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SUMMARY

Palmitoylation is a post-translational modification
involving the thioesterification of cysteine residues
with a 16-carbon-saturated fatty acid. Little is known
about rates of depalmitoylation or the parameters
that dictate these rates. Here we report a modular
strategy to synthesize quenched fluorogenic sub-
strates for the specific detection of depalmitoylase
activity and for mapping the substrate specificity of
individual depalmitoylases. We demonstrate that hu-
man depalmitoylases APT1 and APT2, and TgPPT1
from the parasite Toxoplasma gondii, have distinct
specificities that depend on amino acid residues
distal to the palmitoyl cysteine. This information in-
forms the design of optimal and non-optimal sub-
strates as well as isoform-selective substrates to
detect the activity of a specific depalmitoylase in
complex proteomes. In addition to providing tools
for studying depalmitoylases, our findings identify a
previously unrecognized mechanism for regulating
steady-state levels of distinct palmitoylation sites
by sequence-dependent control of depalmitoyla-
tion rates.

INTRODUCTION

Protein palmitoylation is the post-translational addition of a

palmitate (S-palmitoylation) onto the sulfhydryl group of a

cysteine residue to form a thioester linkage (Linder and De-

schenes, 2007). Protein palmitoylation can be constitutive or

dynamic, with transition rates of palmitoylation cycles that vary

between minutes and hours (Ahearn et al., 2011; Wedegaertner

and Bourne, 1994). Palmitoylation affects fundamental cellular

processes such as cell signaling, neuronal development, cellular

growth, and differentiation (el-Husseini Ael and Bredt, 2002;

Smotrys and Linder, 2004), and is therefore subject to multiple

layers of regulation. Enzymatic addition of palmitate to proteins

is mediated by palmitoyl acyl transferases (PATs). The modifica-

tion increases their hydrophobicity and facilitates protein-protein

interactions, membrane association, and segregation into lipid

rafts, protein trafficking, protein function, and protein stability

(Linder and Deschenes, 2007; Mitchell et al., 2006). In addition
Cell C
altered rates of protein palmitoylation can give rise to neuronal

ceroid lipofuscinosis and is implicated in other human disease

such as cancer, Alzheimer’s disease, Huntington’s disease,

schizophrenia, and mental retardation (Resh, 2012).

Depalmitoylation plays an integral part in maintaining turnover

rates of dynamically palmitoylated proteins. Changes in sub-

strate turnover rates modulate protein activity. In response to re-

ceptor stimulation, for example, Ga proteins such as Gsa and Gia

undergo increased turnover (Smotrys and Linder, 2004). Depal-

mitoylated Ga redistributes to the membrane to facilitate signal

transduction (Goddard and Watts, 2012). Similarly, depalmitoy-

lation of eNOS and PSD-95, triggered by receptor agonists, re-

sults in their activation (el-Husseini Ael and Bredt, 2002). Ras

family small GTPases are also dynamically palmitoylated. Main-

taining a rapid turnover rate is crucial for N- and H-Ras localiza-

tion to the Golgi and plasma membrane. Oncogenic H-Ras

shows an increased turnover rate resulting from increased de-

palmitoylation (Baker et al., 2003), and blocking depalmitoylation

results in prolonged membrane association and the loss of acti-

vation of downstream signaling pathways (Dekker et al., 2010).

The identity of the depalmitoylase responsible for the depalmi-

toylation of Ras and other dynamically palmitoylated proteins

in vivo remain unclear.

Depalmitoylases, such as acyl protein thioesterases (APTs) or

palmitoyl protein thioesterases (PPTs), remove palmitate from

proteins. Members from this family belong to the metabolic

serine hydrolase (SH) superfamily, utilizing a serine residue for

the catalytic hydrolysis of ester, thioester, or amide bonds

(Long and Cravatt, 2011). To date, four mammalian depalmitoy-

lases have been characterized. These are PPT1 and PPT2 (Sugi-

moto et al., 1996; Verkruyse and Hofmann, 1996), which are

lysosomal enzymes involved in protein degradation, and APT1

(Duncan and Gilman, 1998) and APT2 (Tomatis et al., 2010),

which are enzymes that are thought to be responsible for depal-

mitoylation of cytosolic proteins. Recently, three additional

metabolic SH members, ABHD17A-C, were shown to depalmi-

toylate the postsynaptic density protein PSD-95 and N-Ras

and thus are potentially additional depalmitoylases (Lin and Con-

ibear, 2015; Yokoi et al., 2016). Themetabolic SH family consists

of over 100 members in humans, many of which are yet to be

characterized and potentially include additional depalmitoy-

lases. Advances in metabolic labeling and enrichment methods

have accelerated the annotation of palmitoylated substrates

(Foe et al., 2015; Hang et al., 2007; Hannoush and Arenas-Ram-

irez, 2009; Martin et al., 2011). Pulse-chase experiments that use

the palmitoyl analog 17-octadecynoic acid (17-ODYA) can be
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used to distinguish stably palmitoylated proteins from those that

have short turnover times (Jones et al., 2012; Martin et al., 2011).

These studies revealed subsets of proteins, mostly involved in

intercellular signaling, cell growth, and cancer that show inher-

ently dynamic palmitoylation.

Tools to measure depalmitoylation activity and map substrate

preferences of these enzymes will be necessary to understand

how these enzymes recognize their substrates and facilitate

the hydrolysis of the thioester linkage. Recently, Kathayat

et al. (2016) described a fluorescence probe capable of

measuring depalmitoylation activity in living cells. Hydrolysis

of the thioester linkage of the acylated cysteine in the probe re-

sults in an intermolecular rearrangement that leads to an in-

crease in fluorescence. The application of this probe in live cells

allowed measurement of changes in depalmitoylation activity as

a result of hormone stimulation, further supporting the role of

dynamic palmitoylation in the regulation of cellular signaling.

However, to address solubility issues, the acyl chain in this

probe was reduced to seven carbons, compromising the spec-

ificity of the probe to long-chain thioesterases. Moreover, the

intermolecular reaction needed for the fluorescence turn on

hampers the application of the probe for the kinetic measure-

ments of hydrolysis rates. The requirement for the secondary

reaction triggered by the hydrolyzed cysteine also limits this

scaffold to modifications to residues on the C-terminal side of

the palmitoylation site only.

To address the current limitations of existing chemical probes

for depalmitoylases, we developed a design that places a fluoro-

phore on the N-terminus of a peptide that has a palmitoylated

cysteine containing a quencher group attached to the lipid chain

through a click chemistry handle. The fluorescence is quenched

on the intact, palmitoylated peptide but is de-quenched upon

cleavage of the thioester bond by a depalmitoylase. Because

the chemistry is modular and amenable to solid-phase peptide

synthesis (SPPS), it is possible to rapidly make substrates with

diverse peptide sequences flanking the palmitoylation site. We

demonstrate the applicability of this approach by measuring

the kinetic properties of APTs in vitro and in situ using complex

cell lysates or whole organ homogenates. We further show that

the strategy enables synthesis of positional scanning libraries

of substrates that allow mapping of specificity determinants of

individual depalmitoylases. Our data provide evidence that

depalmitoylases possess distinct substrate specificities based

on the residues flanking the palmitoylated cysteine residue. We

show that the sequence surrounding the palmitoylated cysteine

modulates the affinity for the depalmitoylase and, to a larger

extent, the rate of depalmitoylation. This relationship between

substrate sequence and rate of depalmitoylation highlights a

mechanism by which depalmitoylases may maintain specific

steady-state turnover rates across diverse, but overlapping

protein substrates.

RESULTS

The lack of efficient methods to selectively measure depalmitoy-

lase activity motivated us to design amodular reporter assay that

was amenable to SPPS and that could be used to make diverse

palmitoylated peptide substrates. We envisioned an optimal

assay that would make use of a cysteine-based substrate con-
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taining a palmitoylated thioester whose hydrolyzed product

could be detected using a standard fluorescence detector (Fig-

ure 1A). The hydrophobicity of the palmitoyl chain, or similar

long-chain mimics, poses a significant challenge for achieving

sufficient aqueous solubility of a small reporter molecule. Substi-

tution of the long palmitoyl chain with a shorter octanoyl lipid,

such as is used in the common esterase substrate 4-nitrophenyl

octanoate (4-NPO) (Figure 1B), slightly increases solubility in

aqueous or detergent containing buffers but potentially compro-

mises the selectivity toward long-chain fatty-acyl hydrolases.

However, we should note that we have not systematically tested

various lipid chain lengths and it is possible that depalmitoylase

enzymes have distinct lipid chain length preferences. Regard-

less, we used the 18-carbon chain lipid 17-ODYA because this

has been used extensively as a mimetic for palmitate in proteo-

mic studies. To increase the solubility we usedmorpholine as the

C-terminal amide to generate a general quenched substrate

for thiolEsters (QStE) (Figure 1B). The fluorophore 7-hydroxy-3-

carboxycoumarin was positioned at the N-terminus of the pep-

tide while the 4-(dimethylaminoazo)benzene-4-carboxylic acid

(DABCYL) quencher was attached to the lipid thioester, using

the alkyne functionality. Our QStE substrate, as well as the oxy-

ester analog, quenched substrate for esterases (QSE) (Figure 1B)

were soluble in aqueous buffer at concentrations up to 100 mM,

and in detergent-supplemented buffer (CHAPS, 10 mM) at con-

centrations up to 500 mM. We measured the excitation spectra

of the QStE and QSE substrates and found that the excitation

of the 7-hydroxy-3-carboxycoumarin dye shifted from 384 to

410 nM as a result of the amide (Figure 1C). DABCYL has a

wide absorbance range between 350 and 550 nm (Figure 1C),

allowing effective quenching of the coumarin dye. We observed

a 100-fold increase in fluorescence upon hydrolysis of the

thioester or ester bond in the substrates (Figure 1D). This large

increase of fluorescence results in a substrate with a broad

dynamic range that enables sensitive detection of hydrolysis.

QStE and QSE Are Probes of Thioesterase and Esterase
Activity of Depalmitoylases
To confirm the specificity of our reporter substrate, we incubated

QStE with several serine proteases, cysteine proteases, and

metalloproteases, as well as representatives of the SH lipases

and the established human depalmitoylases, HsAPT1 and

HsAPT2, and TgPPT1 from T. gondii (Figure 1E). Importantly,

the thioester substrate QStEwas not hydrolyzed by fatty acid hy-

drolases such as phospholipase A2 or monoacylglycerol lipase

but was readily hydrolyzed by APT1 and APT2 as well as TgPPT1

but not the catalytically inactive mutant TgPPT1S128A, thus con-

firming its high degree of selectivity for acyl thioesterases that

process long-chain lipid modifications. To further test the selec-

tivity of QStE we incubated the substrate in mouse liver lysates

that contain diverse esterase activities. For comparison we

used the general substrate 4-NPO, which has often been used

to measure in vitro activity of depalmitoylases (Child et al.,

2013; Dekker et al., 2010) (Figure 1F). These results demon-

strated that the substrate 4-NPO was more effectively pro-

cessed by the lysates, but this activity was only slightly reduced

by treatment with the broad-spectrum depalmitoylase inhibitor

palmostatin B (PalmB) (Rusch et al., 2011) (Figure 1B). The sub-

strate QStE, on the other hand, showed robust processing that



Figure 1. Design of a Quenched Fluorogenic Substrate for Depalmitoylases

(A) Overall design of the fluorescently quenched substrate to detect depalmitoylase activity. The substrate contains an S-palmitoylated cysteine carrying a

quencher molecule that is released upon thioester hydrolysis by the depalmitoylase, producing a fluorescent peptide product.

(B andC) Chemical structures of the thioester (QStE) and ester (QSE) fluorogenic substrates, palmostatin B, the T. gondiiPPT1-specific inhibitor JCP-174, and the

general colorimetric esterase substrate 4-nitropehyl octanoate (4-NPO) (B). Absorbance spectra of QStE, QSE (at 1mM) and the precursor fluorophore (coumarin

amide) and quencher (DABCYL-N3) (C).

(D) Fluorescence spectra of QStE and QSE (at 10 mM, Ex = 410 nm, Em = 450 nm), before and after chemical hydrolysis with 5% hydroxylamine (HA) or 0.1 M

sodium hydroxide (NaOH) for 30 min.

(E) Measurement of QStE hydrolysis (at 10 mM) by the indicated recombinant depalmitoylases (HsAPT1 at 50 nM, HsAPT2 at 150 nM, and TgPPT1 at 100 nM),

esterases (monoacylglycerol lipase [MGLL] and phospholipase A2 [PLA2] at 500 nM), and proteases (trypsin and papain at 100 nM and collagenase IV at

1 mg/mL). The catalytically dead TgPPT1 is included as a negative control (TgPPT1 S128A at 100 nM).

(F) Plot of the hydrolysis of QStE and 4-NPO inmouse liver homogenates in the presence of the general depalmitoylase inhibitor palmostatin B lysates (20 mg) were

incubated with DMSO or palmostatin B (10 mM) for 30 min on ice before the addition of substrates (5 mM).

(G) Specific activity of depalmitoylases measured with QStE in different organ homogenates and cell line lysates. QStE was added to lysates (20 mg) at varying

concentrations, and the initial rates of hydrolysis were used to calculate the specific activity.

(H) Relative activity of depalmitoylases measured with QStE in PC3 cell lysate, treated with the isotype-selective inhibitors ML348 and ML349, the general serine

hydrolase inhibitor phenylmethylsulfonyl fluoride (PMSF), the serine hydrolase inhibitor hexadecylsulfonyl fluoride (HDSF), and palmostatin B (PalmB). The lower

panel shows the residual activity of APT1 and APT2 (as indicated) after treatment with each inhibitor by labeling lysates with the ABP fluorophosphonate-

rhodamine (FP-Rho). Lysates (at 20 mg) were incubated with DMSO or inhibitors (10 mM) for 30 min on ice before the addition of QStE (5 mM).

Error bars represent SD of three replicates. Statistical significance is calculated using ordinary one-way ANOVA compared with DMSO (****p = 0.001,
nsp = 0.9999). See also Figure S3.
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was completely blocked by PalmB, suggesting that it is mainly

processed by depalmitoylases, while the substrate 4-NPO is a

general substrate of diverse esterases.
Although thioesterases are characterized by their preference

for thioester-containing substrates, many thioesterases exhibit

esterase activity as well. APT1, for example, was first classified
Cell Chemical Biology 26, 1–13, January 17, 2019 3



Table 1. Catalytic Rate Constants and Efficiencies of the QStE

and QSE Substrates for the Indicated Depalmitoylating Enzymes

Enzyme Substrate km (mM) kcat (s
�1)

kcat/km
(s�1 M�1)

TgPPT1 QStE 5.7 ± 1.5 (1.7 ± 0.1) 3 10�2 3,000

QSE 42.6 ± 5.6 (1.6 ± 0.1) 3 10�2 380

HsAPT1 QStE 14.5 ± 2.8 (4.6 ± 0.4) 3 10�2 3,200

QSE 19.1 ± 5.7 (0.3 ± 0.1) 3 10�2 160

HsAPT2 QStE 19.3 ± 3.2 (4.4 ± 0.3) 3 10�2 2,300

QSE 37.5 ± 15.2 (0.26 ± 0.06) 3 10�2 69

Please cite this article in press as: Amara et al., Synthetic Fluorogenic Peptides Reveal Dynamic Substrate Specificity of Depalmitoylases, Cell Chem-
ical Biology (2018), https://doi.org/10.1016/j.chembiol.2018.10.005
as a lysophospholipase (Lu et al., 1996) but later shown to prefer

thioacylated substrates (Duncan and Gilman, 1998, 2002). We

compared the catalytic efficiencies of the recombinant APTs,

HsAPT1, HsAPT2, and TgPPT1 for hydrolysis of the thioester

substrate QStE and the ester substrate QSE (Table 1). Indeed

the catalytic efficiencies of all three enzymes were 10–30 times

greater for QStE compared with QSE, validating their intrinsic

preference for thioester hydrolysis. Interestingly, TgPPT1 ex-

hibits similar kinetic rates for both substrates; however, a large

increase in Km for QSE reduces the catalytic efficiency by

roughly 10-fold compared with QStE. Km values were generally

higher for QSE than for QStE across all three enzymes, suggest-

ing a molecular landscape within the binding pocket that is best

suited for the larger thioester compared with the oxyester link-

age. The ability of TgPPT1 to hydrolyze both the ester and thio-

ester linkages with comparable rates suggests it may have a dual

role as an esterase and a thioesterase.

Depalmitoylation activities differ across different organs and

cell types according to the expression levels of depalmitoylases

(Breuza et al., 2016; Gao et al., 2013; Garland et al., 2018). We

therefore compared the processing of the QStE substrate in

various organs and common cell lines that express varying levels

of depalmitoylases. We measured the highest activity in the

spleen (Figure 1G), where previous studies identified high

mRNA expression levels for the lysosomal enzymes PPT1/2

(Soyombo and Hofmann, 1997). Heart tissue extracts had the

lowest activity, consistent with the reported low mRNA levels

of depalmitoylases in these tissues. Specific activity also varied

across multiple cancer cell lines. Both prostate cancer cell lines

LNCaP and PC3 had the highest levels of substrate-processing

activity, which was substantially elevated compared with

HEK293 cells. Specific inhibition of APT1, APT2, or PPT1 with

the isoform-selective inhibitors ML348, ML349 (Adibekian

et al., 2010), and hexadecylsulfonyl fluoride (Das et al., 2000),

respectively, in PC3 cell lysate resulted in only minor reductions

in QStE processing suggesting these enzymes only make up a

small part of the total activity measured by this substrate (Fig-

ure 1H). Selective inhibition of APT1 or APT2 was confirmed by

competitive labeling with the fluorescent probe fluorophospho-

nate-rhodamine. Again, we found that the broad-spectrum

inhibitor PalmB was able to completely block processing of the

substrate. Although PPT1, APT1, and APT2 are the most well

characterized depalmitoylases, evidence suggests that other

thioesterases such as ABHD17 proteins or yet still uncharac-

terized depalmitoylases may contribute to the total activity

measured by QStE. Notably, inhibition by phenylmethylsulfonyl
4 Cell Chemical Biology 26, 1–13, January 17, 2019
fluoride, a general SH inhibitor that does not inhibit APTs and

PPTs, did not reduce the specific activity measured by QStE

ruling out the possibility of overlapping esterase activity from

other SHs present in the lysate. A similar moderate decrease in

activity upon knockdown of APT1was reported by Kathayat

et al. (2016).

Generation of Combinatorial Libraries of Quenched
Fluorogenic Palmitoylated Peptide Substrates
The hypothesis that depalmitoylases possess substrate speci-

ficity is supported by the fact that ABHD17, APT2, and APT1

display specificity for processing of palmitoylation sites on

distinct substrates (Hernandez et al., 2017; Kong et al., 2013; Yo-

koi et al., 2016). More recent studies (Kathayat et al., 2016) show

that the addition of lysine at the C-terminal side of an acylated

cysteine confers substrate preference for APT1 over APT2 and

accelerates the hydrolysis rate. Furthermore, sequence variance

in Ras isoforms surrounding known palmitoylation sites influence

palmitoylation turnover rates and possibly the preference for

processing by specific depalmitoylases (Lin et al., 2017). Using

the modular chemistry of the QStE substrate, we reasoned that

it should be possible to make extended peptides containing

defined sequences flanking the palmitoylated cysteine. While it

is possible to attach the palmitate to a free cysteine after synthe-

sis of the peptides, we found that direct synthesis of the DABCYL

quencher-modified palmitoylated cysteine as an Fmoc-pro-

tected building block allowed more uniform and flexible incorpo-

ration into peptides using SPPS. The 7-hydroxy-3-carboxycou-

marin fluorophore can be added as the final step of the

synthesis by acylation of the amino terminus. As with synthesis

of QStE, we used 17-ODYA as the acyl thioester and installed

the DABCYL via click chemistry to produce the building block 20

(Figure 2A; Scheme S6). To facilitate an efficient Fmoc SPPS we

used Rink amide resin with HCTU as a coupling agent with

5 equivalents of each amino acid in a 20-min coupling cycle

(Figure 2A). To prevent thioester hydrolysis, we replaced the

standard piperidine deprotection method with 1% 1,8-diazabi-

cyclo(5.4.0)undec-7-ene, using four 1-min treatments for each

coupling cycle following the addition of the cysteine building

block. The reaction timewas carefully adjusted to allow sufficient

deprotection while reducing the extent of S/N acyl transfer and

side product accumulation. The coupling of the coumarin fluoro-

phore on the N terminus was achieved using NHS-activated

7-hydroxycoumarin (compound 6, Scheme S2) in DMF contain-

ing 5% sodium bicarbonate buffer at pH 8 for 30 min.

Our initial library was based on the sequence of the confirmed

target of TgPPT1, gliding-associated protein 45 (GAP45) (Child

et al., 2013). Palmitoylation of Gap45 occurs at Cys5 and plays

an important role in trafficking and membrane localization

together with a myristoylation that occurs at Gly-2 (Frenal

et al., 2010). We wanted our library to contain variable amino

acid residues on each side of the cysteine (containing the scissile

bond), to account for the specificity that might be conferred by

the immediate chemical environment surrounding the cysteine.

In analogy to the protease convention proposed by Schechter

and Berger (1967), the substrate amino acid positions from the

N-terminal side of the cysteine are denoted P1 and P2, and

correspond to the protein sub-sites S1 and S2. The substrate

amino acid positions from the C-terminal side of the cysteine



Figure 2. Positional Scanning Libraries Highlight Substrate Specificities of APTs at Positions P1 and P2

(A) Synthesis scheme for preparation of quenched fluorogenic substrates using SPPS. Peptide libraries were synthesized on a Rink amide resin, the palmitoyl

mimic containing DABCYL was synthesized as an Fmoc-protected cysteine analog (compound 20 or C20) and coupled instead of cysteine in the sequence. The

N terminus was capped with the fluorophore 7-hydroxy-3-carboxycoumarin. Peptide positions spanning the thioester-containing cysteine analog from the

N terminus side are referred to as P1, P2, and from the C terminus side as P10, P20 .. Libraries contain combinatorial mixtures (marked X) of all natural amino acids

(excluding cysteine) at positions P2 or P1, and an isokinetic mixture of the same amino acids at the adjacent position (marked IK).

(legend continued on next page)
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are labeled P10 and P20 and correspond to the protein sub-sites

S10 and S20 (Figure 2A). The sequence used for the library con-

tained residues 3–9 (NACKKNT) of the native GAP45 palmitoyla-

tion site, excluding the terminal methionine and myristoylated

Gly-2. TgPPT1 aswell as APT1 and APT2 had comparable, mod-

erate activity for depalmitoylation of the parent GAP45 peptide

substrate NAC20KKNT with catalytic efficiencies of 3.5 3 104,

6.3 3 104, and 2.1 3 104 s�1 M�1, respectively (Table S1),

providing a convenient starting point for the analysis of sequence

specificity of all three enzymes.

Mapping Substrate Specificity Using Positional
Scanning Substrate Libraries
We synthesized positional scanning combinatorial libraries in

which either the P1 or the P2 position was scanned through all

natural amino acids (excluding cysteine), while the other position

contained an isokinetic mixture of the same 19 amino acids (Fig-

ures 2B and 2C). After synthesis, the libraries were analyzed by

liquid chromatography-mass spectrometry (LC-MS) for integrity,

and effective concentrations measured by hydrolysis with hy-

droxylamine (HA) (Figure 2D). For enzymatic analysis, all libraries

were used at high molar ratio of substrate over enzyme. All three

enzymes were allowed to process the libraries, and the rates of

depalmitoylation were measured. Changes in the amino acid

composition in either position P1 or P2 resulted in up to 3-fold

changes to the rate of hydrolysis. All three enzymes showed

similar substrate preferences, with a moderate preference for

small aliphatic residues at position P2 and elevated rates with

polar residues at position P1. A sharp decrease in hydrolysis

was observed with negatively charged residues at P1 and bulky

aromatic residues at P1 and P2. The similarities in amino acid

preference were more pronounced between APT1 and APT2,

in accordance with the 68% sequence identity and active site

similarities reported in crystal structure analysis of these related

enzymes (Won et al., 2016). To better characterize and compare

the distinct preferences between the orthologous depalmitoy-

lases, we plotted the rate of hydrolysis on a common hydropho-

bicity scale (Kyte and Doolittle hydropathy scale; Kyte and Doo-

little, 1982) (Figure 3A). A preference for small residues is seen at

P2 (red circles), with glycine showing the highest rate for APT1,

while the slightly bigger alanine is preferred by TgPPT1. Moder-

ate rates were measured for aliphatic hydrophobic residues, as

well as positively charged residues. A sharp decrease in hydro-

lysis was observed for the aromatic residues tryptophan and

tyrosine, as well as negatively charged residues such as gluta-

mate and aspartate. At position P1, TgPPT1 preferred serine

and alanine while most aliphatic, hydrophobic residues were

better tolerated by APT1. P1 Arginine significantly increased hy-

drolysis by APT1, while both arginine and aspartate had elevated

hydrolysis by TgPPT1. While substrate preferences between

APT1 and APT2 overlap, subtle differences do exist. Specifically,

APT2 has an increased tolerance for larger aliphatic and aro-

matic residues and a decreased tolerance for alanine at the P2
(B and C) Plots of fold-change in hydrolysis rates for each P2 scanning sublibrar

three replicates. (C) Same as in (B) for the P1 positional scanning sublibraries.

(D) Effective concentration of each library was evaluated by chemical cleavage of

estimated using a standard curve generated from non-quenched substrates. DB

See also Figure S4.
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position. At P1, APT2 prefers alanine and serine over the rest

of the aliphatic hydrophobic residues.

To confirm the integrity of the library screening results, we syn-

thesized and purified individual peptides with sequences that

were predicted to have enhanced or reduced rates of hydrolysis

for each of the depalmitoylases. As expected, substitutions

at P1 and P2 with optimal amino acids resulted in increased

rates of hydrolysis, as seen for the peptides ASC20KKNT and

GSC20KKNT (Figure 3B).We observed up to 2-fold enhancement

in Kcat values and up to 10-fold increase in catalytic efficiencies

(Kcat/Km) for hydrolysis by TgPPT1 or APT1 compared with the

original peptide NAC20KKNT (Figure 3C). Substitutions at P2

reflected distinct specificity trends seen in the P2 library,

with ASC20KKNT preferred by TgPPT1, while GSC20KKNT was

preferred by APT1. A sharp decrease in the Km values for both

of these substrates for APT1, despite less favorable substitution

of serine over alanine at P1, underscores the importance of the

P2 residue for binding kinetics. Further demonstrating the impor-

tance of the P2 residue, we found that a single amino acid

substitution of tryptophan at this position dramatically reduced

the hydrolysis rate of the parent substrate by both TgPPT1 and

APT1 (Figures 3B and 3C) and the catalytic efficiency dropped

by nearly 70-fold for hydrolysis of WAC20KKNT by TgPPT1.

Encouraged by the substantial effect of amino acid sequences

on substrate recognition and depalmitoylation rates for the P1

and P2 libraries, we explored the importance of P10 and P20 using
positional scanning libraries starting from the optimal sequence

ASC20KKNT. After synthesis, we analyzed the libraries by LC-MS

for integrity, and effective concentrations were measured by hy-

drolysis with HA (Figure 4C). Analysis of the initial rates of hydro-

lysis revealed a striking enhancement for arginine at positions

P20 for all three enzymes (Figure 4B). Interestingly, most amino

acid substitutions resulted in rates that were lower than that

of the reference peptide ASC20KKNT (Figures 4A and 4B). Posi-

tively charged residues, in particular lysine and arginine, are

preferred at position P10 as well (Figure 4D, green circles). Subtle

differences between the enzymes include a preference for the

polar aliphatic residues serine and threonine by TgPPT1 (red

circles) and to a lesser extent by APT2. Moderate rates were

also observed for APT2 with isoleucine at P10 and alanine at P20.
Exploring the importance of arginine at P20 and the effect of

positive charge at both P10 and P20 positions, we synthesized

individual peptide sequences in which the lysine at P10 or P20

was replaced with either arginine or alanine. Replacing lysine

at P20 with arginine in the optimized peptides ASC20KKNT or

GSC20KKNT further increased their rate of hydrolysis by all

three enzymes. This increased rate was due to a 2-fold enhance-

ment in the Kcat values for the substrates for TgPPT1 and APT1

(Figures 5A and 5B). Eliminating the positive charge from

both P10 and P20 positions (GAC20AANT) resulted in a sharp,

40-fold decrease in hydrolysis rate and a 100-fold decrease in

catalytic efficiency compared with the most optimal sequence

(GAC20KRNT; Figure 5C). Furthermore, we found that hydrolysis
y relative to the reference peptide NAC20KKNT (B). Error bars represent SD of

the thioester bond by incubation with 5% HA for 30 min. Concentrations were

U, 1,8-diazabicyclo(5.4.0)undec-7-ene; HA, hydroxylamine.



Figure 3. Validation of Substrate Specificity Using Fluorogenic Peptides Designed from the Library Screening Data

(A) Rates of hydrolysis for each amino acid substitution, measured with P1 or P2 libraries plotted relative to a hydrophobicity scale (adopted from Kyte and

Doolittle, 1982). Small aliphatic residues (red circles) are favored at positions P1 and P2 and result in fast hydrolysis rates, positively charged residues (green

circles), as well as hydrophobic aliphatic residues (yellow circles), resulting in moderate hydrolysis rates for all three depalmitoylases.

(B and C) Michaelis-Menten plots showing rates of hydrolysis of the indicated fluorogenic peptides synthesized based on data from the positional scanning

libraries (B). Each point represents mean and SD of three replicates. (C) Catalytic rates and efficiencies of the fluorogenic peptides derived from the Michaelis-

Menten plots in (B).

See also Table S1 and Figures S1 and S2.
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of sub-optimal sequences containing bulky aromatic P1 and P2

residues could be substantially improved by substitution of argi-

nine at P20 (compareWYC20KRNTwithWYC20KKNT; Figure 5D).

The substitution of negatively charged residues at position P10

(GVC20DHNT) reduced the Kcat value (0.03 ± 0.001 s�1, APT1)

and increased the Km compared with the parent substrate

(Figure 5F), while substitution of negatively charged residues at

both positions P1 and P2 along with bulky aromatic residues

at positions P10 and P20 (DEC20WYNT) resulted in a substrate

with extremely low Kcat values for all the depalmitoylases

(0.003 ± 0.001 s�1, APT1) and over 1,000-fold decreased

catalytic efficiency compared with the reference sequence

NAC20KKNT (19 versus 61,000 s�1 M�1, respectively, for

APT1). Taken together these results demonstrate that we were

able to construct and characterize peptide substrates with

hydrolysis rates that span over three orders of magnitude

for each enzyme (Figure 5G), confirming the importance of

sequence recognition in the control of rates of depalmitoylation.
Sequence Selectivity and Redundancy
Our libraries suggest that, while there is substantial overlap

in sequence preferences between APT1 and APT2, there are

some differences that could explain how these two enzymes

could have divergent sets of substrates. We therefore sought

to explore these subtle differences to determine if this informa-

tion could be used to selectively monitor APT1 and APT2 activ-

ities. Substrates that we synthesized with the most preferred

amino acids favored fast hydrolysis but have overall low selec-

tivity. To achieve an APT1-selective peptide we focused on

amino acids that were moderately favorable for APT1 but poorly

accepted by ATP2, such as in the peptide AHC20DRNT (Fig-

ure 5E). Incubation of this substrate with APT1 resulted in amod-

erate rate of hydrolysis but, importantly, the substrate had a

rate of hydrolysis by APT2 that was two orders of magnitude

lower (Figure 5F). Applying the same approach to find APT2-

selective sequences resulted in substrates that were only poorly

processed by APT2 such as FRC20KANT, PAC20EANT, and
Cell Chemical Biology 26, 1–13, January 17, 2019 7



Figure 4. Residues in the P10 and P20 Positions of Fluorogenic Substrates Dramatically Impact Rate of Hydrolysis

(A and B) Plots of fold-change from the ratemeasured for the optimal substrate ASC20KKNT in which the C-terminal position P10 (A) or P20 (B) are scanned through

the indicated amino acids (one-letter codes). Hydrolysis was measured and initial rates calculated from the time curves. Error bars represent SD of three

replicates.

(C) Effective concentration of each library was evaluated by chemical cleavage of the thioester bond by incubation with 5% HA for 30 min. Concentrations were

estimated using a standard curve generated from non-quenched substrates.

(D) Plots of the rates of hydrolysis for each amino acid substitution, measured for the P10 or P20 positional scanning libraries relative to hydrophobicity scale. Polar

interactions with positively charged residues (green circles) are favored at both positions, polar aliphatic residues (red circles) are favored at position P10 only by
TgPPT1. Moderate preference for alanine at P20, isoleucine and threonine at P10 (yellow circles) is seen only for APT2.

See also Figure S4.
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SYC20IANT (Figure 5G and Table S1). APT2 exhibited lower effi-

ciencies and lower Kcat values with all of the short peptides, a

result of its lower thermal stability compared with APT1 (Won

et al., 2016). Importantly, consistent with the substrate screening

data, the peptide WRC20NRHV, derived from one of the palmi-

toylation sites of the transcriptional activator Scribble (Scrib),

was most effectively processed by APT2 (Figure S6).

Application of Selective Substrates in Complex
Proteomes
To validate the specificity trends generated by our library

screens, and to probe depalmitoylation activity in situ, we

measured substrate hydrolysis in T. gondii lysates as well as in

tumor tissue homogenates. While we believe that the general
8 Cell Chemical Biology 26, 1–13, January 17, 2019
QStE probe has the potential to be cell permeable and thus could

be used in intact cells, the current version contains a low-wave-

length coumarin dye that is not suitable for use due to high back-

ground fluorescence in cells. In T. gondii lysates, the optimal

peptides ASC20KKNT and ASC20KRNT showed increased rate

of hydrolysis compared with the GAP45 peptide NAC20KKNT,

in line with our findings for purified TgPPT1 (Figure 6A). Impor-

tantly, treatment with the TgPPT1-selective inhibitor JCP174

(Child et al., 2013) (Figure 1B) reduced the rate of hydrolysis

by approximately 80% and a genetic knockout of TgPPT1

(TgDppt1) reduced hydrolysis rates to a similar extent (Figure 6B).

Pretreatment with PalmB completely abolished activity in the

lysate, confirming that the majority of the signal from the

optimized substrates is the result of TgPPT1 activity, but that



Figure 5. Engineering of Fluorogenic Peptide Substrates Based on Substrate Specificity Profiles

(A and B) Michaelis-Menten plots comparing the kinetic curves of optimized peptides, measured with (A) TgPPT1 or (B) HsAPT1. Each point represents the mean

and SD of three replicates.

(C) Catalytic efficiencies of the fluorogenic peptides derived from the Michaelis-Menten plots in (A and B).

(D) Michaelis-Menten plot comparing kinetic curves of sub-optimized and least optimized peptides measured for HsAPT1.

(E) Activity of the selective substrate AHC20DRNT for HsAPT1 and HsAPT2.

(F) Catalytic efficiencies of the fluorogenic peptides derived from the Michaelis-Menten plots in (D and E).

(G) Plot of Kcat values for the indicated fluorogenic substrates for TgPPT1 HsAPT1 and HsAPT2.

Error bars represent SD of three replicates. See also Table S1 and Figures S1, S2, and S6.
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Figure 6. Specificity of Fluorogenic Peptides in Complex Proteomes

(A) Activity of endogenous depalmitoylases measured in T. gondii lysates (at 5 mg) using the optimized fluorogenic substrates (at 2.5 mM). Error bars represent the

SD of three replicates.

(B) Normalized rate of hydrolysis for the ASC20KRNT substrate (at 2.5 mM) measured in Ku80 T. gondii lysates (at 5 mg) untreated (wild-type [WT]) or treated with

JCP174 (JCP174, 10 mM) or palmostatin B (PalmB) (10 mM) and untreated PPT1 knockout (DPPT1) T. gondii lysates (at 5 mg). Error bars represent SD of three

biological replicates and three technical replicates. Statistical significance is calculated using one-way ANOVA (****p < 0.0001, ***p = 0.0003, *p = 0.0252).

(C) Activity of endogenous depalmitoylases measured in mammary breast tumor homogenate (at 5 mg) using optimized and non-optimal fluorogenic substrates

(at 2.5 mM). Error bars represent the SD of three replicates.

(D and E) Normalized rate of hydrolysis for ASC20KKNT (D) and AHC20DRNT (E) (at 2.5 mM) measured in tumor homogenates treated with vehicle (DMSO) or the

inhibitors ML348, ML349, and palmostatin B (at 10 mM).

Error bars represent SD of three biological replicates and three technical replicates. Statistical significance is calculated using one-way ANOVA (****p = 0.0001,
nsp = 0.6711). See also Figure S5.
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some low level processing of the substrate by other depalmitoy-

lases is likely to occur.

We also tested the substrates in homogenates derived from

mammary tumor tissues to determine if the profiles of specificity

were retained in complex proteomes that likely contain many de-

palmitoylases. We found that the optimal substrate GAC20KRNT

had increasedhydrolysis in the lysate comparedwithNAC20KRNT

(Figure 6C). Furthermore, the non-optimal GAC20AANT that lacks

a positive charge at the P10 and P20 positions shows dramatically

reduced hydrolysis in the extract. We then wanted to determine if

the substrate that we designed to be selective for APT1 could be

used to specificallymonitor its activity in situ. As expected, hydro-

lysis of the non-selective substrate ASC20KKNTcould be reduced

using both the APT1-specific inhibitor ML348 as well as the

APT2-specific inhibitor ML349 (Figure 6D). In contrast, only the

APT1-specific inhibitor ML348 could reduce the hydrolysis activ-

ityof theAPT1-selectivepeptideAHC20DRNT,confirming thehigh

degree of selectivity of the substrate for APT1 over APT2 (Fig-

ure 6E). Because ML348 does not result in complete inhibition

of AHC20DRNT hydrolysis it is likely that this substrate remains

at least weakly active against additional depalmitoylases.

DISCUSSION

Dynamic palmitoylation regulates protein activity during normal

cellular processes as well as in disease. Depalmitoylases are
10 Cell Chemical Biology 26, 1–13, January 17, 2019
fundamental for maintaining palmitoylation steady states of

these dynamic processes. Changes in turnover rates by

increased exposure to depalmitoylases, for example through

receptor stimulation or activating mutations, facilitates signal

transduction of heterotrimeric G proteins or the intercellular traf-

ficking of neuronal proteins. It is unclear, however, which types

of regulation govern the dynamics of depalmitoylation and repal-

mitoylation cycles. While there is yet no evidence of mechanisms

that directly alter the activity of either PAT or APTs, it has been

suggested that expression levels and sub-cellular localization

may serve to set overall palmitoylation steady-state levels

(Won et al., 2018). Here, we demonstrate a mechanism for con-

trolling rates of substrate hydrolysis of depalmitoylating enzymes

that relies on sequence recognition of residues that surround the

palmitoylation site. These residues not only affect binding affinity

for the enzyme but also dictate overall catalytic rates of depalmi-

toylation. We find distinct and overlapping specificities among

the homologous human depalmitoylases APT1 and APT2, as

well as the parasite enzyme TgPPT1. The ability to discriminate

between different palmitoylated substrates and vary depalmitoy-

lation rates may serve as a means by which depalmitoylases

maintain diverse steady-state turnover rates across large pools

of substrates.

Similarities between APT1 and APT2, both in sequence iden-

tity and in active site structure, suggest that these enzymes likely

overlap for many substrates in vivo. Several studies in cellular
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assays, however, have shown specific substrates that undergo

selective processing by APT1 (Lin et al., 2017; Tian et al.,

2012), APT2 (Hernandez et al., 2017; Tomatis et al., 2010), or

neither (Lin and Conibear, 2015; Vallejo et al., 2017). Co-crystal

structures of APT1 and APT2 bound with their isoform-selective

inhibitors, ML348 and ML349, shed light on binding topology,

highlighting the importance of a flexible b5-a2 loop and small

G3 helix for the formation of the hydrophobic channel that ac-

commodates the acyl chain (Won et al., 2016). While the flexi-

bility in loop conformation most likely accounts for the selectivity

toward long-chain fatty acids, the overall surface polarity and

binding landscape is nearly identical with only a few mutations

across the active site. It seems that any selectivity between these

two enzymeswould not arise solely from the difference in binding

affinities but from additional unknown factors. Different rates of

hydrolysis may be one such factor that differentiates two or

more potential substrates with comparable binding affinities.

As is the case for the short peptide AHC20DRNT, which is hydro-

lyzed by APT1 with a rate that is over 60 times higher than APT2,

while both enzymes bind the substrates with comparable Km

vales. Differences in hydrolysis rates by different APTs toward

the same substrate, even when not achieving complete selec-

tivity, may still account for the change in phenotype seen upon

knockout or inhibition of a single APT enzyme.

Attributing depalmitoylation of individual substrates to a spe-

cific depalmitoylase in vivo remains a difficult task. A clearer un-

derstanding of substrate specificities could explain or event pre-

dict the selectivity or redundancy of distinct depalmitoylases

toward specific palmitoylated substrates. Our in vitro analysis of

short acylatedpeptidesprovidescompellingevidence for theabil-

ity of APTs to recognize sequence elements and consequently

vary their rate of depalmitoylation of specific protein substrates.

The general trends that we observed for purified enzymes

in vitro were similar to what we observed in situ in complex pro-

teomes. Sequence elements of biologically relevant protein sub-

strates contain valuable information that determines its dynamic

nature. For example, two palmitoylation sites are predicted for

the tumor suppressor Scrib, responsible for its localization to

the basolateral membrane in polarized cells (Chen et al., 2016).

Depalmitoylation of Scrib is selectively performed by APT2, and

upregulated expression of this depalmitoylase in epithelial can-

cers results in mislocalization of Scrib to the cytosol (Dow et al.,

2003; Hernandez et al., 2017). The observed preference for

APT2 over APT1 can potentially be explained by the amino acid

at the P10 position of the predicted palmitoylation sites Cys4

(LKCIP) and Cys10 (WRCNR), with both isoleucine and aspara-

gine at P10 being preferred by APT2 over APT1. Indeed, while

both APT2 and APT1 were able to cleave the Scrib-derived pep-

tide containing Cys4 (Figure S6), APT2 showed enhanced activity

compared with APT1, consistent with the sequence selectivity

determined using the library screening approach. While the over-

all cleavage rates differed by a relatively small amount, this differ-

ence, combined with substrate localization and expression levels

of the APTs, could all be key determinants in overall selectivity. As

wehavesuggested, thereare likelymultiple variables thatmediate

specific substrate repertoires for each depalmitoylase, with pri-

mary sequence of the substrate being one of those parameters.

In many cases, overlapping activity is observed among the

established depalmitoylases. N-Ras and H-Ras undergo rapid
turnover with membrane occupancy half-lives of under 5 min

for the mono-palmitoylated N-Ras and roughly 20 min for

H-Ras, which is palmitoylated on two cysteines (Rocks et al.,

2005). Turnover of the palmitate is effectively blocked with

PalmB, leading to decreased downstream signaling, but not by

selective inhibition or knockdown of APT1, APT2, or both (Vujic

et al., 2016). The amino acid sequence surrounding the

confirmed palmitoylation sites (Collins et al., 2017) of N-Ras,

Cys80 (QGCMG), and H-Ras, Cys184 and Cys181 (PGCMSCK),

include amino acids that are only moderately preferred by APT1

and APT2, with no apparent differences between the enzymes.

Indeed, in a recent study ABHD17A-C proteins were identified

as the major depalmitoylases that process N-Ras, although the

triple knockdown of the ABHDs did not completely block depal-

mitoylation (Lin and Conibear, 2015).

The difference in hydrolysis rates exhibited by different depal-

mitoylases for the same substrate suggests that these enzymes

exhibit some level of substrate selectivity. In this study, we pro-

vide evidence that recognition of residues flanking the palmitoy-

lated cysteine is one way these enzymes may achieve substrate

specificity. Our data suggest that, while binding affinitiesmay not

differ significantly between different substrates, selectivity can

be achieved through differences in overall rate of substrate hy-

drolysis. This suggests a degree of plasticity in how the enzyme

binds its substrates. How this plasticity is achieved is not clear,

but one hypothesis may be through subtle differences in sub-

strate binding conformations, which determine how the thioester

bond is presented to the catalytic serine. There is some evidence

from the analysis of APT1 and APT2 co-crystalized with different

inhibitors to suggest that differences in substrate/inhibitor

conformation can exist (Won et al., 2016). Further studies will

be required to better understand the exact molecular determi-

nants of substrate specificity for these enzymes.

In conclusion, our combinatorial fluorescent peptide libraries

provide a flexible, highly modulate platform suitable to generate

tools that can be used to map substrate specificities of estab-

lished and predicted depalmitoylases as well as to monitor their

activity in complex proteomes. We are optimistic that such an

understanding of substrate specificities and how dynamic palmi-

toylation is regulated will provide new tools for rational design of

selective inhibitors and potentially new therapeutic strategies for

biological processes that involve palmitoylation as a primary

means of regulation. A comprehensive understanding of sub-

strate specificities, whether selective of overlapping, would pro-

vide a means to potentially alter protein function through modu-

lation of palmitoylation steady states. The ability to induce the

increase or decrease in levels of a specific palmitoylation site

on a defined protein target (through genetic engineering) would

allow a clear analysis of the roles of those post-translational

modifications in diverse biological processes. Such efforts could

enable not only amap of where palmitoylation occurs on proteins

but also a clear understanding of the functional relevance of each

of those sites.

SIGNIFICANCE

Protein palmitoylation is a widespread post-translational

modification involving a palmitoyl lipid attached to a

cysteine through a thioester bond. The reversibility of this
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modification enables dynamic regulation of protein function

(activity, localization, etc.) through cycles of depalmitoyla-

tion and repalmitoylation. In this study we have developed li-

braries of synthetic palmitoylated peptide substrates that

can be used to identify elements distal to the palmitoylated

cysteine residues that regulate hydrolysis rates by diverse

depalmitoylating enzymes. We find that the human depalmi-

toylating enzymes APT1 and APT2 and the Toxoplasma

gondii TgPPT1 display overlapping but distinct patterns of

substrate specificity. This finding highlights a novel mecha-

nism of regulation for the depalmitoylation of substrates and

provides evidence that selectivity can be achieved through

the peptide sequences in the vicinity of the palmitoylated

cysteine. Furthermore, knowledge of the substrate speci-

ficity of a depalmitoylase can be used to generate selective

substrates and potentially to modify known palmitoylation

sites on native substrates. This would allow direct studies

of the function of specific palmitoylation events on a given

substrate by altering the rate at which that palmitate is

removed. This will ultimately help to identify specific palmi-

toylation events that are critical for regulation of important

biological processes and potentially therapeutic agents

that can be used to alter these events.
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Human: prostate adenocarcinoma cell line PC-3 (Child et al., 2013; Garland et al., 2018) ATCC CRL-1435

Human: prostate carcinoma cell line LnCaP (Child et al., 2013; Garland et al., 2018) ATCC CRL-1740

Human: ovary adenocarcinoma cell line OVCAR-3 (Child et al., 2013; Garland et al., 2018) ATCC HTB-161

Human: breast adenocarcinoma cell line MDA-MB-231 (Child et al., 2013; Garland et al., 2018) ATCC HTB-26

Human: breast adenocarcinoma cell line MCF7 (Child et al., 2013; Garland et al., 2018) ATCC HTB-22

Experimental Models: Organisms/Strains

T. gondii strain DKu80 (Child et al., 2013) N/A

T. gondii strain DKu80Dppt1 (Child et al., 2013) N/A

Mouse: C57BL/6 MMTV-PyMT strain B6.FVB-Tg(MMTV-PyVT)

634Mul/LellJ)

Jackson Laboratories 022974

Other

Syro II automated parallel peptide synthesizer Biotage N/A

HPLC 1260 Infinity System Agilent Technologies N/A

Finnigan LTQ mass detector Thermo Fischer Sci. N/A

HPLC 1100 series Agilent Technologies N/A

API 150EX single-quadrupole mass spectrometer Applied Biosystems N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Matthew

Bogyo (mbogyo@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Parasite Strains and Cell Lines
T. gondii strains DKu80 and DKu80Dppt1 (Child et al., 2013), were maintained by passage through monolayers of human foreskin

fibroblasts (HFFs), cultured in Dulbecco’s modified medium (DMEM) supplemented with 10% FetalPlex� animal serum (Gemini

Bio Products), 2 mM L-Glutamine and 10 U/mL penicillin G, and 100 mg/mL streptomycin (Pen/Strep) and incubated at 37�C with

5% CO2. Cell lines were cultured in 10 cm. tissue culture-treated dishes and incubated at 37�C with 5% CO2. SKOV3 (ATCC

HTB-77) cells were cultured in McCoy’s media supplemented with 10% fetal calf serum and Pen/Strep. PC-3 (ATCC CRL-1435)

and LnCaP (ATCC CRL-1740) cells were cultured in RPMI supplemented with 10% fetal calf serum and Pen/Strep. OVCAR-3

(ATCC HTB-161) cells were cultured in RPMI supplemented with 20% fetal calf serum and Pen/Strep. MDA-MB-231 (ATCC

HTB-26) and MCF7 (ATCC HTB-22) cells were cultured in DMEM supplemented with 10% fetal calf serum, Pen/Strep and 2 mM

L-glutamine.

Mice Strains
All animal care and experimentation was conducted under protocols agreed upon by the Administrative Panel on Laboratory Animal

Care at Stanford University. 14-week old virgin C57BL/6 females and 21-week old virgin C57BL/6 MMTV-PyMT (Jackson Labora-

tories, strain B6.FVB-Tg(MMTV-PyVT)634Mul/LellJ) were euthanized under CO2 and organs were harvested for depalmitoylase

activity assays. MMTV-PyMT females develop palpable mammary tumors, which metastasize to the lungs.

METHOD DETAILS

Compound Synthesis
All reagents were purchased from commercial sources and were used without further purification. All solvents were purchased from

Fisher Scientific (HPLC grade). Reaction products were purified by normal phase silica-gel flash column chromatography (60 Å,

230-400 mesh) or by high performance liquid chromatography (Agilent 1260 Infinity System, Agilent Technologies) using a ZORBAX

300SB-C18 reverse phase column. Structure characterization was based on NMR spectroscopy, recorded on a 500 MHz Bruker

AVANCE system or a Varian 400 MHz (400/100) or a Varian 500 MHz (500/125), as well as mass spectrometry, measured using

Surveyor Plus liquid chromatography system coupled to a Finnigan LTQ mass detector (Thermo-Fisher Scientific) or an Agilent

1100 series LCMS using an API 150EX single-quadrupole mass spectrometer. Spectroscopic data was analyzed using MestReNova

11.0.1 (Mestrelab Research). Chemical shifts are given in ppm (d) relative to tetramethylsilane as an internal standard, coupling con-

stantans are given in Hz. Recombinant protein purification was done on a ÄKTAexplorer system, Amersham Pharmacia Biotech.

Synthesis Procedures and Product Characterization
3-azidopropane-1-amine (1)

To a stirring aqueous solution of 3-bromopropyl-1-amine (1 eq.), lithium azide (LiN3, 3 eq.) was added in one portion. The solution was

stirred at RT for 10minutes then refluxed for 12 hours. After completion of the reaction, the stirring solution was allowed to cool and 2/3
of the water were evaporated under vacuum. The resulting solution was gently stirred on ice and KOH pellets were added until a

phase separation was observed. Phases were separated and the aqueous layer was further extracted with EA. Organic extracts

were pulled together and dried with MgSO4, EA was evaporated carefully under vacuum yielding pure product 1 as colorless oil.
1H NMR (500 MHz, Chloroform-d) d 3.36 (t, J = 6.7 Hz, 2H), 2.79 (t, J = 6.8 Hz, 2H), 1.71 (p, J = 6.8 Hz, 2H). 13C NMR (126 MHz,

Chloroform-d) d 49.14, 39.31, 32.43.

2,5-dioxocyclopentyl (E)-4-((4-(dimethylamino)phenyl)diazenyl)benzoate (2)

DABCYL acid (1 eq.) was dissolved in DMF. NHS (1.2 eq.) and EDC (1.2 eq.) were added and the reaction was stirred at RT for

16 hours. DMF was then evaporated under vacuum and the residue was dissolved in EA. The solution was washed with water

and brine, dried with MgSO4 and evaporated under vacuum. The crude material was used in the next reaction without further

purification. 1H NMR (400 MHz, Chloroform-d) d 8.23 (d, J = 8.3 Hz, 2H), 8.01 (s, 1H), 7.91 (d, J = 8.2 Hz, 4H), 6.76 (d, J = 8.8 Hz,

2H), 3.12 (d, J = 1.2 Hz, 6H), 2.95 (s, 3H), 2.88 (s, 3H). 13C NMR (101 MHz, Chloroform-d) d 169.27, 131.65, 125.85, 124.59,

122.37, 111.45, 40.27, 25.69. ESI [M+H]+ calcd. 367.13; found 367.3.

(E)-N-(3-azidopropyl)-4-((4-(dimethylamino)phenyl)diazenyl)benzamide (3)

Compound 2 (1 eq.) was dissolved in DMF, then compound 1 (3 eq.) was added together with DIPEA (3 eq.). The reaction was stirred

at RT and monitored by TLC until completion (�4 hours). DMF was evaporated under vacuum and the resulting residue was purified

by column chromatography (2-5% MeOH:DCM). 1H NMR (500 MHz, Chloroform-d) d 7.84 – 7.81 (m, 2H), 7.80 (s, 4H), 6.72 – 6.67
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(m, 2H), 3.49 (t, J = 6.7 Hz, 2H), 3.40 (t, J = 6.5 Hz, 2H), 3.04 (s, 6H), 1.87 (p, J = 6.6 Hz, 2H). 13C NMR (126 MHz, CDCl3) d 203.75,

192.21, 152.86, 143.58, 134.27, 127.78, 125.42, 122.23, 111.48, 49.86, 49.52, 40.28, 37.72, 28.72. ESI [M+H]+ calcd. 352.18;

found 352.4.

Ethyl 7-hydroxy-2-oxo-2H-chromene-3-carboxylate (4)

Compound 4 was synthesized according to reported procedure (el-Husseini Ael and Bredt, 2002). 2,4-dihydroxy benzaldehyde

(1 eq.) and diethyl malonate (1 eq.) were dissolved in ethanol. Piperidine (0.2 eq.) was then added and the solution was heated under

reflux for 12 hours. After cooling, a white precipitate appeared andwas collected by filtration. The crude product was recrystallized in

ethanol to afford 4 as a white solid. 1H NMR (500 MHz, Methanol-d4) d 8.68 (s, 1H), 7.65 (d, J = 8.7 Hz, 1H), 6.87 (dd, J = 8.6, 2.3 Hz,

1H), 6.74 (d, J = 2.2 Hz, 1H), 4.37 (q, J = 7.1 Hz, 2H), 1.40 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, Methanol-d4) d 164.91, 159.59,

159.05, 151.17, 133.02, 115.64, 113.09, 112.15, 106.41, 103.14, 62.46, 14.54. ESI [M+H]+ calcd. 235.05; found 235.0.

7-hydroxy-2-oxo-2H-chromene-3-carboxylic acid (5)

Compound 4 (1 eq.) was dissolved in 2N NaOH and stirred for 1 hour. The solution was then acidified with 2N HCL until a precipitate

appeared. The precipitate was collected by filtration, washed with water and dried, yielding pure compound 4 as a light yellow solid.
1H NMR (500MHz, Methanol-d4) d 8.79 (s, 1H), 7.70 (d, J = 8.6 Hz, 1H), 6.92 (dd, J = 8.6, 2.2 Hz, 1H), 6.80 (d, J = 2.2 Hz, 1H). 13C NMR

(126MHz,Methanol-d4) d 166.44, 162.63, 158.89, 151.94, 133.34, 115.87, 112.65, 112.40, 106.41, 103.27. ESI [M+H]+ calcd. 207.02;

found 207.2.

2,5-dioxopyrrolidin-1-yl 7-hydroxy-2-oxo-2H-chromene-3-carboxylate (6)

Compound 5 (1 eq.) and NHS (1.2 eq.) were dissolved in DMF. EDC (1.2 eq.) was then added and the reaction was stirred at RT

and monitored by TLC until completion (�3 hours). DMF was evaporated under vacuum and the resulting residue was diluted

with EA and washed with 10% citric acid, water and brine. After evaporation the crude product was purified by column chromatog-

raphy (2% MeOH:DCM). 1H NMR (500 MHz, Methanol-d4) d 8.96 (s, 1H), 7.73 (d, J = 8.7 Hz, 1H), 6.92 (dd, J = 8.6, 2.2 Hz, 1H), 6.78

(d, J = 2.2 Hz, 1H), 2.93 (s, 4H). 13C NMR (126MHz, MeOD) d 171.82, 167.67, 160.07, 159.85, 153.98, 134.00, 116.05, 112.13, 108.14,

106.41, 103.37, 26.62. ESI [M+H]+ calcd. 304.04; found 304.1.

(9H-fluoren-9-yl)methyl (R)-(1-morpholino-1-oxo-3-(tritylthio)propan-2-yl)carbamate (7)

Fmoc-Cys(Trt)-OH (1 eq.) was dissolved in DMF. HBTU (2 eq.) and morpholine (2 eq.) were added and the reaction was stirred at RT

for 30 minutes. DMF was then evaporated and the residue was dissolved in EA, washed with water and brine, then dried with MgSO4

and evaporated under vacuum. The crude product was purified by column chromatography (2% MeOH:DCM). 1H NMR (400 MHz,

Chloroform-d) d 7.79 – 7.72 (m, 2H), 7.60 (d, J = 7.5 Hz, 2H), 7.44 – 7.34 (m, 8H), 7.30 (q, J = 1.9, 1.4 Hz, 2H), 7.31 – 7.21 (m, 7H),

7.25 – 7.17 (m, 2H), 5.53 (d, J = 8.9 Hz, 1H), 4.49 (q, J = 7.2 Hz, 1H), 4.35 (qd, J = 10.5, 7.3 Hz, 2H), 4.21 (t, J = 7.1 Hz, 1H),

3.63 – 3.52 (m, 4H), 3.51 – 3.38 (m, 2H), 3.22 – 2.99 (m, 2H), 2.54 (d, J = 6.6 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) d 168.90,

155.62, 144.41, 143.80, 143.72, 141.26, 129.62, 128.02, 127.71, 127.09, 127.06, 126.87, 125.15, 119.96, 77.33, 77.01, 76.69,

67.15, 66.63, 66.52, 49.71, 47.09, 45.83, 42.49, 34.81. ESI [M+H]+ calcd. 655.26; found 655.4.

(R)-2-amino-1-morpholino-3-(tritylthio)propan-1-one (8)

Compound 7 was dissolved in a solution of 20% piperdine in DMF and stirred for 30 minutes. The solvent was evaporated under

vacuum and the resulting residue was purified by column chromatography (1:1 EA:Hexane to EA to 5% MeOH:DCM). 1H NMR

(400 MHz, Chloroform-d) d 7.40 (dt, J = 8.2, 1.3 Hz, 6H), 7.29 – 7.24 (m, 1H), 7.28 – 7.18 (m, 6H), 7.22 – 7.13 (m, 2H), 3.61 – 3.41

(m, 5H), 3.38 – 3.23 (m, 1H), 3.17 (dd, J = 9.1, 4.9 Hz, 1H), 3.06 – 2.95 (m, 1H), 2.91 – 2.82 (m, 3H), 2.52 (ddd, J = 13.0, 8.9,

1.3 Hz, 1H), 2.41 (dd, J = 12.9, 4.8 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) d 171.77, 144.68, 129.64, 127.95, 127.00, 126.81,

77.50, 77.18, 76.86, 67.09, 66.66, 66.55, 50.83, 45.40, 42.27, 37.80. ESI [M+H]+ calcd. 433.19; found 433.2.

(R)-7-hydroxy-N-(1-morpholino-1-oxo-3-(tritylthio)propan-2-yl)-2-oxo-2H-chromene-3-carboxamide (9)

Compound 8 (1 eq.) was dissolved in DMF. Compound 6 (1.5 eq.) and DIPEA (2 eq.) were added. Reaction progress was monitored

by TLC until completion (�4 hours), DMF was removed by evaporation and the crude mixture was purified by column chromatog-

raphy (1-5% MeOH:DCM). 1H NMR (500 MHz, Methanol-d4) d 9.38 (d, J = 7.9 Hz, 1H), 8.64 (s, 1H), 7.57 (d, J = 8.6 Hz, 1H), 7.29

(d, J = 7.8 Hz, 6H), 7.20 (t, J = 7.6 Hz, 6H), 7.13 (t, J = 7.2 Hz, 3H), 6.79 (dd, J = 8.6, 2.2 Hz, 1H), 6.69 (d, J = 2.2 Hz, 1H), 4.81

(t, J = 6.5 Hz, 1H), 3.56 – 3.30 (m, 6H), 3.28 – 3.22 (m, 0H), 3.15 – 3.07 (m, 1H), 2.59 – 2.48 (m, 2H). 13C NMR (126 MHz, Meth-

anol-d4) d 188.83, 170.18, 167.00, 159.07, 158.48, 155.19, 145.84, 133.51, 130.76, 129.11, 128.05, 121.56, 106.41, 103.16,

68.20, 67.65, 49.97, 47.37, 43.11, 42.04, 40.12, 35.20, 33.59. ESI [M+H]+ calcd. 621.2; found 621.2.

(R)-S-(2-(7-hydroxy-2-oxo-2H-chromene-3-carboxamido)-3-morpholino-3-oxopropyl) octadec-17-ynethioate (10)

Compound 9 (1 eq.) was dissolved in 5% TFA in DCM with triisopropylsilane (TIS, 2 eq.) and allowed to stir for 2 hours. The solvents

were evaporated under vacuum and the crude was dissolved in neat TFA. 17-Octadecynoic acid (3 eq.) was dissolved in DCM with

2 drops of DMF and cooled in an ice bath. Oxalyl chloride (15 eq.) was then added drop wise, the ice bath was removed and the

reaction mixture was stirred for 30 minutes. The solvents were evaporated under vacuum, the resulting acid chloride was the taken

up in DCM and added to the stirring solution of compound 9. The mixture was stirred for 3 hours at RT and then the solvent was

evaporated under vacuum. The resulting crude product was dissolved in 1:1 ACN:water and purified by HPLC (50-95% ACN:water

over 15 minutes). 1H NMR (500 MHz, Methanol-d4) d 9.54 (d, J = 8.1 Hz, 1H), 8.79 (s, 1H), 7.70 (d, J = 8.6 Hz, 1H), 6.92 (dd, J = 8.6,

2.2 Hz, 1H), 6.81 (d, J = 2.3 Hz, 1H), 5.34 (td, J = 7.7, 4.5 Hz, 1H), 3.87 – 3.56 (m, 7H), 3.45 (dd, J = 14.3, 4.7 Hz, 1H), 3.26 (q, J = 7.4 Hz,

2H), 2.60 (t, J = 7.3 Hz, 2H), 2.21 – 2.14 (m, 3H), 1.64 (p, J = 7.3 Hz, 2H), 1.52 (p, J = 7.1 Hz, 2H), 1.47 – 1.21 (m, 22H). 13C NMR
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(126 MHz, Methanol-d4) d 200.61, 189.43, 172.24, 169.91, 160.67, 159.29, 154.23, 141.19, 133.10, 130.38, 129.47, 128.54, 115.82,

106.41, 103.17, 79.04, 69.36, 67.70, 55.86, 44.66, 43.95, 43.81, 30.74, 30.52, 30.39, 30.24, 29.90, 29.75, 26.71, 19.03, 18.73, 17.29,

13.17. ESI [M+H]+ calcd. 641.32; found 641.4.

(R)-S-(2-(7-hydroxy-2-oxo-2H-chromene-3-carboxamido)-3-morpholino-3-oxopropyl) (E)-16-(1-(3-(4-((4-
(dimethylamino)phenyl)diazenyl)benzamido)propyl)-1H-1,2,3-triazol-4-yl)hexadecanethioate (QStE)

Compound 10 (1 eq.) and compound 3 (1.5 eq.) were dissolved in DMF. Copper(II) sulfate (0.4 eq.) and ascorbic acid (0.4 eq.) were

premixed in DMF and immediately added to the solution. The reactionmixture was heated to 40�C and stirred for 2 hours. All solvents

were then evaporated under vacuum and the crude solid was dissolved in 1:1 ACN:water and purified by HPLC (50-95% ACN:water

over 15minutes). 1HNMR (500MHz, DMSO-d6) d 11.27 (s, 1H), 9.21 (d, J = 8.0 Hz, 1H), 8.81 (s, 1H), 8.65 (t, J = 5.6 Hz, 1H), 8.01 – 7.94

(m, 2H), 7.89 (s, 1H), 7.82 (dd, J = 8.7, 3.7 Hz, 4H), 6.92 – 6.80 (m, 3H), 5.23 (td, J = 7.0, 4.6 Hz, 1H), 4.39 (t, J = 6.9 Hz, 2H), 3.66 – 3.61

(m, 1H), 3.47 – 3.40 (m, 1H), 3.31 (dq, J = 16.1, 6.3, 5.5 Hz, 3H), 3.20 (dd, J = 14.0, 6.7 Hz, 1H), 3.08 (s, 5H), 2.61 – 2.51 (m, 3H), 2.55

(s, 3H), 2.09 (p, J = 6.8 Hz, 2H), 1.55 (s, 2H), 1.47 (q, J = 7.3 Hz, 2H), 1.26 (s, 2H), 1.24 – 1.20 (m, 11H), 1.17 (s, 7H), 1.14 – 1.10 (m, 6H).
13C NMR (126 MHz, DMSO) d 199.22, 168.13, 166.48, 164.78, 161.74, 161.56, 158.86, 158.61, 157.16, 154.66, 153.53, 149.42,

147.51, 143.32, 135.33, 132.87, 129.05, 125.81, 122.59, 122.19, 115.18, 113.34, 112.26, 111.71, 102.53, 66.67, 48.69, 47.95,

46.25, 43.92, 42.82, 41.10, 40.69, 40.52, 40.35, 40.19, 40.02, 39.85, 39.69, 37.46, 31.13, 30.53, 29.77, 29.70, 29.67, 29.52, 29.39,

29.31, 28.81, 25.84, 25.73. ESI [M+H]+ calcd. 992.5; found 992.8.

(9H-fluoren-9-yl)methyl (S)-(3-(tert-butoxy)-1-morpholino-1-oxopropan-2-yl)carbamate (11)

Fmoc-Ser(tBu)-OH (1 eq.) was dissolved in DMF. HBTU (2 eq.) and morpholine (2 eq.) were added and the reaction was stirred at RT

for 30 minutes. DMF was then evaporated and the residue was dissolved in EA, washed with water and brine then dried with MgSO4

and evaporated under vacuum. The crude product was purified by column chromatography (2% MeOH:DCM). 1H NMR (500 MHz,

Chloroform-d) d 7.79 (d, J = 7.6 Hz, 2H), 7.62 (d, J = 7.5 Hz, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.34 (t, J = 7.5 Hz, 2H), 5.77 (d, J = 8.2 Hz, 1H),

4.81 (td, J = 8.6, 4.9 Hz, 1H), 4.39 (d, J = 7.3 Hz, 2H), 4.23 (t, J = 7.2 Hz, 1H), 3.87 – 3.49 (m, 9H), 3.45 (t, J = 8.7 Hz, 1H), 1.19 (s, 9H).
13C NMR (126 MHz, Chloroform-d) d 169.71, 155.67, 143.89, 143.77, 141.29, 127.70, 127.05, 125.12, 119.98, 73.73, 67.07, 66.80,

63.70, 50.38, 47.14, 38.62, 27.40. ESI [M+H]+ calcd. 453.55; found [M+Na]+ 475.6.

(S)-2-amino-3-(tert-butoxy)-1-morpholinopropan-1-one (12)

Compound 11 was dissolved in a solution of 20% piperdine in DMF and stirred for 30 minutes. The solvent was evaporated under

vacuum and the resulting residue was purified by column chromatography (1:1 EA:Hexane to EA to 5% MeOH:DCM). 1H NMR

(400 MHz, Chloroform-d) d 3.87 (t, J = 6.8 Hz, 1H), 3.71 – 3.57 (m, 6H), 3.52 (s, 2H), 3.37 (qd, J = 8.7, 6.8 Hz, 2H), 2.59 (s, 2H),

1.12 (s, 9H). 13C NMR (101 MHz, Chloroform-d) d 172.04, 73.41, 66.77, 65.54, 51.08, 45.99, 42.41, 27.40. ESI [M+H]+ calcd.

231.16; found [M+H]+ 231.3.

(S)-N-(3-(tert-butoxy)-1-morpholino-1-oxopropan-2-yl)-7-hydroxy-2-oxo-2H-chromene-3-carboxamide (13)

Compound 12 (1 eq.) was dissolved in DMF. Compound 6 (1.5 eq.) and DIPEA (2 eq.) were added. Reaction progress was

monitored by TLC until completion (�4 hours), DMF was removed by evaporation under vacuum and the crude mixture was purified

by column chromatography (5-15%MeOH:DCM). 1H NMR (400MHz, Chloroform-d) d 9.32 (d, J = 6.7 Hz, 1H), 8.51 (d, J = 0.7 Hz, 1H),

7.34 (d, J = 8.5 Hz, 1H), 6.80 – 6.71 (m, 2H), 5.15 – 5.05 (m, 1H), 3.76 (d, J = 9.0 Hz, 6H), 3.72 – 3.56 (m, 4H), 1.19 (s, 9H). 13C NMR

(101 MHz, Chloroform-d) d 170.00, 165.05, 162.20, 161.46, 156.15, 153.20, 148.25, 133.36, 131.10, 102.95, 74.06, 66.77, 62.63,

59.81, 50.27, 49.86, 27.31. ESI [M+H]+ calcd. 419.17; found [M+H]+ 419.3.

(S)-2-(7-hydroxy-2-oxo-2H-chromene-3-carboxamido)-3-morpholino-3-oxopropyl hexadec-15-ynoate (14)

Compound 13 (1 eq.) was dissolved in 50% TFA in DCM and allowed to stir for 2 hours. The solvents were evaporated under vacuum

and the crude was dissolved in neat TFA. 17-Octadecynoic acid (3 eq.) was dissolved in DCM with 2 drops of DMF and cooled in an

ice bath. Oxalyl chloride (15 eq.) was added drop wise, the ice bath was removed and the reaction mixture was stirred for 30minutes.

The solvent was evaporated under vacuum, the resulting acid chloride was then taken up in DCM and added to the stirring solution of

compound 13. The mixture was refluxed for 4 hours and then the solvent was evaporated under vacuum. The crude product

was dissolved in 1:1 ACN:water and purified by HPLC (50-95% ACN:water over 15 minutes). 1H NMR (400 MHz, Chloroform-d)

d 9.54 (d, J = 7.9 Hz, 1H), 8.70 (s, 1H), 7.70 (d, J = 7.5 Hz, 1H), 6.82 (dd, J = 8.6, 2.3 Hz, 1H), 6.76 (d, J = 2.1 Hz, 1H), 3.85 – 3.73

(m, 1H), 3.68 – 3.59 (m, 8H), 3.34 (p, J = 1.6 Hz, 2H), 2.37 (t, J = 7.5 Hz, 2H), 2.24 (t, J = 7.5 Hz, 3H), 2.09 (dt, J = 1.6, 0.5 Hz, 2H),

1.53 (d, J = 10.5 Hz, 2H), 1.18 (d, J = 12.7 Hz, 22H). ESI [M+H]+ calcd. 625.34; found [M+H]+ 625.5.

(S)-2-(7-hydroxy-2-oxo-2H-chromene-3-carboxamido)-3-morpholino-3-oxopropyl (E)-14-(1-(3-(4-((4-(dimethylamino)

phenyl)diazenyl)benzamido)propyl)-1H-1,2,3-triazol-4-yl)tetradecanoate (QSE)

Compound 14 (1 eq.) and compound 3 (1.5 eq.) were dissolved in DMF. Copper(II) sulfate (0.4 eq.) and ascorbic acid (0.4 eq.) were

premixed in DMF and immediately added to the solution. The reactionmixture was heated to 40�C and stirred for 2 hours. All solvents

were then evaporated under vacuum and crude solid was dissolved in 1:1 ACN:water and purified by HPLC (50-95%ACN:water over

15minutes). 1H NMR (400 MHz, Chloroform-d) d 9.66 (d, J = 7.7 Hz, 1H), 8.84 (s, 1H), 7.94 – 7.88 (m, 2H), 7.86 (d, J = 0.9 Hz, 4H), 7.67

(d, J = 8.5 Hz, 1H), 7.45 (s, 1H), 7.21 (d, J = 2.1 Hz, 1H), 7.14 (ddd, J = 8.5, 2.2, 0.9 Hz, 1H), 6.81 – 6.75 (m, 2H), 5.12 (t, J = 3.9 Hz, 1H),

4.84 (d, J = 2.8 Hz, 5H), 4.48 (t, J = 6.4 Hz, 2H), 3.99 – 3.82 (m, 2H), 3.72 – 3.63 (m, 9H), 3.50 (q, J = 4.5, 3.0 Hz, 2H), 3.12 (d, J = 0.9 Hz,

6H), 2.68 (t, J = 7.7 Hz, 2H), 2.60 (t, J = 7.4 Hz, 2H), 1.76 (p, J = 7.5 Hz, 2H), 1.65 – 1.57 (m, 2H), 1.48 – 1.36 (m, 1H), 1.27 – 1.22 (m, 16H).
13CNMR (101MHz, Chloroform-d) d 199.66, 167.74, 166.66, 165.92, 162.32, 159.99, 157.78, 154.13, 153.72, 149.10, 147.80, 144.73,
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136.76, 132.31, 130.68, 127.83, 125.61, 122.22, 119.53, 118.91, 117.88, 113.66, 111.65, 110.21, 77.32, 77.00, 76.68, 58.39, 53.51,

49.52, 42.94, 42.59, 40.38, 34.34, 33.12, 29.94, 29.63, 29.49, 29.31, 29.29, 28.98, 28.98, 24.71. ESI [M+H]+ calcd. 976.52; found

[M+H]+ 976.8.

Octadec-9-ynoic acid (15)

Oleic acid (2.825 gr, 10 mmol) was dissolved in diethyl ether (16 mL) and cooled to -10 0C. Bromine (1.92 gr, 12 mmol) was slowly

added drop by drop, keeping the temperature below -5 0C throughout the addition. The solution was stirred an additional 15 minutes

while allowing the temperature to warm to RT. Excess of the bromine was reacted with the scavenger 2-methyl-2-butene. n-propanol

(40 mL) was then added together with pellets of potassium hydroxide (4 gr, 72 mmol) and the ether and pentacarbon unsaturated

compounds from the scavenger were distilled off. When the distillate reached 60 0C, DMSO (3.6 mL) was added and the solution

was refluxed at 100 0C for 1 hour. After cooling to RT the reaction mixture was poured onto an ice-cold solution of 2M HCl

(50 mL). Precipitated stearolic acid was filtered, washed with cold water and dried, yielding 97% of product that was used for

the next reaction without further purification. 1H NMR (400 MHz, Chloroform-d) d 2.35 (t, J = 7.5 Hz, 2H), 2.17 – 2.10 (m, 3H),

1.69 – 1.59 (m, 2H), 1.58 – 1.42 (m, 4H), 1.41 – 1.19 (m, 18H), 0.91 – 0.86 (m, 3H). 13C NMR (101 MHz, Chloroform-d) d 178.57,

80.35, 33.89, 31.83, 29.21, 29.15, 29.04, 28.94, 28.87, 28.75, 28.60, 24.61, 22.65, 18.74, 18.71, 14.09. ESI [M+H]+ calcd. 281.24;

found [M+H]+ 281.1.

Octadec-9-yn-1-ol (16)

Stearolic acid (2.805 g, 10 mmol) was dissolved in anhydrous diethyl ether (15 mL) and was slowly added to a cooled suspension of

LiAlH4 (760mg, 20mmol) in diethyl ether (15mL). After 4 hours, water was added and the solution was acidified with sulfuric acid and

extracted with diethyl ether. The ether was dried with MgSO4 and filtered though silica gel. Evaporation of the ether yielded product

16 at 99% yield. 1H NMR (400 MHz, Chloroform-d) d 3.63 (td, J = 6.7, 0.8 Hz, 2H), 2.18 – 2.08 (m, 3H), 1.98 (dq, J = 18.9, 6.4 Hz, 1H),

1.60 – 1.23 (m, 25H), 0.94 – 0.84 (m, 3H). 13C NMR (101 MHz, Chloroform-d) d 80.29, 80.15, 63.05, 32.77, 31.89, 31.84, 29.64, 29.31,

29.21, 29.16, 29.12, 29.11, 28.86, 28.77, 25.72, 25.69, 22.65, 18.75, 18.74, 14.09. ESI [M+H]+ calcd. 267.26; found [M+H]+ 267.3.

Octadec-17-yn-1-ol (17)

Potassium hydride (0.90 g, 22.5 mmol) was dissolved in 15 mL of anhydrous 1,3-diaminopropane (APA) under argon at room tem-

perature to give a clear yellow solution of 1.5M Kapa. The solution was added to a well-stirred solution of 16 (1.33 g, 5 mmol) in APA

(4.5 mL). The resulting orange suspension was stirred 16 hours, and then poured into 500 mL of 3N HCl cooled with ice chips. The

product was extracted with diethyl ether, washed with 3N HCl, dried with MgSO4 and filtered through silica gel. The solvent

was evaporated under vacuum to yield product 17 at 92%. 1H NMR (400 MHz, Chloroform-d) d 3.64 (t, J = 6.6 Hz, 2H), 2.18 (td,

J = 7.1, 2.7 Hz, 1H), 2.05 – 1.92 (m, 2H), 1.62 – 1.45 (m, 3H), 1.37 (q, J = 6.7, 5.9 Hz, 1H), 1.29 (s, 9H), 1.36 – 1.18 (m, 15H). 13C

NMR (101 MHz, cdcl3) d 68.00, 63.10, 32.81, 29.65, 29.59, 29.49, 29.42, 29.10, 28.76, 28.49, 25.73, 22.68, 18.39, 18.39. ESI

[M+H]+ calcd. 267.26; found [M+H]+ 267.3.

Octadec-17-ynoic acid (18)

Compound 17 (1.33 g, 5 mmol) was dissolved in 10 mL of anhydrous DMF and a solution of PDC (6.58 g, 17.5 mmol) in 5 mL anhy-

drous DMF, was added slowly with vigorous stirring. After stirring for 12 hours, water (200 mL) was added and the solution was ex-

tracted with diethyl ether. The combined extracts were washed with water and dried with MgSO4. The crude was filtered through a

plug of silica gel and after evaporation of the ether the final product was purified by column chromatography (20% EA:Hexane) to

yield product 18 at 74%. 1H NMR (400 MHz, Chloroform-d) d 2.34 (t, J = 7.5 Hz, 2H), 2.18 (td, J = 7.1, 2.7 Hz, 1H), 2.04 – 1.90

(m, 2H), 1.63 (t, J = 7.3 Hz, 2H), 1.60 – 1.45 (m, 1H), 1.35 (s, 1H), 1.35 – 1.23 (m, 23H). 13C NMR (101 MHz, Chloroform-d)

d 179.40, 84.82, 68.00, 33.92, 29.62, 29.61, 29.59, 29.57, 29.49, 29.42, 29.31, 29.23, 29.10, 29.05, 28.76, 28.49, 24.67, 22.68,

18.39, 14.10. ESI [M+H]+ calcd. 281.24; found [M+H]+ 281.1.

N-(((9H-fluoren-9-yl)methoxy)carbonyl)-S-(octadec-17-ynoyl)-L-cysteine (19)

TFA (2.5 mL, 5%) and TIS (1.5 mL, 3%) were added to a solution of Fmoc-Cys(Trt)-OH (292.6 mg, 0.5 mmol) in DCM (50 mL), and the

mixture was stirred for 2 hours. The solvent was evaporated under vacuum, then toluene was added to the crude residue and

the solution was evaporated again to dryness. The process was repeated three times until the crude appeared as dry white solid.

The solid was then suspended in hexane, filtered though a sintered funnel and washed twice with hexane to remove triphenyl-

methane. The dry solid was dissolved in a solution of TFA (10 mL) and DCM (10 mL). 17-Octadecynoic acid 18 (420 gr, 1.5 mmol)

was dissolved in chloroform (20 mL), thionyl chloride (0.65 mL, 9 mmol) was then added and the reaction was refluxed for 1 hour.

The solvents were evaporated under vacuum and excess thionyl chloride was removed by adding toluene and evaporation to dry-

ness three times. The resulting oily residue was dissolved in DCM (20 mL) and added to the stirring solution of Fmoc-Cys-OH. The

reaction mixture was heated to 40 0C and stirred for 4 hours. The solvents were evaporated under vacuum and the crude was purified

by dry loading flash chromatography in a two-step elution using 20% ethyl acetate in hexane to remove excess of compound 18 and

then 4%methanol in DCM to elute product 19 in quantitative yields. 1H NMR (400MHz, Chloroform-d) d 7.75 (dt, J = 7.6, 1.0 Hz, 2H),

7.59 (t, J = 6.4 Hz, 2H), 7.39 (td, J = 7.5, 1.1 Hz, 2H), 7.30 (tt, J = 7.4, 1.2 Hz, 2H), 5.68 (d, J = 7.9 Hz, 1H), 4.60 (q, J = 7.1 Hz, 1H), 4.37

(dd, J = 7.5, 3.1 Hz, 2H), 4.23 (t, J = 7.2 Hz, 1H), 3.54 – 3.45 (m, 1H), 3.35 (dd, J = 14.2, 7.1 Hz, 1H), 2.56 (t, J = 7.5 Hz, 2H), 2.38 (dt,

J = 26.6, 7.5 Hz, 1H), 2.20 – 2.11 (m, 1H), 1.63 (dq, J = 12.2, 7.5 Hz, 2H), 1.31 – 1.18 (m, 26H). 13C NMR (101 MHz, Chloroform-d)

d 199.29, 173.30, 163.48, 156.01, 143.77, 141.27, 131.90, 127.71, 127.07, 125.18, 119.96, 68.04, 67.40, 53.87, 47.07, 44.06,

43.84, 36.93, 31.83, 30.54, 29.82, 29.63, 29.60, 29.58, 29.50, 29.44, 29.41, 29.38, 29.22, 29.19, 29.16, 29.10, 28.92, 28.76, 28.49,

25.59, 23.87. ESI [M+H]+ calcd. 606.32; found [M+H]+ 606.7.
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(E)-N-(((9H-fluoren-9-yl)methoxy)carbonyl)-S-(16-(1-(3-(4-((4-(dimethylamino)phenyl)diazenyl)benzamido)propyl)-1H-
1,2,3-triazol-4-yl)hexadecanoyl)-L-cysteine (20)

Compound 19 (302 mg, 0.5 mmol) was dissolved in degassed DMF (25 mL) together with compound 3 (210 mg, 0.6 mmol). Anhy-

drous copper(II) sulfate (20 mg, 0.125 mmol) and ascorbic acid (44 mg, 0.25 mmol) were added and the reaction mixture was stirred

for 2 hours at 40 0C. The solvent was evaporated under vacuum and the crude residue was purified by flash chromatography

using 3-5% methanol in DCM. Product 20 was obtained in 89% yield. 1H NMR (500 MHz, Chloroform-d) d 7.94 – 7.87 (m, 3H),

7.84 (d, J = 8.4 Hz, 2H), 7.75 (dd, J = 7.7, 4.2 Hz, 3H), 7.62 – 7.55 (m, 4H), 7.45 – 7.35 (m, 4H), 7.31 (d, J = 7.6 Hz, 4H), 6.81

(d, J = 9.0 Hz, 2H), 5.79 (d, J = 7.9 Hz, 1H), 4.59 – 4.54 (m, 2H), 4.47 (t, J = 6.7 Hz, 2H), 4.36 (d, J = 7.9 Hz, 2H), 4.23

(d, J = 7.4 Hz, 1H), 3.48 (dd, J = 12.2, 6.4 Hz, 4H), 3.33 (dd, J = 14.2, 6.9 Hz, 1H), 3.15 (s, 6H), 2.69 (dd, J = 14.3, 6.7 Hz, 4H),

2.56 (s, 3H), 2.28 – 2.22 (m, 2H), 1.44 – 1.35 (m, 1H), 1.21 (s, 18H). 13C NMR (126 MHz, Chloroform-d) d 196.28, 177.36, 172.25,

163.38, 163.38, 163.34, 156.21, 150.21, 146.56, 144.03, 141.47, 139.48, 129.98, 128.38, 127.93, 127.02, 127.00, 125.44, 124.97,

121.85, 120.19, 120.19, 112.69, 75.61, 74.32, 73.22, 55.55, 54.01, 50.18, 47.12, 44.27, 40.95, 37.12, 37.06, 37.06, 31.93, 31.93,

29.82, 29.74, 29.74, 29.33, 29.33, 29.04, 25.81. ESI [M+H]+ calcd. 957.5; found [M+H]+ 957.9.

Ethyl hexadecylfluorophosphonate (HDFP)

HDFP was synthesized according to published procedures (Martin et al., 2011). 1H NMR (400 MHz, Chloroform-d) d 4.15 – 4.01

(m, 2H), 1.77 – 1.65 (m, 2H), 1.64 – 1.52 (m, 2H), 1.40 – 1.34 (m, 2H), 1.31 (t, J = 7.1 Hz, 3H), 1.25 (s, 24H), 0.91 – 0.83 (m, 3H).
13C NMR (101 MHz, Chloroform-d) d 61.48, 31.91, 30.68, 30.51, 29.68, 29.67, 29.65, 29.64, 29.61, 29.57, 29.37, 29.08, 26.34,

24.94, 22.67, 22.38, 16.41, 14.10. ESI [M+H]+ calcd. 337.26; found [M+H]+ 337.7.

Recombinant Enzymes
Recombinant enzymes, TgPPT1WT, TgPPT1S128A, HsAPT1 and HsAPT2 were overexpressed and purified according to published

procedures (Child et al., 2013; Garland et al., 2018). Enzyme concentration was pre-determined by titration with the irreversible

inhibitor ethyl hexadecylfluorophoshonate (HDFP). Phospholipase A2 (PLA2, EC 3.1.1.4), Trypsin (EC 3.4.21.4) and Papain

(EC 3.4.22.2) were purchased from Sigma Aldrich. Collagenase IV (EC 3.4.24.3) was purchased from Worthington Biochemical

Corporation. Recombinant Monoacylglycerol Lipase (MGLL, EC 3.1.1.23) was purchased from Creative Biomart.

Construction of Combinatorial Fluorogenic Peptide Libraries and Individual Fluorogenic Substrates
Combinatorial peptide libraries were prepared on solid support using Syro II (Biotage�) automatic parallel peptide synthesizer. For

each library, rink amide resin was weighted tomatch 7.5 mMscale. Fritted pipette tip was used as a vessel for synthesis, using 600 mL

reaction volume and 700 mL wash volume for each step. Following Fmoc deprotection with 20% piperidine for 30 minutes, each

amino acid (5 eq.) was dissolved in DMF and pre-activated with HCTU (5 eq.) and 2,3,5-collidine (10 eq.) then incubated on resin

for 20 minutes. The first amino acid in each library was double coupled and capped with acetic anhydride (5%) and pyridine (5%)

in DMF for 20minutes. The acylated building block C20 (synthesis procedure described in the Supplemental Information) was coupled

using 3 equivalents with reaction time of 40 minutes. Each deprotection step following the addition of C20 was performed using (4x)

1-minute washes with a solution of 1% DBU in DMF. In each library one position was varied with all the natural L-amino acids

(excluding cysteine) and an adjacent position was reacted with an isokinetic mixture (adopted from Craik et al.(Schneider and Craik,

2009)) of the same 19 amino acids. After deprotection of the last amino acid in the sequence, 7-hydroxycoumarin-3-carboxy acid

N-succinimidyl ester was coupled in a solution of DMF with 5% sodium bicarbonate buffer (0.1M, pH 8.2) for 30 minutes. Peptides

were dried and cleaved of the resin with cleavage cocktail (95% TFA, 2.5% TIS, 2.5% water) during 2.5 hours. Following cleavage,

peptides were precipitated in cold diethyl ether and washed twice with cold ether, dried thoroughly and dissolved in DMSO at stock

concentration of 100 mM. The integrity of each library was evaluated by LCMS analysis and effective concentrations were assessed

by chemical hydrolysis by incubation with 5% hydrozylamine in reaction buffer (20 mM HEPES, 150 mM NaCl, 10 mM CHAPS,

pH 7.4) for 30 minutes, after which fluorescence was measured (Ex = 410 nm, Em = 450 nm). Concentrations were interpolated using

a concentration curve established bymeasuring the fluorescence of a free-hydroxyl intermediate of QSE (Compound 13, SchemeS4)

at a range of concentrations. Individual fluorogenic substrates were synthesized using the same procedures and purified by

RP-HPLC using a gradient of 20-95% acetonitrile in water containing 0.1% TFA. Detection of eluting peptides was done simulta-

neously on UV channels set to 230 nm and 500 nm. Characterization and purity was assessed by LCMS using a similar solvent sys-

tem. Purified peptides were lyophilized and stock solutions were prepared in DMSO.

Library Screening with Purified Proteins
For each library, DMSO stocks were diluted in reaction buffer (20 mM HEPES, 150 mM NaCl, 10 mM CHAPS, pH 7.4) to a final con-

centration of 300 mM, followed by the addition of purified recombinant depalmitoylase at a final concentration of 50 nM. Reactions

were incubated at 37�C and fluorescence was measured (Ex = 410 nm, Em = 450 nm) over 30 minutes. Data points collected from

three replicates were normalized with DMSO control and initial rates were calculated from a linear fit of the activity curves and

expressed as relative fluorescence units per second (RFU/sec).

Steady-state Kinetics
Parameters of steady state kinetics were determined by measuring the increase of fluorescence of hydrolyzed fluorogenic sub-

strates. Stock solutions of fluorogenic substrates were diluted in reaction buffer (20 mM HEPES, 150 mM NaCl, 10 mM CHAPS,
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pH 7.4) and pipetted into 396-well black plates, at a series of concentrations ranging from 80 mM to 0.156 mM. Recombinant enzymes

were then added to a final concentration between 20 nM to 1 nM. Reaction progress was recorded (Ex = 410 nm, Em= 450 nm) over a

period of 30-60 minutes at 37�C. Concentrations of hydrolyzed products were interpolated using a standard concentration curve.

Reaction rates were determined by linear regression analysis of the initial linear phase of hydrolysis. Experiments were preformed

in triplicates. The kinetic constants, Km and Kcat, were obtained by non-linear regression curve fit of Michaelis-Menten parameters;

V0=[E]*Kcat*[S]/(Km+[S]), V0 (initial reaction rate), E (enzyme concentration), S (substrate concentration), Km (Michaelis constant) and

Kcat (turnover number) to these data using GraphPad Prism. Catalytic efficiencies were calculated from the product of Kcat/Km.

Generation of Lysates and Tissue Homogenates
T. gondii parasites were harvested by syringe lysis of infected HFF monolayers and lysed by sonication in phosphate buffered saline

(PBS). Cell cultures were harvested from confluent plates and lysed by sonication in PBS. Mouse organs were harvested form

14-week old C57BL/6 virgin females, washed twice in cold PBS, minced with a scalpel then homogenized by sonication in cold

PBS. Lysates were clarified, and the protein concentration was quantified with a BCA assay (Thermo Scientific). Tumors were har-

vested form thoracic or inguinal mammary fat pads of 21-week old virgin MMTV-Py MT females, washed twice in cold PBS, minced

with a scalpel then incubated with Type-IV collagenase over 30 minutes at 37�C. Cells were isolated by centrifugation and lysed by

sonication in cold PBS.

In Situ Depalmitoylase Activity Assays
Lysates were diluted in reaction buffer (20 mM HEPES, 150 mM NaCl, 10 mM CHAPS, pH 7.4), 5 mg was pipetted into each well in a

396-well black plate. DMSO or inhibitors (ML348, ML349, HDSF, PMSF or Palmostatin B) were added to a final concentration of

10 mM and incubated 30 minutes on ice. Fluorogenic substrates were then added at a final concentration of 2.5 mM. Reactions

were incubated at 37�C and fluorescence was measured (Ex = 410 nm, Em = 450 nm) over a period of 60 minutes. For determination

of specific activity, 20 mg of lysate per reaction were incubated with QStE over a range of concentrations. Concentrations of hydro-

lyzed products were interpolated using a standard concentration curve. Reaction rates were determined by linear regression analysis

of the initial linear phase of hydrolysis. Experiments were preformed in three technical replicates and three biological replicates. The

kinetic constants, Km and Kcat, were obtained by non-linear regression curve fit of Michaelis-Menten parameters; V0=[EL]*Kcat*[S]/

(Km+[S]), V0 (initial reaction rate), EL (lysate concentration), S (substrate concentration), Km (Michaelis constant) and Kcat (turnover

number) to these data using GraphPad Prism. Kcat represents the specific activity for each lysate.

FP-Rho Competition Assays
For competition assays, 20 mg of lysate was incubated with DMSO or inhibitors at 10 mM for 30 minutes on ice, then 1 mM of FP-Rho

was added and samples were incubated for additional 20 min on ice. Reactions were quenched with reducing SDS sample buffer,

and the entire sample was resolved by SDS-PAGE. A typhoon flat-bed scanner was used to scan the gel (532-nm laser, 610-nm filter,

PMT800).

QUANTIFICATION AND STATISTICAL ANALYSIS

See individual sections above for details on the statistics used for analysis.
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