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Abstract

Palmitoylation, the posttranslational thioester linked modification of a 16-carbon saturated fatty
acid onto the cysteine residue of a protein, has garnered considerable attention due to its
implication in a multitude of disease states. The signature DHHC motif (Asp-His-His-Cys)
identifies a family of Protein Acyltransferases (PATS) that catalyze the S-palmitoylation of target
proteins via a two-step mechanism. In the first step, autopalmitoylation, palmitate is transferred
from palmitoyl-CoA to the PAT, creating a palmitoyl:PAT intermediate and releasing reduced
CoA. The palmitoyl moiety is then transferred to a protein substrate in the second step of the
reaction. We have developed an /n vitro, single-well, fluorescence-based enzyme assay that
monitors the first step of the PAT reaction by coupling the production of reduced CoA to the
reduction of NAD™* using the a-ketoglutarate dehydrogenase complex. This assay is suitable for
determining PAT kinetic parameters, elucidating lipid donor specificity and measuring PAT
inhibition by 2-bromopalmitate. Finally, it can be used for High Throughput Screening (HTS)
campaigns for modulators of protein palmitoylation.

Keywords

Protein palmitoylation; High Throughput Screening; Autopalmitoylation; post-translational
modification; zDHHC proteins

Introductory Statement

The covalent attachment of palmitate to proteins within eukaryote cells was first described
over 30 years ago and has been shown to be involved in protein-membrane association,
subcellular targeting of proteins between membrane organelles and within micro-domains of
individual membrane compartments, protein stability, and protein-protein interactions [1-6].
A diverse and growing list of proteins that undergo palmitoylation include intrinsic and
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peripherally associated membrane proteins, as well as secreted proteins [7-13]. Although the
number and types of proteins that are palmitoylated continually increases, no consensus
sequences have been identified.

Deregulation of protein palmitoylation has been linked to a number of diseases. Examples
include elevation of zDHHC9 expression levels in colorectal cancer [14] and
leukemogenesis [15]; zZDHHC3/GODZ is linked to cervical cancer [16]; zDHHC9 and
zDHHC15 are associated with X-linked Intellectual Disability [17, 18]; zDHHCS8 is a
candidate gene connected to schizophrenia [19, 20]; and zDHHC2 mutations have been
found in several colorectal cancers [21]. Despite the interest in identifying proteins that are
palmitoylated and understanding the mechanism(s) that regulates the addition of palmitate to
proteins and the consequences of the modifications, few assay systems have been devised to
examine the kinetics of the acylation reaction. As a result, there is a lack of specific
inhibitors of protein palmitoylation. Therefore, there is significant need for effective assays
that can monitor the protein acyltransferase reaction. Not only will a strong assay give
insight into the enzymology of protein palmitoylation, it will provide insights into the
biochemical mechanism(s) of substrate recognition and the kinetics of the reaction.

Protein S-palmitoylation proceeds by a two-step mechanism. In the first step,
autopalmitoylation, the palmitoyl moiety from palmitoyl-CoA is transferred to the z-DHHC
cysteine side chain, forming the palmitoyl:enzyme intermediate and producing reduced CoA
(CoASH) (Fig. 1A). Once the intermediate is formed, one of two reactions can occur: a) in
the presence of the protein substrate, the palmitoyl group of the intermediate can be
transferred to a substrate cysteine or b) in the absence of protein substrate, the palmitoyl
group of the intermediate can by hydrolyzed, yielding the enzyme and palmitate. The
formation of the palmitoyl:enzyme intermediate has been monitored by SDS-PAGE and
autoradiography using radiolabeled palmitoyl-CoA as the lipid donor [22-28]. However,
there are several limitations to assays that rely on radiolabeled palmitate. First, this assay
measures the steady-state amount of palmitoyl:PAT intermediate, not the total amount [25,
26]. Secondly, the use of a radioactive reagent complicates high throughput screening
techniques. Finally, sensitivity is a key issue. At the lower limit of the assay's sensitivity, the
reaction can accurately detect 5 fmols of transferred palmitate per min, which equates to a
signal to noise ratio of approximately 1.5. The main disadvantages of the radioactive assay
as it pertains to a high throughput format are the cost of the reagents and the amount of time
required to perform each step.

In this study, we describe and demonstrate the utility of a single well, fluorescence-based,
coupled assay system that monitors the steady-state rate of autopalmitoylation of protein
acyl-transferases (PAT) /in vitro. This system measures the production of reduced CoA
(CoASH), a product of the autopalmitoylation reaction. The CoASH is used in the
conversion of a-ketoglutarate to succinyl-CoA with the corresponding reduction of NAD* to
the fluorescent NADH, a reaction that is catalyzed by a-ketoglutarate dehydrogenase
complex (a-KDH) [29-33]. Here, we use this assay to demonstrate lipid substrate specificity
on the autopalmitoylation activity of the Erf2-Erf4 complex [25, 26]. In addition, we show
that the coupled assay can be applied to studying inhibition by 2-bromopalmitate (2-BP), a
known inhibitor of protein palmitoylation [34]. Finally, we present evidence that this assay
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system can be used in a High Throughput Screening format in an attempt to identify
modulators of PAT enzymes.

Materials and Methods

Strains, media, and yeast techniques

Yeast and bacteria growth media were prepared as described previously [35]. Cells were
grown in synthetic complete (SC) medium or YPD (1% yeast extract, 2% peptone, and 2%
glucose) medium [35, 36]. Induction of GAL1, 10 promoters were achieved by adding 4%
galactose to SC medium. Yeast transformations were performed using the lithium acetate
procedure [37]. The yeast strains used in this study, RJY1842 (MATala ade2-1/ade2-1
leu2-3,112/leu2-3,112 ura3-1/ura3-1 trp1-1/trp1-1 his3-11,15/his3-11,15 can1-100/can1-100
erf4A::NAT /erf4A::NAT" GAL*) [25, 26] and RIY1330 (MATa leu2-3,112 ura3-52 ade2A
ade8A lys2-801 ras1.:HIS3 ras2::Ras2CS-Ext erf2::KAN < Y(p52 RAS2>) have been
previously described [25, 26, 38].

Plasmid construction

The sequences of the deoxyoligonucleotide primers used to construct zDHHC9 alleles are
available upon request. The DNA sequences of all constructs were verified by DNA
sequencing (GeneWiz, Plainfield, NJ). The construction of B1302 and B1595 has been
described previously [25, 36]. zDHHC9 (accession number: BC006200) and GCP16
(BC001227) were obtained from the Image consortium (Image numbers: 2964425
(zDHHC9) and 3456384 (GCP16)). The zDHHC9 open reading frame was amplified by
PCR using primers that would encode a C-terminal 6xHIS epitope as well as an in-frame C-
terminal FLAG epitope flanked by sequences homologous to MCS1 of B1192 (pESC-Trp
(Stratagene, Santa Clara, CA)) to facilitate ligase independent cloning (LIC), producing
B1500 (pESC-Trp zDHHC9). B1856 (p£SC-Trp zDHHC9-GCP16) was constructed by
inserting the PCR amplified GCP16 possessing the proper flanking sequences into MCS2 of
B1500 by LIC.

Protein expression and purification

Erf2-Erf4 enzyme complexes were expressed from the pESC-Leu divergent GAL1,10
promoter in strain RJY 1842, which also harbored a second plasmid to enhance galactose
induction, pMA210 [39] ([36]. Cultures were grown in synthetic medium containing 2%
glucose and lacking leucine and histidine. zDHHC9-GCP16 enzyme complexes were
expressed from the pESC-Trp divergent GAL 1,10 promoter in strain RJY1842 along with
pMA210 and grown overnight at 30°C with shaking (230 RPM) in synthetic medium
containing 2% glucose and lacking tryptophan and histidine. Approximately 3x107 cells
were inoculated into 50 mls of synthetic medium containing 2% glucose and lacking the
appropriate amino acids and the cultures were grown at 30°C with shaking (230 RPM) until
the cell density was between 1.6x107 cells/ml (ODgqg 0.8) and 2.4x107 cells/ml (ODggg
1.2). To induce the expression of the enzyme complexes, approximately 50 ODgqq of cells
(1x10°9) were seeded into 1 L of YEP containing 2% galactose and the culture was incubated
at 30°C with shaking (230 RPM) for 18 h. The cells were harvested by centrifugation at
3000xg for 15 min. The resulting pellet was resuspended in breaking buffer (50 mM Tris-Cl
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pH 8, 500 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 1x protease inhibitor
cocktail (PIC) (1 uM Leupeptin, 2 uM Pepstatin A, and 16 mM Benzamidine), and the cells
were lysed using glass beads (400-600 mesh, Sigma-Aldrich, St. Louis, MO) for 40 min
with 1 min pulses/1 min cooling (20 cycles) [25, 26, 36]. The resulting extract was spun at
3000xg for 15 min to remove cellular debris and unbroken cells, to yield a whole cell extract
(WCE).

The enzyme containing particulate fraction (P19) was isolated from the WCE by
centrifugation at 19,000xg for 30 min at 4°C. The soluble portion (S19) of the WCE was
decanted and the particulate pellets were solubilized using 0.8% n-Dodecyl-p-D-maltoside
(DDM) at 4°C for at least 5 h with gentle agitation [25, 26, 36]. Detergent insoluble
particulates were removed from the P19 by centrifugation at 19,000xg for 30 min at 4°C.
The soluble P19 samples were then moved to clean tubes. To aid in purification of the
6xHIS:Erf2-Erf4 complexes, urea and imidazole were added to a final concentration of 2 M
and 1 mM, respectively (6xHIS:zDHHC9-GCP16 complexes were supplemented with only
1 mM imidazole). The resulting supernatant was incubated with Ni-NTA resin (Five-Prime,
Gaithersburg, MD) at 4°C for 1h. The resin was washed once with Solution W (50 mM
TriseHCI, pH 8.5, 0.08% DDM, 5 mM B-ME) containing 300 mM NaCl, and then twice
with Solution W containing 150 mM NaCl. The protein was eluted with 50 mM Tris HCI,
pH8.5, 150 mM NaCl, 0.08% DDM, 5% glycerol and 250 mM imidazole. Eluates were
desalted and the buffer changed to SPB (50 mM Sodium Phosphate Buffer, pH6.8, 10%
glycerol) using a column of G-25 resin. Fractions containing 6xHIS:Erf2-Erf4 complexes (or
6xHIS:zDHHC9-GCP16 complexes) were pooled to obtain approximately 0.5 mg of
purified Ras PAT per liter of culture. These samples were flash frozen with liquid nitrogen
and stored at -80°C for up to 3 years [25].

Coupled Protein Acyltransferase (PAT) Assay

The production of NADH was monitored in 96-well format with a Biotek Mx fluorimeter
(Biotek, Winooski, VT) using an excitation of 340 nm and emission of 465 nm [25, 29-31].
The 200 pl reaction contained 2 mM 2-oxoglutarate (a-ketoglutamic acid isolated from pig
heart), 0.25 mM NAD*, 0.2 mM thiamine pyrophosphate, 2 ug of purified PAT complex, 1
mM EDTA, 1 mM dithiothreitol, and 32 mU 2-oxoglutarate dehydrogenase (a-ketoglutarate
dehydrogenase, Sigma-Aldrich, St. Louis, MO) in 50 mM sodium phosphate buffer, pH6.8.
The reaction was initiated by the addition of varying concentrations of palmitoyl-CoA and
monitored for 30 min at 30°C. The first 10 min of the reaction was analyzed to determine the
initial rates of CoOASH release. The PAT specific activity was determined from a standard
curve of fluorescence values generated under reaction conditions using different CoASH
concentrations. In these reactions, CoOASH was added to the standard PAT reaction mixture
(without PAT complex) and the reaction was allowed to proceed to equilibrium before
fluorescence was measured. To further validate the assay, two types of controls were
performed. For the first control, the PAT enzyme was boiled to inactivate the
autopalmitoylation activity, and therefore the PAT-dependent formation of NADH, to
demonstrate that there is no measurable background hydrolysis of palmitoyl-CoA in the
reaction. Boiled enzyme produced significantly less fluorescence (<20%) suggesting no
significant contribution from sample heterogeneity or nonspecific fluorescence. Secondly, a
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catalytically inactive mutant form of the PAT complex (Erf2 (C203S)-Erf4 or zDHHC9
(C169A)-GCP16) was used to determine the baseline activity of the reaction and to show no
significant contribution of contaminating activities to the assay results. For reactions that
incorporated 2-BP, Erf2-Erf4 complexes were incubated with different concentrations of the
inhibitor, 2-BP (dissolved in DMSO), for 20 min at room temperature prior to incorporation
into the assay. Assay conditions permitted as much as 6% DMSO without affecting Erf2-
Erf4 autopalmitoylation activity (Supplemental Figure S1).

The rate of the coupled reaction (a-ketoglutarate dehydrogenase) must have a first-order
dependence on the concentration of CoASH, a product of autopalmitoylation. However, this
assumes a V)4 x rate of the autopalmitoylation reaction (the first reaction) and therefore the
concentration of palmitoyl-CoA would need to be at saturation conditions. This is not
realistic for this reaction given the interference in the activity observed at higher
concentrations of palmitoyl-CoA (Figure 1C). Instead, for measurements of the rate of the
coupled reaction (at sub- V)4 x concentrations of CoASH) to provide accurate information
concerning the initial rate of autopalmitoylation, a steady-state concentration of CoASH
must be reached before the rate of autopalmitoylation diminishes noticeably from its initial
value. Using the method of Storer and Cornish-Bowden [40], we calculated the time needed
to reach a steady-state concentration of CoASH (334pM) as approximately 2 seconds, where
the rate of autopalmitoylation is about 3% of the limiting rate of the coupled reaction and
where the ratio of the CoASH dependent rate of the coupled reaction to the rate of
autopalmitoylation is 0.99. Therefore, in practice, there is no appreciable time lag while the
system reaches equilibrium. Therefore, the accumulation of NADH adequately represents
the rate of autopalmitoylation.

Radioactivity-based 2-BP labeling assay

Covalent modification of Erf2-Erf4 by 3H-2-BP was performed by combining 8 pg
(approximately 29 pmols of Erf2-Erf4 per time point) of native Erf2-Erf4 complex (or boiled
Erf2-Erf4) and 100 uM 2-BP (specific activity, 0.4 Ci/mmol) [9,10-3H] 2-BP (American
Radiolabeled Chemicals, St. Louis, MO) in 200 pL of 50 mM sodium phosphate buffer, pH
7.4 and 0.5 mM dithiothreitol. The reaction was incubated at 30°C and 50 pL samples
removed to tubes containing 12 L of 5x reducing protein loading buffer to stop the
reactions at the indicated times. Samples were boiled for 3 min, centrifuged for 3 min at
13,000xg to removed insoluble particulates and separated by SDS-PAGE (10%). To
visualize the radioactivity, after separation, the gel was soaked in En3Hance (Perkin-Elmer,
Waltham, MA), as per the manufacturer's instructions and dried under a vacuum. Typical
film exposure times ranged from 2-4 days. To determine the number of dpm comprising
each labeled Erf2 band, the bands corresponding to Erf2 were excised from the dried gel
using the exposed film as a template and soaked in 500 puL Soluene S-350 (Perkin-Elmer,
Waltham, MA) and 81 pL of a 50% (w/v) solution of hydroxylamine (1 M; final) (Sigma/
Aldrich, St. Louis, MO) for 18 h at 37°C in scintillation vials to dissolve the acrylamide and
release the radioactivity. Scintillation cocktail (5 ml) was added directly to the Soluene
S-350 dissolved samples in the vials. The samples were allowed to equilibrate for 2 h and
the number of cpm determined by scintillation counting (Beckman-Coulter, LS6500,
Indianapolis, IN). The counting efficiency of the tritium was determined by adding a known
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amount of tritium standard (dpm) (American Radio Chemicals, St. Louis, MO) to the vials
containing samples and the vials recounted. Counting efficiency was calculated as the
difference between the cpm from the combination of standard plus sample and the sample
alone divided by the amount of dpm of the standard (approximately 90%). To determine the
efficiency with which the tritium was released from the acrylamide, native Erf2-(FLAG)Erf4
bound with anti-FLAG conjugated to agarose beads (Sigma-Aldrich, St. Louis, MO) was
incubated with 3H-2-BP for 30 min at 30°C. The free 3H-2-BP label was washed away
extensively (5x 1 ml) with buffer. The Erf2-(FLAG)Erf4 complexes were removed from the
beads with 0.1 M glycine, transferred to a fresh tube and neutralized with 1 M Tris-Cl, pH
7.5. One fifth of the sample was submitted for scintillation counting (with 500 UL Soluene
S-350 added) and the remainder of the sample was separated by SDS-PAGE (10%). The
radioactivity was isolated and released under the same conditions as the time point samples.
Comparison of the dpm obtained directly from the control complexes and those obtained
from the gel slices showed the procedure to be approximately 35% efficient.

Results and Discussion

Development of an in vitro fluorescence-based coupled enzymatic assay to monitor
autopalmitoylation

The first step in the palmitoylation reaction, autopalmitoylation, can be monitored by the
production of CoASH. The amount of CoASH produced in turn can be coupled to the
reduction of NAD* to NADH by a-ketoglutarate dehydrogenase (Fig. 1A). NADH has
fluorescence excitation and emission wavelengths of 340 nm and 465 nm, respectively [29].
The a-KDH reaction is essentially irreversible (-AG, (pH 7.0) of approximately 10 kcal/
mole) and has a K}, value for COASH of less the 0.1 pM [30]. When NAD* and a.-
ketoglutarate are present in molar excess compared to CoASH, the reaction proceeds to
completion with approximately zero-order kinetics. The source of a-ketoglutarate
dehydrogenase is pig heart, which can be inhibited to a slight degree by NADH and
succinyl-CoA. This inhibition is abolished if the NAD™* concentration is in great excess
relative to the concentration of CoASH being assayed [31].

As proof of principle, we performed a pilot study measuring yeast Erf2-Erf4
autopalmitoylation activity. The production of NADH was monitored fluorometrically in a
single cuvette using a PT1 Double-Double QuantaMaster 3 Fluorometer (340 nm excitation/
465 nm emission). Although 2 ug of PAT enzyme are used in the reaction, increases in
NADH fluorescence can be detected using PAT enzyme amounts as low as 0.5 ug (data not
shown). The reaction proceeded linearly throughout the 5 min monitoring phase (Fig. 1B)
and maintained its linearity for more than 25 min (data not shown). Denaturing Erf2-Erf4 by
boiling abolishes the formation of NADH demonstrating that there is no measurable
background hydrolysis of palmitoyl-CoA (Fig. 1B). In addition, an inactive mutant of Erf2,
Erf2 C203S, that was purified in parallel with wild type Erf2-Erf4, does not produce NADH
above that of the boiled wild type Erf2, demonstrating the increase in fluorescence is not due
to a contaminating moiety from the enzyme preparation protocol. These controls
demonstrate that even though there is a small amount of drift of the fluorescence signal, the
signal is specific for active, wild type Erf2-Erf4. Similar results were obtained using the
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mammalian ortholog of Erf2-Erf4, zDHHC9-GCP16 (data not shown). A standard curve of
known amounts of exogenously added CoASH, ranging from 0-3000 pmol CoASH, was
used to quantify the amount of steady-state autopalmitoylation, as the formation of the
intermediate and production of CoASH are in a 1:1 stoichiometry.

Determination of the kinetic parameters for Erf2-Erf4 autopalmitoylation using a 96-well

format

The coupled fluorescence assay was developed for a 96-well plate format, thus allowing a
number of samples to be run simultaneously. As an initial evaluation of the assay, varying
concentrations of palmitoyl-CoA were used to assess the activity of the enzyme overa 1 h
period (Fig. 1C). The palmitoyl-CoA concentrations varied from 0-200 uM. Plotting the
initial change in fluorescence versus the concentration of palmitoyl-CoA, we observed a
curve that approached saturation until approximately 100 uM of palmitoyl-CoA, and then
showed an apparent decrease in the activity for the concentrations above 100 pM. The
observed decrease could be a result of inhibition of a-KDH by high concentrations of
palmitoyl-CoA [31], or more likely the result of formation of palmitoyl-CoA micelles
reducing the effective concentration of palmitoyl-CoA. The approximate critical micelle
concentration for palmitoyl-CoA is in the range of 80-100 uM. Accordingly, we limited the
palmitoyl-CoA concentrations to below 100 uM and determined the Vi 4., 43 pmols
CoASH produced/min/pg, and K, of the reaction to be 43 pM for palmitoyl-CoA, which
agreed with the values we calculated using a single cuvette reaction in a PTI Double-Double
QuantaMaster 3 Fluorometer.

The effect of detergents on the autopalmitoylation reaction

All zDHHC protein acyltransferases so far identified are integral membrane proteins with
four or more transmembrane domains [41-44]. Therefore, isolation and characterization of
zDHHC PATS requires detergent solubilization. To determine the effect of different
detergents on the autopalmitoylation reaction, we screened for changes in
autopalmitoylation activity using a 72 detergent collection (Hampton Research, Aliso Viejo,
CA). The detergent was added to the reaction prior to the Erf2-Erf4 enzyme at a final
concentration equal to the critical micelle concentration (CMC) for the respective detergent.
The ratio of autopalmitoylation in the presence of detergent to the autopalmitoylation in the
“no detergent added” control for each detergent is shown in TABLE 1. Over 50% of the
detergents examined provided at least 70% of the autopalmitoylation activity when
compared to the control. Although there was no noticeable trend amongst the non-ionic and
zwitter-ionic detergents effect on autopalmitoylation, ionic detergents had the most
consistently detrimental effect on activity.

The effect of acyl-CoA chain length on autoacylation activity

The availability of acyl-CoAs of varying chain lengths and the non-radioactive nature of the
coupled assay allowed us to test directly the specificity of the chain length of the acyl donor
for Erf2-Erf4. We determined the V) 4 xand Kj,kinetic parameters for acyl-CoAs of carbon
lengths between 8 and 20 (C8:0 — C20:0), as well as palmitoleoyl CoA (C16:1 n7), cis-
vaccenoyl CoA (C18:1 n7) and oleoyl CoA (C18:1 n9). The mean K, values ranged
between 9 and 90 pM for all the hydrocarbon chains examined (Fig. 2; inset). We also
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observed a similar phenomenon as for palmitoyl-CoA, where the velocity of the reaction
decreased at higher concentrations of substrate, suggesting that perhaps, at higher
concentrations of the longer chain lengths, the hydrocarbon was not as soluble. However, by
lowering the concentrations of the acyl-CoA substrates, we were able to overcome the
insolubility issues and obtain highly reproducible data to calculate the parameters.

We used the specificity constant (kca77K)) to compare the relative rates of reaction of each
of the substrates and plotted these values as a function of acyl chain length (Fig. 2). Acyl
chain lengths between 8 and 14 carbons produced the greatest activity followed by acyl
chain lengths of 16 carbons. Saturated chain lengths of 18 and 20 carbons produced the
lowest activities. De-saturating the 18 carbon chain length (cis-vaccenoyl-CoA) increased
the activity between 2- and 3-fold. These data demonstrate that protein acyltransferases may
be able to utilize acyl-CoAs of various chain lengths with varying degrees of saturation as
substrates for acylation and could serve as a possible explanation for the heterogeneity
observed with acyl modifications to proteins [27, 45].

2-bromopalmitate covalently modifies and inhibits the autopalmitoylation activity of Erf2-

Erf4

2-Bromopalmitate has been used as a lipid metabolism inhibitor for over 50 years [46, 47].
Initially, we observed that the Erf2-Erf4 activity inhibition by 2-BP could not be diluted or
removed from the reaction (data not shown) suggesting the inhibition of palmitoylation was
irreversible. In addition, 2-BP covalently modifies native Erf2 at a rate of approximately 0.1
pmol/min (Fig. 3A; squares) as measured by incorporation of 3H-2-BP into Erf2-Erf4
complexes (Fig. 3A, lower panel). On a molar ratio basis, 2-BP was in 172-fold excess
compared to the amount of Erf2-Erf4 complexes. A calculation of the amount of Erf2-Erf4
complexes labeled reveals 5 pmols compared to the 5 nmols of 2-BP added to the reaction.
This results in one molecule of 2-BP reacting with an Erf2-Erf4 complex for every 1000
molecules of 2-BP. As bromide at the 2 position is a good leaving group and is most likely
the site of covalent bond formation between Erf2 and 2-BP, the reaction product is not
hydroxylamine labile (data not shown). Interestingly, the incorporation of the tritium signal
is not detectable if the Erf2-Erf4 complex is denatured before addition of 3H-2-BP (Fig. 3A;
diamonds) implying the native structure of the Erf2-Erf4 complex is required for labeling by
2-BP.

The effect of 2-BP on autopalmitoylation was examined using the coupled assay. The initial
rate of autopalmitoylation with increasing concentrations of palmitoyl-CoA was measured
under conditions where the Erf2-Erf4 enzyme complex had been pre-incubated with 2-BP.
When no 2-BP was present, a curve of velocity versus palmitoyl-CoA concentration was
observed similar to previous curves for the wild type enzyme. However, when 2-BP is pre-
incubated with the enzyme, the velocities and the V44 x are decreased in a dose dependent
manner. Three concentrations of 2-BP (50 uM, 100 uM and 150 uM) were compared,
resulting in increasing levels of inhibition with an 1Cgq value of approximately 100 puM.
Intriguingly, the amount of inhibition due to 2-BP was never as much as observed for the
catalytically inactive Erf2 (C203S)-Erf4 mutant (approximately 80% of the catalytically
dead enzyme control). Although it was previously reported that the K;for 2-BP was 10 uyM
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[24], a concentration of at least 100 UM is required to reduce the V), of Erf2-Erf4 complex
by 50% in this assay. The difference may be due to 2-BP's effect on other steps required for
palmitoylation in addition to covalent modification of the enzyme [48].

In the past, the method of choice was radiolabeled palmitate molecules, which had its
drawbacks. First, steady state levels of the palmitoylated species can be monitored, but the
turnover of the enzyme cannot be easily quantified. Second, visualization can require an
inordinate amount of time. Finally, the radiolabel is cost prohibitive. The price of 3H-
palmitoyl-CoA is approximately $33-50 per assay. For a library the size of 40,000
compounds, the cost of the 3H-palmitoyl-CoA from commercial sources is therefore
prohibitive (>$1M). The cost can be reduced by synthesizing 3H-palmitoyl-CoA from 3H-
palmitate, CoOASH and acyl CoA synthetase (data not shown), lowering the cost to
approximately $0.30 per assay ($12,000 for a 40,000 compound screen), but detecting the
radioactive signal is still problematic. By comparison, the cost of performing the single well,
fluorescence-based coupled assay is approximately $0.07 per assay ($2800 for a 40,000
compound library). Included in this amount is the cost of expressing and purifying the PAT
enzyme from the galactose-inducible S. cerevisiae over-production system.

Protein palmitoylation plays a role in a variety of cellular processes involved in cancer,
cardiovascular disease, infectious disease, and neurological disorders [49] and is required for
membrane association and neoplasm promoting activity of H- and N-Ras [50].
Palmitoylation has also been shown to play an important role in other cancer targets. For
example, estrogen signaling in breast cancer involves palmitoylation [51]. Despite the
central role of palmitoylation in the subcellular localization and function of numerous
signaling proteins involved in cancer and several neurological disorders, no specific, high
affinity, palmitoylation inhibitors exist and a detailed understanding of the relationship
between zDHHC enzyme and substrates is lacking. Therefore, a potential application of this
technology is to use high throughput screening procedures to identify inhibitors of protein
palmitoylation. The autopalmitoylation/coupled assay is reproducible and robust (TABLE
2). For the Erf2-Erf4 complex, the assay has a Z’-value of 0.87, a Coefficient of Variance of
6.2 and a signal-to-noise ratio of 33. In addition, the enzyme complex can be isolated in
relatively large quantities from yeast and is stable for greater than 24 h at 4°C. The activity
of the human ortholog of the Erf2-Erf4 complex, zDHHC9-GCP16, is similarly robust and
reproducible with a Z"-value of 0.77, a Coefficient of Variance of 2.6 and a signal-to-noise
ratio of 21.

In the present study, we have developed a fluorescence-based assay that can measure the
turnover activity of the protein acyltransferase and to determine kinetic parameters. We have
demonstrated the usefulness of this assay to measure the autoacylation activity of Erf2-Erf4
using several acyl-CoAs of varying chain lengths. Finally, we have shown that this assay can
be used to examine protein acyl transferase inhibition in a manner that is reproducible and
robust, and therefore applicable to HTS applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Validation of an in vitro, single well, fluorescence-based coupled assay that measures
protein acyl transferase catalyzed autopalmitoylation activity

(A) Schematic of the coupled assay reaction. (B) Production of COASH is dependent on
active Erf2-Erf4 complexes. The reaction was performed as described in the Experimental
Procedures using 2 ug wild type Erf2-Erf4 complexes, catalytically dead Erf2 (C203S)-Erf4
complexes or boiled Erf2-Erf4 complexes (Blank). Fluorescence was recorded continuously
(ex. 340 nm/ em. 460 nm) for 5 min at 30°C. (C) Graphic representation of reaction rates
using varying concentrations of palmitoyl-CoA substrate. Reactions were performed in
quadruplicate and repeated three times (n=3) at 30°C with intermittent shaking. The
fluorescence values (ex. 340 nm/ em. 460 nm) were recorded at 1 min intervals for 10 min.
The data was analyzed and fitted using the Michaelis-Menten algorithm of Prism 6
(GraphPad Software, San Diego, CA). The data was corroborated using the Direct Linear
Plot method [52, 53]. The amount of CoOASH produced was based on a standard curve using
known concentrations of CoASH and expressed as pmols/s +/- SD.
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Figure 2. The effect of acyl CoA substrate specificity on Erf2-Erf4 autoacylation activity
Graphical representation of specificity constants (kc47/K)) for acyl CoAs of varying

saturated hydrocarbon chain lengths (C8:0-C20:0; closed circles), unsaturated lengths
(palmitoleoyl CoA (C16:1 n7), cis-vaccenoyl CoA (C18:1 n7) (open circles) and oleoyl CoA
(C18:1 n9) open square) for the Erf2-Erf4 steady-state autoacylation activity. The assays
were performed in triplicate and repeated three times (n=3). (Inset) Graphical representation
of the K,y values used to calculate the kza7/K) s values (above). The saturated acyl
hydrocarbon chains are denoted by closed circles, palmitoleoyl and cis-vaccenoyl chains are
denoted by open circles and the oleoyl chain denoted by an open square.
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Figure 3. Covalent modification and inhibition of Erf2-Erf4 autopalmitoylation activity by 2-
Bromopalmitate
(A) Native Erf2-Erf4 complexes and boiled Erf2-Erf4 were incubated with 3H-2-BP for the

times shown. The products of the reactions were separated by SDS-PAGE and subjected to
autoradiography (bottom panel). The intensities of the signals corresponding to palmitoyl-
Erf2 were determined by cutting the bands from the gels, dissolving the gel slices in Soluene
S-350 to release the tritium and the amount of radioactivity determined by scintillation
counting [22]. Tritium-based counts were converted to pmols and plotted versus time (top
panel). Wild type Erf2-Erf4 complexes are denoted by closed circles and boiled Erf2-Erf4
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denoted by closed diamonds. (B) Reaction rates of Erf2-Erf4 autopalmitoylation activity
with increasing concentrations of palmitoyl-CoA in the presence of 2-BP. Samples include
Erf2-Erf4 (closed circles), Erf2-Erf4 plus 50 pM 2-BP (closed squares), Erf2-Erf4 plus 100
UM 2-BP (closed triangles), Erf2-Erf4 plus 150 uM 2-BP (open circles) and Erf2 (C203S)-
Erf4 (Xs). Reactions were performed in triplicate (n=3) at 30°C. The fluorescence values
(ex. 340 nm/ em. 460 nm) were recorded at 1 min intervals for 10 min. The data was
analyzed and fitted using Prism 6 (Michaelis-Menten algorithm) (GraphPad Software, San
Diego, CA). The values for Vj, 4 and Ky, were corroborated using the Direct Linear Plot
method of Cornish-Bowden [52, 53].
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Effect of detergents on the enzymatic autopalmitoylation activity of the Erf2-Erf4 Complex. NA (Not
Applicable), NI (Non-lonic), Z (Zwitter-lonic) and | (lonic).

Table 1

Detergent Detergent Type  Percent of Control
No Detergent NA 100
Anapoe® 35 NI 96
n-Octyl-p-D-thioglucoside NI 90
IPTG NI 87
ZWITTERGENT® 3-12 4 87
C12E9 NI 86
DDMAB Z 85
LDAO NI 85
C12E8 NI 85
CYMAL® -1 NI 84
CYPFOS-3 NI 83
MEGA® -9 NI 83
ZWITTERGENT® 3-14 Z 82
n-Tetradecyl-B-D-maltoside NI 82
n-Dodecyl-p-D-maltoside NI 82
FOS-Choline® -12 Z 82
1-s-Nonyl-B-D-thioglucoside NI 81
n-Undecyl-B-D-maltoside NI 80
n-Dodecyl-N,N-dimethylglycine z 80
Pluronic® F-68 NI 79
DDAO NI 79
Sucrose monolaurate NI 79
n-Tridecyl-p-D-maltoside NI 78
CYMAL®-6 NI 76
n-Nonyl-B-D-maltoside NI 75
ZWITTERGENT® 3-08 4 75
n-Decyl-B-D-maltoside NI 75
TRITON® X-100 NI 75
FOS-Choline® -10 75
FOS-Choline® -9 74
n-Hexadecyl-p-D-maltoside NI 74
n-Decyl-B-D-thiomaltoside NI 74
n-Nonyl-B-D-maltoside NI 74
n-Decanoylsucrose NI 72
CYMAL®-5 NI 72
n-Dodecyl-B-D-maltotrioside NI 72
HEGA-10 NI 71
n-Nonyl-B-D-glucoside NI 66
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Detergent Detergent Type  Percent of Control
Big CHAP, Deoxy NI 64
CYMAL® -4 NI 63
n-Octyl-B-D-thiomaltoside NI 62
n-Octanoylsucrose NI 62
n-Octyl-p-D-glucoside NI 61
MEGA®8 NI 60
HECAMEG NI 60
Anapoe® X-405 NI 58
Anapoe® X-305 NI 58
CYMAL® -2 NI 57
C8E5 NI 57
1-s-Heptyl-p-D-thioglucoside NI 54
ZWITTERGENT®3-10 Z 52
n-Heptyl-p-D-thioglucopyranoside NI 51
Anapoe® 20 NI 50
Thesit® NI 50
OPOE NI 47
CHAPS z 46
Anapoe® 80 NI 44
CYMAL®3 NI 44
CHAPSO z 43
C-HEGA-11 NI 39
FOS-Choline® -8 4 39
Anapoe® 58 NI 37
n-Hexyl-p-D-glucopyranoside NI 36
Anapoe® X-114 NI 34
Anapoe® C10E9 NI 31
Anapoe® C13E8 NI 31
Anapoe® C10E6 NI 31
HEGA-9 NI 30
HEGA-8 NI 25
C-HEGA®10 NI 24
CTAB | 23
C-HEGA-9 NI 20
Anapoe® C12E10 NI 14
BAM | 0
No Enzyme NA 0
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Table 2
Kinetic and High Throughput Screening Parameters for z-DHHC9-GCP16 and Erf2-Erf4
Complexes
Parameter zDHHC9-GCP16  Erf2-Erf4

Autopalmitoylation Activity (pmol/min/ug) 47.0+/-25 43.0 +/- 3.0

K (M) 45 +/-4 43 +/-8
Yield (mg/L) 1-3 2.4
Z’-Value? 0.77 0.87
Coefficient of Variance? 2.6 6.2
Signal-to-Noise Ratio? 21 33
Stability (4°C) >24H >24H

Kinetic and screening parameters: zDHHC9-GCP16 and Erf2-Erf4

a\/alues were determined on 3 successive days using the National Center for Advancing Translational Sciences High Throughput Screening
Criteria.
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