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ABSTRACT: The melanocortin-4 receptor (MC4R) plays a
key role in the regulation of food intake and body weight.
Previous studies indicate that a-melanocyte stimulating
hormone (a-MSH) binds to MC4R and activates three signal
pathways (cAMP, calcium, and mitogen-activated protein
kinase pathways), whereas MC4R synthetic agonist THIQ
can activate only the cAMP pathway. The molecular basis of
the MC4R responsible for different ligand-mediated signaling
is unknown. We hypothesize that different MC4R agonists can
stabilize different MC4R conformations and result in ligand-
mediated signal transduction. In this study, we examined the
effect of the MC4R conformational change in cAMP signaling
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pathways mediated by different agonists by cross-linking two transmembrane helices (TM3 and TM6). We generated and tested
11 single and 8 double mutations that are located at the end of TM3 and beginning of TM6 in MC4R. Our results indicate that
(1) single or double mutations of the MC4R did not significantly alter cAMP production induced by NDP-MSH compared to
that of wild-type MC4R except single mutation 243H (the mutation 243H significantly decreased cAMP production mediated by
NDP-MSH or THIQ due to a low level of receptor expression at the cell surface), (2) the mutation 247H significantly decreased
THIQ-mediated cAMP production but not NDP-MSH, and (3) the receptor cAMP signaling pathway activation by THIQ is
blocked in the presence of Zn>* with the double mutation 1150/242H but activation by NDP-MSH is not, suggesting that the
activated conformation of MC4R mediated by NDP-MSH and THIQ is different. This study provides insight into the molecular
basis of MC4R responsible for receptor signaling mediated by different agonists.

he melanocortin-4 receptor (MC4R), a seven-trans-

membrane G-protein-coupled receptor (GPCR) ex-
pressed mainly in the hypothalamus, plays a key role in the
regulation of food intake and body weight. MC4R is currently
considered a potential therapeutic target for obesity.'”® MC4R
inhibits food intake through activation by a-melanocyte
stimulating hormone (a-MSH). Extensive studies over the
last several years have determined that transmembrane (TM)
helices TM3 and TM6 of the MC4R are responsible for ligand
binding and signaling.”~” Furthermore, MC4R can couple to
three major classes of G-proteins (Gs, Gi/o, and Gq), activating
second-messenger cAMP, calcium, and mitogen-activated
protein kinase (MAPK).'”'! However, these signal pathways
can be activated by different agonists. The molecular
mechanism of MC4R responsible for receptor signaling
mediated by different ligands is unclear.

Extensive studies indicate that GPCRs can be activated
through binding to different agonist ligands. The discrepancy
may be due to the disruption of different combinations of
receptor intramolecular interactions, leading to different
receptor conformations and different effects on downstream
signaling proteins."” Several studies indicate that different
transmembrane helix movement of the receptor is involved in
different agonist-mediated receptor activation. For example,
TM3 and TM6 of the rhodopsin and f2-adrenergic receptors
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moved away from each other after agonist stimulation, but the
movement of TM1 and TM7 of the muscarinic 1 receptor is
responsible for agonist-induced receptor activation.”>™'® As
part of the GPCR family, MCRs share many structural features
with other GPCRs. The computer model of MC4R shows there
is a structural change that accompanies receptor activation.'”*°
MCA4R is proposed to undergo TM movement during
activation. The aim of this study is to examine whether a
conformational change of the MC4R plays an important role in
receptor activation mediated by different agonists by using
metal jon binding sites. We hypothesize that MC4R can adopt
multiple conformations mediated by different agonists, leading
to different signaling events. These conformations can be
stabilized by different ligands, causing ligand-mediated signal
transduction. The experiment was designed to determine
whether there is any movement between TM3 and TM6 of the
MCA4R when the receptor is activated. Our results provide some
evidence that MC4R adopts different conformations in cAMP
production mediated by NDP-MSH or THIQ.
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Figure 1. Two-dimensional representation of the seven-TM structure of the hMC4R. The unique amino acid residues mutated in these experiments

are denoted by black highlighting.

B MATERIALS AND METHODS

MC4R Agonists. (Nle*p-Phe’)-a-MSH (NDP-a-MSH)
was purchased from Peninsula Laboratories, Inc. (Belmont,
CA). THIQ was synthesized by Hruby’s group.*'

Site-Directed Mutagenesis. Single and double MC4R
mutations (Figure 1) were constructed using the Quick-Change
site-directed mutagenesis kit (Stratagene, La Jolla, CA), and the
entire coding region of the MC4R mutants was sequenced at
the University of Alabama at Birmingham Sequence Core to
confirm that the desired mutation sequences were present.

Cell Culture and Transfection. The HEK-293 cell line
was purchased from ATCC (Manassas, VA). HEK cells were
plated in a six-well plate 12 h before transfection. Cells were
transfected with MC4R mutation vectors using lipoD293 DNA
in vitro (SignaGen Laboratories, Ijamsville, MD). The
permanently transfected clonal cell lines were selected by
resistance to the neomycin analogue G418.”

Binding Assays. Binding experiments were performed
using conditions previously described.”” Briefly, cells with
MCA4R mutations were plated 12 h before the experiment.
["*T]NDP-a-MSH (2 X 10° cpm) was added to the medium in
combination with nonradiolabeled ligand NDP-a-MSH. Bind-
ing reactions were terminated by removing the medium, and
the cells were washed twice. The cells were lysed with 0.2 N
NaOH, and the radioactivity in the lysate was quantified in an
analytical gamma counter. Nonspecific binding was assessed by
measuring the amount of I label bound in the presence of
107% M unlabeled ligand. Specific binding was calculated by
subtracting nonspecifically bound radioactivity from total
bound radioactivity.

cAMP Assay. Cellular cAMP generation was measured
using a cCAMP assay kit (Cisbio Bioassays, San Diego, CA). This
cAMP kit is based on a competitive immunoassay using a
cryptate-labeled anti-cAMP antibody and d2-labeled cAMP.
Cells were plated in a 96-well plate overnight before the
experiment. The medium was removed, and the cells were
incubated with 50 uL of Earle’s Balanced Salt Solution (EBSS),
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containing the melanocortin agonist NDP-MSH or THIQ, for
1 hat 37 °C in the presence of 107> M isobutylmethylxanthine.
The reaction was stopped by adding lysis buffer (50 uL/well).
The cAMP content was measured according to instructions
accompanying the assay kit.

Receptor Expression. To determine the MC4R protein
expression at the cell surface, the FLAG tag was inserted into
the NH, terminus of hMC4R. The FLAG protein is an eight-
amino acid peptide (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) that
can be detected with an antibody.>® The cells with hMC4R or a
mutant receptor were harvested and washed with phosphate-
buffered saline (PBS). Cells were centrifuged and fixed with 3%
paraformaldehyde in PBS (pH 7.4). The cells were incubated
first with an anti-FLAG M1 monoclonal antibody (catalog no.
316, Sigma, St. Louis, MO). The cells were then centrifuged
and washed with incubation buffer. The cell pellets were then
suspended in buffer containing a second antibody, CY3-
conjugated affinity pure donkey antimouse IgG (Immuno
Research Lab, Inc, West Grove, PA), and incubated at room
temperature for 30 min. Receptor expression was detected by
flow cytometry (FACS) (FACStar plus six parameter
cytometer/sorter with a dual argon ion laser, Becton Dickinson,
San Jose, CA). The results were analyzed using the software
CellQuest (Beckton-Dickinson Immunocytometry Systems,
San Jose, CA).

Statistical Analysis. Each experiment was performed three
separate times with duplicate wells. Data are expressed as
means = the standard error of the mean. The mean value of the
dose—response data of binding and cAMP production was fit to
a sigmoid curve with a variable slope factor using nonlinear
least-squares regression analysis (Graphpad Prism, Graphpad
Software, San Diego, CA). A Student’s t test was used to
determine the statistical significance of changes in affinity and
potency (p < 0.0S was considered significant).
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Figure 2. Effect of Zn>* on ligand binding affinity and potency at the cells stably transfected with the wild-type hMC4R. (A) Effect of different doses
of unlabeled NDP-MSH on ['*I]NDP-MSH binding in the presence of Zn** (107" M). (B) Effect of different doses of unlabeled THIQ on
["**I]NDP-MSH binding in the presence of Zn** (10™* M). (C) Effect of NDP-MSH or THIQ on cAMP production in the presence of Zn>* (10™*
M).
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Figure 3. Effect of NDP-MSH or THIQ on cAMP production at the mutation in the presence of Zn** (10™* M). (A) Profile of the single mutation
242H and double mutation 150 + 242H. (B) Profile of the single mutation 243H and double mutation 150 + 243H. (C) Profile of the single
mutation 245H and double mutation 150 + 245H. (D) Profile of the single mutation 247H and double mutation 150 + 247H. The cells with
mutations were incubated with NDP-MSH (1077 M) or THIQ (10™* M) in the presence of Zn** (10™* M). Total cAMP accumulation was
determined (n > 3; see Table 1 for total cAMP values). *p < 0.05 compared to wild-type MC4R; **p < 0.0 compared to that without Zn>".
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Table 1. Effects of Metal Ion Zn>" on Agonist-Mediated cAMP Production of MC4R Mutants

cAMP level (without Zn*") (nM)

CAMP level (with Zn*") (nM)

receptor expression (% of WT)

NDP-MSH (10~ M)

wild-type hMC4R 100 9.6 + 1.0
Y148H 96 + 3.5 94 + 15
F149H 97 + 2.6 9.7 + 1.0
1150H 95 + 6.1 95 + 1.1
240H 93 + 6.7 93 + 1.0
241H 9 + 6.1 92+ 1.0
242H 95 + 4.7 9.1 £ 1.0
243H 38 + 7.2¢ 24 + 04°
244H 96 + 2.2 92+ 1.0
245H 94 + 5.7 9.5+ 1.0
246H 98 + 12.7 9.4 + 1.0
247H 95 + 49 93+ 1.0

THIQ (1077 M) NDP-MSH (10~ M) THIQ (1077 M)

9.7 + 1.0 9.1 + 1.0 92 + 02
92 + 0.5 93 + 1.0 9.0 + 0.9
92 + 0.7 9.6 + 1.0 9.1 + 0.4
9.1 + 1.4 94 + 09 9.1+ 03
90 + 1.4 92 + 1.0 92 + 03
9.7 + 1.0 9.6 + 1.0 9.1 + 1.0
92 + 13 9.1 + 0.5 82 + 0.4
2.1 + 04 23 + 0.5° 1.9 + 03¢
9.1+ 14 9.6 + 1.0 9.1+ 03
80 + LS 83+ 1.0 2.5 + 05
94 + 14 96 + 1.0 9.1 + 0.5
23 + 1.0% 86 + 1.0 2.0 + 027

“p < 0.05 compared to the value of wild-type MC4R. ’p < 0.05 compared to the value without Zn>".

Table 2. Effects of Metal Ion Zn** on Agonist-Mediated cAMP Production with MC4R Double Mutants

cAMP level (without Zn*") (nM)

cAMP level (with Zn*") (nM)

receptor expression (% of WT)

NDP-MSH (107 M)

wild-type hMC4R 100 9.6 + 1.0
150H+240H 93 + 6.7 93+ 13
1S0H+241H 94 + 6.1 92 + 14
150H+242H 95 + 4.7 9.1+ 12
1S0H+243H 38 + 7.2° 22 + 1.0%
150H+244H 94 + 5.7 92+ 1.0
1S0H+245H 94 + 57 8.5+ 1.0
150H+246H 98 + 12.7 94 + 1.0
150H+247H 95 + 4.9 8.8 + 2.0

THIQ (1077 M) NDP-MSH (1077 M) THIQ (1077 M)

9.7 + 1.0 9.6 + 1.0 92 + 02
9.0 + 1.4 92 + 14 92 + 03
9.7 + 1.0 9.6 + 1.0 9.1+ 1.0
84 + 1.3 8.1+ 2.5 3.5 + 047
2.1 + 047 2.6 + 1.0° 2.1 + 03¢
9.1 + 0.4 9.6 + 1.0 9.1 + 03
82+ 0.5 73 +20 33 + 057
9.4 + 04 9.6 + 1.0 9.1 + 0.5
2.5 + 04° 8.0 + 2.0 2.1 + 027

“p < 0.05 compared to that of the wild type. bp < 0.05 compared to that without Zn*".

B RESULTS

Effect of Metal lon Zn?* on Ligand-Mediated Signal-
ing at Wild-Type MC4R. Histidine residues can complex
Zn(I) and thus form a bridge between different receptor
residues, thereby allowing the study of helix—helix interactions.
Substitution of histidine in the different receptor helices will
form a bridge in the presence of Zn*" if they are close enough
when the receptor is activated. To examine the role of the
MCA4R conformational change in ligand-mediated receptor
signaling, we introduced histidine residues into the end of
MC4R TM3 and the beginning of the TM6 helices. Human
MC4R (hMC4R) was transfected into HEK cells that lacked
endogenous MC4R, and receptor function was examined. Cells
expressing hMC4R were incubated with ['**I]NDP-MSH and
different concentrations of unlabeled NDP-MSH. Ligand
binding affinity was determined. Our results indicate that
NDP-MSH dose-dependently displaced ['**I]NDP-MSH bind-
ing at hAMC4RWT. Consistent with the binding results, NDP-
MSH was able to stimulate cAMP production at h(MC4RWT in
a dose-dependent manner (Figure 2). To examine the effect of
metal ion Zn>* on ligand-mediated receptor signaling, cells
expressing MC4R WT were treated with NDP-MSH or THIQ
in the presence of Zn** (10™* M) . Our results indicate that
cAMP production mediated by NDP-MSH or THIQ was not
altered by Zn’+ at the dose of 10™* M (Figure 2), which is
consistent with a previous report.”* The maximal response of
the cAMP level stimulated by NDP-MSH or THIQ was not
altered by the presence of Zn>" at a dose of 107* M, suggesting
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that metal ion Zn*" does not inhibit ligand-mediated receptor
signaling at wild-type MC4R at a dose of 107* M.

Effect of Metal lon Zn?* on Ligand-Mediated Receptor
Signaling at the Single Mutation at the End of the MC4R
TM Regions. The MC4R single mutation was transfected into
HEK cells, and the receptor function was examined. Three
amino acid residues at the end of MC4R TM3 (Y148, F149,
and T150) were substituted with histidine. Eight amino acid
residues at the end of TM6 (N240, M241, K242, G243, A244,
1245, T246, and 1247) were mutated. Cells expressing these
hMC4R mutations were incubated with ['**I]NDP-MSH and
different concentrations of unlabeled NDP-MSH. Ligand
binding affinity was determined. Our results indicate that
NDP-MSH dose-dependently displaced [">T]NDP-MSH bind-
ing at these single mutations, and their binding affinities were
not significantly altered compared to that of wild-type MC4R
except that of the G243H mutant. Substitution of G243 with
histidine at MC4R significantly decreased ligand binding affinity
and potency (Figure 3 and Table 1). A further experiment
shows that mutation 243H is poorly expressed at the cell
surface (Table 1), suggesting that a low level of receptor
expression at the cell surface weakened receptor function.

Cells expressing hMC4R mutants were then treated with
THIQ, and cAMP production was examined (Table 2). THIQ
was able to stimulate cAMP production of these MC4R
mutants that are similar to wild-type MC4R except 247H. The
THIQ-mediated cAMP production ability of this mutant was
significantly weakened (Figure 3).

To test whether Zn>" alters receptor function at these single
mutations, cAMP production mediated by different agonists

dx.doi.org/10.1021/bi500856x | Biochemistry 2014, 53, 7086—7092
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Figure 4. Effect of Zn* on ligand potency at double MC4R mutation 150H + 242H. (A) Effect of Zn** on NDP-MSH-mediated cAMP production.
(B) Effect of Zn on THIQ-mediated cAMP production. The cells with double mutation 1S0H + 242H were incubated with different doses of NDP-
MSH or THIQ in the presence of Zn** (10™* M). Total cAMP accumulation was determined (n > 3; see Table 2 for total cAMP values).

was examined at these mutations in the presence of Zn** (107
M). Cells expressing mutant receptors were incubated with
NDP-MSH or THIQ in the presence of Zn®*, and cAMP
production was examined. Our results indicate that Zn** does
not significantly alter NDP-MSH or THIQ potency at these
single mutations except 245H. In the presence of Zn**, cAMP
production mediated by THIQ with mutation 245H was
significantly decreased. In summary, our results indicate that
single amino acid mutations 150H, 242H, and 245H did not
alter NDP-MSH binding or signaling in the presence of Zn**
while single mutation 24SH decreased the level of THIQ
binding and signaling in the presence of Zn*".

Effect of Metal lon Zn?* on Ligand-Mediated Receptor
Signaling with the Double Mutations at the End of the
MC4R TM Regions. We then tested whether double
mutations of the MC4R alter NDP-MSH- or THIQ-mediated
receptor activity. Cells expressing hMC4R double mutations
were treated with NDP-MSH (1077 M) or THIQ (10™* M).
Our results indicate that double histidine mutations do not
significantly affect NDP-MSH or THIQ activities except that of
ISOH + 247H. NDP-MSH is able to stimulate cAMP
production at the mutated receptor 150H + 247H, but
THIQ-mediated cAMP production was significantly decreased,
which is similar to that of the same single mutation 247H.

To test whether movement of MC4R TM3 and TM6 is
involved in ligand-mediated receptor activation, we examined
NDP-MSH- or THIQ-mediated receptor activation in the
presence of Zn>* with these double mutations. Cells expressing
mutant receptors were incubated with NDP-MSH (10" M) or
THIQ (10~* M) in the presence of Zn** (107* M), and cAMP
production was examined. Our results indicate that Zn** does
not significantly alter NDP-MSH or THIQ_ potency at these
double mutations except the double mutation 150H + 242H.
THIQ-mediated cAMP production was significantly decreased
with the double mutation 150H + 242H in the presence of
Zn®". A dose response experiment indicates that Zn>*
significantly inhibits THIQ-mediated cAMP production (Figure
4). A further experiment shows that the binding affinity of
THIQ at the double mutation was decreased in the presence of
Zn*.

B DISCUSSION

Our study indicates that THIQ-mediated but not NDP-MSH-
mediated cAMP production at double mutation 1S0H + 242H
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was inhibited by Zn®*, suggesting that different agonists may
induce distinct MC4R conformational changes.

Many studies show that the movements of GPCR helices
during activation are accompanied by a common set of local
movements in the intracellular parts of GPCRs.'> A common
activation-related feature is that receptor helix VI moves away
from helix I1L.** The magnitude of this motion may vary among
different GPCRs and different activated states. The variety of
conformational and functional responses of GPCR may depend
on the structurally distinct ligands. Extensive studies indicate
that the conformational alteration of the GPCR may play an
important role in the specific signaling pathway of the GPCR
activated by different agonists. Different agonists can induce
multiple conformations and stabilize different active states. The
distinct receptor conformations induced by ligands result in
distinct receptor—effector complexes, which produce different
levels of activation or inhibition of subsequent signaling
cascades. MC4R has been proposed to have two major
different conformations associated with the inactive or active
G-protein-coupled state. Furthermore, MC4R agonists, NDP-
MSH and THIQ, activate different MC4R intracellular
effectors. NDP-a-MSH binds to MC4R and activates cAMP,
calcium, and MAPK pathways, whereas MC4R synthetic
agonist THIQ can activate only the cAMP pathway. All these
results suggest that different MC4R agonists may result in
different MC4R conformational changes. The ability of these
ligands to induce and/or stabilize a specific MC4R con-
formation that couples the receptor may be a key molecular
mechanism underlying this functional selectivity.

Introduction of histidine side chains into complex metal ions
has made a great contribution to the understanding of the
receptor conformational changes that occur during receptor
activation; these techniques have been widely utilized.*® The
basic principle of this technique is to introduce histidine
residues that can form a complex with Zn, thus forming a
bridge between residues in different helices of the GPCR and
thereby allowing the study of different helix movements. This
allows a more detailed investigation of the surroundings of the
attachment site within the helical bundle. The metal ion
chelator approach was applied in an inhibitory mode by cross-
linking two helices and thus inhibiting receptor activation.
Those studies were performed using a variety of receptors,
includin_g the x-opioid receptor, rhodopsin,'* the f,-adreno-
ceptor,”” and the M,-ACh receptor.'® The results from these
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studies demonstrated that different receptor conformations
would be required for G-protein activation.”® Previous studies
show that the activity of metal ion Zn at MCRs is different. Zn
can increase cAMP production at MCIR without an agonist.
Zn has no agonist activity at MC4R but can block the binding
of the inverse agonist AGRP to the MC4R. Zn can increase
cAMP production at the mutation of MC4R TM3 residues.”***
To study the molecular mechanisms responsible for ligand
efficacy and functional selectivity at hMCA4R, we utilized
histidine replacement to directly monitor conformational
changes between TM3 and TM6 induced by different ligands
within MC4R. To determine whether Zn** has an effect on
agonist-mediated receptor signaling because both NDP-MSH
and THIQ have functional groups that may readily coordinate
Zn(II), we examined the effect of different doses of Zn** on
agonist-mediated MC4R activation. Our results indicated that
Zn** at a dose of 107" M has no effect on agonist-mediated
receptor signaling. Our results also indicate that Zn** did not
alter the single-mutation pharmacological profile that is we
expected except that of 245H. THIQ-mediated cAMP
production was significantly decreased in the presence of
Zn** with this mutation. In this case, only one amino acid
residue substitution with histidine results in the inhibition of
receptor activation, suggesting that a histidine at position 245
may interact with other histidine residues in the receptor and
inhibit the change in the receptor conformation. A further
experiment is required to investigate this phenomenon. Our
results indicate that metal Zn®" has no inhibitory effect on
NDP-MSH- or THIQ-mediated cAMP production with any
double mutation except mutation 150H + 242H. Mutation
1S0H + 242H significantly decreased the level of THIQ-
mediated receptor activation but not NDP-MSH in the
presence of Zn®*, suggesting that the movement of these two
residues occurs when MC4R is activated by THIQ. The
computer model of MC4R developed by the Mosberg group'’
shows that MC4R undergoes TM movement during activation.
TM6 shifts outward during activation, moving its intracellular
end away from TM3." Our result provides evidence that the
movement of residue 150 in TM3 and residue 242 in TM6 is
crucial for THIQ-mediated cAMP production but not for
NDP-MSH. NDP-MSH and THIQ that result in different
receptor conformational changes also suggest that different
ligands can stabilize different receptor conformations and result
in receptor signaling. The conformational flexibility of MC4R
allows it to be stabilized in a specific conformation or a subset
of conformations depending on ligand characteristics that can
then trigger a very specific intracellular response or a set of
responses. An individual ligand induces or stabilizes a unique
conformational state that can be distinguished by the activity of
that state toward different signaling pathways. Our finding
provides indirect evidence that a distinct ligand can induce
different MC4R conformations, thereby translating specific
receptor-active conformations into selective activation of
individual functional responses.
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