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Abstract
Ghrelin O-acyltransferase (GOAT) is responsible for catalyzing the attachment of the eight-carbon
fatty acid octanoyl to the Ser3 side chain of the peptide ghrelin to generate the active form of this
metabolic hormone. As such, GOAT is viewed as a potential therapeutic target for the treatment of
obesity and diabetes mellitus. Here, we review recent progress in the development of cell and in
vitro assays to measure GOAT action and the identification of several synthetic GOAT inhibitors.
In particular, we discuss the design, synthesis, and characterization of the bisubstrate analog GO-
CoA-Tat and its ability to modulate weight and blood glucose in mice. We also highlight current
challenges and future research directions in our biomedical understanding of this fascinating
ghrelin processing enzyme.

1. INTRODUCTION
Acyl ghrelin is a 28-amino acid peptide hormone that has been shown to modulate body
weight and blood glucose. Discovered in 1999 by Kojima and colleagues, acyl ghrelin is
produced primarily in the stomach, pancreas, and duodenum. Acyl ghrelin contains an
unusual eight-carbon fatty acid posttranslational modification, which is essential for its
biological function (Date et al., 2000; Heller et al., 2005; Kojima et al., 1999; Prado et al.,
2004; Wierup et al., 2002).

The amino acid sequence of acyl ghrelin is highly conserved among mammals, differing
only at two residues between humans and rodents. Acyl ghrelin homologs have also been
identified in all vertebrates examined, including bullfrogs, chicken, and tilapia. Acyl ghrelin
is the endogenous ligand of the growth hormone secretagogue receptor (GHS-R1a) (Kojima
et al., 1999), a G-protein-coupled receptor that is present in the brain and other tissues. Upon
acyl ghrelin binding to GHS-R1a, cellular phospholipase C is activated to generate inositol
triphosphate (IP3) and diacylglycerol, which in turn increases intracellular level of Ca2+,
resulting in growth hormone release (Korbonits et al., 1999). This pathway is distinct from
that of the growth hormone-releasing hormone (GHRH), where binding to the GHRH
receptor results in increase in cAMP levels.

GHS-R1a is predominantly expressed in the arcuate nucleus of the hypothalamus but is also
found in the pituitary, the ventromedial nuclei, the hippocampus, and vagal afferent neurons,
with lower levels of expression seen in nonneuronal cell types in the periphery, including the
pancreas (Chen et al., 2004; Cowley et al., 2003; Guan et al., 1997; Howard et al., 1996).
Acyl ghrelin may exert appetite stimulation as well as modulate metabolism via a variety of
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mechanisms (Chen et al., 2004; Kamegai et al., 2001; Morton and Schwartz, 2001; Willesen
et al., 1999); its action is mediated at least in part by the uncoupling protein UCP2 (Andrews
et al., 2008).

In order to bind to GHS-R1a, acyl ghrelin requires a unique posttranslational modification in
that the serine at position 3 is n-octanoylated (Kojima et al., 1999). Intriguingly, ghrelin
acylation may be governed by the level of medium-chain triglycerides in the diet (Nishi et
al., 2005). The biosynthesis of acyl ghrelin is outlined in Fig. 13.1. The 117-amino acid
preprohormone contains a signal peptide and is cotranslationally cleaved, releasing the 94-
amino acid proghrelin into the lumen of the endoplasmic reticulum (ER). Attachment of the
octanoate group to Ser3 of proghrelin occurs in the ER and is catalyzed by ghrelin O-
acyltransferase (GOAT). In secretory granules or perhaps as early as the trans-Golgi,
prohormone convertase 1/3 (PC1/3) then cleaves at the C-terminus of acyl proghrelin to
produce mature acyl ghrelin (Zhou et al., 1999; Zhu et al., 2006).

The ghrelin-octanoylating enzyme GOAT was molecularly identified by two groups and
reported in 2008 (GOAT) (Gutierrez et al., 2008; Yang et al., 2008a). A 45-kDa
multispanning transmembrane protein, GOAT is a member of the family of membrane-
bound O-acyltransferases (MBOAT), which includes heghehog acyltransferase (Hhat) and
porcupine (Porc), the substrates of which are the secretory proteins sonic hedgehog (Shh)
and Wnt, respectively (Buglino and Resh, 2008; Chamoun et al., 2001; Hofmann, 2000;
Kadowaki et al., 1996; Takada et al., 2006). Ghrelin and Wnt3a are the only proteins known
to contain acylated serine residues. MBOAT family members have diverse substrates
including sterols, phospholipids, and proteins, but as integral membrane proteins the
enzymatic properties of these proteins are poorly understood. To date, ghrelin is the only
established substrate for GOAT, and is the only known octanoylated protein. In addition to
the metabolic roles for acyl ghrelin, this hormone has also been implicated in many areas
including but not limited to learning and memory, as well as food-related behavior (Carlini
et al., 2002; Diano et al., 2006) and gastrointestinal motility (de la Cour Dornonville et al.,
2004; Ogiso et al., 2011). These and other aspects of ghrelin physiology have been recently
reviewed (Castaneda et al., 2010). Recent studies on GOAT knockout mice have suggested
that this enzyme is important for survival under prolonged, severe starvation, although this
characteristic may be context dependent (Sun et al., 2008; Yi et al., 2012; Zhao et al.,
2010a). The potential therapeutic benefits of exploiting the ghrelin–GOAT system in
managing obesity and diabetes are attractive but not yet fully explored. Much drug
discovery work has been focused on GHS-R1a receptor modulators, but the discovery of
GOAT offers new potential for the generation of GOAT-selective inhibitors; however, the
potential scope of pharmacologic actions of such modulators is not yet known. This chapter
discusses the practical issues involved in developing GOAT inhibitors, the initial progress in
this area, as well as future challenges.

2. ANALYSIS OF ACYL GHRELIN LEVELS AND GOAT ACTIVITY
2.1. Assays measuring acyl and des-acyl ghrelin from blood and cells

In order to develop effective GOAT inhibitors, an important technical hurdle to overcome is
reliable measurement of acyl and des-acyl ghrelin. A challenge in designing assays to
measure ghrelin acylation is the instability of acyl ghrelin in biological systems,
predominantly due to hydrolysis of the acyl group by esterases in plasma, cell culture
medium, and cell extracts. Any assay must measure typically dilute concentrations of the
hormone, preserve acylation through isolation, and then detect the acylation in the context of
what is usually a larger amount of des-acyl ghrelin. A comparison of literature reports
suggests wide ranges (10–100-fold or more) in concentrations of blood acyl ghrelin in
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studies on normal humans and rodents, underscoring the complexity of the measurements
(Groschl et al., 2004; Liu et al., 2008a).

Early acyl ghrelin assays used the functionality of the hormone on the GHS-R1a receptor.
While useful, these assays are rather complex and lack precision. Combinations of reversed-
phase HPLC and immunoassays have proved increasingly reliable. Acyl ghrelin
measurements relying on mass spectrometry have also been reported, although our lab has
had limited success with this approach (Gutierrez et al., 2008; Satou et al., 2010). The
current state of the art for ease of use and reproducibility seems to be sandwich ELISA
assays.

Two-site immunoassays are generally more sensitive and specific than single-antibody
assays and also do not cross-react with peptide fragments (Nussbaum et al., 1987). Some
early publications used a two-site sandwich ELISA developed inhouse (Barkan et al., 2003),
but this was not widely adopted. Liu et al. (2008a) developed two novel sandwich ELISAs
specific for acyl and des-acyl full-length ghrelin. Capture was achieved using N-terminal
acyl- and des-acyl-specific antibodies, and detection for both assays used an affinity-purified
antibody to ghrelin's C-terminal amino acids 21–27. They also detailed an improved
collection protocol in which blood is collected directly into chilled tubes preloaded with the
protease inhibitor AEBSF (4-(2-aminoethyl)benzenesulfonyl fluoride), maintained on ice
until prompt centrifugation, and then immediately acidified with 20% (v/v) 1 N HCl to
protect the ghrelin ester from hydrolysis. These combined improvements represent the
current state of the field, although the esterase inhibitor PHMB (p-hydroxymercuribenzoic
acid) can be substituted for AEBSF and adding 1 M NaCl improves plasma separation.

Commercial two-site sandwich ELISA kits by Spi-Bio (now Bertin Pharma) are now
available, sold through Cayman Chemical and Alpco Diagnostics. These kits have been used
in recent studies (Barnett et al., 2010; Zhao et al., 2010b). The kits include wells coated with
a C-terminal capture antibody and a modification-specific N-terminal antibody conjugated
to acetylcholinesterase. The kits from the two companies are apparently identical except for
the color of their packaging. We have validated their modification-specificity and sensitivity
against both homemade standards and those supplied by the manufacturer. We also tested
kits from Millipore with similar results. Other two-site kits are available from Mitsubishi
Kagaku Iatron (Tokyo, Japan), using N-terminal-modification-specific antibody and C-
terminal capture antibody, although we have not tested them.

2.2. Measuring acyl and des-acyl ghrelin levels in cell-based model systems
To establish a model system for ghrelin acylation, the field first turned to cell lines. The first
cell line established was the TT cell, a medullary thyroid carinoma line (Kanamoto et al.,
2001). Ghrelin production from these cells was similar to that in rat intestinal production,
and approximately 20% of the ghrelin produced was found to be acylated. Ghrelin was
secreted into the culture medium as well; the vast majority of secreted material was found to
be des-acyl , and the different ratios between intracellular and secreted pools were attributed
to degradation. This cell line was used to discover GOAT by Gutierrez et al. (2008) (see
below). They demonstrated that the amount of acyl ghrelin in the medium could be
increased by the addition of octanoic acid or protection of the acyl group with a
modification-specific antibody and that octanoylation occurred only at Ser3.

The human erythroleukemia cell line (De Vriese et al., 2005) also produces acyl ghrelin,
which was shown to be part of an autocrine loop leading to cell proliferation. Interestingly,
they also demonstrate that the half-life of acyl ghrelin in culture medium is approximately 1
h. However, these cells are of limited utility as a model because the amount of acyl ghrelin
produced is very low and ghrelin production is unstable (Takahashi et al., 2009).
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Yang et al. (2008a) tested a number of cell lines for the ability to process proghrelin to
ghrelin, measuring the retained intracellular ghrelin in cell lysates. HEK-293 and CHO-7
lysates contained only proghrelin, but the endocrine cell lines AtT-20, INS-1, and MIN-6 all
contain mixtures of proghrelin and mature, processed ghrelin. Transfection of candidate
acyltransferases into the INS-1 cell line was then used to independently discover GOAT,
and all three cell lines were able to produce mature, octanoyl ghrelin when GOAT was
transfected in.

Gutierrez et al. have transiently transfected plasmids expressing ghrelin and GOAT into
GripTite HEK-293 MSR cells and, combined with addition of fatty acids in the medium,
showed production of mature acyl ghrelin at much higher levels than seen in TT cells
(Gutierrez et al., 2008). Interestingly, they detect mature, processed ghrelin in the medium
of the precise expected mass. This demonstrates that HEK-293 cells can in fact process
proghrelin to ghrelin, but the cleaved form may be promptly secreted. Enhanced production
of acyl ghrelin was subsequently reported in three cell lines, namely, TT, AtT20, and
COS-7, by cotransfecting a plasmid expressing ghrelin with either or both plasmids
expressing GOAT and one of five proteases (Takahashi et al., 2009).

Three improved cell lines were recently isolated from ghrelinomas in ghrelin-promoter
SV40-T-antigen transgenic mice: MGN3-1, PG-1, and SG-1 cells. These cell lines all
express ghrelin, GOAT, and PC1/3, and have been shown to recapitulate physiologic ghrelin
signaling to some extent, so they should be useful model systems going forward. MGN3-1
(Mouse Ghrelinoma 3-1) cells produce 5000 times more ghrelin than TT cells (Iwakura et
al., 2010). Approximately 6–14% of the ghrelin produced in this cell line is acylated when
octanoic acid is added to the medium, depending on the experiment, and acyl ghrelin is
secreted into the culture medium in mature, cleaved form. siRNA knockdown of GOAT
slightly depressed the ratio of acyl to des-acyl ghrelin produced.

The similar cell lines PG-1 and SG-1 were derived from pancreatic and stomach
ghrelinomas, respectively (Zhao et al., 2010b). These lines produce comparably high levels
of ghrelin to MGN3-1, although direct comparison is difficult because of different
measurement techniques (single-site RIA vs. 2-site ELISA) and distinct normalizations (per
cell vs. per microgram cellular protein). In PG-1 and SG-1 cells, up to 30% of secreted
ghrelin is octanoylated when sodium octanoate-albumin is added to the culture medium.

We recently established the vector phPPG-mGOAT for stable expression of ghrelin and
GOAT in the widely available 293T and HeLa cell lines (Barnett et al., 2010). This
episomally maintained vector has a CMV promoter (Cyotomegalovirus immediate early
promoter), ghrelin, internal ribosome entry site, and then GOAT, in that order, providing
substantial production and a high substrate-to-enzyme ratio. By measuring intracellular
ghrelin by ELISA, we then used this system to test structure–activity relationships for
GOAT inhibitors. Note that this approach does not explicitly distinguish proghrelin from
mature ghrelin forms and avoids the issues of ester hydrolysis that appear to accompany
secretion into the medium. We have also found it most advantageous to consistently
measure acyl and des-acyl ghrelin from the same samples and express the percentage of acyl
ghrelin as a key parameter to circumvent the fluctuations of total ghrelin that may be related
to cellular conditions or isolation procedures.

2.3. In vitro direct GOAT activity assays using microsomes
Yang et al. established an in vitro GOAT acyl transfer assay using membranes enriched for
ER (microsomes) from insect cells infected with baculovirus encoding mouse GOAT to
transfer 3H-labeled octanoate onto proghrelin-His8 (Yang et al., 2008b). Mouse GOAT
microsomes were prepared as follows: GOAT was cloned into pFastBac HT-A, giving it an
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N-terminal His10-TEV tag, and the baculovirus infected SF9 cells from which the
microsomes were harvested. As a negative control, the MBOAT fingerprint residue H338
was mutated to alanine and control virus was also employed. Proghrelin-His8 and mutant
proghrelins were produced in bacteria using an N-terminal GST-TEV tag, such that TEV
cleavage produced the authentic N-terminal sequence of proghrelin.

The in vitro octanoylation assay of Yang et al. was performed using 1 μM 3H-octanoyl-CoA
(high specific activity), 5 μg proghrelin-His8 (8.6 μM), and 50 μg GOAT-containing
microsomes. Reactions were quenched with buffer containing 0.1% SDS, labeled proghrelin
was separated from the reaction mixture using nickel-affinity chromatography, and 3H-
octanoylproghrelin was quantified using liquid scintillation counting. Yang et al. found that
addition of long-chain fatty coenzyme A (CoA) conjugates stimulate the reaction up to 3.5-
fold by preventing hydrolysis of octanoyl-CoA to octanoate and therefore 50 μM palmitoyl-
CoA was present in all further reactions.

The enzyme kinetics observed in these studies was complex and nonlinear, probably because
of the presence of esterases, palmitoyl-CoA, and product inhibition. The apparent Km values
for octanoyl-CoA and proghrelin were found by Yang et al. to be 0.6 and 6 μM,
respectively. As a control, it was shown that the S3A mutant ghrelin could not be
octanoylated by GOAT. Octanoylation of ghrelin mutants G1S, G1A, and F4A was
dramatically reduced, indicating the importance of residues G1, S3, and F4 in this
recognition. L5A and S6A ghrelin mutations had smaller effects, indicating a lesser
contribution of these side chains to recognition, and there was no effect of S2A or P7A
mutations. Also, the addition of the two N-terminal residues Ser-Ala, which would be
present were the signal peptide not cleaved, markedly reduced octanoylation. Together with
the finding of acylated proghrelin in transfected INS-1 cells, this evidence suggests that the
natural substrate for GOAT is proghrelin after signal peptide cleavage (Yang et al., 2008b).
Yang et al. also demonstrated that truncated ghrelin pentapeptides could be acylated by
microsomal GOAT, although they showed weaker apparent affinity for the enzyme.

Our group has developed a related assay for studying recombinant microsomal GOAT, but it
has been prepared from human cells rather than insect cells (Barnett et al., 2010). HEK293T
GnTI-cells were transfected with mouse GOAT containing a C-terminal 3xFlag tag cloned
into a mammalian expression vector (CAG promoter). Microsomes were prepared in a
manner similar to that reported by Yang et al., and GOAT assays were performed using a
synthetic ghrelin tagged with a C-terminal biotin (Ghrelin27-Biotin), taking advantage of the
robustness of streptavidin–biotin affinity. Assays were carried out with 3H-octanoyl-CoA,
with streptavidin beads used to isolate radiolabeled octanoyl ghrelin. Although signal was
detected in this human cell expression system, there appears to be significantly greater
signal using the insect cell expression system.

Garner and Janda (2010) have developed an elegant nonradioactive GOAT assay exploiting
click chemistry. Replacing octanoyl-CoA with octynoyl-CoA containing a carbon–carbon
triple bond at the 7–8 position, Garner and Janda reacted this with microsomal GOAT and
bead-immobilized ghrelin pentapeptide, affording octynoyl ghrelin. This immobilized
octynoyl ghrelin was then conjugated using copper-catalyzed cycloaddition to azido-HRP
(horseradish peroxidase), and detection was achieved using the amplex red fluorogenic
substrate. A strong signal-to-noise ratio was achieved, and the apparent Km values measured
for n-octynoyl-CoA and immobilized ghrelin (1–5) pentapeptide were 68 and 100 nM,
respectively. The fact that the peptide is immobilized on a solid surface while the enzyme is
still membrane-bound may explain the 1000-fold lower apparent Km for the peptide and 10-
fold lower apparent Km for octynoyl-CoA in these conditions. The triple bond in the
octynoyl-CoA may also affect its interaction with GOAT. This click assay appears to be
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potentially more amenable to high-throughput screening compared to the radioactive assay
(Garner and Janda, 2010, 2011).

3. GOAT INHIBITOR DISCOVERY
Three classes of GOAT inhibitors have been described so far: product acyl-peptide analogs,
a small molecule detected in a high-throughput screen, and a rationally designed bisubstrate
analog.

When Ser3 in ghrelin (Fig. 13.2A, Compound 2) was replaced with DAP ((S)-2,3-
diaminopropionic acid) creating an octanoyl-amide in place of ester (Fig. 13.2A,
Compounds 3 and 4), both the 28-mer and 5-mer acyl ghrelins were potent GOAT inhibitors
with IC50 values of 0.2 and 1 μM, respectively. It is likely that these compounds correspond
to the strong product inhibition of GOAT, but the lack of hydrolytic sensitivity of the amide
linkage confers greater stability.

While showing high potency, product analogs have pharmacologic challenges for in vivo
applications. As peptide compounds, their ability to penetrate cell membranes may be
limited. Perhaps more importantly, they are likely potent agonists of GHS-R1a. Four
residues of ghrelin functionally activate GHS-R1a about as efficiently as full-length ghrelin
(Bednarek et al., 2000). We have also found that a Tat-conjugated 10mer-amide is also a
potent GHS-R1a agonist (see below).

Garner and Janda (2011) carried out compound screening using their click assay. The assay's
Z′ factor was determined to be 0.63, indicating high assay quality (Zhang et al., 1999). A
small “credit card” library of drug-like small molecules was then screened for inhibition of
GOAT, and two related small molecule inhibitors were discovered (IC50 = 7.5 and 13 μM,
respectively, see Fig. 13.2, Compound 5). Interestingly, these compounds contain six- and
eight-carbon alkyl chains, suggesting that they possibly compete for the octanoic acid
binding site on GOAT. Although these compounds have not yet been explored in depth
pharmacologically, they appear to represent attractive leads.

3.1. Bisubstrate analogs
It is now well established that mimics of the transition state of an enzyme-catalyzed reaction
can serve as high-affinity inhibitors based on the premise that most enzymes have evolved to
bind tightly to the transition state. For enzymes that use two substrates in a ternary complex
mechanism, an attractive approach to rational inhibitor design involves covalent linkage of
the two substrates to generate a bisubstrate analog, as shown schematically in Fig. 13.2B.
Such compounds can show energetically favorable interactions with enzymes because dual
occupancy of the substrate binding pockets is facilitated without the entropic penalty
incurred with random collision of the individual substrate molecules. To be most effective, it
is understood that a tether for the linkage must be able to approximate a mechanistically
relevant orientation of the two substrates, ideally capturing elements of the transition state.
In the best cases, bisubstrate analogs can show binding free energies to an enzyme that are
equal to or greater than the sum of the binding energies of the individual substrate
components to the same protein. Successful examples have been recorded of bisubstrate
analogs for protein kinases and protein acetyltransferases inspired by enzyme mechanism
considerations. By placing an acetyl bridge between ATP and peptide substrate sequences
for kinases, compounds that show low micromolar to subnanomolar affinities have been
achieved for the insulin receptor kinase, protein kinase A, Csk tyrosine kinase, cyclin-
dependent kinase, Abl tyrosine kinase, and the epidermal growth factor tyrosine kinase
(Bose et al., 2006; Cheng et al., 2006; Hines and Cole, 2004; Hines et al., 2005; Jencks,
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1981; Levinson et al., 2006; Medzihradszky et al., 1994; Parang et al., 2001; Shen and Cole,
2003).

A related linker worked effectively for the histone acetyltransferase enzymes PCAF/GCN5
and p300/CBP which contain a CoA and peptide substrate fragments bridged by an acetyl
spacer (Lau et al., 2000; Sagar et al., 2004). Several of these bisubstrate analogs have been
useful in structural analysis of the enzyme reaction mechanism and substrate binding
features (Liu et al., 2008b). On the other hand, these analogs have suffered from limited
pharmacologic utility because of their large size, polarity, and the challenges of cell
membrane penetration. However, the discovery of cell-penetrating peptide sequences
derived from the HIV Tat protein have allowed for cell and in vivo applications for the
bisubstrate analog HAT inhibitors (Bricambert et al., 2010; Cerchietti et al., 2010; Cleary et
al., 2005; Guidez et al., 2005; Liu et al., 2008c; Marek et al., 2011; Oussaief et al., 2009;
Spin et al., 2010; Wang et al., 2011; Zheng et al., 2005).

3.2. Development of GO-CoA-Tat, a potent and selective bisubstrate inhibitor of GOAT
Following the bisubsrate analog approach described above, we reported the development of
GO-CoA-Tat (Barnett et al., 2010). GO-CoA-Tat (Fig. 13.2A, Compound 6) uses
nonhydrolyzable amide and thioether linkages to combine octanoyl-CoA with the first 10
amino acids of ghrelin, which are 100% conserved in mammals. An HIV Tat-derived
peptide sequence was attached to the C-terminus using a flexible linker to allow cell
penetration. GO-CoA-Tat and a set of related analogs and control compounds (Fig. 13.2A,
Compounds 6–11) were synthesized by a solid-phase strategy.

We then tested these compounds in HEK and HeLa cells expressing ghrelin and GOAT
stably transfected with our phPPG-mGOAT vector. Cells were maintained in a medium
supplemented with octanoic acid, pre-incubated with the compound for 24 h, and then lysed.
Intracellular acyl and des-acyl proghrelin were measured by ELISA, with values validated
using kits from two manufacturers and standards made inhouse. We first tested GO-CoA-Tat
in these models, and the mean inhibitory concentration was ~5 μM; control compound D4-
Tat had no effect. Interestingly, maximum inhibition was achieved only after 24 h of
incubation with GO-CoA-Tat. This could be due to the atypical behavior of the enzyme or
inhibitor or due to preexisting intracellular stores of acyl ghrelin. To test this, we used the
radioassay described in Section 2.3 and found substantial inhibition occurred within 5 min
with 100 nM GO-CoA-Tat. This too suggests that there are intracellular stores of acyl
ghrelin in these cells.

We examined structure–activity relationships required for inhibition with compounds used
at 6 μM. Consistent with what was seen in other assays, five residues of ghrelin were
sufficient for inhibition but three residues were not. Inclusion of 10 residues increased
potency, with a maximum of ~75% inhibition of acylation seen. CoA was also required for
inhibition; this finding is discussed further in Section 4.3, and a version of the bisubstrate
compound with a truncated two-carbon acyl group still showed some inhibition. Tat was
required for inhibition, consistent with its role in entry into the cells and ruling out action on
a surface receptor. None of the compounds was toxic to the cells in the low micromolar
concentration range. GO-CoA-Tat's specificity is also reflected in its lack of inhibition of
three acetyl-CoA-utilizing enzymes.

To further analyze GO-CoA-Tat's inhibition of GOAT, we developed a direct binding assay
for GOAT, taking advantage of photocrosslinking technology. We first synthesized two
chemically modified versions of our bisubstrate inhibitor, namely, GO-CoA-Tat-F4BP and
GO-CoA-Tat-L5BP, in which Phe4 or Leu5, respectively, is replaced with a photoreactive
amino acid benzoyl-phenylalanine and each is tagged with a biotin group (Barnett et al.,
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2010). We showed that this compound could covalently crosslink to recombinant solubilized
or microsomal GOAT. This crosslinking could be blocked by an excess of unlabeled GO-
CoA-Tat, providing evidence for specificity and demonstrating direct binding of GO-CoA-
Tat to GOAT.

For these experiments, we used GOAT with a C-terminal 3xFlag tag, produced in SF9 cells
using baculovirus. Microsomes were prepared as above, and the reaction was performed
either in the microsome membranes or with GOAT purified to homogeneity using anti-Flag
affinity chromatography and the Fos-Choline-16 detergent (Anatrace). This detergent was
chosen because of its high ability to solubilize GOAT and because we reasoned that the long
alkyl chain is less likely to interfere with the octanoic acid binding site on GOAT.

Photocrosslinking reactions were performed in a small water-jacketed quartz cuvette,
custom made for this purpose by Quark Glass. The cuvette was connected to the water line
and suspended above a magnetic stir plate. A small teflon stir bar was added, with medium
agitation. A mercury UV lamp with a ~360-nm long-wave filter, such as UVP #B-100AP,
was positioned with the center of the lamp approximately 2 cm from the cuvette, positioning
the sample at the position of peak intensity. A time course experiment (not shown)
demonstrated that the reaction had neared completion by 30 min. Crosslinked membranes
were then solubilized and immunoprecipitated. Biotinylation was visualized using SDS-
PAGE and streptavidin–HRP or, for more sensitivity, streptavidin followed by polyclonal
anti-streptavidin.

3.3. Glucose and weight control in mice with GO-CoA-Tat
Treatment of C57BL6 mice on medium-chain triglyceride (MCT) diets (Kirchner et al.,
2009) with GO-CoA-Tat at 40 mg/kg dose, but not with the control compound D4-Tat or
vehicle, decreased plasma acyl ghrelin levels without changing the des-acyl ghrelin levels.
Maximum inhibition was seen after 6 h, but some acyl ghrelin suppression was still
detectable 24 h after GO-CoA-Tat treatment. Because of the daily fluctuations between
animals and ad lib feeding, we found that the acyl to des-acyl ghrelin ratio was a more
sensitive and specific measure of inhibition.

We explored the effect on weight gain over a 1-month period in mice placed on an MCT
diet. Daily IP injections of GO-CoA-Tat as above reduced the weight gain seen in vehicle-
treated mice. As measured by QMR spectroscopy, the difference in weight was due to
significantly reduced fat mass in the GO-CoA-Tat-treated animals. In contrast, GO-CoA-
Tat- versus vehicle-treated ghrelin-knockout mice showed no statistically significant
difference in weight or body composition. To investigate the potential for GO-CoA-Tat
toxicity, we examined the blood chemistries and cell counts in the mice after 1 month of
treatment with the agent. There was no apparent untoward effect on normal blood
chemistries or cell counts under these conditions. Interestingly, WT mice treated with GO-
CoA-Tat showed reduced IGF-1 and lower blood glucose, consistent with suppression of
ghrelin-mediated somatotroph signaling.

To investigate the role of acute pharmacologic inhibition of acyl ghrelin in insulin signaling
and glucose homeostastis, we pretreated with GO-CoA-Tat and then measured the response
to a glucose challenge, first in isolated pancreatic islets and then in mice. The insulin
response was increased in islets and mice, where the response was accompanied by reduced
blood glucose. In contrast, there was no effect when the studies were repeated in ghrelin-
knockout animals, suggesting that GO-CoA-Tat's effects on insulin are due to the inhibition
of ghrelin acylation. Finally, we showed by quantitative PCR that islets isolated from mice
pretreated with GO-CoA-Tat had a 20-fold reduction in expression of uncoupling protein 2
mRNA (UCP2, which suppresses insulin secretion), but there was no change in UCP2
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expression in the gastric fundus. Together, these data show a tissue-specific role for GOAT
inhibition in augmentation of insulin secretion. Regulation of UCP2 also highlights the
importance of ghrelin acylation in obesity and type 2 diabetes, underscoring the need for
more drug-like GOAT inhibitors (Andrews et al., 2008; Dezaki et al., 2008; Joseph et al.,
2002; Sun et al., 2006; Tong et al., 2010; Zhang et al., 2001).

4. CHALLENGES AND FUTURE DIRECTIONS
While there has been significant progress in GOAT enzymology and inhibition reported in
the past few years, many challenges remain.

4.1. Targeting GOAT versus GHS-R1a
One hurdle in developing therapeutic agents to target GOAT is the extensive overlap in the
pharmacophore recognized by GOAT and GHS-R1a. We have recently tested a number of
compounds using a version of the GHS-R1a assay reported by Kojima et al. (Barnett et al.,
2010; Kojima et al., 1999) (Table 13.1). Dose–response traces from individual wells treated
with acyl ghrelin are shown in Fig. 13.3A. The responses to selected compounds are shown
in Fig. 13.3B. Acyl ghrelin and amide ghrelin (Ser3 Dap-Octanoyl-Amide, Fig. 13.2
compounds 2 and 3, respectively) are indistinguishable at the receptor. In contrast, GO-
CoA-Tat does not activate GHS-R1a at the concentrations tested, which include
concentrations higher than those used in mice. We also showed that the activity of 1 μM or
100 nM ghrelin at GHS-R was not inhibited by GO-CoA-Tat at 60 nM, 600 nM, or 6 μM.
Surprisingly, a 28-mer bisubstrate compound Ghrelin28-Oct-CoA (Compound 11) could
activate the receptor with reduced affinity.

4.2. Moving toward studies of purified GOAT
Studying the activity and mechanism of purified GOAT is critical for improved inhibitor
development. To date, all reported GOAT assays, with the exception of one example of our
photocrosslinking-based binding assay, have been carried out in complex microsome
mixtures containing thousands of other proteins. GOAT is only a small fraction of the total
protein in these experiments, and reactions are usually carried out in the presence of
relatively high concentrations of palmitoyl-CoA to inhibit esterases and other CoA-utilizing
enzymes in these mixtures. Further, only very low conversion percentages are achievable.
However, GOAT has not yet been solubilized in an active form. Progress in these areas will
be critical to developing better inhibitors and for structural studies of GOAT.

4.3. Structural and mechanistic studies of GOAT and GOAT topology
Currently, we know very little about the structure and mechanism of GOAT. The specific
and potent binding of the bisubstrate inhibitor GO-CoA-Tat argues for a ternary complex
mechanism, but other mechanisms are still formally possible and further studies in this area
are needed. We do not know where proghrelin and the octanoyl-donor bind, and the identity
of the octanoyl donor has not been proven. Also, the identity of the active site has not been
confirmed.

A map of the topology of GOAT will be helpful to answer some of these questions. Based
on sliding-window Kyte–Doolittle hydropathy plots, mouse GOAT was predicted to contain
eight transmembrane helices (TM) (Yang et al., 2008a); however, no experiments have yet
been reported to further probe GOAT's topology. To acylate ghrelin, GOAT's active site
should face the ER lumen where ghrelin is localized; this logic also applies to other
MBOATs that acylate secreted and GPI-anchored proteins. The two most conserved
residues in the MBOAT fingerprint are N307 and H338 in mouse GOAT, and only H338 is
conserved throughout the entire MBOAT family. The homologous histidine in another
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MBOAT, the human cholesterol acyltransferase ACAT1, was mapped to the lumenal
boundary of a TM or perhaps in a short-loop ER lumen (Guo et al., 2005). Like GOAT,
mutation of this histidine in ACAT1 abolished catalytic activity. The topology of distantly
related yeast MBOAT members Ale1p, Are1p, and Gup1p was recently studied in detail
(Pagac et al., 2011); these enzymes acylate lipids, cholesterol, and GPI-anchored proteins,
respectively, and Are1p is the yeast ortholog of ACAT1. The conserved histidine in all cases
was shown to be in the ER lumen, but none of the active sites has yet been mapped.

These conserved residues have been called “catalytic residues”; however, there is a lack of
mechanistic data that firmly establishes this point. Although GOATs with alanine mutants of
these conserved His and Asn residues are inactive, the homologous histidine residue was
recently shown to be dispensable for palmitoylation of Shh by Hhat. In this case, the H379A
caused reduced binding affinity of Shh as reflected in an increased Km without changing Vm
(Buglino and Resh, 2010). Therefore, at this point, the identity of the active site of GOAT
and other MBOATs is unclear.

With the active site of GOAT in the ER lumen, one question raised by the success of the
microsomal GOAT assays is, how do the ghrelin peptides and octanoyl group reach the
active site of GOAT? Microsomes are believed to be sealed bilayer vesicles, so in order to
octanoylate ghrelin, some of the microsomes are presumably inside-out, with normally
lumenal contents exposed to the assay buffer.

Another unanswered question is, if octanoyl-CoA is the correct acyl donor, how do acyl-
CoAs, localized predominantly in the cytoplasm, gain access to the ER lumen? Although it
has been hypothesized that GOAT might have a role in transport of the octanoyl group
across the membrane, there is no specific evidence yet reported. GO-CoA-Tat appears to
rely on Tat-mediated delivery of the agent into the cytoplasm (Potocky et al., 2003;
Schwarze et al., 1999), but interestingly GO-Tat does not appear to block cellular GOAT
even though it is homologous to potent product inhibitors that block GOAT in vitro.
Perhaps, the CoA moiety in GO-CoA-Tat is crucial for ER entry through the proposed
transport properties of GOAT. In addition to the possibility of GOAT participating in
substrate transport, other enzyme mechanisms are also formally possible. Octanoate may
first be transferred from octanoyl-CoA to an intermediate host, GOAT, another protein, or a
lipid. It is even possible that an additional protein collaborates with GOAT to effect acyl
transfer.

4.4. Exploring other MBOATs
The MBOATs porcupine and Hhat, acylating Wnt, and hedgehog proteins, respectively,
share many features in common with GOAT. A detailed understanding of these pathways is
critical for the progress in understanding how these signaling ligands modulate
development, stem cell renewal and differentiation, and initiation and maintenance of cancer
(Clevers, 2006; Pasca di Magliano and Hebrok, 2003; Reya and Clevers, 2005; Zhao et al.,
2009). Techniques learned in studying the enzymology, structure, and function of the
GOAT/ghrelin system should be readily translated to these related cases, leading to new
inhibitors and insights into structure and function. Porcupine, in particular, is the only other
protein known to acylate a serine and should therefore be most mechanistically like GOAT.
A family of small molecules targeting porcupine was recently reported (Zhao et al., 2009);
analogs of these compounds may also inhibit GOAT or other MBOATs and should be
investigated.
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4.5. Toward potent small-molecule inhibitors of GOAT
With the development of the first small-molecule inhibitor of GOAT and a high-throughput-
ready screen (ELCCA), the prospect of a potent, specific small-molecule inhibitor of GOAT
is exciting (Garner and Janda, 2011). Additionally, new in vitro and cell-based assay
systems will surely lead to new mechanistic and structural insights and may also be
amenable to screening approaches (Barnett et al., 2010; Iwakura et al., 2010; Yang et al.,
2008b). With new model systems for GOAT inhibition now established in cells and mice,
the efficacy of new compounds can now be evaluated. These compounds could be very
promising leads in the treatment of obesity, diabetes, and other metabolic disorders and may
provide much needed tools to map out a complete understanding of GOAT in biology.
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Figure 13.1.
Ghrelin biosynthetic pathway. Ghrelin is synthesized as a 117-amino acid precursor,
preproghrelin, containing a signal peptide, the 28-amino acid ghrelin sequence, and a 66-
amino acid C-terminal peptide. The signal peptide is cotranslationally cleaved, releasing the
94-amino acid proghrelin into the lumen of the endoplasmic reticulum (ER). Attachment of
the octanoate group to Ser3 of proghrelin occurs in the ER and is catalyzed by GOAT. In
secretory granules, prohormone convertase 1/3 (PC1/3) then cleaves at the C-terminus of
acyl proghrelin to give the mature acyl ghrelin.
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Figure 13.2.
GOAT inhibitors. (A) Chemical structures of ghrelin and GOAT inhibitors. 1: Des-acyl
ghrelin. 2: Acyl ghrelin. 3: Amide-linked octanoyl ghrelin. 4: Amide-linked 5-mer octanoyl
ghrelin with C-terminus amidated. 5: Inhibitors discovered by Garner and Janda (2011). 6:
GO-CoA-Tat. 7,8: Bisubstrate compounds with five and three amino acids of ghrelin. 9:
GO-Tat: an octanoyl-amide Tat-tagged product analog. 10: Bisubstrate inhibitor with two-
carbon acyl group. 11: Ghrelin28-Oct-CoA, a bisubstrate compound. (B) Mechanism-based
design strategy of GO-CoA-Tat. The lipid–enzyme interaction is not shown but may be
important. Also, the form of ghrelin acylated by GOAT is likely proghrelin; the smaller
version is shown for clarity.
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Figure 13.3.
GHS-R1a assay in stably transfected HEK-293T-GHS-R1a cells. (A) Typical dose–response
traces for acyl ghrelin, with concentrations on half-log scale from 1 μM to 100 pM, with
buffer-only control. (B) Agonism for acyl ghrelin, GO-Tat (Fig. 13.2, Compound 9), and the
bisubstrate compound Ghrelin28-Oct-CoA (Fig. 13.2, Compound 11). EC50 values are
reported in Table 13.1.
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Table 13.1

EC50 values in the GHS-R1a assay

Compound EC50

Acyl ghrelin 18 ± 6 nM

Des–acyl ghrelin > 10 μM

Amide ghrelin 19 ± 8 nM

GO–Tat 23 ± 4 nM

GO–CoA–Tat > 10 μM

Ghrelin28–Oct–CoA 270 ± 70 nM

D4–Tat > 10 μM

GO–Tat S2Oct > 10 μM

GO–Tat S6Oct > 10 μM
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