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Melanocortin Receptor Binding Determinants in the Agouti Prdtein
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ABSTRACT. The agouti protein plays an important role in the development of diabetes and obesity in rodents
and has been shown to be a potent antagonist of melanocortin receptors. For this reason alanine-scanning
mutagenesis was performed on the agouti protein carboxyl terminus to locate residues important for
melanocortin receptor binding inhibition. When agouti residues Arg116 and Phel118 are changed to alanine,
very large decreases in agouti affinity for melanocortin receptor 1, 3, and 4 result. Mutation of Phell7
to alanine causes a similar increase in ag#uti,, at melanocortin receptor 4. Substitution of agouti
residue Asp108 with alanine results in large increasé&s ip, for all three melanocortin receptors examined.

All of these residues are conserved in the agouti-related transcript, ART, whose expression is up-regulated
in animal models of obesity. The three-dimensional structure of the agouti carboxyl terminus was modeled,
and residues which decrease receptor binding by a factad6fwhen mutated to alanine localize to one

side of the structure. These agouti variants with altered receptor selectivity may be useful in determining
the role of melanocortin receptors in diabetes and obesity.

Dominant mutations at the agouti locus result in yellow- expression may occur through altered signaling of other
haired mice that become obese and hyperinsulinefitic (  melanocortin receptor family members, as these receptors
3). These mutations are all in the regulatory region and causeare expressed in tissues involved in energy regulation such
ectopic expression of the wild-type agouti protein. The as brain, adipose, and muscle-(11). Furthermore, mice
murine agouti gene encodes for a 131-amino acid secretedwhich lack the MC4-R gene show an obese/diabetic pheno-
protein expressed in the skin. During hair growth, agouti type similar to that of mice which display ubiquitous up-
functions to regulate coat coloratiod)( and the abnormal  regulation of agouti protein expressiob2). In addition,
expression of the agouti protein causes the yellow phenotype.agonists of MC3-R and MC4-R inhibit feeding, whereas
Ubiquitous expression of the agouti protein also causesantagonists of these receptors stimulate feedir8). (
diabetes 4, 5), suggesting that ectopic agouti protein has a It has been demonstrated that the carboxyl terminus
role in altering metabolic regulation. Research examining (Val83—Cys131) of the mouse agouti protein is as equally
the mechanism of action of agouti may lead to a better potent an antagonist of CAMP production induced by MCR-1
understanding of the causative factors of diabetes and obesityas the full-length proteinld). Furthermore, the carboxyl-

The murine agoulti protein is a paracrine signaling molecule terminal cysteine residues are necessary for full biological
that regulates coat coloration through competitive antagonismactivity, while part of the lysine-rich basic domain is

(Ki apgt = 1 nM) of a-melanocyte stimulating hormone{ dispensable for normal functiof¥). We performed alanine-
MSH) binding to its seven-transmembrane receptor (MC1- scanning mutagenesis on the agouti carboxyl terminus to
R) (4, 6). Agouti protein antagonism prevents teéVISH- identify the specific amino acids important for inhibition of

mediated increase in intracellular cAMP that results in the melanocortin receptors 1 and-3. Residues involved in
cell switching from production of black pigment, eumelanin, discrimination between the melanocortin receptor subtypes
to yellow pigment, phaemelanid, We hypothesize that  were also identified, and these agouti variants may be useful
the obese/diabetic phenotype induced by ectopic agoutiin deciphering the role of individual melanocortin receptors
in agouti-induced diabetes and obesity. A model of the
TK.G.M. is supported by a Wellcome Trust Senior Research agouti carboxyl terminus based on theconotoxin and
Fellowship and the Health Research Council of New Zealand. w-agatoxin structures indicates that all residues which
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melanocyte stimulating hormone. in the carboxyl terminus as describell7). The accuracy
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of the agouti coding region was confirmed for all the

constructs by Tag Dyedeoxy cycle sequencing using Am-
plitag polymerase to synthesize DNA chains terminated by

Kiefer et al.

KI app

ICs/(1 + [[**ANDP-0-MSHI/Kp, 500 (2)

CAMP Assays B cells were plated as described above

fluorescent dye-labeled ddNTPs (GlaxowWellcome Sequenc-and then incubated with 0.1 nM ND@MSH and agouti
ing Facility). The variant agouti proteins were expressed protein in the same mediumrfd h at 37°C (total volume

using the baculovirus Bac-To-Bac systeh8)((Gibco BRL).
To express the agouti proteiri&jchiplusia nicells (16 cells/
mL) were infected (MOE= 2) with the agouti recombinant
baculovirus and cultured for an additional 24- 48 h [120 rpm,
27 °C in Ex-Cell 405 media (JRH Biosciences) plus/ud
mL gentamycin].

Purification of Agouti Proteins.Wild-type agouti protein
was partially purified £80%) from theT. ni media on a

= 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
with scintillation proximity assay using a commercially
available kit (Amersham, Arlington Heights, IL). Data were
fit to eq 3 in which by is the amount of cAMP in the
absence of agouti protein, | is agouti protein, and Y2 is a
constant.

Poros-20 HS cation-exchange column and subsequently
dialyzed into phosphate-buffered saline (PBS) as described picomoles of cCAMP= (b, JI)/(IC 5, +[I]) + Y2 (3)

(16). The site-specific agouti variants were purified50—

90%) by S Sepharose cation-exchange chromatography. Two Construction of an Agouti Homology Modeh homology
milliliters of the S Sepharose resin equilibrated in PBS was Model was built for the carboxyl terminus of the agouti

gently shaken with 150 mL of the agouti-containiiigni

protein (residues 92125) based on the structures of

media for 45 min. The chromatography matrix was trans- @-conotoxin GVIA (19) and w-agatoxin IVB @0) as

ferred to a plastic disposable column (056 5 cm).
Typically, the column was washed with 0.5 M NaCl and 50

mM HEPES at pH 7.5, and the agouti proteins were eluted , ¢,r«

with 1 M NaCl and 50 mM HEPES at pH 7.5. The agouti
charge variants, Arg85Ala, Arg96Ala, and Arg125Ala, were

eluted from the S Sepharose column with the high-salt wash. agouti

determined by NMR. The alignments used for construction
of the model are as follows:

C-KSZGSSC SZTSYN CC - - - RSCNZYT - - - -KRCY

0-AgalVB  EDNCIAEDYGKCTWGGTKCCRG- RPRCRCSMIGTNCECTPRLIMEGLSFA

C-VATRDSC KPP APA CCDPC ASCQCRFFGSACTCRVLNPNC

For this reason, the wash was skipped, resulting in less pure

samples. NaCl was removed from protein samples by PD-

While the NMR structures show the same general fold,

10 (Pharmacia) gel filtration chromatography in PBS. The @-CgTx was specifically used as the basis for the agouti
agouti protein concentration was determined by first estimat- model for residues 92106 andw-AgalVB was used for

ing the percentage of agouti protein present in a sample (50
90%) by visual examination of an SB®AGE gel stained

residues 106125. Once the initial model was constructed,
multiple side chain rotamers were examined followed by 200

with ProBlue (Integrated Separation Systems). This percent-Steps of conjugate gradient energy minimization.

age was then multiplied by the total protein content measured

in triplicate by BCA assay (Pierce) using bovine serum

RESULTS

albumin as the standard and normalized to a sample Alanine-Scanning Mutagenesis of the Agouti Carboxyl

containing a known concentration of wild-type agouti protein
(14).

Melanocortin Receptor Clones and Cell CulturBsgFio
monolayers were cultured as previously describéil (
Human embryonic kidney (HEK) 293 cell lines (ATCC)

Terminus. The carboxyl terminus (Val83Cys131) of the
mouse agouti protein is as equally potent an antagonist of
MCR-1 as the full-length proteiril@l). To determine which
amino acids in the carboxyl terminus of the mouse agouti
protein are important for inhibition of binding to melano-

stably expressing mouse melanocortin receptor 3, 4, or 5 werecortin receptors 1 and-35, site-directed mutagenesis was

prepared and cultured as previously descridEgdq. (
Binding Assays.BigF10 monolayers were plated at 31
day) or 2.5x 10* (2 days) cells/well before use. HEK 293

performed on full-length agouti to replace individual residues
with alanine or glycine. Alanine was used in most cases
because it can be expected to cause minimal perturbation in

cells stably expressing one of the mouse melanocortinthe folding of the protein, due to its small size and its

receptors were plated at A0ells/well 2 days before use.
K, app Values for agouti protein inhibition of receptor binding
were determined by incubating cells with0.1 nM [**4]-
NDP-a-MSH [prepared as describetid)] and agouti protein
(0—2.8uM) in a medium containing 25 mM Hepes (pH 7.5)
and 0.1% BSA fo2 h atroom temperature (total volunye
100uL). After incubation, samples were cooled on ice and
the medium was removed by rapid aspiration. Scintillation
cocktail (125uL) was added, and bound radioactive ligand

presence in both buried and exposed positions in proteins
(21, 22.

Agoulti protein competes with the high-affinity-MSH
analogue, NDRx-MSH, for binding to melanocortin recep-
tors. BigFio cells expressing high concentrations of MC1-R
(23, 24 and HEK 293 cells stably expressing mouse MC3-
R, MC4-R, or MC5-R were used for these assays. These
melanocortin receptor-expressing cell lines have been char-
acterized for PAINDP-a-MSH binding and agouti inhibition

was measured using a Wallac 1450 Microbeta Plate counter.(6, 17). Wild-type agouti inhibition of ligand binding to

Data were fit to eq 1 in whicbmaxis the amount of specific
[**M]NDP-a-MSH bound in the absence of agouti protein
and | is agouti protein. 163 values were converted t app
values using eq 2.

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

these melanocortin receptors is shown in Figure 1. The
relative ability of mouse agouti protein to inhibit ligand
binding to the mouse melanocortin receptors is MC®R
MC4-R > MC3-R > MC5-R. 1G5 values were calculated
by curve fitting using a nonlinear regression algorithm and
eq 1. K, app values (Table 1) were calculated with eq 2 and
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12 o described above for the wild-type protéiftheK; 45p values

for all the agouti variants are summarized in Table 1. Due
to the highK, 4 value (1200 nM) for wild-type agouti
binding inhibition at MC5-R, the exact increase in gy,
value for the agouti variants at this receptor was not
determined. The increases ¥ .y, Values for the agouti
variants at MC1-R, MC3-R, and MC4-R relative to that of
the wild-type protein are depicted in Figure 2. Very large
decreases in agouti affinity for melanocortin receptor 1, 3,
and 4 K app mufKi app wt > 40) result when residues Argl116
and Phel18 are changed to alanine. Replacing Phel17 with
alanine causes a very large increasKiig,, value at MC4-R

(Ki app mufKi app wt= 63), but has only small effects at MC1-R
and MC3-R K| app mufKi app wt ~ 5). Substitution of agouti
FiGure 1: Mouse agouti inhibition of'P4JNDP-a-MSH binding residue Asp108 with Ala results in large increase&igyp

to cells stably expressing the mouse MC1-R, MC3-R, and MC4- yaative to that of wild-type agouti~15-fold) at all three

R. Curves are representative of the two to four experiments : . .
performed, and each point is the mean of duplicate experimental melanocort|n receptors examined. In contrast, Pro86 is more

values. The ordinate is expressed as a fraction of the total specificimportant for inhibition at MC3-R and MCA4-R than at
binding. 1G values were calculated by curve fitting using a MC1-R asK| app mulKi app wt for Pro86Ala agouti is 915 at
nonlinear regression algorithm and eq K, ., values were  MC3-R and MC4-R but only 1.4 at MC1-R. Similarly,
calculated with eq 2 and are listed in Table 1. changing Ser112 to glycine has a larger effect at MC3-R
(K app mufKi app wt = 17) than at MC1-R and MC4-R<( app
mufKi app wt = 5). The substitution of Thrl23 to glycine
increaseK app mufKi app wt Dy @ factor of 8-15 at MC1-R

14
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Table 1: Mutant Agouti Protein Inhibition of ]NDP-a-MSH
Binding to Melanocortin Receptors

K app (NM) and MC3-R but only by a factor of 2 at MC4-R.

MC1-R MC3-R MC4-R MCS-R Mouse agouti inhibits binding of-f]NDP-a-MSH and
wild type 2.6(0.83 190 (74) 54 (18) 120boo (340)  cAMP accumulation induced by-MSH at mouse MC1-R
Val83Ala 33(5) 1200 (430)  240(90) >wt with similar potencies =1.9 and 0.9 nM, respectivel
Arg8SAla 34 (1.5 1100 (3%0) 810(65) ~wt (6)]. The at?ilit of th(}a{ lgp% ti point mutants to aﬁJﬂta on'ye
Prog6Ala 3.7(0.8) 2900 (1800) 470 (160)>wt : o gouti point mu antagoniz
Pro87Ala 3.3 170 90 +¢ CAMP production induced by 0.1 nM ND&-MSH in BigF10
Erogiﬁ:a i-g Eg-gg ﬁgg Eiégg gég Egg >W: cells was similarly analyzed. Indeed, tKgap, values for

ro a . . > Wi . S e
Valo3Ala 25(0.2) 400 (200) 65 (16) + inhibition, (_:alculated from eq 2 and Fhe_ Evalue of 0.1
Arg96Ala 9.9(0.2) >3000 450 (130) >wt nM determined for NDRx-MSH, are within a factor of 3 of
Ser98Ala 2.8(0.1) 920 (250) 150 (36) >wt the correspondingK a5 values for inhibition of ligand
Lys100Ala 38 220 110 (28) + binding listed in Table 1 (data not shown). The wild-type
Prol01Ala 5.8 210 180(3) + . ind iter basal rati f CAMP
Prol02Ala 59 240 58 (10) + agouti protein does not alter basal concentrations of ¢
Prol04Ala 4.3 120 81(2.5) + in BigF1o cells 6). Similarly, the amount of cAMP ac-
fSSpllggﬁlla 32 g4) >30?go 9f80(4(183)0) iwt cumulation in BgF1o cells observed in the presenceu)
ro a . H H )

Ser112Gly 13 (1) 3200 (52) 250 (85) >wt or abs_e_nce of the agout_l point ml_J'Fants remained constant.
GIn114Ala 9.3(0.6) 250 (49) 88 (39) >wt Additional Mutagenesis at Positions 11%618. As re-
Argll6Ala >1900 (140) >8000 >7100 >wt placement of Argl16, Phell7, and Phell8 with alanine
Phell7Ala 19 (2) 820 (150) 3400 (1300ywt N >40- ; i affini
Phell8Ala 640 (34) >B8000 2200 (850) 2wt {ﬁslults in t'40 fold tdecrease; |ndagc()jlg['|t. aff|r|1|ty f_or the'd
Ser120Ala 12 (0.5) 390 (180) 92 (48) + elanocortin receptors examined, additional amino acic
Thr123Gly 20 (2.5) 2900 (470) 82(19) >wt substitutions were made at these positions to confirm their
Crgllllggé:a 12 81; 1388 gzgg 228 E‘ﬁg >W: role in melanocortin receptor binding inhibition. Arg116 was
Leul27Phe 15 (4) 1500 (500) 400 (200)-wt replaced with glg.tamlne, h|s_t|d.|ne, and lysine to dete_rm.m.e
Asn128Ala whether the positive charge is important for receptor inhibi-
Asn128Ala tion. TheK; 4 values for these agouti variants are sum-
Prol29Ala 4.9(0.2) 350 (130) 100(2) + i i iti i
A 130A 55 (0.7) 320 (40) 160 (15) + marized in Table 2. It appears that the positive charge is

important, as the ability of the agouti variants to inhibit
e;s:g‘t”e%a;?oi:r?\:v‘éat'ge; )?fxreepr‘i)ggggg”}(me Figli’;”i‘sserz gt”e‘i Wergyinding to all three receptors improves as the positive charge
?han that of wild-type agouti, t?ut could not béag‘()eterminedgdue to the O the side chain increases (Arglll'GLysAr9116H|s >,
high concentrationt The K, o, value could not be distinguished from ~ Arg116GIn > Argl16Ala). Substitution of Phell7 with
that of wild-type agouti. tryptophan results in wild-type activity at MC1-R and MC3-R
and, surprisingly, 6-fold increased activity at MC5-R relative
the Kp app values for [29]NDP-a-MSH binding published  to that of the wild-type protein. Activity is increased for
previously (7). this protein at MC4-R relative to Phel17Ala agouti, but not
Variant agouti proteins containing a single alanine or restored to wild-type levelK( app mu/Ki app wt = 14). Sub-

glycine mutation were expressed using the baculovirus stitution of Phe118 with tryptophan restores wild-type activity
system and partially purified from media by S Sepharose
chromatography. The ability of these mutant agouti proteins 2t has been demonstrated previously that contaminating proteins
to inhibit melanocortin receptor binding was analyzed as in the agouti preparations do not interfere with the asday. (
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FiIGURE 2: Histograms showing the effect df .y, at mouse melanocortin receptor 1 (A), 3 (B), and (C) for alanine substitutions
scanned over the carboxyl terminus of the mouse agouti protein. Valu€s@fmu{Ki app we Were calculated from data in Table 1.

at MC1-R, MC3-R, and MC4-R. Similar to Phell7Trp Modeling of the Agouti Carboxyl Terminusihe agouti
agouti, activity for this protein has increased at MC5-R protein carboxyl terminus was modeled to determine the
(Ki app mulKi app wt = 0.11). spatial arrangement of the residues implicated in binding
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Table 2: Effects of Substitutions at Positions £16.8 on Agouti
Protein Inhibition of {?4]NDP-a-MSH Binding to Melanocortin
Receptors

Kiapp (NM)

MC1-R MC3-R MC4-R MC5-R
wild type g 1 1 1
R116A >650 >42 >130 >1¢
R116Q >240 >21 >74 >1
R116H 50 21 >54 >1
R116K 30 16 20 >1
F117A 6 4 63 >1
F117wW 1 0.5 14 0.17
F118A 220 >42 41 >1
F118W 0.5 1 1 0.11

aValues and standard error for wild-type agouti protein as reported
in Table 1. Ratic= K| appw/Kiappwe Standard error values for the agouti
mutants are<40% except for F118W at MC1-R (809K app mul
K app we ¢ The mutank; a5pvalue is greater than that of wild-type agouti
but could not be determined due to the high concentration.

inhibition. We used the fact that the spacing of the 10
cysteine residues in the carboxyl terminus of the agouti
protein is characteristic of the “cystine knot” family of
proteins £5) and is homologous to that of snail and spider
neurotoxins 26). The w-conotoxin GVIA contains 26
residues with 3 disulfide bonds, and theagatoxin IVB has

48 residues and 4 disulfide bond87). All 10 cysteine
residues in the agouti carboxyl terminus are disulfide-bonded
(14). The NMR structures ofw-conotoxin GVIA and
w-agatoxin IVB have been solvedq, 20 and are remark-
ably similar despite low sequence homology. A homology
model of residues 92125 of the mouse agouti protein was
built on the basis of thew-conotoxin andw-agatoxin
structures (Figure 3A, B). This region contains 4 of the 5
disulfide bonds (9 of the 10 cysteine residues). In this

structure, residues which result in large increaseki . . . . ;
9 o mouse agouti protein built on the basis of teconotoxin and

(Ki app mulK app vt~ 15) when mutated to alanine are shown , aqatoxin structured9, 20. Residues that result in large increases
in purple, and those resulting in very large increases inK, app (K1 app mulKi app wt~ 15) when mutated to alanine are shown
(Ki app mulKi app wt > 40) are in yellow. These residues are in purple, and those resulting in very large increas@syb mu/

localized to one side of the agouti protein that encompassesKi app wt > 40) are in yellow. The purple and yellow residues are

; localized to one side of the agouti protein that encompasses slightly
slightly more than half of the total surface area. more than half of the total surface area. (B, bottom) A°1@@ation

of panel A.

Ficure 3: (A, top) Homology model of residues 9225 of the

DISCUSSION

Alanine-Scanning Mutagenesis of the Agouti Carboxyl expression were observed for Arg116Ala and the lowest for

Terminus. We have identified residues in the agouti protein
that are important for melanocortin receptor binding inhibi-
tion by systematically replacing carboxyl-terminal residues
with alanine. Of the 28 amino acids that were varied, 2
affected binding to MC1-R and MC3-R and 3 affected

Argl16Lys agouti. Itis also unlikely that Phell7Ala agouti
is improperly folded, as it has near wild-type activity at
MC1-R and MC3-R. Mutation of Phel18 to tryptophan
results in a decrease rather than an increag i relative
to that of wild-type agouti protein at MC5-R {Jold),

binding to MC4-R by factors of 40-fold. These mutations indicating that Phe118 is an important binding determinant.
are a basic residue (Arg116Ala) and two large hydrophobic Furthermore, all of the amino acids which decrease receptor
residues (Phell7Ala and Phell8Ala). There is evidencebinding inhibition by >15-fold when mutated to alanine
besides the large decreases in activity that these 3 amindocalize to one side of the agouti homology modeled structure
acids are important binding determinants. For example, (Figure 3A,B). This suggests that they modulate binding
analysis of 3 additional agouti variants at position 116 by direct, or at least localized indirect, effects rather than
demonstrates that the positive charge is important for receptorthrough gross alteration of protein structure.

binding inhibition. The ability of the agouti variants, All residues except the 10 disulfide-bonded cysteines, the
Argl16Lys, Argl16His, Arg116GIn, and Argll16Ala, to alanines, and some residues that are not conserved between
inhibit binding to all three receptors improves as the positive mouse and human agouti proteins were altered. The cysteine
charge on the side chain increases. An alternative interpretaresidues were not mutated because disruption of any of the
tion of these data is that a positive charge at position 116 is 5 disulfide bonds might alter protein structure. Residues not
instead necessary for proper protein folding. However, this conserved between mouse and human agouti proteins were
is probably not the case as the highest levels of proteinleft unaltered, as both proteins inhibit binding to the
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