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Abstract. Dominant black coat color in sheep is predicted to beactivating mutations in MC1-R are acting downstreanne¥1ISH
caused by an allelEP at theextensiorlocus. Recent studies have stimulation by altering the receptor configuration itself, these are
shown that this gene encodes the melanocyte stimulating hormonesually not antagonized bggouti. This is the functional explana-
receptor (MC1-R). In mouse and fox, naturally occurring muta-tion why dominanextensioralleles tend to be epistatic even over
tions in the coding region of MC1-R produce a constitutively top dominantagouttalleles. In sheep, Lauvergne (1975) reported
activated receptor that switches the synthesis from phaeomelanthat dominant black was epistatic over aljouti alleles. This

to eumelanin within the melanocyte, explaining the black coatfinding supports the hypothesis that dominant black in sheep i
color observed phenotypically. In the sheep, we have identified @aused by a dominamixtensiorallele EP).

Met - Lys mutation in position 73 (M73K) together with a Asp In the present study, we describe the molecular and pharme
Asn change at position 121 (D121N) showing complete cosegreeological nature of two naturally occurring mutations in the coding
gation with dominant black coat color in a family lineage. Only the region of the sheep MC1-R that cosegregate with dominant blacl
M73K mutation showed constitutive activation when introducedcoat color. One amino acid change appears to activate the MC1-
into the corresponding mouse receptor (MMC1-R) for pharmacovia a mechanism not seen previously for this receptor (M73K),
logical analysis; however, the position corresponding to D121 inwhile a cosegregating change (D121N) may identify a residue
the mouse receptor is required for high affinity ligand binding. Thecritical for ligand binding. PCR-RFLP tests have been developec
pharmacological profile of the M73K change is unique comparedfor both mutations.

to the constitutively active E92K mutation in the sombre mouse )

and C123R mutation in the Alaska silver fox, indicating that the Materials and methods

M73K change activates the receptor via a mechanism distinct from

these previously characterized mutations. Animals. The animals used in this study are of the Norwegian Dala breec
of sheep. These animals are normally white, but there are examples ¢
entirely black individuals. As the animals get older, the wool of the black
Black coat color in sheep that is inherited in a dominant manner ighimals change into a more brownish color (Fig. 1A). The family material
known in a number of sheep breeds. Although it seems reasonabigpPresent the first or second generation after a black ewe. Altogether, 2
to assume that dominant black is caused by an allele abtten-  2'Mmals were tested, 9 black and 13 white (Fig. 18).

sionlocus EP), lack of the recessivextensiorallele €) makes it

complicated to establish tHe series in sheep by classical means Cloning and sequencingrhe complete MCI-R coding region of the
(Searle 1968). However, evidence for the presenc@’ojndE* in one white and one black sheep was amplified by E1 and E2 (Fig. 2). Thes
French sheep breeds has been reported (Lauvergne 1975). Mdpemers were designed based on the corresponding bovine sequen
recently, molecular studies have shown that ¢hxéensionlocus (Vanetti et al. ;9_94). Each PCR reaction was carried outin a t(_)tal volume
encodes the melanocyte stimulating hormone receptor (MC1-R§ 20 #l: containing 200 ng genomic DNA, 25 pmol of each primer, 200

. . . . M of each dNTP, standard buffer conditions and 2.0 U Tag polymerase
(Mountjoy et al. 1992; Robbins et al. 1993). The MC1-R is a G Genomic DNA was denatured for 3 min at 95°C, and PCR run for 40 cycles

protein-coupled membrane receptor that, when activated, modus 95°C for 15 sec, 65°C for 30 sec, and 73°C for 60 sec. Primers E2, E4
lates the switch from phaeomelanin to eumelanin synthesis in thgs' and E7 were used for direct sequencing of amplified DNA by using
melanocyte. ABI PRISM™ Dye Terminator Cycle Sequencing Ready Reaction Kit
Normally, MC1-R is activated by the binding of melanocyte (Perkin Elmer, Foster City, CA). Sequencing of tHeehd was carried out
stimulating hormone o-MSH). However, it has recently been using Dye Primer chemistry (Perkin Elmer).
demonstrated in mouse and fox that naturally occurring mutations
in the coding region of the MC1-R could give a constitutively pcR-RFLP at M73K PCR amplifications were carried out with primers
activated receptor in the absence of aafISH stimulation when  E3 and E6 in a volume of 20l containing 50 ng DNA, 10 pmol of each
tested in cell lines expressing the mouse MCL1 receptor (Robbins gfrimer, 200uM dNTP, standard buffer conditions @i U Taq polymer-
al. 1993; Vage et al. 1997). This functional change in the receptoase. Genomic DNA was denatured for 3 min at 95°C, and PCR run for 3
causes a similar intracellular responseca®SH binding, and  cycles at 95°C for 15 sec, 60°C for 30 sec, and 73°C for 30 sec. Fifieen
explains the dark coat color observed in animals carrying dominan@f the PCR-product was digested witfalll (CATG/) for 2 hours at 37°C
mutations. {/r:/ha 2(;#I rgﬁjc?on. D||Ig(|ast_ed DNA :v?hs s_e_p:grla:ta%c(i) (t))n fa 4% agta}roset %el
- . . . en the wild-type allele is present, the initial p fragment is cut by
R _IA_\hsecond gene tgrmelgfsuflls C!os?ly _|3tera;:t|_ngt\rllwtth MtCl' Nlalll into fragments of 118 _bp, 90 bp, 48 bp, 27 bp, anq 17 b‘p, respec
: IS gene encodes a - amino-acid protein that acts as Emely. If the M73K mutation is present, the PCR product is cut into frag-
antagonist of MC1-R by bIo_ckmg-MSH stlmulaglon (Bultm_an_et ments of 145 bp, 90 bp, 48 bp and 17 bp, respectively (Fig. 3A).
al. 1992; Lu et al. 1994; Miller et al. 1993). Since constitutively

_— PCR RFLP at D121NPCR amplifications were carried out with prim-
Correspondence taD.l. Vage ers E3 and E8 in a volume of 20 as described for the M73K polymor-
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Fig. 1. (A) Animals used in this study are of the
Norwegian Dala breed of sheep. These animals are
normally white, but there are examples of entirely
black animals. As the animals get older, the wool
of the black animals change into a more brownish
color. (B) The family material represents the first
and second generation after a black ewe.
Altogether, 22 animals were tested, 9 black and 13
white. Gray boxes indicate black animals, white
boxes indicate white animals. Both M73K and
D121N showed complete linkage with black coat
color.

M73K
El M13-cat gcc tgg gece gac att tgt +117-+97 forward
E2 ctc acc ttc agg gat ggt cta 1024-1043 reverse 69 70 71 72 73 74 75 76 77 78 79
E3 gtg cct gga ggt gtc cat ¢ 102-120 forward Allele E' :CTG CAC TCC CCC ATG TAC TAC TTC ATC TGC TGC
E4 caa gaa ccg caa cct gca ct 192-211 foward 2717c1e B :--- --- Ml o
E5 cca tgg tgt cca gcc tct 380-397 forward ete . : . A
E6 aag cag agg ctg gac acc at 382-401 reverse Allele E :Leu His Ser Pro Met Tyr Tyr Phe Ile Cys Cys
E7 ctc ttc atc acc tac tac aa 532-551 forward aj11ele E® :--- --- --- --- Lys --- --- fee eee eee e
E8 ggc cag gaa gag gtt gaa g 837-855 reverse
E9 ata ctt ggg cga gtg cag gtt gc 208-230 (mouse) reverse
E10 tac ttc atc tgc tgc ctg gcc 231-251 (mouse) forward

D121N

117 118 119 120 121 122 123 124 125 126 127

. . le E* : GAC AAT GTC ATT GAC GTG CTC ATC TGC AGC T
phism, except that the annealing temperature was set to 59°C and thétiele Gac ere GAC GTG CIC ATC TGC AGC TCC

extensiortime to 45 sec. Fifteepl of the PCR-product was digested with ~ Allele E° : --- --- IS
Msel (T/TAA) for 2 hours at 37°C in a 2Qul reaction. Digested DNAwas  Allele E' : Asp Asn Val Ile Asp Val Leu Ile Cys Ser Ser
separated on a 2% agarose gel. When only the wild-type allele is presenty11.1¢ &° -
the initial 754 bp fragment is not cut byisel. If the D121N mutation is

present, the 754 bp fragment is cut into fragments of 258 bp and 496 byig- 2. Mutations in the sheep MC1-R gene, showing the Meys
respectively (Fig. 3B). change at position 73 (M73K), and the AspAsn change at position 121

(D121N). The corresponding positions in the mouse sequence is 71 an
119, respectively. The complete coding sequence of the sheep MC1-R wi
Site-directed mutagenesishe M73K and D121N mutations were in- appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Database
troduced into the mouse MCL1 receptor coding sequence by polymerasgénder the accession number Y13965.
chain reaction. Since the sheep MC1-R is two amino acids longer than the
mouse MC1-R, these two mutations are referred to as M71K and D119N,

respectively, in the context of the mouse receptor. Two oIigonucleotidesReceptor expressiormhe mutated MC1-R was subcloned into the
were designed end to end to hybridize to opposite strands and amplify agcpNA 111 vector (Invitrogen, San Diego, CA) for expression studies.
entire pBS plasmid_ (Stratagene, La Jolla_, CA) containing the completq ,man embryonic kidney 293 cells were transfected withu20DNA,
mouse MC1-R coding sequence. One primer (E9) contained the M73K,qjng the calcium phosphate method (Chen and Okayama 1987). Selecti
change and the other was complementary to the wild type receptor (E10heqan 72 hours post-transfection in Dulbecco’s modified Eagle’s medium
Following PCR using Vent polymerase (New England Biolabs, Beverly, containing 10% newborn calf serum and 1 mg/ml geneticin.

MA), linear DNA were purified by agarose gel electrophoresis, ligated and

clonally isolated. The mutation, as well as the remainder of the mMC1-R,

were confirmed by sequencing using an ABI model sequencer. A previf3-galactosidase activity assaylEK 293 stable cell lines expressing
ously made mutation pD119N was used as a template to make the M71khe wild type mMC1 receptor and the receptor mutants were transfecte!
& D119N double mutation using primers E9 and E10 (Lu et al. 1998). with a pCREB-galactosidase (pCRE/gal) construct using the calcium

--------- --- Asn --- --- --- --- --- oo
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Results

We have amplified and sequenced the complete coding region ¢
the MC1-R gene in two sheep of the Norwegian Dala breed. On¢
of the animals was completely white, while the other was black
(Fig. 1A). In both animals we found one continuous open reading
frame (ORF) containing two additional amino acids compared to

= i?§ the corresponding mouse sequence (Mountjoy et al. 1992). In th
_ 90 black animal two replacement mutations were identified, a
p— ‘21?, Met- Lys at position 73 (M73K) and an Asp. Asn at position
- 17 121 (D121N) (Fig. 2). Both mutations could easily be tested by
PCR-RFLP using the restriction enzyniéslll (M73K) andMsel
(D121N) (Fig. 3A-B). The inheritance of these two mutations
were tested in a family comprising 22 animals segregating black
coat color (Fig. 1B). Both mutations showed complete linkage
with black coat color. The fact that the black animals were het-
erozygous at these two positions (73, 121), while the white animal
— were homozygous, is supporting our assumption of dominant in
2 — 74 heritance of the black coat color.
_ — 4% Both M73K and D121N were introduced into mMC1-R to test
— 258 the properties of the mutant receptors, since extensive pharmac

logical data exist already for the mouse receptor. The pharmacc
logical analysis revealed that the D119N mutation alone in the
context of the mouse MC1-R did not constitutively activate the
receptor. However, replacement of the aspartate residue at th
position with lysine, asparagine, or valine decreases ligand bindin
(E*/EP). Molecular sizes are shown to the right. DNA is amplified with affinity 10—100 fold (Lu et al. 1998). Consequently, we tested the
primers E3 and E6 and digested whitalll. When the wild-type allele is  effect of M71K alone, and M71K plus D119N together in the

present, the initial 300 bp fragment is cut into fragments of 118 bp, 90 bpmMC1-R. The M71K change alone potently activated the MC1-R

48 bp, 27 bp, and 17 bp, respectively. If the M73K mutation is present, thgg gpproximately 40% of maximal stimulation levels in the ab-
PCR product is cut into fragments of 145 bp, 90 bp, 48 bp, and 17 bp

12345

Fig. 3. (A) PCR-RFLP at M73KLane 1:¢X174 digested withHaelll.
Lanes 2 and 3: White animal€{E"). Lanes 4 and 5: Black animals

respectively.(B) PCR RFLP at D121NLane 1: X174 digested with
Haelll. Lanes 2 and 3: White animal&{E"). Lanes 4 and 5: Black animals
(E'EP). Molecular sizes are shown to the right. DNA is amplified with
primers E3 and E8 and digested witsel. When only the wild-type allele
is present, the initial 754 bp fragment is not cut Kgel. If the D121N

sence of ligand. Additionally, this receptor could be further acti-
vated to maximal levels by either-MSH or NDP-«-MSH (Fig.
4A-B). Competition binding studies showed that theJ@r the
M71K receptor was approximately four times lower than that of
the wild type receptor, indicative of an increased affinity for ligand

mutation is present, the 754 bp fragment is cut into fragments of 258 bp an{Fig. 4C). Introduction of the D119N change back into the M71K

496 bp, respectively.

single mutant resulted in a receptor with properties more reminis

cent of the mutations found in mouse and fox, in that mutations ir
these receptors reduced ligand efficacy. The addition of the D119}
phosphate method (Chen and Okayama 1987)g 4f pCRES-gal DNA  change reduced the extent of constitutive activation of the recepto

it L\:\/S:ri ‘;‘g”:ri";‘]rt‘sfggmllogl a elsov\‘;lm g:)sg 00(; tcoeg(s)' (%f(t)eéel”i :)Oerzjve'}f’;gz'reduced the efficacy of NDR-MSH 3-fold, and reduced the ef-
incubated until 48 hours post transfection. Cells were then stimulated Wm{lcacy ofa-MSH to undetectable levels (Fig. 4A,B). Furthermore,

different concentrations af-MSH and Ac-[NI€-D-Phée]-a-MSH (NDP- V_Vh'le “ga.nd was capab_le of a.Ctlv.atmg th? double mutant at suf
-MSH) diluted in stimulation medium (Dulbecco’s modified Eagle’s me- ficiently high concentrations, binding to this receptor could not be
dium containing 0.1 mg/ml bovine serum albumin and 0.1 mM isobutyl- detected using the less sensitive assay of ligand binding (Fig. 4D;
methylxanthine) for 6 hours at 37°C in a 5% ¢cubator. Aliquots of
cells were also stimulated by forskolin (20M) to normalize for transfec-
tion efficiency. After stimulation, cells were lysed in 50 lysis buffer

(250 mM Tris-HCI, pH 8.0, 0.1% Triton X-100), frozen and thawed, and . .
then assayed foB-galactosidase activity as described (Chen et al. 1995).'V|0|ecu"”lr studies in mouse, cattle, horse, and fox have shown th

B-galactosidase activity was normalized both to protein concentrations ang0St of the naturally occurringxtensionalleles are caused by

to forskolin (10pM) stimulated level. Data represent means and standardnutations within the coding region of MC1-R, and the dominant
error from triplicate data points and curves were fitted by nonlinear re-acting mutations have specifically been localized within, or in
gression using Prism software (Graphpad). close proximity to the extracellular portion of the 2nd and 3rd
transmembrane region (TM2 and TM3) (Robbins et al. 1993;
Klungland et al. 1995; Marklund et al. 1996; Vage et al. 1997). In

Ligand binding. Competition binding experiments were performed on ; : .
stable cell lines containing the wild type mMCL receptor or mutant recep-{N€ sheep, M73K is localized close to TM2 whereas D121N is

tors. Those cells were plated at 5 x*1@lls per well to a 24-well plate the  found within TM3. Additionally, both mutations cosegregated
day before the binding experiment was performed. The cells were thegompletely with black coat color in the family material. Based on
incubated for 45 minutes at room temperature in binding medium (1 mg/mthe segregation study and the localization, both M73K and D121\
BSA in Ca*/Mg** PBS) containing 30—100,000 cpm B1-NDP-aMSH (or the combination of the two) could explain the dominant black
per well. Series concentrations of unlabetetISH (Fig. 4C) or NDPe:- coat color in sheep.
IMt?l—ll znd“'MSHS(F'% 4D) Iwerfe used as.f'.”db'f:éﬁ?d to compete W&h the |n order to further analyze these results, both mutations wert
abeled NDPa-MSH. Controls of non-specific binding contain 1 or i introduced into the corresponding positions in the mouse MCI
of unlabeleda-MSH. After 45 minutes of incubation, the medium was . - -

feceptor for pharmacological analysis. The MC1-R is highly con-

aspirated and the cells were washed once with 1 ml of BSA/PBS (1 mg/m . o . RSP .
BSA in Ca*/Mg** PBS) per well. Later, 0.5 ml of Gibco's versin was used served, showing 84% amino acid similarity when comparing the

to transfer cells to test tubes for counting radioactivity. Data represenfh€ep and mouse sequence (Mountjoy et al. 1992). It was the
means and standard deviation from duplicate data points and curves wefévealed that the M71K mutation (M73K in sheep) alone was able
fitted by nonlinear regression using Prism software (Graphpad). to constitutively activate the receptor, while the D119N mutation

Discussion
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Fig. 4. Pharmacology of the M71K and M71K with D119N of the mouse and M71K mutants. Superpotent ligand NRFMSH further activates the
MC1-R. (A) a-MSH stimulation curves for the mouse MC1-R wild type M71K with D119N mutant to levels equivalent to maximal stimulation of
and M71K mutants. Both mutants result in constitutive activation of thethe wild type receptor by 1§ M NDP-«-MSH. Methods are as in A,
receptor. Wild type and mutant MC1 receptors are assayed by analyzingbove.(C, D) Competition binding curves for the mouse MC1-R M71K
their ability to activate expression of a cAMP-induc@egalactosidase and M71K with D119N mutants. Series concentrations of unlabeled
fusion gene. Cells stably expressing each receptor and transiently express-MSH (C) or NDP«-MSH anda-MSH (D) were used as indicated to
ing the fusion construct were stimulated th with medium alone, 1M compete with the labeled ND&-MSH. Conclusions about the relative
forskolin, or increasing concentrations @tfMSH (A), or NDP«-MSH IC5, values were only made when the same cold competitor was(@ed
(B), thenB-galactosidase concentrations were determined. Data points regNonspecific binding is determined as the counts bound in the presence c
resent means of triplicate determinations divided by maximal levels of10°° M cold a-MSH. Data are displayed as specific binding. Data points
B-galactosidase activity achieved by 1 forskolin stimulation to nor-  represent means of duplicate determinations and bars indicate standa
malize for transfection efficiency, and error bars indicate standard deviadeviations.

tions.(B) NDP-a-MSH stimulation curves for the mouse MC1-R wild type

(D121N in sheep) did not have this ability. Unlike most of the receptors. That is, the M71K mutant probably activates the recep
naturally occurring MC1-receptor mutations, including E92K andtor by increasing the stability of the high affinity activated state of
L98P mutations found in the mouse (Robbins et al. 1993; Cone ethe receptor. Since studies of the mMC1-R indicated that D11¢
al. 1996), as well as the C123R mutation found in the fox (Vage eposition (D121 in sheep) is involved in the high affinity ligand
al. 1997), M71K constitutively activates the receptor with slightly binding (Lu et al. 1998), it was not surprising that the M71K and
increased ligand affinity, while most other MC1-R mutants con-D119N double mutant showed no detectable ligand binding.
stitutively activate the receptors with decreased ligand efficacy and When M71K and D119N were introduced together (double
affinity. One mMC1 receptor mutation found in the tobacco mice, mutant), the extent of constitutive activation of the receptor was
S69L may have a similar pharmacological property as M71K inlowered and the efficacy af-MSH was reduced to undetectable
receptor activation (Robbins et al. 1993); however, this receptotevels. This negative effect on receptor activation could indicate
has not yet been characterized in detail. Considering the differerthat the D119N change is not critical for the black coat color
location and different pharmacological profiles of the M71 andobserved in sheep, and that M71K alone could give a simila
S69 mutations with E92K, L98P and C123R mutations, differentphenotype. The loss of ligand affinity is no longer a factor in
mechanisms for constitutive activation are indicated. receptor function, however, given that the receptor is already con
In recent studies, Lu et al. proposed a ligand-mimetic modelstitutively active. In the context of the melanocyte, the decrease i
for constitutive activation of the MCL1 receptor, which explains theligand binding affinity could impact the regulation of the receptor
constitutive activation of the receptor with lower ligand efficacy (e.g., desensitization).
and affinity (Lu et al. 1998). These mutations transform the re- In the sheep, severaboutialleles have been reported includ-
ceptor into its active form, R*, not by disrupting the internal con- ing white, which is suggested to be the top dominant allele
straint as proposed by rhodopsin studies (Robinson et al. 199ZAdalsteinsson 1970)Agouti alleles would normally be pheno-
Cohen et al. 1993) and the ternary allosteric model (Lefkowitz ettypically expressed only in the presence of the wild type allgfg (
al. 1993), but by indirectly mimicking ligand binding (Lu et al. at theextensiorlocus. The observed ORF in the white animal in
1998). Given the fact that both M71 and S69 are located close tthis study might therefore represent a functiodl allele, al-
the first intracellular loop of the receptor, a region indicated tothough this remains to be proved.
affect the protonation state of the aspartate residue in the DRY
sequence involved in G-protein coupled receptor activation, the
mechanism for constitutive activation of M71K is probably similar Acknowledgmentswe thank Dr. Stefan Adalsteinsson for useful discus-
to the other constitutive active mutations studied in the adrenergisions, and for providing the dominant black founder animal.
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