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Melanocyte-stimulating hormone (MSH) and adrenocorticotropic hormone (ACTH) regu-
late pigmentation and adrenal cortical function, respectively. These peptides also have a
variety of biological activities in other areas, including the brain, the pituitary, and the
immune system. A complete understanding of the biological activities of these hormones
requires the isolation and characterization of their corresponding receptors. The murine
and human MSH receptors (MSH-Rs) and a human ACTH receptor (ACTH-R) were cloned.
These receptors define a subfamily of receptors coupled to guanine nucleotide—binding

proteins that may include the cannabinoid receptor.

Proopiomelanocortin (POMC) is ex-
pressed primarily in the pituitary and in
limited regions in the brain and periphery.
It is processed into a large and complex
family of peptides with an array of biologi-
cal activities (1). The three major activities
of these peptides include regulation of ad-
renal glucocorticoid and aldosterone pro-
duction (through ACTH), control of mel-
anocyte growth and pigment production
(through o-MSH, B-MSH, B-lipotropic
hormone, and ACTH), and analgesia
(through B-endorphin). ACTH and the
opiate peptide B-endorphin are co-ex-
pressed in the anterior pituitary in response
to corticotropin-releasing factor. The or-
chestrated production of these two peptides
induces increased metabolism and analgesic
effects in response to stress. A number of
biological activities are attributed to the
melanocortins, ACTH and MSH, in tissues
other than the melanocyte and adrenal
cortex. Binding sites for ACTH and MSH
are found throughout the brain (2) where
they affect learning, memory, and attention
(3); a-MSH regulates temperature control
in the septal region of the brain (4) and
stimulates prolactin release from the pitu-
itary (5). Both peptides have numerous
immunomodulatory properties. For exam-
ple, a-MSH inhibits the inflammatory and
immunostimulatory actions of interleukin-1
on murine fibroblasts and thymocytes, re-
spectively (6). Receptors for the melano-
cortins in the nervous system and the im-
mune system also exhibit distinct pharma-
cological properties when compared with
those on melanocytes and adrenocortical
cells, which suggests the existence of mul-
tiple melanocortin receptors (2, 3, 6, 7).
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MSH and ACTH bind to receptors that
couple to heterotrimeric guanine nucleo-
tide~binding proteins (G proteins) that ac-
tivate adenylyl cyclase (8—11) and were
therefore expected to have sequence simi-
larity with other members of this large gene
family (12). A DNA fragment that encoded
part of the MSH-R was isolated by polymer-
ase chain reaction (PCR) (13) amplifica-
tion of cDNA from a human melanoma
that contained a large number of MSH
binding sites (14). Initially, we determined
by DNA sequencing that two PCR sub-
clones encoded G protein—coupled recep-

Fig. 1. (A) Functional expression of the murine
MSH-R. The x-axis indicates the concentration
of each hormone, and the y-axis indicates the
percent of basal concentrations of intracellular
cAMP- after each treatment. Points indicate the
mean of duplicate incubations, and the stan-
dard error did not exceed 15% for any data
points. Human 293 cells were transfected with
vector alone or vector plus the 2.1-kb MSH-R
cDNA with a calcium phosphate procedure
(29), and stable populations of transfected
cells were selected in medium containing G418
(Gibco). Cells (~1 x 108) were plated in six-
well dishes, washed once with Dulbecco’s
modified Eagle’s medium containing 0.1% bo-
vine serum albumin and 0.5 mM 3-isobutyl-1-

tors related to one another, and we also
determined by Northern (RNA) hybridiza-
tion analysis that these two clones were
expressed specifically in melanocytes and
adrenal cortex. We then used the subclone
expressed in the original melanoma sample
to screen a mouse cDNA library made from
the Cloudman S91 melanoma cell line
(15). All eight clones thus identified were
encoded by a single gene. A human genom-
ic library was also screened at high stringen-
cy with both human PCR fragments in
order to isolate the human MSH-R and
ACTH-R genes. Two different genes were
isolated that corresponded to the two PCR
fragments and were found to encode related
G protein—coupled receptors.

A 2.1-kb melanoma cDNA clone was
inserted into the pcDNA I-Neo vector (In-
vitrogen); we demonstrated that the clone
encodes an MSH-R with functional cou-
pling to the stimulatory G protein (G,)
(Fig. 1). We analyzed intracellular adeno-
sine 3’,5'-monophosphate (cAMP) con-
centrations in transfected 293 cells incubat-
ed with the melanotropic peptides a-MSH
and B-MSH; the MSH analog Nle*,
D-Phe’-a-MSH (NDP-MSH) (16); and
v-MSH and ACTH. None of these pep-
tides induced any change in the amount of
intracellular cAMP in cells that contained
the vector alone. Cells that expressed the
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concentrations of the melanotropic peptides shown (Bachem, Torrance,
California). After hormone treatment, the cells were washed twice with PBS,
and intracellular cAMP was extracted. The cells were lysed with 60%
ethanol (1 ml) and centrifuged to remove cellular debris, and the super-
natant was lyophilized. Intracellular cAMP concentrations were determined
with an assay (Amersham) that measures displacement of [5,8-3H]cAMP
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© Control ACTH-R-transfected

from a high-affinity cAMP-binding protein (30). No increase in the amount

of cAMP was detected after the same treatment of cells transfected with the vector that lacked the
MSH-R cDNA. (B) Functional expression of the human ACTH-R. Bar graph shows the elevation of
intracellular cAMP in Cloudman S91 melanoma cells transfected with vector alone (Control) or with
the expression vector containing a human genomic ACTH-R fragment (ACTH-R—transfected) in
response to a mock treatment (open bars) or 1 nM ACTH (solid bars). Each bar shows the mean and
standard error of duplicate incubations and is representative of three independent experiments. A
2.9-kb Acc I-Hind HI human genomic DNA fragment with approximately 200 nucleotides of
sequence 5’ of the apparent translational start site was inserted into the pcDNA |-Neo expression
vector. Cloudman S91 melanoma cells were transfected with this vector or the control vector with no
insert. Cells were selected in G418 (Gibco), stimulated with ACTH, and analyzed for intracellular
cAMP content as in (A).
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Fig. 2. (A) Amino acid sequences of the murine MSH-R, the human
MSH-R, and the human ACTH-R. Abbreviations for the amino acid
residues are: A, Alg; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle;
K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val,
W, Trp; and Y, Tyr. Polypeptide sequences were aligned with the
Genalign program, version 5.4 (Intelligenetics, Mountain View, California).
Amino acid identities among the melanocortin receptors or between the
melanocortin receptors and the cannabinoid (cannab.), bombesin, or
B,-adrenergic receptors (B,-ad.) are shaded. Predicted transmembrane
domains are numbered and indicated by a solid black line. The numbers
in parentheses indicate the number of amino acids that have been
deleted in order to align the sequences shown. The extracellular cysteine
residues and the fourth and fifth transmembrane domain proline residues
conserved in most G protein—coupled receptors are boxed. Putative
N-linked glycosylation sites in the melanocortin receptors are underlined.
We used PCR to generate fragments of the MSH and ACTH receptors,
which we in turn used to screen genomic and cDNA libraries for full-length
clones (37). The entire coding sequence of the human ACTH-R was found
in a 3.9-kb Hind Ill fragment, whereas the human MSH-R coding se-
guence was found in a 7.5-kb Hind Ill fragment. The human MSH-R and

RSPDFRIAFQELLCLRRSSLKAYGNGY- (59) 413

ACTH-R genes did not contain introns in the coding sequence; they were
colinear with the coding sequences of the mouse MSH-R cDNA and a
bovine ACTH-R cDNA (78). The predicted molecular sizes for the mouse
and human MSH receptors (~35 kD) are less than values reported from
biochemical characterization of the receptor (~45 kD) (32), which sug-
gests that glycosylation of these receptors occurs at consensus N-linked
glycosylation sites (Asn—any amino acid-Ser or Thr) present in the
NH,-terminus. The nucleotide sequences of the mouse MSH-R, the
human MSH-R, and the human ACTH-R have been submitted to the
GenBank/European Molecular Biology Laboratory database under acqui-
sition numbers X65633, X65634, and X65635. (B) Multiple sequence
alignment of melanocortin receptors and other representative members of
the G protein—coupled receptor family. Amino acid sequences were
obtained from the Protein Identification Resource (PIR) database and
aligned with the melanocortin receptors with the Pileup program, version
7.0, from the Genetics Computer Group analysis software (Madison,
Wisconsin) (27). The branch length is proportional to the similarity
between sequences, which suggests that the melanocortin and canna-
binoid receptors are members of a distinct subfamily of the G protein—
coupled receptors.

murine MSH-R responded to melanotropic
peptides with a two- to threefold elevation
of intracellular cAMP. The median effec-
tive concentration (EC,,) values deter-
mined for a-MSH (2.0 x 10~ M), ACTH
(8.0 x 107° M), and NDP-MSH (2.8 x
10~ M) correspond to reported values (7,
16). The B-MSH peptide had an EC,,
value comparable to that of a-MSH,
whereas y-MSH had little or no activity
(17, 18). Thus, this receptor is specific for
peptides with melanotropic activity.

One of the two human genomic clones
encodes a human MSH-R gene, whereas
the other encodes an ACTH-R that also
has functional coupling to G, (Fig. 1).
Intracellular cAMP concentrations were

examined in Cloudman S91 melanoma
cells transfected with the pcDNA I-Neo
vector with a 2.9-kb Acc I-Hind III ge-
nomic DNA fragment. Stimulation of these
cells with 1 nM ACTH produced a greater
than tenfold increase in intracellular cAMP
(Fig. 1). Stimulation of cells transfected
with the vector alone had no effect. The
Cloudman S91 melanoma cell line was used
because it was a more sensitive assay system
for ACTH-R expression; in initial experi-
ments we were unable to detect significant
amounts of ACTH-R expression in the 293
cell line. We have not yet determined ECs,
values for adenylyl cyclase activation by the
ACTH-R using the Cloudman cell line be-

cause the endogenous MSH-R is activated at
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concentrations of ACTH above 2 nM.
The coding regions of the murine MSH-
R, the human MSH-R, and the human
ACTH-R were sequenced, and the predict-
ed amino acid sequences were aligned with
three representative G protein—coupled re-
ceptors: the cannabinoid receptor (19), the
bombesin receptor (20), and the B,-adren-
ergic receptor (21) (Fig. 2). The human
MSH-R amino acid sequence was 76%
identical and colinear with the murine
MSH-R cDNA sequence, whereas the hu-
man ACTH-R was ~39% identical and
nearly colinear with the human MSH-R
(Fig. 2). A comparison of the MSH-R and
ACTH-R amino acid sequences with the
cannabinoid (~32% identity), B,-adrener-
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Fig. 3. Distribution of expression of mMRNAs for
the murine MSH-R, the human MSH-R, and the
human ACTH-R by Northern blot analysis (33).
We successively hybridized a single nitrocellu-
lose filter with human MSH-R (top), murine
MSH-R (middle), or human ACTH-R (bottom)
probes at moderate stringency to allow for
cross-reaction between human and rhesus se-
quences. Numbers on the left indicate the
migration of RNA size markers in kilobases
(BRL). Tissues used are as indicated. Adrenal,
and Liver, were from an 11-year-old rhesus
macaque, whereas Adrenal, and Liver, were
from a female rhesus macaque, 1.5 years old.
Human Melanoma, was the melanoma sample
used for the initial PCR amplification of the
MSH-R and ACTH-R receptor sequences.

gic (~30% identity), and bombesin (~25%
identity) receptors allows us to define the
melanocortin receptors as a subfamily of the
major G protein—coupled receptor gene
family. No primary amino acid sequence
homology was detected between the mel-
anocortin receptors and the glutamate (22)
or parathyroid hormone—calcitonin (23) re-
ceptor gene families. The melanocortin re-
ceptors are the smallest G protein—coupled
receptors identified to date (297 to 317
amino acids) because they have a short
NH,-terminal extracellular domain, a short
COOH-terminal intracellular domain, un-
usually short fourth and fifth transmem-
brane-spanning domains, and a small sec-

1250

Fig. 4. Localization of the ACTH-R mRNA to the adrenal cortex. Light-field (A) and dark-field (B)
micrographs (x60 magnification) of a section of the adrenal gland from the rhesus macaque
Macaca mulatta after hybridization of a human ACTH-R probe (34). Bright spots indicate areas of
hybridization. Letters indicate capsule (c), zona glomerulosa (g), zona fasciculata (f), zona
reticulata (r), and medulla (m).

ond extracellular loop. The melanocortin
receptors lack several amino acid residues
present in most G protein—coupled recep-
tors (12). These include the proline resi-
dues in the fourth and fifth transmembrane
domains, which are thought to introduce a
bend in the a-helical structure of the trans-
membrane domains and to participate in
the formation of the binding pocket (24),
and one or both of the cysteine residues
thought to form a disulfide bond between
the first and second extracellular loops (25,
26). Multiple sequence alignment of the
MSH-R and ACTH-R with 37 other G
protein—coupled receptors with a method
that groups sequences according to the least
difference between each pair-wise combina-
tion (27) suggests that the melanocortin
receptors are not closely related to the other
G protein—coupled receptors that recognize
peptide ligands, such as the receptors for
bombesin (20) or substance K (28). They are
instead most closely related to the receptor
for A9-tetrahydrocannabinol (19) and form
a subfamily distinct from the peptide and
amine receptors (Fig. 2). The cannabinoid
receptor also lacks the conserved proline in
transmembrane region V and the cysteine in
the first extracellular loop.

The MSH-R mRNA was expressed in
melanocytes, and the ACTH-R mRNA was
expressed in adrenal tissue (Fig. 3). The
murine MSH-R is encoded predominantly
by a single mRNA species of 4 kb (Fig. 3),
whereas the human MSH-R was encoded
predominantly by a 3-kb species in two
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melanoma samples (Fig. 3). Both the 3-
and 4-kb mRNA species were seen at ap-
proximately equal stoichiometry in two pri-
mary human melanocyte samples (18). Sev-
eral human melanoma samples and two
primary human melanocyte samples exam-
ined contained small amounts of MSH-R
mRNA (18). In contrast, the amount of
MSH-R mRNA was increased in some mel-
anoma samples tested (18) (Fig. 3).

Northern analysis of tissues from the
rhesus macaque performed under high strin-
gency conditions demonstrated the exis-
tence of a cross-reacting 4-kb ACTH-R
mRNA species specific to the rhesus adre-
nal gland (Fig. 3). The human ACTH-R
was encoded predominantly by a single
mRNA species of approximately 4 kb in the
human adrenal gland although several mi-
nor species were present as well (18). In situ
hybridization of a fragment of the human
ACTH-R to sections of rhesus adrenal
gland localized the expression of this recep-
tor exclusively to the cortex; no hybridiza-
tion to the medulla or capsule was apparent
(Fig. 4). In the cortex, ACTH-R expres-
sion was found primarily across the zona
fasciculata, the site of glucocorticoid pro-
duction, and in the cortical half of the zona
glomerulosa, the site of aldosterone synthe-
sis. A small band of hybridization was also
detected adjacent to the medulla in what is
probably the zona reticulata.

Southern (DNA) analysis of human ge-
nomic DNA hybridized at low stringency to
the human MSH-R probe indicated the
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existence of as many as five or six members
of the melanocortin receptor gene family
(18). The isolation of the MSH-R, the
ACTH-R, and perhaps additional melano-
cortin receptor genes should provide a more
detailed understanding of the control of
melanocyte and adrenal cortical function
and help explain the actions and pharma-
cology of melanocortins in the brain and
other tissues.
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1 M NaCl, 50 mM tris (pH 7.5), sodium pyrophos-
phate (0.1%), SDS (0.2%), 100 pg/ml salmon
sperm DNA, and x10 Denhardt's] at 42°C for 18
hours. Before rehybridization, the probe was re-
moved by incubation of the filter in 50% forma-
mide, 10 mM tris (pH 8), 1 mM EDTA, and 0.1%
SDS at 68°C for 1 hour. Ethidium bromide staining
of ribosomal RNAs confirmed that equivalent
amounts of intact RNA were loaded in each lane.

34. Adrenal tissue from a 1-year-old rhesus
macaque was fixed for 24 hours in formalin
(10%) in phosphate-buffered saline (PBS) and
then incubated for 24 hours in sucrose (30%) in
PBS. Sections (20 pm) were prepared and hy-
bridized with a 648-nucleotide 35S-labeled RNA
antisense probe complementary to the coding
sequence spanning transmembrane domains |
through VI of the human ACTH-R. Sections were
hybridized in 65% formamide in 0.26 M NaCl,
x1.3 Denhardt's, 13 mM tris (pH 8), 1.3 mM
EDTA, and dextran sulfate (13%) at 65°C for 18
hours.

35. We thank S. Reichlin and J. Tatro for human
melanoma samples, C. Passavant for the human
genomic DNA library, R. Halaban for primary
murine and human melanocytes and helpful dis-
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for rhesus macaque tissue samples, and J. Shiigi
and J. Tasnady for technical assistance in the
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Target Enzyme Recognition by Calmodulin: 2.4 A
Structure of a Calmodulin-Peptide Complex

William E. Meador, Anthony R. Means, Florante A. Quiocho*

The crystal structure of calcium-bound calmodulin (Ca2*+-CaM) bound to a peptide analog
of the CaM-binding region of chicken smooth muscle myosin light chain kinase has been
determined and refined to a resolution of 2.4 angstroms (A). The structure is compact and
has the shape of an ellipsoid (axial ratio ~2:1). The bound CaM forms a tunnel diagonal
to its long axis that engulfs the helical peptide, with the hydrophobic regions of CaM melded
into a single area that closely covers the hydrophobic side of the peptide. There is a
remarkably high pseudo-twofold symmetry between the closely associated domains. The
central helix of the native CaM is unwound and expanded into a bend between residues
73 and 77. About 185 contacts (<4 A) are formed between CaM and the peptide, with van
der Waals contacts comprising ~80% of this total.

Calmodulin (CaM) is a 148-amino acid
protein present in all eukaryotic cells that
serves as the primary receptor for intracellular
Ca?* (1). The three-dimensional structure of
native CaM with four bound Ca?* showed a
dumbbell-shaped molecule in which two
structurally similar globular domains, each
containing a pair of Ca?*-binding sites, were
separated by an eight-turn solvent-exposed
central a helix (2). Whereas the presence of
this central helix in solution has been ques-
tioned (3), several lines of evidence suggested
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that some amino acids within this region, as
well as in both hydrophobic pockets formed
within the globular domains, were critical for
target interaction (I, 4). Calmodulin™acti-
vates more than 20 enzymes in eukaryotic
cells, and the CaM-binding domain has been
identified in several enzymes. In each case,
the CaM-binding regions consist of 18 amino
acids in linear sequence, and, whereas they
show considerable sequence diversity, most
are predicted to form amphipathic helices (5).
Consequently, synthetic peptide analogs of
CaM-binding regions have been used to study
the interaction with CaM by a variety of

- biophysical and biochemical techniques.

One of the most intensely studied CaM-

dependent enzymes is the smooth muscle form
of myosin light chain kinase (smMLCK).
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