to wild- (kott = 1.7 'Y, ty = 24 min), and MC5-R (Labbet al.,
type agouti protein forAbasic andAC-term, respectively.  1994). The number of receptors per cell for our HEK 293
As demonstrated previously, C-term has activity equivalent cell lines was estimated by saturation binding analysis at
to wild-type agouti protein at this receptor (Willaed al., approximately 14 000, 25000, 15000, and 20000 for
1995). MC1-R (Figure 3), MC3-R, MC4-R, and MC5-R, respec-
To investigate the ability of the mouse agouti deletion tively. TheKp appvalues for {29]-NDP-o-MSH binding to
mutants and the human agouti protein to inhibit ligand human MC1-R, MC3-R, MC4-R, and MC5-K{ app= 0.1,
binding to other melanocortin receptor family members, HEK 0.2, 0.5, and 0.9 nM, respectively; Table 2) are in reasonable
293 cells stably expressing the human MC1-R, MC3-R, agreement with those in the literature (Schiethal.,, 1995,
MC4-R, or MC5-R were generated. Clones were selected 1996).
based on their ability to bind'{¥]-NDP-a-MSH. The The ability of the mouse and human agouti proteins to
binding experiments were performed under equilibrium compete with 0.1 nM*3]-NDP-a-MSH for binding to HEK
conditions (a time and temperature after which the amount 293 cells stably expressing the human melanocortin receptors
of [*?8]-NDP-a-MSH bound to the cells remained constant; was analyzed. 16 values were calculated by curve fitting
25°C, 2 h. Additionally, the rate at which¥l]-NDP-a- to a competitive model (eq 1). Again, the control medium
MSH comes off MC1-R Ky = 0.85 h'L; ty, = 49 min) was showed no inhibition of bindingK; ap, values (Table 3) were
measured to demonstrate that the binding is reversible. Itgenerated using eq 2 and tKe app values for F24]-NDP-
was assumed that binding of?J]-NDP-a-MSH to the o-MSH listed in Table 2. The human agouti protein
remaining human melanocortin receptors is also reversibleantagonizes the human MC1-R approximately 10-fold more
because this has been demonstrated for the correspondingveakly than the mouse protein (humat, . = 23;
mouse receptors, MC3-R (Desarnatdal., 1994), MC4-R mouse: K| 4pp = 2.1), although the relative affinity of human
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215- Ficure 5: Mouse agouti inhibition of'f9]-NDP-o-MSH binding

to cells stably expressing the mouse MC1-R, MC3-R, and MC4-
143 — R. Curves are representative of the£ experiments performed,
and each point is the mean of duplicate experimental values. The
6.5— ordinate is expressed as a fraction of the total specific binding.
ICso values were calculated by curve fitting using a nonlinear

FIGURE4: SDS-PAGE of wild-type and site-specific mouse agouti ~ regression algorithm and eq K, ap, values were calculated with
protein variants. To prevent loss of the agouti charge variant €d 2 and are listed in Table 4.
Arg85Ala from the S Sepharose column, the high-salt wash was

.‘

<= agouti

skipped, resulting in a less pure sample. Table 4: Inhibition of [2%]-NDP-a-MSH Binding to the Mouse
Melanocortin Receptors by Mouse Agouti Proteins

and mouse agouti proteins for the human melanocortin Ky app (NM)2

receptors is the same: MC1-RMC4-R > MC3-R > MC5- MC1 MC3 MCa MC5

R. The agouti proteins inhibit binding to MC4-R better than . 2608 190 (74 418 1200 (340

MC3-R although the difference it 4pp is only 2-fold \T;géiggggguﬂ 33 '(5)( 8 1200( (429,0) 24(() (9)0) >wte (340

(human: K app = 140+ 56 and 70+ 18 nM; mouse:K| app Arg85Alaagouti 3.4 (1.5) 1100 (350) 310 (65)>wt

= 140+ 22 and 5% 39 nM, respectively). A appvalue Pro86Ala agouti 3.7 (0.8) >2000 470 (160) >wt

for agouti protein antagonism of the MC5-R was not Pro87Alaagouti 3.3 170 90 +¢
determined due to weak bindin§|(app >1 //tM) Pro89Ala agouti 5.8 (0.5) 1100 (310) 310 (57)>wt

The K| app values for inhibition of Iigand binding to the a All values are t_he average of-2 experiments except in the_case
of Pro87Ala agouti® Standard error values are reported within the

humqn melanocortin receptors by Fhe various mouse agout'parenthese§.The Ki app vValue is greater than that of wild-type agouti.
deletion mutants are also shown in Table 3. The C-term s the, ., value could not be distinguished from that of wild-type
fragment inhibits binding to these receptors as well as wild- agouti.

type agouti with the same order of potency: MC1>R

MC4-R > MCS'.R' Indggd, all of the agoutl protems saturation binding under equilibrium conditions. All of these
analyzed_show this sel_echwty, even thou§fi-term contains cell lines contain approximately 10 000 receptors per cell.
only the first seven amino acids of C-term. TKigyp values The Kp app values for [28]-NDP-a-MSH binding to mouse

for Abasic inhibition at each of the three receptors are MCl-RaFI)\[;ICS-R MC4-R. and MC5-R are 0.2. 0.6. 0.2. and
increased 520-fold relative to wild-type agouti protein, ¢, nM,, respect’ively (Ta{ble 2). The®® app values are in
which is very s!mllar to the effect ahbasic on the mouse reasonable agreement with those previously reported for
MCI-R. Likewise, theK, ap values forAC-term at these | <o MC1-R. MC3-R. and MC5-R (Blanchastial, 1995:
re?:deptors are at Ieasr;c 100-fold Iezs por'zer}t Itlhan those for they <o narcet al. 1994 Labbeet al 1994) v ’
wild-type protein. When compared to the fully active C-term L ' - ’ L
fragment, the combination of the reduced abilityAd§asic [u;it.rﬁg%n_ o(ful\;IVSej fct))znv(;lilrt]j-ty{:)e {Egusr;zoallg(;ut:rlggggé):n?rf]
andAC-term to inhibit binding to the melanocortin receptors, receptors are shown in F? ure 5. The correspondin

V;:ith their reftaineijd selecrivity between relc e%tors, suggestsvalugs calculated as desc?ribed 1;or the humarF\) melar%c’)]cortin
that some of residues Val83ro89 are involved in receptor ’ ; : o

affinity. To identify which of these seven amino acids is ;e%eua:orrs(,)éirﬁ uztsecé'z;agf?n?&igf ;ﬂg'?éistza;rgzehﬁr%ﬁe
involved, they were each changed to alanine except for Ala84 mgelanoezortin rece t(?rs Also listed in Table 4 arekh

and Pro88. The five variant proteins were expressed usingValues for the sli?e-s .ecific aoouti variants Thlegp%nl

a baculovirus system and partially purified by S Sepharose mutation that significgntly affe?:ts activity at. MC1-R isy

chromatography (Figure 4). Agouti protein concentration . . ; g
was estimated by a combination of SBBAGE and BCA VaI83AIa, the.K. app for this variant Is mcreaseq .13'f°|d
relative to wild-type agouti. Conversely, activity was

aszgﬁe site-specific mutations were made in mouse agoulti decreased 510-fold relative to wild-type agouti at MC3-R
P . " P, > agoull, 54 MC4-R for all of the agouti variants except Pro87Ala
we wanted to analyze their ability to inhibit ligand binding agouti

to the mouse melanocortin receptors. HEK 293 cells stably
expressing mouse MC3-R, MC4-R, or MC5-R were gener- DISCUSSION

ated, while BgFio cells were used for mouse MC1-R. As

described for the human melanocortin receptors, clones were Lu et al. (1994) observed that the agouti protein, whose
selected based on their ability to bin#*]-NDP-o-MSH, overexpression in mice leads to obesity and hyperinsulinemia,
and the number of receptors per cell was estimated byis a potent antagonist of the MC4-R. This, coupled with




Agoulti Protein Inhibition of Melanocortin Receptors Biochemistry, Vol. 36, No. 8, 19972089

the fact that melanocortin peptides mediate steroidogenesis, mouse  Val83 Ala84 Arg85 Pro86 Pro87 Pro88 Pro89

lipolysis, and thermoregulation (Schwyzer & Eberle, 1977; human Val Arg  Thr

Di Wied & Jolles, 1982; O’Donohue & Dorsa, 1982; Ficure6: Comparison of amino acids Val8®ro89 in mouse and
Ramachandran, 1987; Chretien, 1974; Murghswl., 1983; human agouti proteins.

Martin et al., 1990), indicates that the disease state may be

hmedle}ted thr??gh a melanoco;'_un receggc:;(sg. Thle hum;\nobesiMdiabetes cannot be identified based on agouti protein
omologue of the mouse agouti gene (85% homology wi .affinity alone. This will have to await the generation of small

]E:otnse(rjv?twte chingesz h?S 1%%3” cl$2§d|and IS expreiﬁed 'Mholecule antagonists or mutant agouti proteins which are
at and tes es (Kwort al, : ): Nis leaves open he highly specific for one of these receptors and can be
possibility that altered agouti expression or altered regulation introduced into the appropriate animal model. With the

OT the agout p"?“hway Is also mvolyed in human qbesny an(,j generation of such a variant agouti protein as the goal, the
diabetes, making the melanocortin receptors prime physi-yeqion of the agouti protein necessary for melanocortin
ological targets for d|sease_therapy. . Here we re_m_)gpp binding inhibition was localized through the use of deletion

values for human and murine agouti protein inhibition of - onqtrycts. The carboxyl-terminal region of the agouti

ligand binding to melanocortin receptors to elucidate which protein (Val83-Cys131) retains full inhibitory activity at the

receptor(s) might be involved in agouti protein-induced p ,man MC1-R. MC3-R. and MC4-R’s (MC1-R MC4-R
diabetes. We have also identified some of the amino acids -, MC3-R). Th,is is Con,sistent with previous data showing

in _a_gouti that are _responsible for melanocortin receptor {hat this region is fully active against the mouse MC1-R
affinity and selectivity. (Willard et al, 1995). The slight decrease in activity for
Both mouse and human agouti proteins inhibit ligand Abasic and the large decrease ®E€-term are consistent
binding to the melanocortin receptors with the same order with the C-term fragment having full activity, asbasic is
of selectivity (MC1-R> MC4-R > MC3-R > MC5-R) and missing only a few C-term residues whitC-term is lacking
affinity except that the, 4, for the human protein at the  almost the entire region. The fact that removing a few amino
human MC1-R is approximately 10-fold higher than that for acids in C-term results in a loss of activity while having only
the mouse protein at the same receptor. Mouse agoutia few residues of this region results in significant residual
inhibits binding of }?4]-NDP-a-MSH and cAMP accumula-  activity suggests that some or all of the residues, Val83
tion induced byo-MSH at mouse MC1-R with similar  Pro89, interact with the receptor. On the other hand, it is
potenciesK spp = 1.9 and 0.9 nM, respectively; Blanchard possible that the decreased activity/dfasic is simply due
et al, 1995;K, .pp for adenylyl cyclase activatior 0.3 nM; to a protein structural change induced by the juxtaposition
Lu et al, 1994). This is not the case at MC4-R. We report of Asn56 and Pro86 rather than the absence of amino acids
a K app Of 59 NM for agouti inhibition of binding to human  Val83—Val85. However, the significant remaining affinity
MC4-R, while Luet al. (1994) reported an increase in the 0f AC-term for MC1-R K app = 230 nM from Table 1)
EGso value fora-MSH activation of adenylyl cyclase through ~ favors the former hypothesis. Furthermore, the factA@t
MC4-R with the addition of only 0.7 nM agouti protein. term inhibits ligand binding to the melanocortin receptors
Perhaps binding of the agouti protein changes the equilibrium With the same order of potency as the wild-type protein
between active and inactive MC4 receptors, allowing it to indicates that the observed receptor selectivity is also due
be a better functional antagonist. letial. (1994) did not  in part to residues Val83Pro89. Indeed, the retained
observe a similar increase in Efor o-MSH at MC3-R receptor specificity is further evidence that this protein
with the addition of 0.7 nM agouti. We have shown that interacts in a manner similar to the wild-type protein, and
agouti inhibits ligand binding at MC4-R only-2-fold better ~ does not have a grossly altered protein structure.
than at MC3-R. The small difference in agouti affinity for ~ T0 confirm that the region of agouti, Valg3ro89, is
MC3-R and MC4-R indicates that agouti may also antagonize important for inhibition of receptor binding, each of these
cAMP production through MC3-R at only slightly higher residues was changed to alanine except for Ala84 and Pro88.
concentrations than for MC4-R. For this reason, the MC3-R Pro88 was not altered because it is not conserved between
should be included as a potential candidate for a receptorth® mouse and human agouti proteins (Figure 6) which bind
mediating the effects of agouti protein overexpression. the me_lanocortln receptors with similar affinities. Three of
Indeed, the expression of both MC3-R and MC4-R in the the variant agouti proteins, Arg85Ala, Er086AIa, and Pr089A_Ia,
hypothalamus, which regulates thermogenesis and feedingVeré expressed at low levels which can correlate with
makes these receptors good prospects for being biologicalMProper folding (Figure 4). We believe that the proteins

mediators of agouti-induced obesity and diabetes (Roselli- @€ folded correctly, however, and that the low expression
Rehfusset al, 1993; Mountjoyet al, 1994; Lowet al, is due instead to a problem with the baculovirus expression

= i ) system (these three proteins were expressed separately from
;ggj;s Qlljt?rc])uagg 255325"5;5 g;%szrgi[;rése;i[%ealﬁvant Val83Ala and Pr08_7AIa agouti protei_ns)._ The datg that
1994), we observed only weak inhibition of binding to this SUPPOIt correct folding for these agouti variants are (i) they
receptor by agouti proteirk{ app > 1 M), consistent with inhibit ligand binding at MC1-R S|gn|f_|cantly better than at
previously published results (Let al, 1994; Boston & Cone, I\RAC3F-1!T %n(?j_'\il(fg'RI\Iﬁ'ég‘zg”(K('jamCWz:Rl'?’_g'% aLMChl-
1996). In addition, it is not likely that agouti is an extremely » WhiIE 5. £~ at ~an ), and (i) they have
abundant protein, as we were unable to detect it by Westernessentlally wild-type activity at MC1-R (Table 4). The
Blot analysis of A and transgenic BAPaKlebig et al.,

1995) mouse tissues including muscle, adipose, skin, and_ > The mouse agouti cDNA was placed under the transcriptional
' ! : control of the ubiquitougs-actin promoter in a transgenic mouse.

liver (unpUb_“Shed resu_lts)- This makes it unlikely that Northern Blot analysis indicated that large amounts of agouti message
MC5-R mediates agouti effects. were produced in tissues including muscle, liver, adipose, and skin.

The melanocortin receptor(s) important for agouti-induced
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decreased ability of four of the five site-specific agouti
variants to inhibit ligand binding to some or all the
melanocortin receptors indicates that this region does contain
determinants for receptor affinity and selectivity. For
example, the increase iK; app for binding inhibition at
MC1-R for Val83Ala agouti Ki app mufKi app wt = 13)
indicates that Val83 is an important binding determinant for
this receptor. Arg85, Pro86, and Pro89 are important for
selective inhibition of binding between MC1-R and MC3-R
and MC4-R as their apparer, values are essentially
unchanged at MC1-R, while they have increased 8-fold
relative to wild-type protein at MC3-R and MC4-R.

We have reported, o, values for agouti inhibition of
ligand binding to the melanocortin 1, 3, 4, and 5 receptors,
and have localized four amino acids necessary for receptor
affinity and selectivity. Future experiments will include
generating agouti mutants with even greater selectivity
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