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G protein-coupled receptors (GPCRs) represent the largest family of transmembrane signaling proteins,
and they are considered major targets of approximately half of all therapeutic agents. Human melanocor-
tin-4 receptor (hMC4R) plays an important role in the control of energy homeostasis, and its mutants are
directly related to severe human obesity. Here, we describe optimized protocols for the high-yield
expression and purification of hMC4R that will accelerate structural study. Truncations of the N- and
C-termini of hMC4R with T4 lysozyme (T4L) insertion increase the solubility as well as stability of the
protein. Strikingly, co-expression of human mini-agouti-related protein (mini-AgRP) in Spodoptera fru-
giperda (Sf9) cells enables excellent stability of hMC4R. The protein yield in the human mini-AgRP co-
expression system is increased by about 3–4 times compared to that of hMC4R alone. Data from analyt-
ical size exclusion chromatography (aSEC) and thermostability assay show that hMC4R becomes homo-
geneous and stable with a melting temperature of 58 �C in the presence of human mini-AgRP.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

G protein-coupled receptors (GPCRs) primarily function as cell
surface receptors responsible for the transduction of cellular sig-
naling. Structurally, they share a common hydrophobic core com-
posed of seven transmembrane alpha-helices [1,2]. GPCRs play
vital roles in a wide range of biological processes. The ligand mol-
ecules are ions, lipids, nucleotides, neurotransmitters, and peptide
hormones. Despite their critical importance, detailed information
about the structure and function of GPCRs remains scarce. Since
structural studies require milligram quantities of purified mem-
brane proteins [3], a high level of GPCR expression and an efficient
purification procedure for GPCR production are mandatory [4]. So
far, 26 unique GPCR structures have been solved by X-ray liquid
cubic phase (LCP) crystallography [5–7]. For the crystallization of
GPCRs, several fusion partners, such as T4 lysozyme (TL4) and
cytochrome b562 RIL (BRIL), have been used for recombination
with the target molecule [8]. Point mutagenesis and truncation of
proteins have also been shown to be useful for protein production
[9]. A potent ligand molecule is essential for the stabilization of
GPCRs. Therefore, protein engineering for the high efficiency
of protein production is of importance in GPCR study.
Melanocortin-4 receptor (MC4R) expressed in the brain is con-
sidered a potential obesity drug target in the pharmaceutical indus-
try because of the importance of central melanocortineric pathways
in the control of mammalian energy homeostasis [10–17]; however,
there is very little information available on MC4R. The biological
functions of MCRs are regulated by peptide agonists (e.g., a-, b-,
and c-melanocyte-stimulating hormones (MSHs) [15] and adreno-
corticotropic hormone) or antagonists or inverse agonists (e.g.,
agouti and agouti-related protein (AgRP)) [15,18,19]. The ligand
molecules NDP-MSH, AgRP, and SHU9119 have shown similar affin-
ity in competition studies [20]. It has been shown that both the
ligand pocket and N-terminal region are important for the interac-
tion and cellular function of MC4R [21]. AgRP was first characterized
as an antagonist of MC4R, which is expressed in the brain [22–24].
The solution structures of both AgRP (87–132) and mini-AgRP
(87–120) were determined by nuclear magnetic resonance (NMR)
spectroscopy, having three loops emerging from a core of disulfides
[18,25]. In addition, mini-AgRP (87–120) and agouti signaling pro-
tein (ASIP) (90–132 (L89Y)) maintained the property of inverse
agonism characteristics. The full efficacy of mini-AgRP (87–120),
as compared to the inverse agonism of full-length recombinant
AgRP, is particularly notable, meaning that the C-terminal loop of
AgRP (87–132) is not essential to the full range of pharmacological
activities of AgRP [26]. SHU9119 has high binding affinity with
MC4R and it is reversible and mutually exchangeable with AgRP
by a concentration manner [20].
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In this study, we report protein engineering results for the high-
yield production of human melanocortin-4 receptor (hMC4R) using
fusion partner, truncation mutant, and co-expression of natural
ligand in the Spodoptera frugiperda (Sf9) system. N- and C-terminal
truncation with T4L fusion required junction optimization in intra-
cellular loop 3 (ICL3) for the efficiency of hMC4R overexpression. In
addition, large amounts of recombinant hMC4R were successfully
overproduced by the co-expression of human mini-AgRP. The pres-
ent data will be very useful in pursuing X-ray crystallography
experimentation for MCR structure.
2. Materials and methods

2.1. Construct design

The hMC4R variants were amplified from a codon-optimized syn-
thetic gene (GenScript) and inserted into the modified pFastBac™1
Fig. 1. Chimera hMC4R proteins analyzed by SDS–PAGE and visualized by Coomassie bl
hMC4R has a typical seven-transmembrane domain. Black empty, red, yellow, and blue
and palmitoylation sites, respectively. N-terminal truncated (upper right) and C-termin
was optimized by combination of ICL3 truncation between transmembrane 5 and 6 (low
insertion, 14 chimeras were purified and analyzed by Western blots. From the data, D227
the optimization of the T4L junction toward transmembrane 6, D227 and D226 residues
The results were analyzed by Western blots, and the combination between D227 and D23
C-terminal truncation mutants, 12 different combination mutants were tested. Purified p
expression and purification levels in a function than DC15 (data not shown). (E) Thermost
construct displays the highest melting temperature among the six different N-terminal tr
the reader is referred to the web version of this article.)
(Invitrogen) containing an hemagglutinin (HA) signal sequence
(KTIIALSYIFCLVFA) at the N-termini with a PreScission cleavage
enzyme recognition sequence (LEVLFQG), FLAG tag (DYKDDDDK),
and 10x His tag at the C-termini, using AscI and FseI enzyme restric-
tion sites. The hAgRP constructs were amplified using hAgRP cDNA
(Sino Biological Inc.) and inserted into the modified pFastBac™1
(Invitrogen), after which the Gp67 signal peptide sequence was
added to the N-terminus for the extracellular expression of hAgRP.
A PreScission protease recognition sequence, 10� His tag, and Strep-
tavidin tag were added to the C-terminus of the target protein.
2.2. Cell culture and protein overexpression in the Sf9 cell system

Generated constructs were transformed into DH10Bac™ Escheri-
chia coli for transposition into the bacmid. Next, 3ug of recombinant
bacmid DNA containing hMC4R variant and hAgRP constructs were
co-transfected into Sf9 cells (0.5 � 106 cells/ml) using 8 ll of
ue staining and a-flag Western blots. (A) Diagrammatic representation shows that
spheres represent cysteine residues, highly conserved residues, glycosylation sites,

al truncated (upper left) constructs are also displayed. The fusion partner insertion
er). (B) In order to optimize the ICL3 junction toward transmembrane 5 for the T4L
and D226 residues were selected as the optimum position for the truncation. (C) For
were fixed, and several residues in ICL3 were truncated toward transmembrane 6.
2 for the T4L insertion was selected for further optimization. (D) To optimize N- and

roteins were analyzed by Coomassie blue staining. DC10 constructs represent higher
ability was detected by CPM fluorescence spectroscopy from 20 �C to 90 �C. The DN5
uncation mutants. (For interpretation of the references to color in this figure legend,
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Lipofectamine�2000 Reagent (Life Technologies) and 100 ll CCM3
media (HyClone™) and incubated for 3 days at 27 �C. Virus stock
amplification was performed by Bac to Bac Baculovirus Expression
method. Sf9 cells (2 � 106 cells/ml) were infected by P3 virus at
the optimal multiplicity of infection (MOI: number of virus
particles/number of cells) of 5 in Insectagro� media (Corning) and
incubated at 27 �C during 72 h before the harvesting.

2.3. Protein purification

Frozen cell pellets were thawed and repeatedly washed by doun-
ce homogenization in a hypotonic buffer containing 10 mM HEPES
(pH 7.5), 10 mM MgCl2, 20 mM KCl, and an EDTA-free protease
inhibitor cocktail (Roche) and a high osmotic buffer containing
10 mM HEPES (pH 7.5), 10 mM MgCl2, 20 mM KCl, and 1.0 M NaCl.

For solubilization of hMC4R, purified membranes were thawed
on ice and preincubated with 500 lM antagonist SHU9119 (Gen-
Script), 2.0 mg/ml iodoacetamide (Sigma), and an EDTA-free prote-
ase inhibitor cocktail (Roche). After preincubation, membranes
were solubilized in the presence of 800 mM NaCl, 0.5% (w/v) n-
dodecyl-b-D-maltopyranoside (DDM) (Anatrace), and 0.1% (w/v)
cholesteryl hemisuccinate (CHS) (Sigma) for 1.5 h at 4 �C. The sol-
ubilized fraction was isolated by ultracentrifugation at 150,000�g
for 40 min and incubated at 4 �C with TALON IMAC resin (Clontech)
overnight. Then, the resin was washed using 50 mM HEPES (pH
7.5), 800 mM NaCl, 10% (v/v) glycerol, 0.1% (w/v) DDM/0.02% (w/
v) CHS, 10 mM MgCl2, 8 mM ATP (Sigma), and 500 lM SHU9119
(GenScript). A second resin wash was done using 50 mM HEPES
(pH 7.5), 150 mM NaCl, 10% (v/v) glycerol, 40 mM imidazole,
0.05% (w/v) DDM/0.01% (w/v) CHS, and 500 lM SHU9119. The
Fig. 2. Construct optimization of hMC4R with improved thermostability and homog
pFastBac™1 vector was modified by conjugating with an HA signal peptide in the N-term
the C-terminus. T4L fragment were inserted between 227 and 232 residues into the ICL3.
were deleted. (B) Purified hMC4R was analyzed in SDS–PAGE. After PNGaseF enzyme clea
of the target protein was improved, and the dimeric band appeared negligible. (C) The a
red) and presence (colored blue) of SHU9119 antagonist. The homogeneity of hMC4R
(colored violet), the homogeneity of hMC4R was broad compared with post-deglycosy
represented in the absence (colored red) and presence (colored blue) of SHU9119 antago
lower than that of the hMC4R complex with SHU9119. (For interpretation of the refere
article.)
MC4R was eluted with 50 mM HEPES (pH 7.5), 150 mM NaCl,
10% (v/v) glycerol, 250 mM imidazole, 0.05% (w/v) DDM/0.01%
(w/v) CHS, and 500 lM SHU9119. High-concentration imidazole
was removed by a PD-10 desalting column (GE Healthcare) before
the deglycosylation reaction. Thereafter, the PNGaseF enzyme was
treated to the protein sample and incubated with TALON IMAC
resin for 8 h. A second TALON resin work was performed, in which
hMC4R protein was eluted in 50 mM HEPES (pH 7.5), 150 mM
NaCl, 10% (v/v) glycerol, 250 mM imidazole, 0.05% (w/v) DDM/
0.01% (w/v) CHS, and 500 lM SHU9119. Purified hMC4R in the
presence of SHU9119 was concentrated from �0.2 mg/ml to
30 mg/ml with a 100-kDa molecular weight cut-off Vivaspin
concentrator (GE Healthcare).

2.4. SDS–PAGE and immunoblotting

Purified hMC4R samples were mixed with 5� sample buffer
(Koma Biotech), separated on precast gel (10–25% gradient Tris–
Glycine gels (Koma Biotech)) at 150 V for 2 h, and stained with
Coomassie blue stain. In Western blot analysis, separated proteins
on gels were transferred to nitrocellulose membranes using the
iBlot semi-dry system and monoclonal anti-FLAG M2 alkaline
phosphatase antibody (Sigma), and SIGMAFAST BCIP/NBT tablets
(Sigma) were used for visualization.

2.5. CPM assay

The hMC4R variants were purified with and without antagonist
SHU9119. N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]
maleimide (CPM) dye (Invitrogen) was dissolved in dimethyl
eneity. (A) A vector map of the optimized hMC4R construct is represented. The
inus and a PreScission protease recognition sequence, 10� His tag, and FLAG tag in
Five amino acids in the N-terminus and 10 amino acids in the C-terminus of hMC4R
vage, the size of the target band was reduced because of deglycosylation. The purity
SEC analysis of optimized hMC4R construct was performed in the absence (colored
was improved in a complex with SHU9119 antagonist. Before the deglycosylation
lation. (D) Normalized fluorescence-based thermostability profiles for hMC4R are
nist. In the absence of SHU9119, the melting temperature of hMC4R was about 9 �C
nces to color in this figure legend, the reader is referred to the web version of this
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sulfoxide (DMSO) (Sigma) at 4 mg/mL, and it was diluted to 1:40
before use. The hMC4R variants were diluted in CPM assay buffer
(50 mM HEPES (pH 7.5), 150 mM NaCl, 10% glycerol, 0.05% DDM/
0.01% CHS). The thermostability assay was performed in a quartz
fluorometer cuvette (Starna Cells, Inc., Atascadero, CA), and all data
were collected by a Cary Eclipse spectrofluorometer (Varian, USA).
The excitation and emission wavelengths were 387 nm and
463 nm. All experiments were performed over a temperature range
of 20 �C–95 �C with a temperature ramping rate of 1 �C/min.

2.6. Analytical size exclusion gel chromatography (aSEC)

Homogeneities of the purified hMC4R proteins were confirmed
using the ACQUITY UPLC system (Waters). A BEH450 SEC column
(2.5 lM, 4.6 � 150 mm) (Waters) was used on 10 mM HEPES (pH
7.5), 150 mM NaCl, 10% glycerol, and 0.05% DDM/0.01% CHS.
3. Results and discussion

3.1. T4L insertion and junction optimization in ICL3 region

Since the protein expression and stability of the hMC4R were
very low, it was necessary to optimize the codon of the hMC4R gene
at the earliest possible stage to increase the protein expression. T4L
was inserted between transmembrane 5 and 6 with junction opti-
mization. By modifying the junction toward transmembrane 5 in
ICL3, 14 hMC4R chimeras were designed and purified (Fig. 1A and
B). The constructs D227 and D226 demonstrated higher expression
Fig. 3. Thermostability and homogeneity profile of hMC4R with hAgRP co-expression. (
hAgRP was recombinated in pFastBac™1 with Gp67 epitope in the N-terminus for ex
Streptavidin tag were then added to the C-terminus of the target protein. (B) The aSEC ana
the absence (colored red) and presence (colored blue) of SHU9119 antagonist. (C) Thermo
(colored red) and presence (colored blue) of SHU9119 antagonist. In both cases, the me
interpretation of the references to color in this figure legend, the reader is referred to th
levels than the others. For the junction optimization toward trans-
membrane 6 in ICL3, eight hMC4R chimeras were designed, and
Western blot analysis was used to confirm the protein expression
(Fig. 1A and C). The hMC4R junction for T4L insertion is important,
because T4L has distance limitation between N- and C-termini.
The secondary structures of hMC4R could be affected by the fusion
partner. Therefore, adding or removing residues on the T4L junction
could improve the thermostability as well as the homogeneity of the
protein. From the multiple alternative junction site analysis, we
found that D227–D232 showed the best expression and purification
levels (Fig. 1C).
3.2. N- and C-terminal truncation effect

After T4L junction optimization, we constructed the N- and C-
terminal truncation mutants of hMC4R. 12 chimeras with multiple
combinations of six N-terminal truncations and two C-terminal
truncations were recombinant and purified for the SDS–PAGE with
Coomassie blue stain (Fig. 1A and D). DN5–DC10 showed higher
expression levels than the other chimeras (Fig. 1D). Data from the
aSEC analysis showed that most of the DC15 chimeras aggregated,
unlike the DC10 chimeras, although the protein yield was similar
according to the SDS–PAGE analysis (data not shown). The effects
of truncations on hMC4R stability were dramatically different, and
the melting temperature of DN5–DC10 construct was increased
up to 45.5 �C based on thermostability assay (Fig. 1E). It has been
reported that the N-terminal domain of hMC4R interacts with extra-
cellular loop 1 (ECL1) of other hMCRs via the acidic Asp-x-Asp motif
A) Vector maps of the optimized hMC4R and the hAgRP construct are represented.
tracellular expression. A PreScission protease recognition sequence, His tag, and
lysis of the optimized hMC4R construct co-expressed with hAgRP was performed in

stability profiles for hMC4R co-expressed with hAgRP are represented in the absence
lting temperatures was much lower than that of the hMC4R expressed alone. (For
e web version of this article.)
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[27]. Moreover, the N-terminal domain of hMC4R behaves as a teth-
ered ligand, which is essential for the constitutive activity of the
receptor [28]. N-terminal mimicking amino acids 2–26 of hMC4R
could also act as partial agonists to increase the constitutive activity
of hMC4R lacking the 24 N-terminal amino acids [21]. In addition, it
has been shown that the HLWNRS sequence of hMC4R is a mini-
mized N-terminal activating sequence [21]. In our study, we found
that protein stability should be carefully controlled during purifica-
tion to obtain a high yield of homogeneous protein and N-terminal
domain had function on stabilization of hMC4R.

3.3. Protein purification, thermostability, and homogeneity of
recombinant hMC4R

Based on construct optimization, such as N- and C-termini trun-
cation and ICL3 junction optimization for T4L insertion, the hMC4R
construct was finally optimized for large-scale purification. The
DN5-hMC4R-T4L (D227–D232)-DC10 construct was designed by
the modified pFastBac™1 vector (Fig. 2A). The deglycosylation
and purity of the purified proteins were monitored by SDS–PAGE
with Coomassie blue staining. Multiple receptor bands was in part
due to differential glycosylation states of the receptor and be con-
solidated after deglycosylation with PNGaseF and reduction by a
reducing agent (Fig. 2B). In the presence of the SHU9119 ligand,
the hMC4R protein became homogeneous (Fig. 2C), and it was eas-
ily aggregated without an antagonist (Fig. 2C). The thermostability
assay showed that the melting temperature of hMC4R was 56 �C in
the presence of SHU9119 and it was reduced up to 47 �C in absence
of antagonist (Fig. 2D).
Fig. 4. Thermostability and homogeneity profile of hMC4R with human mini-AgRP co-exp
AgRP are represented. Human mini-AgRP was recombinated in pFastBac™1 with Gp67 e
and Streptavidin tag in the C-terminus of the target protein. (B) Purified hMC4R co-expre
level and purification yield of the target protein was dramatically improved in co-expres
Even though SHU9119 antagonist was not present, the protein purification yield was l
hMC4R construct co-expressed with human mini-AgRP was performed in the absence (co
hMC4R co-expressed with human mini-AgRP and substituted to SHU9119 during MC
Thermostability profiles for hMC4R co-expressed with human mini-AgRP were represent
In both cases, the melting temperature of hMC4R was much improved compared to that o
legend, the reader is referred to the web version of this article.)
3.4. Co-expression of hAgRP for hMC4R stability

It is known that hAgRP is an excellent ligand for hMC4R with
high binding affinity. To enhance both the expression and stability
of hMC4R, we introduced a co-expression system with hAgRP,
which is a native ligand of hMC4R, during Sf9 cell culture. We
expected hAgRP to promote the stability of hMC4R together with
high protein expression, as hAgRP binds to the extracellular
domain of hMC4R. We constructed a baculovirus transfer vector
(pFastBac™1) that contained the Gp67 signal sequence in front of
a multiple cloning site (Fig. 3A). Our data showed that the protein
expression level and stability were poorer than that of hMC4R
alone. The aSEC analysis showed that hMC4R conformation
revealed an aggregated state regardless of the existence of
SHU9119 (Fig. 3B). In addition, the melting temperature of hMC4R
was not increased by antagonist SHU9119 binding (Fig. 3C). These
data indicate that the negative effect of hAgRP (87–132) on hMC4R
stability is due to the mismatched disulfide bridge on hAgRP (87–
132) possessing five endogenous disulfide bridges during expres-
sion in Sf9 cells [29]. Therefore, we designed a human mini-AgRP
construct (87–120). The inhibitor cysteine knot (ICK) fold on both
hAgRP and mini-AgRP was sufficient for maintaining the biological
activity of the MCR antagonist.

3.5. Co-expression of human mini-AgRP with hMC4R

The human mini-AgRP (87–120) construct has four endogenous
disulfide bridges, and it was co-expressed with hMC4R during
protein expression in Sf9 cells. The human mini-AgRP gene also
ression. (A) Vector maps of the optimized construct of hMC4R and the human mini-
pitope in the N-terminus and a PreScission protease recognition sequence, His tag,
ssed with human mini-AgRP was analyzed using SDS–PAGE. The protein expression
sion with human mini-AgRP and SHU9119 substitution during the purification step.
arger than that of hMC4R expressed alone. (C) The aSEC analysis of the optimized
lored red) and presence (colored blue) of SHU9119 antagonist. The homogeneity of

4R purification was shown to be robust compared to that without SHU9119. (D)
ed in the absence (colored red) and presence (colored blue) of SHU9119 antagonist.
f hMC4R expressed alone. (For interpretation of the references to color in this figure
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constructed a baculovirus transfer vector (pFastBac™1) that con-
tained the Gp67 signal sequence in the N-terminal of a multiple
cloning site (Fig. 4A). The hMC4R protein is purified both with
and without SHU9119 antagonist. Strikingly, protein stability and
purification yield were dramatically increased in the human
mini-AgRP co-expression system (Fig. 4B). The protein yield in
the human mini-AgRP co-expression system was increased by
approximately 3–4 times compared to that of hMC4R alone. In
addition, hMC4R became soluble even in the absence of SHU9119
antagonist (Fig. 4B). Data from aSEC showed that hMC4R with
SHU9119 antagonist, after co-expression with human mini-AgRP,
became homogeneous and more stable than that without
SHU9119 antagonist (Fig. 4C). Based on the thermostability assay
for the hMC4R co-expressed with human mini-AgRP, the melting
temperatures of hMC4R with and without SHU9119 antagonist
were 58 �C and 56 �C, respectively, around 10 degrees higher than
that with SHU9119, after the co-expression of AgRP (Fig. 4D).

Roughly 800 GPCRs are recognized in the human genome. Over
40 receptors are currently considered drug targets, and over 300
are potential drug targets [30,31]. For better understanding of
ligand recognition, three-dimensional structural information of
GPCRs is crucial. However, at present, few GPCR structures have
been solved. One obstacle preventing structural study is functional
receptor expression and purification. As shown in many previous
reports on biological activity assays of GPCRs, the expression level
and/or stability of receptors are not sufficient. To ensure successful
structural studies, it is critical to achieve a stable and homoge-
neous protein with high-level expression.

In this report, we successfully developed a high-yield expres-
sion and purification platform for hMC4R by truncated mutants,
T4L insertion with junction optimization in ILC3, and native ligand
co-expression. In addition, we found that human mini-AgRP plays
a role in high-yield protein expression as well as stability enhance-
ment of hMC4R. Our findings are directly applicable to the
structural study of hMC4R. Taken together, we found that the
structural properties and protein stability of MC4R are dramati-
cally enhanced by introducing human mini-AgRP co-expression,
and this is essential to the structural study of hMC4R.
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