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Abstract

Ghrelin-O-Acyltransferase (GOAT) is an 11-transmembrane integral membrane protein that 

octanoylates the metabolism-regulating peptide hormone ghrelin at Ser3 and may represent an 

attractive target for the treatment of type II diabetes and the metabolic syndrome. Protein 

octanoylation is unique to ghrelin in humans, and little is known about the mechanism of GOAT 

or of related protein-O-acyltransferases HHAT or PORC. In this study, we explored an in vitro 

microsomal ghrelin octanoylation assay to analyze its enzymologic features. Measurement of Km 

for 10-mer, 27-mer, and synthetic Tat-peptide-containing ghrelin substrates provided evidence for 

a role of charge interactions in substrate binding. Ghrelin substrates with amino-alanine in place of 

Ser3 demonstrated that GOAT can catalyze the formation of an octanoyl-amide bond at a similar 

rate compared with the natural reaction. A pH-rate comparison of these substrates revealed 

minimal differences in acyltransferase activity across pH 6.0–9.0, providing evidence that these 

reactions may be relatively insensitive to the basicity of the substrate nucleophile. The conserved 

His338 residue was required both for Ser3 and amino-Ala3 ghrelin substrates, suggesting that 

His338 may have a key catalytic role beyond that of a general base.
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Introduction

Ghrelin is a 28 amino-acid secreted peptide hormone that provides a neuroendocrine link 

between the gut and the brain, modulating metabolism in response to nutrient availability[1–

4]. Ghrelin signaling requires octanoylation of Ser3, a unique modification required for 

activation of the ghrelin receptor, GHSR-1a[3, 5] and catalyzed by the 11-transmembrane 

integral membrane protein ghrelin-O-acyltransferase (GOAT)[6–9]. Ghrelin may play roles 

in both energy balance and hunger, depending on the circumstances[10, 11]. The metabolic 

consequences of GOAT activity have also been observed in the context of surviving 

starvation, supporting fat storage and glucagon signaling and antagonizing insulin. 

Accordingly, GOAT-deficient mice generated in two different ways fail to maintain blood 

glucose in conditions of calorie restriction[9, 12, 13], although the precise details of the 

experimental systems may influence this result[14].

GOAT is a member of the MBOAT family of acyltransferases, a group of polytopic integral 

membrane proteins that acylate lipids, sterols, and GPI-anchored proteins[15]. Little is 

known about their enzyme mechanisms. They contain an invariant lumenal histidine and a 

highly conserved asparagine[8, 16–18], which are presumed to be involved in catalysis 

(H338 and N307 in mouse GOAT). However, in the case of HHAT, which N-palmitoylates 

hedgehog proteins, some activity was preserved upon mutation of the histidine to 

alanine[19], and for GOAT, it has been demonstrated that the conserved His and Asn are on 

opposite sides of the ER membrane[8]. These observations in HHAT and GOAT leave open 

the role of specific MBOAT residues in catalysis.

A number of in vitro assays have been published for GOAT using microsomes prepared 

from insect cells[7, 8, 20–24] or human cells[10]. These assays have established N-terminal 

sequence requirements for recognition of ghrelin by GOAT and identified a number of 

peptide-based inhibitors as well as initial small-molecule scaffolds. However, mechanistic 

details regarding the mechanism of catalysis and contributions to binding beyond the first 

few ghrelin residues are lacking.

In this study, we establish and optimize an improved in vitro microsomal GOAT 

octanoylation assay using biotin-tagged ghrelin. We also describe a novel ghrelin substrate 

in which the natural Ser is replaced with 2,3-diaminoproprionic acid (dap, amino-Ala) at 

position 3 and its processing by wild type (WT) and mutant GOATs.

Materials and Methods

All reagents were purchased at the highest quality available from Sigma-Aldrich or Acros 

Organics unless otherwise indicated. Commercially available reagents were used without 

further purification.
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Cloning

Mouse GOAT with and without a C-terminal 3xFlag tag was cloned into pFastBac1 (Life 

Technologies, Grand Island, NY) using EcoRI and HindIII and into pFastBacHT modified 

to contain an N-terminal His10 tag. H338A and H338N GOAT mutants were made using a 

modified QuikChange protocol (Stratagene). All clones were fully sequence verified and 

then recombined into baculovirus by transformation of DH10Bac cells (Life Technologies) 

and plated on appropriate antibiotic plates with a blue-white screen per the manufacturer’s 

instructions. Recombinant white clones were verified by two colony PCR reactions: 

Reaction 1 with M13F (-40) and M13Rev primers demonstrated the presence of a full-length 

insert and the absence of empty virus, and Reaction 2 with M13F (-40) and GOAT-Internal-

Rev (5′-GGAGAGCAGGGAAAAAGAGCAAGT-3′) demonstrated the presence of mouse 

GOAT. Final clones were further confirmed by DNA sequencing of the complete open 

reading frames. Baculovirus DNA was prepared for transfection by alkaline lysis with 

isopropanol precipitation and ethanol wash.

Cell Culture and Virus Preparation

Cell culture medium and insect cells were from Life Technologies unless otherwise noted. 

SF9 (Spodoptera frugiperda) and High Five (Trichoplusia ni) insect cells were maintained 

in suspension in 25 mL - 3 L spinner flasks (Bellco Glass, Vineland NJ) in SF-900 III and 

Express Five serum free media, respectively, at 27°C at a density of 0.2–6 × 106 per mL, 

with aeration at sizes 1L and larger. High Five cells were counted after trituration 30 times 

through a 200 μl pipet tip. P1 virus was prepared by transfecting 800,000 SF9 cells per well 

with 5 μg DNA on 6-well plates using Cellfectin II reagent according to the manufacturer’s 

instructions and harvested after 3 days. P2 and P3 viruses were prepared using sequential 

passages with multiplicity of infection (MOI)=0.1, with GOAT expression confirmed by 

immunoblotting at the P2 stage. For Immunoblotting, cell pellets from 1 mL suspension 

culture were lysed in 250 μl 1x LDS (lithium dodecyl sulfate) loading dye (Life 

Technologies) containing 150 mM 2-mercaptoethanol, 2 μg/ml aprotinin, 2.5 μg/ml 

leupeptin, 2 μg/ml pepstatin A, 1 mM EDTA, and 1 μL benzonase nuclease (Sigma, St. 

Louis, MO), incubated at 37°C for 10 min, and cleared by centrifugation for 5 min in at 

21,000 × g; 4 μl was loaded per lane.

Microsome Preparation

1–3 L cultures at 2.5 × 106 cells/mL were infected with P3 virus at MOI ~1 for 48 hours and 

collected by centrifugation. Pellets from 1 L culture (~10 mL) were resuspended in 40 mL 

HBS (50 mM HEPES pH 7.0, 150 mM NaCl) containing 2 μg/ml aprotinin, 2.5 μg/ml 

leupeptin, 2 μg/ml pepstatin A, and 1 mM EGTA and lysed using 40 strokes in a 40 mL 

Dounce homogenizer (loose pestle). Cell debris was pelleted for 10 min at 4,000 × g and 

then microsomes were collected at 100,000 × g for 1 h, resuspended in 6 mL HBS with a 

Dounce homogenizer and then passed 10 times through a 22 gauge needle and twice through 

a 25 gauge needle. Aliquots were flash-frozen in liquid nitrogen and stored at −80°C. 

Microsomal protein concentration was measured against a BSA standard using the BCA 

assay (Thermo Fisher Scientific, Waltham, MA), supplementing the working reagent with 

0.5% Triton X-100.
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Chemical Synthesis

Peptide synthesis was performed using automated solid phase peptide synthesis and the 

Fmoc strategy. Biotin-tagged Ghrelin27 (hereafter Ghrelin27) was reported previously [10], 

and was prepared analogously with a S3A mutation. To prepare Dap3-Ghrelin27, Ser3 was 

replaced with Alloc(allyloxycarbonyl) protected-1,2-diaminopropionic acid (dap, amino-

alanine) and deprotected with Pd(PPh3)4. Biotin-tagged Ghrelin10 and its S3A and Dap3 

analogs were prepared analogously, with an aminohexanoic acid linker (Ahx) between the 

ghrelin sequence and biotinylated lysine (GSSFLSPEHQ(Ahx)K(Biotin)G). Biotin-tagged 

Ghrelin10-Tat and S3A analog contained the same sequence as Ghrelin10 through 

K(Biotin), with Tat sequence C-terminal to K(Biotin). Ghrelin sequences synthesized 

correspond to human ghrelin, and sequences for all ghrelin substrates are shown in Table 1. 

Synthesized peptides were purified using a reversed-phase C-18 column with a gradient of 

acetonitrile and water (0.05% trifluoroacetic acid), and structures and purities confirmed 

with matrix assisted laser desorption mass spectrometry. The final concentrations of the 

compounds in aqueous solution for assay were based on amino acid analyses (performed at 

the Harvard or Yale facilities).

Microsomal Ghrelin Octanoyltransferase Assay

The assay was performed similarly to previously described methods [8, 25, 26], with 

modification. Microsomes were thawed on ice, diluted in cold HBS, passed 10 times 

through a 25 gauge needle, and aliquoted into pre-chilled tubes. Unless otherwise indicated, 

each 50 μl reaction in HBS (50 mM HEPES pH 7.0, 150 mM NaCl) contained 25 μg 

microsome protein, was pre-incubated at 30°C for 5 min, and then incubated 1 min at 30°C 

with 10 μM Ghrelin27, 50 μM palmitoyl-CoA (Avanti Polar Lipids, Alabaster, AL), and 1 

μM 3H-octanoyl-CoA (60–90 Ci/mmol (American Radiolabeled Chemicals, St. Louis, MO), 

diluted 1:20 with nonradioactive octanoyl-CoA (Avanti)) such that the final specific activity 

of octanoyl-CoA was 3–4.5 Ci/mmol. All components of the assay were pre-incubated at 

30°C for at least 5 min. Reactions were quenched and solubilized by adding 1 ml 2% SDS in 

TBS (50mM Tris pH 7.4, 150mM NaCl) containing 10 μl Pierce Streptavidin Plus UltraLink 

resin (Thermo) and mixed for at least 15 min. For assays containing ghrelin10-Biotin, 37.5 

μl resin was used. Beads were washed with 25 ml TBS + 0.1% SDS on small columns (Bio-

Rad, Hercules, CA) using a vacuum manifold and then analyzed by scintillation counting. 

For detergent compatibility assays, detergents were added to microsomes for the 5 min 

preincubation step.

Ghrelin Octanoyltransferase Assays at Varying pH

The microsomal ghrelin octanoyltransferase assay above was modified as follows: each 

microsomal aliquot was diluted and homogenized in 150 mM NaCl, 250 mM bis-Tris 

propane to achieve the pH of interest (6–9). Each reaction contained 50 μg microsome 

protein, 10 μM C-terminally biotin-tagged human ghrelin-10 (ghrelin10-Biotin), 50 μM 

palmitoyl-CoA (Avanti), and 1 μM 3H-octanoyl-CoA (radioactive diluted 1:20 with 

nonradioactive)). The final amount of 50 mM HEPES pH 7.0 from the frozen microsomal 

aliquot was 2 μl. Reactions were quenched and solubilized by adding 1 ml 2% SDS in 100 

mM Tris pH 7.0, 150 mM NaCl containing 37.5 μl Pierce Streptavidin Plus UltraLink Resin 
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(Thermo) and bound for >15 min. Error in the ratio of rates was calculated using the formula 

V(xy)=X2V(y)+Y2V(x)+V(x)V(y)[27].

Chemical Reactivity of Acyl Ghrelin Analogs with Hydroxylamine or Hydrazine

Washed ghrelin assay columns were capped and incubated overnight (~12 h) with 1 mL 

freshly-prepared 1 M hydroxylamine pH 8.0, 1 M hydrazine pH 8.0, or 1 M MES (2-(N-

morpholino)ethanesulfonic acid) pH 6.0 as a control at room temperature. The column 

mixtures were eluted and washed with an additional 1 mL of the same buffer, and the 

eluents were combined and analyzed by scintillation counting as were the washed beads as 

described above.

Detergent Solubilization of GOAT

To test for detergents compatible with GOAT octanoylation, we screened initially at 1.5 × 

critical micelle concentration and at 1 mM for the following detergents: Anzergent 3–14, 

APO 10, Big Chap, Brij35, C13E8, CHAPS, CHAPSO, Cholate, CycloFos 6, CycloFos 7, 

Cymal 6, Cymal 7, Cy-TripGlu[28], Deoxy Big Chap, Deoxycholate, Digitonin, Dodecyl 

Maltoside, Fos-Choline-12, Fos-Choline-13, Fos-Choline-16, GDN [29], GNG-3 (Glucose 

Neopentyl Glycol)[30], Hexadecyl Maltoside, LysoFos-Choline 14, LysoFos-Choline 18, 

MNG-3 (Maltose Neopentyl Glycol)[31], Octyl Glucoside, Ph-TripGlu[28], Sucrose 

Monododecanoate, Taurocholate, TDAO (Tetradecyl Dimethylamine Oxide), Tetradecyl 

Dimethyl Glycine, Tetradecyl Maltoside, TRIPAO[32], and Triton X-100. Mixed micelles 

of cholesteryl hemisuccinate (CHS) plus CHAPS, MNG-3 (Lauryl Maltose Neopentyl 

Glycol), or Fos-Choline-16 were made by mixing detergent:CHS at ratios of 5:1, 10:1, and 

20:1 (w/w), respectively, and added analogously at varying concentrations. Detergents found 

to be compatible with octanoyltransfer above the CMC were next tested by solubilization of 

microsomes prior to assay; solubilization was accomplished for 1 h with end-over-end 

mixing at 4°C and clearing by centrifugation for 30 min at 100,000 × g. No conditions were 

found in which solubilized mixtures retained detectable activity. GOAT-TEV-3xFlag was 

purified from SF9 microsomes in Fos-Choline-16 (FC-16), as described [8], with final 

elution in 0.0008% FC-16 (1.5 × critical micelle concentration (CMC)), or purified 

analogously using 1% n-dodecyl-β-D-maltoside (DDM). Purified GOAT was inactive, with 

or without addition of control microsomes. Purified GOAT solubilized in FC-16 was 

exchanged during Flag affinity into a number of the above detergents at 1.5 × CMC and was 

inactive in all cases. All available detergents were purchased from Anatrace (Maumee, OH), 

digitonin was from Calbiochem (now EMD Millipore, Billerica MA), and GDN was a 

generous gift from Pil-Seok Chae.

Results

In Vitro Ghrelin Octanoyltransferase Assay Optimization

A previously published ghrelin octanoylation assay [10] from members of our group used a 

microsomal preparation from human embryonic kidney cells expressing mouse GOAT. This 

preparation was suboptimal for detailed enzymologic characterization due to low signal to 

noise ratio and low conversion of 3H-octanoyl-CoA to 3H-octanoyl ghrelin. In comparison, 

using an analogous preparation made from insect cells infected with baculovirus expressing 
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mouse GOAT, Yang et al. [26] achieved approximately 100-fold more signal with no 

apparent increase in background. Therefore, we prepared recombinant baculovirus 

expressing mouse GOAT in three varieties: untagged, C-terminal 3xFlag tag, and C-terminal 

3xFlag tag with N-terminal His10 tag, infected SF9 cells, and prepared microsomes 48 hours 

later (Figure 1A). Control microsomes were prepared from cells infected with virus 

produced from empty-vector alone.

Acyltransferase assays with this SF9 microsomal GOAT preparation (Figure 1B) [10, 22] 

showed robust conversion to product, approximately 500-fold greater than that with the 

HEK-293 microsomal preparation and ~100-fold signal over background. This assay uses 

biotinylated human ghrelin (Ghrelin27-biotin) in which the biotin is attached to a C-terminal 

Lys and 3H-octanoyl-CoA and is comparable to that reported for proghrelin-His8 [33]. 

Radioactive acyl-ghrelin is isolated used streptavidin beads to separate it from unreacted 

octanoyl-CoA and hydrolyzed octanoate. Ghrelin containing a Ser3Ala mutation showed 

undetectable (background) levels of acyl transfer, despite the presence of serines at positions 

2 and 6, recapitulating the known specificity of GOAT [7, 33]. Untagged and two different 

tagged GOAT preparations showed similar acyltransferase activity (Figure 1C).

High Five cells are an alternate lepidopteran cell line used with baculoviral expression 

systems that can sometimes express more recombinant protein than SF9 cells [34]. We 

therefore expressed GOAT-3xFlag in both High Five and SF9 cells. Optimal protein 

expression occurred 48 hours after infection, and higher in High Five than SF9 cells (Figure 

1D). Microsomes made from both cell lines (Figure 1E) were assayed for 1 min and 2.5 min 

(Figure 1F), and although SF9 microsomes contained less GOAT, they were more active. 

Therefore, SF9 cells were selected for further use.

We also systematically screened protease inhibitor conditions to determine how they 

impacted GOAT activity (Figure 1G). The commercial protease inhibitor tablet (Roche) 

greatly inhibited GOAT activity compared with our standard cocktail (leupeptin, aprotinin, 

peptstatin A, EGTA). There was modest inhibition from the serine protease inhibitors 

AEBSF and PMSF. We next assayed the stability of microsomal GOAT activity on 

standing. With preincubation at 37°C, there was an apparent exponential decay in signal 

with t1/2 of approximately 20 min (Figure 1H). On ice, there was little change in signal after 

6 hours, and approximately 30% of activity remained after 24 hours (Figure 1I). Efforts to 

obtain detergent-solubilized GOAT activity were unsuccessful (see Materials and Methods).

Prior studies revealed that GOAT activity rapidly diminishes over time [33]. This was 

somewhat ameliorated by the addition of 50 μM palmitoyl-CoA to limit microsomal 

octanoyl-CoA hydrolysis (<25% under the conditions of the assay [33]). Our standard assay, 

which includes 50 μM palmitoyl-CoA, shows a reduction in activity as a function of time in 

less than 2 minutes (Figure 2). This non-linearity persisted despite attempts to stabilize the 

enzyme by reducing the temperature or adjusting palmitoyl-CoA concentration. We 

employed the shortest practical time-point of 1 min, to approximate initial conditions for 

further studies. Under these conditions, there is a linear relationship between 

octanoyltransferase activity and the amount of microsomes added up to 25 μg (0.5ug/μL) as 
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shown in Figure 2G. We therefore used these conditions to approximate steady-state kinetic 

parameters as discussed below.

Kinetic Measurements and Substrate Structure-Activity Relationships

The GOAT reaction demonstrated apparent Michaelis-Menten kinetics with respect to the 

substrates ghrelin and octanoyl-CoA (Figure 3A, 3B). The apparent Km values for octanoyl-

CoA and Ghrelin27 were 0.44 and 3.5 μM, respectively, comparable to published values 0.6 

and 6 μM [33] (the latter is for proghrelin-His8; proghrelin is likely the natural substrate for 

GOAT [22]). The apparent Km for octanoyl-CoA was in the range of 0.4–0.8 μM depending 

on the ghrelin substrate.

The shorter substrate Ghrelin10 was efficiently octanoylated, but displayed ~ 10-fold higher 

apparent Km than Ghrelin27 (Figure 3D and Table 1). Ghrelin10-Tat showed ~ 5-fold lower 

apparent Km than Ghrelin27 (Figure 3E and Table 1). As expected, S3A ghrelin substrate 

mutants were not processed (Figure 3F).

Octanoylation of Dap3-Ghrelin Analogs

To explore the chemical flexibility of GOAT, We replaced Ser3 in Ghrelin27 and Ghrelin10 

with amino-alanine (Dap), which substitutes the serine sidechain –OH with –NH2. The 

structure of the first 3 residues of ghrelin and the Dap3 analogs are shown in Figure 4A. 

Dap3-Ghrelin10 can be octanoylated in the octanoyltransferase assay in a GOAT-dependent 

fashion (Figure 4B). Reactions for Dap3-Ghrelin10 (Figure 4C) and Dap3-Ghrelin27 (Figure 

4D) display saturation kinetics, with Km for both substrates indistinguishable from their 

natural Ser3 analogs (Table 1). Maximum reaction rates for both substrates was 

approximately 2-fold lower than for the natural Ser analogs.

Acyl ghrelin analog inhibition has previously been reported for GOAT, with more potent 

inhibition by amide-linked octanoyl ghrelin pentapeptides than for ester-linked peptides[33]. 

Therefore, we compared the formation of product over time for Ghrelin10 (Figure 4E), 

Dap3-Ghrelin10 (Figure 4F), and Dap3-Ghrelin27 (Figure 4G) under the standard assay 

conditions (30°C, 25 μg microsome protein, 1 μM octanoyl-CoA, 50 μM palmitoyl-CoA). 

The Ghrelin10 (Ser3) reaction continues to increase in signal for 15 min, with linearity for at 

least the first 5 min; similar results were seen with Ghrelin27 (Figure 2B, C). In contrast, no 

additional signal is seen for Dap3-Ghrelin10 and Dap3-Ghrelin27 after 1 min (Figure 4 

F,G), and therefore it appears that there is severe product inhibition for amine but less so for 

hydroxyl substrates.

Chemical reactivity of Dap3-Ghrelin Octanoylation Product

While the radioactive incorporation assay was consistent with GOAT-catalyzed amide bond 

formation of the Dap3-ghrelin substrates, it was formally possible that the presence of the 

amino group at the 3-position leads to site-switching to afford Ser ester products. To assess 

this possibility, we employed the nucleophilic amines hydroxylamine and hydrazine that can 

readily cleave ester but not amide functionalities [7, 27, 35]. As a positive control, 

strepavidin-immobilized biotin-tagged 3H-octanoylated Ghrelin10 and Ghrelin27 were 

treated with 1M hydroxylamine or 1M hydrazine. This induced substantial loss of the 
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radioactivity into the supernatant, expected because of aminolysis of the ester linkages. In 

comparison, no detectable cleavage occured in the 1M MES-treated control reaction (Figure 

5A). Because we had incomplete cleavage with hydroxylamine for octanoylated Ghrelin27, 

we selected hydrazine for the experiment with Ghrelin10 (Ser3) and Dap3-Ghrelin10 

(Figure 5B). Nearly all the [3H]-octanoate was released into the supernatant for 

octanoylated-Ghrelin10, whereas octanoylated-Dap3-Ghrelin resisted hydrazine treatment. 

These results confirm that the octanoylated Dap3-adducts are indeed amide rather than ester 

modified [34].

pH effects of Ser3 and Dap3 Ghrelin Octanoylation

Because the pKa of the sidechain of peptide-incorporated amino-Ala (RNH3
+ to RNH2 pKa 

is ~8 [36]) is dramatically different from that of the sidechain of Ser (ROH to RO- is ~13 

[37]), we hypothesized that the GOAT-catalyzed acyl transfer reactions with the two 

substrates might show sharply different pH sensitivities if proton transfer of the nucleophile 

were rate-determining. We measured the rate of ghrelin octanoylation for Ser3-containing 

Ghrelin10 and Dap3-Ghrelin10 at 7.5 μM (sub-saturating), and 100 μM (saturating) as 

shown in Figure 6A–C. As shown, the rates for both substrates are relatively insensitive to 

pH throughought the range 6–9, with no more than a 2-fold variation for each substrate. 

These results suggest that deprotonation of the nucleophile does not appear to be rate-

limiting for the overall GOAT reaction.

His338 and GOAT assays with Ser3 and Dap3-Ghrelin27

GOATs bearing alanine mutants of MBOAT-invariant histidine-338 are inactive with Ser3-

ghrelin substrates, and His338 has been proposed to function as a catalytic base [6, 7, 33]. 

Given the increased chemical reactivity of the amino-Ala and its moderate sidechain pKa, 

we hypothesized that it might circumvent the need for the catalytic base. While H338A and 

H338N mutants expressed at similar levels to WT (Figure 6D) and were inactive with Ser3 

ghrelin, neither H338A nor H338N mutant showed detectable acyl transfer with amino-Ala 

Dap3-Ghrelin27 substrate at pH 8.0 (Figure 6E) or pH 9.0 (not shown). This argues 

somewhat against a role for H338 as a catalytic base.

Discussion

In this study we provide new insights into GOAT’s catalytic mechanism, building on a 

number of contemporary studies [10, 20, 21, 33]. Using recombinant baculovirus expressing 

mouse GOAT in insect cells and synthetic biotin-tagged ghrelin analogs ranging from 10–27 

residues in length, we identified conditions which have allowed us to approximate initial 

steady-state conditions. However, the inability to have a solubilized, purified catalytically 

active system and likely the complexity of the GOAT-catalyzed process itself still hamper a 

more precise enzymologic analysis.

That Ghrelin27 shows a 10-fold lower apparent Km relative to that of Ghrelin10, suggests 

that the C-terminal peptide sequence contributes to binding with GOAT, the lipid bilayer, or 

both. These 17 additional residues include 3 Lys, 2 Arg, and 1 Glu for a net +4 positive 

charge, which may contribute to enhanced apparent affinity through electrostatic 
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interactions. Supporting this hypothesis, when these 17 residues were replaced with the Tat 

sequence (which has a net positive charge of +8), the apparent Km is lowered an additional 

5-fold. This was also fortuitous for the design of our inhibitor GO-CoA-Tat[10].

The ability to produce ghrlein substrates using solid phase peptide synthesis allowed us to 

explore the chemistry of acylation by comparing peptides bearing the natural Ser and 

artificial amino-alanine (Dap) at position 3, substituting the serine hydroxyl for an amine. 

We demonstrate that GOAT has the ability to octanoylate either hydroxyl or amine acceptor, 

forming an ester or amide bond (see below). The Km for Ser3 and Dap3 versions of both 

ghrelin substrates were indistinguishable, but the Dap3 reaction was nonlinear within the 

first 30 seconds, resulting in a lower apparent rate due to severe apparent product inhibiton.

We compared the rates of Ser3 and Dap3 substrates from pH 6.0–9.0. The serine hydroxyl 

has a pKa of approximately 13 and will not change protonation over this range. In contrast, 

the pKa of the β-NH2 group in Dap is approximately 8 [36, 37]. We note that sidechain pKa 

may be shifted by a number of pH units in the microenvironment of an enzyme active site 

[38] and may also be reduced in the hydrophobic context of microsomes. Thus, the 

combination of the rate similarity for amine and hydroxy nucleophilic substrates and the 

insensitivity to pH suggests that the chemical step is unlikely to be rate-limiting in the 

catalytic mechanism. As discussed previously, transporting and positioning octanoyl-CoA 

through the lipid bilayer may be the slow step for the overall GOAT reaction and it is also 

possible that an enzyme conformational change or product release is the slow step.

MBOAT-invariant His338-mutant GOAT is unable to acylate Ser3-Ghrelin [6, 7, 33]. 

However, because some Dap3 amine sidechains are likely to be substantially deprotonated at 

pH 8–9 upon entering GOAT’s active site (subject to local environmental effects), we 

hypothesized if the H338 functioned as a catalytic base, H338A or H338N GOAT might 

retain catalytic activity with Dap3-Ghrelin. However, there was no acyl transfer within the 

limits of detection of this assay, arguing somewhat against a role for H338 as a catalytic 

base. It is still possible that His338 could be important in hydrogen bonding the peptide 

substrate and orienting it for catalysis. It is also plausible that the amine substrate could use 

His338 for proton transfer in a late stage of acyl transfer to prevent the reverse reaction. 

Further structural studies are needed to shed light on this issue.

The ability of GOAT to funcation as both an O- and N-acyltransferase is a property shared 

with a number of other O-acyltransferases, but uncommon among N-acyltransferases. The 

O-acyltransferases carnitine acetyltransferase, carnitine palmitoyltransferase I, and carntine 

octanoyltransferase can all process amino-substrates, albeit at reduced rate; carntine 

palmitoyltransferase II (CPTII) showed no reactivity. As seen with GOAT, amide-linked 

product analogs are potent inhibitors of these enzymes [33, 39, 40]. LpxA from gram 

negative bacteria in which Lipid A contains only O-linked fatty acids can acylate either 

UDP-GlcNac or its amine analog UDP-GlcNac3N. In contrast, LpxA from bacteria 

containing only N-linked fatty acids cannot accept the hydroxyl substrate UDP-GlcNac [41]. 

Aminoglycoside N-acetyltransferase from mycobacterium tuberculosis AAC(2′)-Ic acylates 

aminoglycoside antibiotics with 2′ amino or 2′ hydroxyl groups, with higher efficiency for 

2′-amino substrates. In spite of the name, the natural substrate of this enzyme is unknown, 
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and therefore could be either hydroxyl or amine[42]. The structure of AAC(2′)-Ic supports a 

reaction mechanism where the 2′ amino or hydroxyl is positioned for direct nucleophilic 

attack on acetyl-CoA[43].

In contrast with the versatility in reaction chemistry of the majority of O-acyltransferases, a 

number of N-acyltransferases cannot acylate the hydroxyl analogs of their natural substrates, 

including serotonin N-acetyltransferase from sheep and Drosophila, related Drosophila 

enzyme AANATL7, tetrahydrodipicolinate N-succinyltransferase, and mouse glycine N-

acyltransferase [44–48]. In all of these cases, hydroxyl analogs were found to be dead-end 

inhibitors. It was hypothesized previously that these differences in reactivity might be due to 

mechanistic requirements for increased nucleophilicity of the amine substrate[45]. A 

corollary to this is that O-selectivity may be more difficult to achieve than N-selectivity, and 

therefore a deeper understanding of the mechanistic differences of these enzymes will have 

implications for engineering selective reactivity. This selectivity appears to be present in 

CPTII and was also demonstrated for the polyketide associated acyltransferase PapA5, 

which acylates the hydroxyl substrate octanol but not octylamine [49].
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Highlights

We measure enzyme kinetic parameters for ghrelin O-acyltransferase (GOAT)

We show that GOAT can acylate ghrelin substrate containing amino-Ala replacing 

Ser3

GOAT catalysis is relatively pH insensitive for natural and amino-Ala substrates

His-338, while important, may not be a catalytic base for GOAT reactions
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Figure 1. GOAT octanoylation assay establishment
(A) Anti-Flag immunoblot of SF9 cells expressing various tagged GOAT constructs. As 

previously reported with GOAT expressed in human cells, boiling (10 min at 100°C) caused 

aggregation of GOAT and loss of signal. Control cells are infected with virus made from 

empty vector.

(B) GOAT octanoylation assay. Each 50 μl reaction was incubated for 5 min at 37°C with 50 

μg microsome protein, 1 μM octanoyl-CoA, 50 μM palmitoyl-CoA, 10 μM Ghrelin27. 

Microsomes made with control virus made from empty vector and Ghrelin27-S3A are 

shown as controls.

(C) Activity of microsomes containing untagged GOAT, N-GOAT-3xFlag-C, and N-His10-

GOAT-3xFlag-C under the same conditions as (B).
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(D) Anti-Flag immunoblot of High Five and SF9 cells infected with GOAT-3xFlag virus for 

the indicated times. EV=virus made with empty vector, 48 hours. Each lane contains the 

equivalent of 20 μl suspension culture.

(E) Microsome preparation from 1 L cultures of SF9 and High Five (Hi5) cells. Loading 

shows two different amounts at each step and an equivalent fraction of the total is shown at 

each step.

(F) 25 μg microsome protein from High Five or SF9 cells were incubated for the indicated 

time at 37°C with 1 μM octanoyl-CoA, 50 μM palmitoyl-CoA, 10 μM Ghrelin27.

(G) The indicated protease inhibitors were pre-incubated with GOAT microsomes for 5 min 

before 1 min assay. PI cocktail: 2 μg/mL Leupeptin, Aprotinin, Pepstatin A, 2mM EGTA.

(H, I) GOAT microsomes stability. Microsomes were pre-incubated at the 37°C or on ice, 

respectively, at 95% of final assay concentration for the indicated times and then assayed for 

1 or 2.5 min.
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Figure 2. GOAT octanoylation assay optimization
(A) Reaction mixtures containing 10 μM Ghrelin27, 1 μM octanoyl-CoA, 50 μM palmitoyl-

CoA, and 25 μg microsome protein were incubated at 37°C for the indicated time and then 

quenched in 2% SDS.

(B) Activity over time for 10 μM Ghrelin27 at 25°C and 30°C.

(C) Activity over time for 10 μM Ghrelin27 at 30°C, with 50 μM palmitoyl-CoA in the 

reaction mixture.

(D) Activity over time for 10 μM Ghrelin27 at 30°C, without 50 μM palmitoyl-CoA in the 

reaction mixture.

Taylor et al. Page 17

Bioorg Chem. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(E,F) Activity in 1 min assay at 30°C with indicated concentration of palmitoyl-CoA. Error 

bars in F (range of duplicates) are smaller than the data points.

(G) Activity in 1 min at 30°C assay containing 50 μM palmitoyl-CoA with the indicated 

amount of microsome protein added to the reaction mixture.
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Figure 3. Kinetic measurements for ghrelin substrates
Each assay mixture was incubated at 30°C for 1 min in the presence of 50 μM palmitoyl-

CoA with 25 μg microsome protein. Solid lines are best-fit to the Michaelis-Menten 

equation, and Km values are shown in Table 1. (A) Ghrelin27 with 1 μM octanoyl-CoA. (B) 

Octanoyl-CoA with 10 μM Ghrelin27. (C) Octanoyl-CoA with 80 μM Ghrelin10. (D) 

Ghrelin10 with 1 μM octanoyl-CoA. (E) Ghrelin10-Tat with 1 μM octanoyl-CoA. (F) Each 

reaction contained 50 μM of the indicated substrate; Ghr10, Ghrelin10.
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Figure 4. GOAT octanoylates Dap3 substrates
(A) Structure of Ghrelin and Dap3 (amino-alanine) analog.

(B) Octanoylation of Dap3-Ghrelin10 (Dap3-G10) requires GOAT. 25 μg GOAT or empty-

vector virus control microsomes were incubated for 1 min at 30°C with 1 μM octanoyl-CoA, 

50 μM palmitoyl-CoA, and the indicated concentration of Dap3-Ghrelin10.

(C) Kinetic measurements for Ghrelin10 and Dap3-Ghrelin10 and D, kinetic measurements 

for Ghrelin27 and Dap3-Ghrelin27 with 1 μM octanoyl-CoA. Solid lines are best-fit to the 

Michaelis-Menten equation, and Km values are shown in Table 1.

(E) Octanoylation of 100 μM Ser3 Ghrelin10 over time. Each mixture contained 25 μg 

membrane protein, 1 μM octanoyl-CoA, and 50 μM palmitoyl-CoA.

(F,G) Octanoylation of Dap3-Ghrelin10 (100 μM) and Dap3-Ghrelin27 (10 μM) over time, 

respectively.
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Figure 5. Dap3 ghrelin substrates Form an Octanoyl-Amide
(A) Hydrazine and hydroxylamine cleavage of octanoylated ghrelin. Reaction mixtures were 

incubated 1 min at 30°C with 10 μM Ghrelin27 or 100 μM Ghrelin10, quenched in 2% SDS, 

bound to streptavidin resin, and washed. Capped columns were then incubated overnight 

with 1 mL of 1M hydrazine or hydroxylamine; 1 M MES buffer was used as a control. 

Beads and supernatants were then scintillation counted.

(B) Ghrelin10 (Ser3) and Dap3-Ghrelin10 were treated with hydrazine or MES as in (A).
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Figure 6. GOAT-catalyzed reactions of Ser3 and Dap3 Ghrelin10 substrates at pH 6–9
(A–C), Reactions were carried out for 1 min in 100 mM Bis-Tris Propane at the indicated 

pH using Ghrelin10 (Ser3) and Dap3-Ghrelin10. Rates for Ser3 and Dap3 at 7.5 μM are 

shown in (A) and 100 μM in (B). 100 μM is saturating conditions (see Figure 4C). The ratio 

of the rate of the two substrates across pH 6–9 is shown in (C). (D) Expression of mouse 

GOAT in SF9 cells with C-terminal 3xFlag tag and the indicated mutations. 10 μg 

microsomes (BCA) were loaded in each lane. Ctrl, control microsomes made with empty 

baculovirus. 3xFlag Std. is purified CK2α-3xFlag. (E) Reactions were carried out for 5 min 

in 100 mM Bis-Tris Propane at pH 8.0 with 10 μM Ghrelin27 (Ser3) or Dap3-Ghrelin27 

with 50 μg total microsome protein.
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Table 1

Ghrelin substrate sequences and apparent Km measurements.

Substrate Sequence Km (apparent), μM Vmax (apparent) (nmol/min/mg)

Ghrelin27 GSSFLSPEHQRVQQRKESKKPPAKLQPK (Biotin)G 3.5 ± 0.60 230 ± 10

Dap3-Ghrelin27 GS(Dap)FLSPEHQRVQQRKESKKPPAKLQPK (Biotin)G 3.4 ± 0.61 85 ± 5

Ghrelin10 GSSFLSPEHQ(Ahx)K(Biotin)G 30.4 ± 5.1 160 ± 10

Dap3-Ghrelin10 GS(Dap)FLSPEHQ(Ahx)K(Biotin)G 33.9 ± 9.6 74 ± 8

Ghrelin10-Tat GSSFLSPEHQ(Ahx) K(Biotin)YGRKKRRQRRR 0.68 ± 0.09 120 ± 50

Octanoyl-CoA (vs 10 μM Ghrelin27) 0.44 ± 0.04 250 ± 8

Octanoyl-CoA (vs 80 μM Ghrelin10) 0.81 ± 0.04 190 ± 4

All reactions were carried out for 1 min at 30°C with 25 μg microsome protein (total 2 ng GOAT, quantified against a 50 kDa 3xFlag-tagged 
standard protein, not shown) and 50 μM palmitoyl-CoA. 1 μM octanoyl-CoA was used in the ghrelin measurements. Ahx=amino-hexanoic acid; 
K(Biotin) signifies that the biotin is attached to the epsilon amino group.
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