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Intracerebroventricular Administration of C-Type
Natriuretic Peptide Suppresses Food Intake via
Activation of the Melanocortin System in Mice

Nobuko Yamada-Goto,! Goro Katsuura,' Ken Ebihara,! Megumi Inuzuka,! Yukari Ochi,’
Yui Yamashita,! Toru Kusakabe,' Akihiro Yasoda,' Noriko Satoh-Asahara,” Hiroyuki Ariyasu,’

Kiminori Hosoda,' and Kazuwa Nakao!

C-type natriuretic peptide (CNP) and its receptor are abundantly
distributed in the brain, especially in the arcuate nucleus (ARC)
of the hypothalamus associated with regulating energy homeosta-
sis. To elucidate the possible involvement of CNP in energy
regulation, we examined the effects of intracerebroventricular
administration of CNP on food intake in mice. The intracerebro-
ventricular administration of CNP-22 and CNP-53 significantly
suppressed food intake on 4-h refeeding after 48-h fasting. Next,
intracerebroventricular administration of CNP-22 and CNP-53 sig-
nificantly decreased nocturnal food intake. The increment of food
intake induced by neuropeptide Y and ghrelin was markedly sup-
pressed by intracerebroventricular administration of CNP-22 and
CNP-53. When SHU9119, an antagonist for melanocortin-3 and
melanocortin-4 receptors, was coadministered with CNP-53, the
suppressive effect of CNP-63 on refeeding after 48-h fasting was
significantly attenuated by SHU9119. Immunohistochemical anal-
ysis revealed that intracerebroventricular administration of CNP-
53 markedly increased the number of c-Fos-positive cells in the
ARC, paraventricular nucleus, dorsomedial hypothalamus, ven-
tromedial hypothalamic nucleus, and lateral hypothalamus. In
particular, c-Fos—positive cells in the ARC after intracerebroventric-
ular administration of CNP-53 were coexpressed with a-melanocyte—
stimulating hormone immunoreactivity. These results indicated
that intracerebroventricular administration of CNP induces an
anorexigenic action, in part, via activation of the melanocortin
system.

-type natriuretic peptide (CNP) is a member of
the natriuretic peptide family and has been
demonstrated to be abundantly present in the
brain, interestingly in discrete hypothalamic
areas, such as the arcuate nucleus (ARC) of the hypo-
thalamus, that play pivotal roles in energy regulation (1-3).
Two predominant molecular forms of CNP in the porcine
brain were reported to be a 22-residue peptide (CNP-22)
and its N-terminally elongated 53-residue peptide (CNP-53)
(1). Moreover, natriuretic peptide receptor-B (NPR-B),
a CNP receptor, also is widely distributed in the brain and
is reported to be abundantly expressed in the ARC of the
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hypothalamus (4,5). These findings indicate the possibility
that the brain CNP/NPR-B system may regulate energy
homeostasis.

In the current study, we examined the effects of intra-
cerebroventricular administration of CNP on food intake
induced by refeeding after fasting and by orexigenic pep-
tides, such as neuropeptide Y (NPY) and ghrelin. Also, we
examined the involvement of the melanocortin system in
the CNP actions.

RESEARCH DESIGN AND METHODS

Animals and diets. Male C57BL/6J mice (6 weeks old) obtained from Japan
SLC (Shizuoka, Japan) were housed in plastic cages in a room kept at a room
temperature of 23 = 1°C and a 12:12-h light-dark cycle (lights turned on at
9:00 am.). The mice had ad libitum access to water and food (CE-2; CLEA
Japan, Tokyo, Japan). All experiments were performed at 10 weeks of age in
accordance with the guidelines established by the Institutional Animal In-
vestigation Committee at Kyoto University and the United States National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Every
effort was made to optimize comfort and to minimize the use of animals.
Peptides. CNP-22, CNP-53, ghrelin, and NPY were purchased from Peptide
Institute (Osaka, Japan). SHU9119 was purchased from Bachem AG (Buben-
dorf, Switzerland).

Intracerebroventricular injection. Intracerebroventricular injection was
performed according to our previous report (6).

Measurement of food intake

Fasting-refeeding. Mice were fasted for 48 h and then refed for 4 h. Water was
available ad libitum during the experiments. The intracerebroventricular or
intraperitoneal administration of CNP-22 or CNP-53 was performed just before
refeeding. Food intake was measured for 4 h of refeeding. At the end of
experiments, the hypothalamus was collected for examination of the expres-
sions of mRNA for neuropeptides (7).

Nocturnal food intake. To assess the effect of intracerebroventricular ad-
ministration of CNP-22 or CNP-563 on nocturnal food intake, peptides were
injected intracerebroventricularly 1 h before the beginning of the dark phase.
Food intake was measured for 15 h after intracerebroventricular injection.
Water was available ad libitum during the experiments.

Food intake induced by NPY and ghrelin. The experiments were per-
formed from 11:00 am. to 3:00 p.M. CNP-22 or CNP-53 was intracerebro-
ventricularly administrated just before intracerebroventricular injection of
NPY (5 nmol/mouse) or intraperitoneal injection of ghrelin (100 nmol/kg).
Food intake was measured for 4 h after peptide injection. In these experi-
ments, food and water were available ad libitum.

PCR. The extraction of mRNA and quantitative real-time RT-PCR were per-
formed according to our previous report (8). Primers for preopiomelanocortin,
cocaine and amphetamine-related peptide, NPY, agouli gene-related peptide
(AgRP) and glyceraldehyde 3-phosphate dehydrogenase are shown in Sup-
plementary Table 1.

Immunohistochemistry for c-Fos and «-MSH in the hypothalamus. The
immunohistochemical methods and the stereotaxic coordinates for the hy-
pothalamic nuclei were based on our previous report (6). Briefly, mice were
anesthetized with pentobarbital at 1 h after intracerebroventricular injection
of CNP-53 (1.5 nmol/mouse) and perfused with 50 mL 0.1 mol/L PBS, followed
by 50 mL ice-cold 4% paraformaldehyde in 0.1 mol/L. PBS. Sections of 30-um
thickness were cut with a cryostat. According to the mouse brain atlas (9),
cross-sections were selected in correspondence to —1.70 mm [ARC, lateral hy-
pothalamus (LH), dorsomedial hypothalamus (DMH), ventromedial hypothalamic
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nucleus (VMH)] and to —0.82 mm [paraventricular nucleus (PVN)], relative to
bregma. For c-Fos and a-melanocyte-stimulating hormone (o-MSH) protein
staining, the sections were incubated with antic-Fos rabbit antibody (Ab-5;
1:5,000; Oncogene Science, Cambridge, MA) and antio-MSH sheep antibody
(AB5087; 1:10,000; EMD Millipore, Billerica, MA), respectively. The antibody
was detected using the Vectastain ABC Elite kit (PK-6101; Vector Laborato-
ries, Burlingame, CA) and a diaminobenzidine substrate kit (SK-4100; Vector
Laboratories) was used for visualization. The second antibodies for fluores-
cence visualization used were goat anti-rabbit488 (A11008; 1:200; Life Tech-
nologies, Carlsbad, CA) for antic-Fos rabbit antibody and goat anti-sheep546
(A21098; 1:200; Life Technologies) for antia-MSH sheep antibody.

Data analysis. All values are given as the mean * SEM. Statistical analysis of
the data were performed by ANOVA, followed by the Tukey-Kramer test.
Statistical significance was defined as P < 0.05.

RESULTS

Effects of intracerebroventricular administration of
CNP-22 and CNP-53 on food intake at refeeding after
fasting. The intracerebroventricular administration of
CNP-22 (1.5 and 4.5 nmol/mouse) and CNP-53 (1.5 nmol/
mouse) significantly suppressed food intake during 4-h
refeeding after 48-h fasting in comparison with data from
saline-treated mice (Fig. 14). In this experiment, CNP-53
(1.5 nmol), but not other treatments, induced significant
reduction of body weight compared with saline treatment
(Supplementary Table 2). The mRNA expressions of pre-
opiomelanocortin and cocaine and amphetamine-related
peptide significantly decreased, and the mRNA expres-
sions of NPY and AgRP significantly increased after
refeeding compared with control animals (Supplementary
Fig. 1). The intracerebroventricular administration of CNP-
53 did not influence the mRNA expressions of these neu-
ropeptides in the hypothalamus (Supplementary Fig. 1).
Next, the peripheral action of CNP on food intake was exam-
ined when a 10-fold greater dose than intracerebroventricular
injection of each CNP was intraperitoneally adminis-
tered. The intraperitoneal administrations of CNP-22
(1.5 pmol/kg) and CNP-563 (0.5 pmol/kg) did not change the
food intake during 4-h refeeding after 48-h fasting (Fig. 1B),
nor were there changes in body weight (Supplementary
Table 3).

The intracerebroventricular administrations of CNP-22

(4.5 nmol/mouse) and CNP-53 (1.5 nmol/mouse) at 1 h
before the start of the dark phase significantly suppressed
nocturnal food intake compared with saline treatment
(Fig. 10).
Effect of intracerebroventricular administration of
CNP-22 and CNP-53 on NPY-induced and ghrelin-
induced food intake. When CNP-22 (4.5 nmol/mouse)
and CNP-53 (1.5 nmol/mouse) were concomitantly ad-
ministered intracerebroventricularly with NPY, they sig-
nificantly suppressed the food intake induced by NPY
compared with that of saline treatment (Fig. 24). When
CNP-22 (4.5 nmol/mouse) and CNP-53 (1.5 nmol/mouse)
were administered intracerebroventricularly with ghrelin,
they significantly suppressed the food intake induced by
ghrelin compared with that of saline treatment (Fig. 2B).
Effect of melanocortin receptor antagonist, SHU9119,
on the anorectic effect of CNP. To examine its in-
volvement in the anorectic effect of CNP, SHU9119 was
administered intracerebroventricularly together with
CNP-53 (1.5 nmol/mouse). SHU9119 (1 nmolmouse) sig-
nificantly attenuated the suppressive action of CNP-63 on
the food intake during 4-h refeeding after 48-h fasting,
whereas SHU9119 itself significantly enhanced the increase
of food intake in comparison with mice administered saline
treatment (Fig. 3).
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FIG. 1. Effects of CNP on refeeding after fasting. A: Effects of intra-
cerebroventricular administration of CNP-22 (0.5, 1.5, and 4.5 nmol/
mouse) and CNP-53 (0.5 and 1.5 nmol/mouse) on 4-h refeeding after 48-h
fasting in mice. Food intake was observed for 4 h after refeeding.
B: Effects of intraperitoneal administration of CNP-22 (1.5 pmol/kg) and
CNP-53 (0.5 pmol/kg) on 4-h refeeding after 48-h fasting in mice. Food
intake was observed for 4 h after refeeding. C: Effects of intra-
cerebroventricular administration of CNP-22 (4.5 nmol/mouse) and CNP-
53 (1.5 nmolmouse) on nocturnal food intake in mice. Food intake was
observed for 15 h after intracerebroventricular injection. Data represent
mean * SEM. The number of mice is given in parentheses. Significant
differences: *P < 0.05, **P < 0.01.
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FIG. 2. Effects of CNP-22 and CNP-53 on food intake induced by NPY
and ghrelin. A: Effects of intracerebroventricular administration of
CNP-22 (4.5 nmol/mouse) and CNP-53 (1.5 nmolmouse) on NPY-
induced (5 nmol/mouse, intracerebroventricular) food intake in mice.
Food intake was observed for 4 h after coadministration of NPY and
CNP. B: Effects of intracerebroventricular administration of CNP-22
(4.5 nmolVmouse) and CNP-53 (1.5 nmol/mouse) on ghrelin-induced
(100 nmol/kg, intraperitoneal) food intake in mice. Food intake was
observed for 4 h after coadministration of ghrelin and CNP. Data rep-
resent mean = SEM. The number of mice is given in parentheses. Sig-
nificant differences: *P < 0.05, **P < 0.01.

c-Fos-immunoreactive cells in the hypothalamus af-
ter intracerebroventricular administration of CNP.
To understand the neuronal pathway involved in the ano-
rectic actions of CNP, the expression of c-Fos, one of the
markers of neuronal activation, was monitored by immu-
nohistochemical examination at 1 h after intracerebroven-
tricular injection of CNP-53 (1.5 nmol/mouse). The numbers
of c-Fos-immunoreactive cells in the ARC, PVN, and DMH
were predominantly increased after intracerebroventricular
injection of CNP-53 in comparison with saline treatment
(Fig. 4A). The c-Fos—positive cells also were moderately
increased in the VMH and LH (Fig. 44). Next, we examined
whether c-Fos immunoreactivity coexisted with «-MSH-
containing cells. In the ARC of saline-treated mice, only a
few o-MSH-immunoreactive cells showed weak c-Fos im-
munoreactivity (Fig. 4B). However, c-Fos-immunoreactive
cells that increased with intracerebroventricular adminis-
tration of CNP-53 in the ARC expressed a large amount of
o-MSH immunoreactivity (Fig. 4B).
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FIG. 3. Effects of intracerebroventricular administration of CNP-53
(1.5 nmol/mouse) and SHU9119 (1 nmol/mouse) on refeeding after 48-h
fasting in mice. Food intake was observed for 4 h after refeeding. Data
represent mean = SEM. The number of mice is given in parentheses.
Significant differences: *P < 0.05, **P < 0.01.

DISCUSSION

The current study demonstrated that intracerebroventri-
cular administration of CNP-22 and CNP-53, but not in-
traperitoneal injection, led to significant reduction of food
intake induced by fasting-refeeding. This reduction was
inhibited by the melanocortin-3 receptor (MC3R)/melano-
cortin4 receptor (MC4R) antagonist SHU9119. In addition,
CNP significantly suppressed nocturnal food intake and
orexigenic actions induced by NPY and ghrelin. The im-
munohistochemical study revealed that intracerebroven-
tricular administration of CNP-563 increased the number of
c-Fos—expressing cells containing «-MSH in the hypothala-
mus. These findings indicated that the intracerebroven-
tricular administration of CNP exhibits anorexigenic actions
partially via activation of the melanocortin system, although
the doses of CNP used in the current study could be phar-
macological doses.

The hypothalamus is considered to be an important re-
gion in regulating energy homeostasis. In particular, the
ARC in the hypothalamus contains both an orexigenic
peptide, NPY, and an anorexigenic peptide, a-MSH, and is
postulated to be involved in the first-order regulation of
food intake. Synthetic MC3R/MC4R agonists, melanotan II,
and [Nle*-D-Phe ]-a-MSH completely blocked food depri-
vation—-induced increase in food intake as well as the food
intake stimulated by intracerebroventricular administra-
tion of NPY (10,11). Regarding the reciprocal interactions
of a-MSH and NPY, melanocortin neurons in the ARC
project to the PVN (12). In the current study, intracere-
broventricular administration of CNP significantly sup-
pressed food intake after fasting, which was antagonized
by SHU9119. Our results also showed that CNP suppressed
NPY-induced food intake. Taken together, these findings
indicate that CNP exhibits anorexigenic actions via acti-
vation of MC3R/MC4R downstream signaling. However,
mRNA expressions of preopiomelanocortin, cocaine and
amphetamine-related peptide, NPY, and AgRP in the hy-
pothalamus after the intracerebroventricular injection of
CNP-53 in fasting-refeeding experiment did not change
compared with those after saline. The reason for this
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A: Number of c-Fos-immunoreactive cells after saline and CNP-53
treatments. Data represent mean = SEM. The number of mice is given
in parentheses. Significant differences: *P < 0.05, **P < 0.01. B: c-Fos-
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tion of saline and CNP-53 (I). 3rd-V, the third ventricular. Scale bars,
100 pm. Coexistence of a-MSH (red) and c-Fos (green) immunoreac-
tivity in the ARC (2-4) after saline (upper) and CNP-53 (1.5 nmoV/
mouse; lower) treatments. White arrows indicate cells expressing both
«-MSH and c-Fos immunoreactivity. 3rd-V, the third ventricular. Scale
bars, 20 pm.

discrepancy may lie in the experimental condition, time
course, and regional specificity. To clarify this discrep-
ancy, further examinations will be required.

This study demonstrated that the intracerebroventri-
cular administration of CNP significantly suppressed the
nocturnal food intake. Robust feeding during the nocturnal
phase of the daily light-dark cycle was demonstrated to be
attributed to the upregulation of NPY and its receptors (13).
These findings indicate that CNP may decrease food intake
in the nocturnal phase via suppression of NPY action.

In the current study, CNP significantly suppressed the
increase in food intake induced by ghrelin, an orexigenic
hormone secreted by the stomach (14). NPR-B, a CNP
receptor, has been identified in appetite-regulating regions,
such as the ARC, VMH, PVN, DMH, and LH (15). The
systemic administration of ghrelin significantly increased
NPY and AgRP expression in the ARC of the hypothalamus
in fed and fasted rats (15), resulting in hyperphagia. The
intracerebroventricular injection of melanotan II caused
a significant decrease in ghrelin-induced food intake (16).
These findings suggest that the actions of ghrelin are
modulated by o-MSH and NPY systems. Furthermore,
plasma ghrelin and hypothalamic ghrelin receptor mRNA
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expression are reported to be increased after fasting
(17,18). These findings suggest the possibility that intra-
cerebroventricular administration of CNP activates the
melanocortin system, which subsequently inhibits the ac-
tion of NPY, resulting in a reduced increase of food intake
induced by ghrelin.

To assess which hypothalamic nucleus is involved in the
anorexigenic action of CNP, a marker for neuronal activity,
c-Fos expression in the hypothalamus was examined after
intracerebroventricular administration of CNP-563. The intra-
cerebroventricular administration of CNP-63 significantly
increased the number of c-Fos—-expressing cells in several
hypothalamic nuclei, such as ARC, PVN, DMH, VMH, and LH,
indicating that CNP-563 directly or indirectly stimulates neu-
rons in these hypothalamic nuclei. Especially in the ARC, the
result was an increased number of c-Fos-immunoreactive
cells containing «-MSH immunoreactivity, indicating that
CNP stimulates a-MSH—containing neurons. This possibility
is supported by the finding that the suppressive action of
CNP-53 on food intake was blocked by concomitant admin-
istration of SHU9119, an MC3R/MC4R antagonist.

The current study has demonstrated the anorexigenic
action of intracerebroventricular administration of CNP
via activation of the melanocortin system. To define the
precise effect of CNP in the brain on food intake, further
investigation using mice with inducible brain-specific de-
letion of CNP or NPR-B/NPR-C will be required.

From the present findings, we postulate the possible
mechanism for anorexigenic action of exogenous CNP to
be as follows: CNP directly or indirectly acts on a-MSH-
containing neurons and subsequently stimulates o-MSH
release, resulting in suppression of food intake induced by
NPY and ghrelin. This possible mechanism may apply to
the suppressive effects of CNP on food intake after fasting
and in the nocturnal phase. Further work is needed to
define the pathophysiological significance of brain CNP in
regulation of food intake.
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Abstract

Ghrelin is a gastric peptide hormone in which serine 3 (threonine 3 in frogs) is modified
primarily by an n-octanoic acid; this modification is essential for ghrelin's activity.
The enzyme that transfers n-octanoic acid to the third serine residue of ghrelin peptide
has been identified and named GOAT for ghrelin O-acyltransferase. GOAT is the only
known enzyme that catalyzes the acyl modification of ghrelin and specifically modifies
the third amino acid serine and does not modify other serine residues in ghrelin pep-
tides. GOAT prefers n-hexanoyl-CoA over n-octanoyl-CoA as the acyl donor, although in
the stomach n-octanoyl form is the main acyl-modified ghrelin and the concentration
of n-hexanoy! form is very low. Moreover, a four-amino acid peptide derived from the
N-terminal sequence of ghrelin can be modified by GOAT, indicating that these four
amino acids constitute the core motif for substrate recognition by the enzyme.
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ISSN 0076-6879 All rights reserved.
http://dx.doi.org/10.1016/B978-0-12-381272-8.00010-6



148 Hideko Ohgusu et al.

1. INTRODUCTION

Ghrelin is identified in almost all mammalian and nonmammalian
vertebrate species, including frogs, birds, and fish (Kojima and Kangawa,
2005). A characteristic feature of ghrelin is an acyl modification at the third
amino acid, which is typically serine or threonine. This acyl modification is
necessary for ghrelin to bind to its receptor, namely, the GHS-R, and exert
biological activity (Kojima et al., 1999). The structure of ghrelin, particularly
that of the acyl-modification region, is highly conserved throughout all
vertebrate species (Kojima et al., 2008). The primary fatty acid that acylates
ghrelin is n~octanoic acid. However, the mechanism underlying this unique
modification is still unknown. Thus, investigations characterizing the
putative ghrelin ser O-acyltransferase are needed.

In 1998, Yang et al. reported that the membrane-bound acyltransferase
MBOATY4 is a ghrelin O-acyltransferase (GOAT) that catalyzes n-octanoyl
modifications of ghrelin in cultured cells (Yang et al., 2008). The observa-
tion that GOAT knockout mice lacked octanoylated ghrelin confirmed the
role of GOAT in this process (Gutierrez et al., 2008). Using a combination
of recombinant GOAT and ghrelin-specific immunoassays, we showed that
GOAT -catalyzes the n-octanoyl modification of ghrelin in vitro (Ohgusu
et al., 2009). With this platform in hand, we analyzed the basic enzymatic
characteristics such as the optimal temperature and pH, and profiled the
peptide and acyl substrate specificities of GOAT.

2. GOAT ENZYMATIC ASSAY

2.1. Construction of stable GOAT-expressing cells

and preparation of GOAT

To characterize GOAT enzymatic activity, we first established a stable

GOAT-expressing cell line and prepared the enzyme from the cell cultures

(Ohgusu et al., 2009).

1. Primer pairs were designed on the basis of the cDNA sequence of mouse
GOAT (GenBank accesssion No. EU721729). The primer sequences were
sense 5'-TCAAGCTTAGGATGGATTGGCTCCAGCTCTTTTTTC
TGCATCCTTTATC-3' and antisense 5'-GACTCGAGTCAGTTAC
GTTTGTCTTTTCTCTCCGCTAACAG-3, containing a HindIIl
and a Xhol site, respectively.
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2. Mouse GOAT cDNA was amplified by PCR from stomach cDNA using
Pyrobest DNA polymerase (Takara Bio Inc., Ohtsu, Japan).

3. The amplified cDNA fragment was inserted into a pcIDNA3.1 vector at
the HindIII-Xhol site.

4. CHO cells were transfected with the GOAT-pcDNA3.1 vector using
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) and cultured
in 0-MEM medium with G418 (1 mg/ml) for stable cell selection.

5. Cells that grew in the presence of G418 were tested for expression of
GOAT mRNA by PCR. The primers used were the same as those
employed for amplifying GOAT c¢cDNA (Step 1). The cell with the
highest GOAT expression level was used for the following experiments.

6. GOAT-expressing CHO cells were cultured to 80-90% confluence in
12 100-mum culture plates (IWAXI, Tokyo, Japan). Then, the cells were
homogenized by a Teflon homogenizer in the extraction buffer: 100 mM
Trs—HCI (pH 7.4) containing 1 mM PMSF (phenylmethylsulfonyl fluo-
ride), 0.8 nM aprotinin, 15 pM E-64, 20 uM leupeptin, 50 uM bestatin,
and 10 pM pepstatin A.

7. First, the homogenate was centrifuged at 800 X ¢ for 5 min. Then, the
resultant supernatant was further centrifuged at 100,000 X ¢ for 1 h.
The pellet was dissolved in the same extraction buffer and stored
at —80 °C. The described subcellular fractionation procedure provided
specific ghrelin n-octanoyl transferase activity in the 100,000 x g pellet
but not the supernatant (Fig. 10.1). These results indicated that GOAT
was a membrane-bound enzyme. In addition, control CHO cells
demonstrated no GOAT activity (Fig. 10.1). We looked for GOAT ac-
tivity in preparations of mouse stomach membrane using the same assay
system described in this study (see Section 2.2). However, we could not
detect any GOAT activity, perhaps due to low concentrations of the
enzyme in the stomach (data not shbwn).

2.2. In vitro GOAT enzymatic assay

1. The standard in vitro assay for the ghrelin #-octanoyl modification con-
tained the following: 200 pl of 50 mM Tris—HCI (pH 7.4), 0.5 pM rat
des-acyl ghrelin, 10 pM n-octanoyl-CoA (Sigma-Aldrich Co., St. Louis,
MO), 0.1% CHAPS, and 1-5 pl enzyme solution. Figure 10.2 shows that
n-octanoyl ghrelin was produced from the acyl donor n-octanoyl-CoA
but not from mn-octanoic acid. Moreover, co-incubation of both
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Figure 10.1 Subcellular localization of GOAT activity. Wild-type CHO and GOAT-
expressing CHO (CHO-GOAT) cells were collected and separated by centrifugation at
100,000 x g to obtain membrane fractions. A ghrelin n-octanoyl modification reaction
was performed using the standard assay conditions. n-Octanoyl ghrelin concentrations
were measured using the active ghrelin ELISA kit. The results are expressed as the
means +SD (n=3).
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Figure 10.2 GOAT acyl donor selectivity. The production of n-octanoyl ghrelin was
measured using the standard assay conditions with varying concentrations of
n-octanoic acid or n-octanoyl-CoA as donor substrates. The results are expressed as
the means=+SD (n=3).
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n-octanoic acid and CoA alone did not produce n-octanoyl ghrelin (data
not shown). Thus, n-octanoyl-CoA was an acyl donor for ghrelin.

2. The reaction was initiated by adding the enzyme solution to the other
components and incubating at 37 °C for 30 min.

3. The reaction was stopped by adding 20 pl 1 N HCIL The solution was
stored at —30 °C until ghrelin concentrations were measured.

3. DETECTING THE MOLECULAR FORMS OF GHRELIN
GENERATED BY IN VITRO GOAT ENZYMATIC ASSAYS

We used three approaches to identify the molecular forms of ghrelin
produced during in vitro GOAT activity assays (Fig. 10.3).

Assay condition
50 mM Tris-HCI (pH 7.4)
0.5 uM Rat des-acyl ghrelin
10 pM  n-Octanoyl-CoA
0.1%  CHAPS
+1-5 pl Enzyme solution

l Total volume 200 pl
l 37 °C, 30 min

L +20 pl IN HCI

' ' '

(1) 28-amino acid (2) Various length (3) 28-amino acid various
n-octanoyl ghrelin n-octanoyl ghrelin type acyl-modified ghrelin
Active ghrelin ELISA Ghrelin N-RIA HPLC

'

Ghrelin C-RIA

Figure 10.3 Assays to identify various molecular forms of ghrelin. Three assay systems,
namely, active ghrelin ELISA, ghrelin N-RIA, and ghrelin C-RIA, were used to identify
various lengths and acyl modifications of ghrelin peptides produced in vitro.
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1. n-Octanoyl-modified ghrelin peptides less than 28 amino acids long
were identified by a radioimmunoassay (RIA) specific to the N-terminal
fragment of ghrelin (N-RIA), which detects the n-octanoyl moiety.

2. To analyze the various types of acyl modifications in ghrelin peptides, the
assayed samples were fractionated by high-performance liquid chro-
matography (HPLC), and the ghrelin concentration in each fraction
was detected by RIA specific to the C-terminal fragment of ghrelin
(C-RIA). The various types of acyl modifications in ghrelin resulted
in different retention times by HPLC; the modifications with longer acyl
acids eluted earlier than those with shorter ones.

3. Full-length n-octanoyl ghrelin was detected by an active ghrelin ELISA
kit (Mitsubishi Kagaku Iatron, Inc., Tokyo, Japan). This ELISA specif-
ically detects n-octanoyl ghrelin of 28 amino acids in length.

3.1. RIA of ghrelin

1. Rabbit polyclonal antibodies were raised against N- and C-terminal rat
ghrelin peptides: Gly'-Lys'' with O-n-octanoylation at Ser” and Gln'>-
Arg®®, respectively (Hosoda et al., 2000).

2. RIA incubation mixtures contained 100 pl of either standard ghrelin or
an unknown sample with 200 pl of antiserum diluted in the RIA buffer:
50 mM sodium phosphate buffer, pH 7.4; 0.5% BSA; 0.5% Triton
X-100; 80 mM NaCl; 25 mM EDTA-2Na; 0.05% NaNs;; and 0.5%
normal rabbit serum.

3. Anti-N- and C-terminal rat ghrelin antisera were used at final dilutions of
1:1.5x 10° and 1:1 x 10%, respectively.

4. Aftera 12-h incubation at 4 °C, 100 pl "**I-labeled ligand (20,000 cpm)
was added, and the incubation was continued for an additional 36 h.
Then, 100 pl of anti-rabbit goat antibody was added and the samples
were incubated for 24 h at 4 °C.

5. Free and bound tracers were separated by centrifugation at 3000 rpm for
40 min. The radioactivity in the pellet was quantified in a y-counter
(ARC-600, Aloka, Tokyo, Japan). All assays were performed in
duplicate.

6. Both antisera exhibited complete cross-reactivity with human, mouse,
and rat ghrelins. The anti-N-terminal rat ghrelin antiserum, which spe-
cifically recognizes the n-octanoylated portion of ghrelin, exhibited
100% cross-reactivity with rat, mouse, and human n-octanoyl ghrelin
but did not recognize des-acyl ghrelin.
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. The anti-C-terminal rat ghrelin antiserum equally recognized both

des-acyl and all acylated forms of ghrelin peptides including n-hexanoyl,
n-octanoyl, n-decanoyl, n-lauroyl, n-myristoyl, and n-palmitoyl ghrelins.

. The ED3q values for N- and C-terminal ghrelin RIAs were approxi-

mately 8 and 32 fimol/tube, respectively. The minimal detection levels
by the N- and C-terminal RIAs were 0.25 and 1.0 finol/tube, respec-
tively. All samples were diluted in the RIA buffer to fit the optimal
detection range (between ED»j and EDygg) for each RIA.

. Throughout the following sections, the RIA systems using the N- and

C-terminal antisera are termed N- and C-RIAs, respectively.

3.2, ELISA of ghrelin

1.

An active ghrelin ELISA Kit (Mitsubishi Kagaku latron, Inc.) was used to
specifically measure n-octanoyl ghrelin, and a des-acyl ghrelin ELISA Kit
(Mitsubishi Kagaku Iatron, Inc.) was used to specifically assess des-acyl
ghrelin.

. Samples produced by in vitro GOAT enzymatic assays were directly used

tor the ghrelin ELISAs.

3.3. HPLC analysis of n-octanoyl-modified ghrelin

We analyzed the molecular forms of ghrelin in the GOAT reaction to con-
firm that the product was a ghrelin peptide modified by n-octanoyl acid.

1.

The reaction products were desalted with Sep-Pak C18 cartridges
(Waters, Milford, MA) that had been pre-equilibrated in 10% acetonitrile
(CH;CN)/0.1% trifluoroacetic acid (TFA). The samples were loaded onto
the cartridges, which were then washed with 10% CH3;CN/0.1% TFA.
The peptides were eluted with 60% CH;CN/0.1% TFA.

. Next, the eluate was lyophilized. Then, the peptides were resuspended in

10% CH;CN/0.1% TFA and separated by reverse-phase HPLC (RP-
HPLC) using a pBondasphere C18 column (3.9 X 150 mm; Waters)
and a linear 40-min gradient of 10-60% CH;CN in 0.1% TFA at
1 ml/min. Fractions (500 pl) were collected throughout the gradient.

. The fractions were lyophilized and subjected to ghrelin analysis by RIA

or ELISA.

. To determine the retention times of the standard ghrelin peptides,

human n-octanoyl ghrelin and des-acyl ghrelin, the standards were
mixed with the GOAT assay solution and (without performing a
reaction) the mixture was immediately desalted with a Sep-Pak C18
cartridge, lyophilized, and resuspended in 10% CH;CN/0.1% TFA.
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Figure 10.4 Characterization of ghrelin peptides produced by in vitro GOAT enzymatic
reactions. RP-HPLC of GOAT reaction products was monitored by an ELISA specific for
n-octanoyl ghrelin. The black bars indicate n-octanoyl ghrelin immunoreactivity.
The gradient profile is indicated by the dotted line. The standard eluted positions of
des-acyl ghrelin and n-octanoyl ghrelin are indicated by arrows.

5. Then, the peptide standards were separated by RP-HPLC and assayed by
two ELISAs: the active ghrelin ELISA Kit (specific for the n-octanoyl pep-
tide) and the des-acyl ghrelin ELISA Kit (specific for des-acyl peptide).

6. Standard n-octanoyl human ghrelin eluted in fraction 42 (at 20.5-21.0 min)
and des-acyl ghrelin eluted in fraction 22 (at 10.5-11.0 min). Figure 10.4
shows the HPLC analysis of the reaction products from GOAT activity
assays. Each fraction was measured by an active ghrelin ELISA. We detected
Immunoreactivity in fraction 42, the same elution position as the #n-octanoyl
ghrelin peptide standard. Thus, the ghrelin peptide produced by GOAT in
vitro was identified as n-octanoyl ghrelin (1-28).

4. ENZYMATIC CHARACTERIZATION OF GOAT
4.1. Effect of detergents on GOAT activity

Subcellular fractionation revealed that n-octanoyltransferase activity par-
titioned with the cell membrane fraction, confirming that GOAT is a
membrane-bound enzyme as suggested in the original GOAT papers
(Gutierrez et al., 2008; Yang et al., 2008). We examined the effects of
detergents on GOAT activity.
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Figure 10.5 Effects of detergents on GOAT activity. Crude membranes from GOAT-
expressing CHO cells were solubilized in 1% of the indicated detergent for 15 min at
37 °C. Then, the n-octanoyl transferase reaction was performed in the standard assay
solution containing 0.1% of the indicated detergent.

1. Eightdetergents were used: Triton X-100, Triton X-45, CHAPS, Lubrol,
Tween 80, NP40, NP9, and Brij96v. These detergents were prepared in
water to 5.0%.

2. The enzyme preparation from GOAT-expressing CHO cells was incu-
bated in 0.1% detergent for 15 min at 37 °C. Then, the GOAT activity
assay was performed according to the standard method (Section 2.2). We
found that treatment of the membrane fraction with CHAPS or Tween
80 retained GOAT activity (Fig. 10.5). By contrast, treatment with the
six other detergents attenuated or abolished GOAT activity. These re-
sults indicated that CHAPS and Tween 80 stabilized the conformation
of GOAT and were useful for solubilization of the enzyme.

4.2. Exploration of GOAT acyl donors

To investigate whether GOAT utilizes only n-octanoyl-CoA as an acyl
donor, we assessed the ability of recombinant GOAT to acylate ghrelin using
a variety of n-acyl-CoAs, including n-hexanoyl-, n-decanoyl-, n-palmitoyl-,
and n-myristoyl-CoA (Ohgusu et al., 2009). The reaction conditions were the
same as for the standard reaction mixture except for the substitution of n-acyl-
CoA substrates in place of n~octanoyl-CoA. The reaction products were sub-
jected to HPLC analyses to confirm the molecular structure by comparison
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with synthetic standard peptides. To monitor the retention time of acyl-

modified ghrelins, we used C-RIA, which recognizes the C-terminal portion

of the ghrelin peptide and is not affected by acyl modifications.

1. Fatty acid-CoAs used for the acyl donor studies were purchased from
Sigma-Aldrich Co.. These fatty acid-CoAs were used at the standard as-
say concentration of 10 pM.

2. The reaction products were desalted with Sep-Pak C18 cartridges
and subjected to RP-HPLC after evaporation of acetonitrile and
resuspension in 10% CH3;CIN/0.1% TFA. A 40-min linear gradient of
10-60% CH;CN in 0.1% TFA was used at 1 ml/min. Fractions
(500 pl) were collected throughout the gradient.

3. The fractions were lyophilized and analyzed by anti-ghrelin C-RIA.
Ghrelin immunoreactive fractions were compared with the standard elu-
tion times of synthetic n-acyl-modified ghrelins. We found that, in
addition to n-octanoyl CoA, GOAT modified the des-acyl ghrelin
peptide with other medium-chain acyl acids, such as n-hexanoyl-CoA
(Fig. 10.6A) and n-decanoyl-CoA (Fig. 10.6B). By contrast, long-chain
fatty acids were not used as acyl donors. Next, we conducted kinetic stud-
ies using des-acyl ghrelin and three medium-chain acyl-CoAs as the donor
substrates: n-hexanoyl-, n-octanoyl-, and n-decanoyl-CoA (Fig. 10.6C
and D). Increasing the acyl-CoA concentrations resulted in increasing
GOAT activity. The order of substrate preference as evaluated by
Vina/ Koy Wwas n-hexanoyl-CoA > n-octanoyl-CoA > n-decanoyl-CoA.
The K, values of n-hexanoyl-CoA and n-octanoyl-CoA were 294 and
13.6 UM, respectively. We could not calculate the K, values of
n-decanoyl-CoA because the concentration of the produced n-decanoyl
ghrelin was very low.

4.3. Substrate specificity of GOAT for ghrelin peptides

We examined the peptide substrate specificity of GOAT (Ohgusu et al.,
2009). Synthetic peptide substrates were derived from the N-terminal se-
quence of mammalian ghrelin. The length of these substrates (four to eight
amino acids) was shorter than that of des-acyl ghrelin, and the C-terminus of
the peptide substrates had an o~amide structure. N-RIA was used for the
detection of n-octanoyl-modified peptides.

1. Short (four to eight amino acids) synthetic ghrelin peptides and
n-octanoyl-CoA were used as the peptide and acyl donor substrates,
respectively. The synthetic peptides were GSSF-NH,, GSSFL-INH,,
GSSFLK-NH,, GSSFLSP-NH,, and GSSFLSPK-NHo,.
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2. The reaction products were directly subjected to RP-HPLC analysis
using a 40-min linear gradient of 10-60% CH3;CN in 0.1% TFA at
1 ml/min. Fractions (500 pl) were collected throughout the gradient.

3. Fractions were lyophilized, reconstituted in RIA buffer, and analyzed by
N-RIA. Figure 10.7 shows the HPLC retention times of the five synthetic
ghrelin-derived substrates. The retention times of the reaction products
were delayed for all of the peptide substrates assayed. The retention times
were as follows: 23.5-24.5 min, GSSF-NH,; 26.0-26.5 min, GSSFL-
NH,; 23.0-23.5 min, GSSFLK-NH,; 25.0-25.5 min, GSSFLSP-NH,;
and 23.5-24.0 min, GSSFLSPK-NH,. Moreover, the synthetic #-
octanoyl-modified peptide GSS(C8:0)FLSPK-INH, had the same retention
time as that of the GOAT-reacted GSSFLSPK-NH, product (data not
shown). These results indicated that these five peptides served as GOAT
substrates that were modified by n-octanoic acid. Furthermore, peptides
as short as four amino acids were sufficient to serve as GOAT substrates.

4.4. Optimal temperature and pH for GOAT activity

The optimal reaction temperature was from 37 to 50 °C (Fig. 10.8A).
GOAT activity was retained at 55 °C but was abolished above 60 °C.
The specific activity of GOAT was determined over a range of pH values
(Fig. 10.8B) using the following buffers: 50 mM MES (pH 5-7), Tris—HCI
(pH 7.5-8.5), and NaHCOj; (pH 9-10). The optimal pH for maximal spe-
cific activity was pH 7.0-7.5. The specific activity dropped off rapidly below
pH 6.5 and above pH 8.5.

4.5, Effects of cations on GOAT activity

The effects of various cations on GOAT activity were compared (Fig. 10.9).
Recombinant GOAT was activated by low concentrations but inhibited
by high concentrations of Mg”> " and Ca®". By contrast, Fe’ ™ and Cu*™

Figure 10.6 Acyl-CoA specificity of GOAT. The acyl-CoA specificity of GOAT toward (A)
n-hexanoyl-CoA (C6:0) and (B) n-decanoyl-CoA (C10:0) was analyzed by incubating
0.5 uM rat des-acyl ghrelin in the presence of 1 pl enzyme solution. Two reactions for
each acyl-CoA were performed; these reactions were pooled for HPLC analyses. The re-
action products were subjected to HPLC, and each fraction was assayed for immunore-
active ghrelin by ghrelin C-RIA. The arrows indicate the eluted positions of (a) des-acyl
ghrelin and (b) n-octanoyl ghrelin. (C and D) Kinetic studies of recombinant GOAT. GOAT
assays were performed by incubating increasing concentrations of (C) n-hexanoyl-CoA
(C6:0), (D) n-octanoyl-CoA (C8:0), and (not shown) n-decanoyl-CoA (C10:0) under the
same assay conditions. The concentrations of acylated ghrelin products were measured
using ghrelin C-RIA after HPLC. The K, values were calculated from these results.
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Figure 10.7 Analysis of GOAT substrate specificity. HPLC analyses of GOAT reaction
products when (A) GSSF-NH,, (B) GSSFL-NH,, (C) GSSFLK-NH,, (D) GSSFLSP-NH,, and
(E) GSSFLSPK-NH, were used as substrates. Reaction products were subjected to HPLC
and each fraction was assayed for immunoreactive n-octanoyl ghrelin by N-RIA. The
eluted positions of peptide substrates are indicated by arrows.
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Figure 10.8 Optimal temperature and pH for GOAT activity. n-Octanoyl ghrelin concen-
trations were measured by the active ghrelin ELISA kit. Results are expressed as the mea-
n=SD (n=3). (A) Temperature dependence of GOAT activity. (B) pH dependence of
GOAT activity.
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Figure 10.9 Effects of cations on GOAT activity. Enzymatic activity was measured using
standard assay conditions with the addition of cations. The cations used were (A) FeCls,
(B) CuCly, (C) MgCl,, and (D) CaCl,. Activity is expressed as the percent activity retained
after cation treatment as compared to standard assay conditions. Data represent the
average of two independent experiments.



