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Abstract

Hundreds of human proteins are modified by reversible palmitoylation of cysteine residues (S-

palmitoylation), but the regulation of depalmitoylation is poorly understood. Here, we develop 

“depalmitoylation probes” (DPPs), small molecule fluorophores to monitor the endogenous 

activity levels of “erasers” of S-palmitoylation, acyl-protein thioesterases (APTs). Live-cell 

analysis with DPPs reveals rapid growth factor-mediated inhibition of the depalmitoylation 

activity of APTs, exposing a novel regulatory mechanism of dynamic lipid signaling.

Palmitoylation and depalmitoylation of cysteine residues on target proteins plays a key role 

in regulating protein localization, trafficking, and resultant cell signaling.1-4 Recent 

advances in mass spectrometry-based protein profiling techniques have greatly expanded the 

catalog of human proteins modified by S-palmitoylation to include hundreds of putative 

targets.5,6 The Asp-His-His-Cys (DHHC)-containing protein acyltransferases (DHHC-PATs) 

are the “writers” that install the lipid modification, of which there are 23 members in 

human.7 Acyl-protein thioesterases (APTs) are the “erasers” of S-palmitoylation,1 including 

the lyosomal degradation enzyme protein palmitoylthioesterase-18 and the putatively 

cytosolic proteins APT1 and APT2, which are part of the metabolic serine hydrolase (mSH) 

superfamily.9 In addition, three previously uncharacterized enzymes were recently identified 

as regulators of N-Ras depalmitoylation and are potentially additional S-palmitoylation 

erasers.10

The APT enzymes have been proposed to contain no substrate specificity and act 

constitutively to depalmitoylate proteins universally from intracellular membranes.11 

However, several lines of evidence suggests that S-palmitoylation is, in fact, regulated and 

dynamic, including findings that PSD-95 is rapidly depalmitoylated following glutamate 

stimulation,12 that activation of FGF receptors by FGF2 leads to palmitoylation of cell 

adhesion molecules in neurons,13 and that T-cell activation induces accelerated palmitate 
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cycling.14 Indeed, the APT enzymes themselves can be S-palmitoylated,15 potentially 

resulting in auto-regulatory mechanisms. To address the roles of APT activities in cell 

signaling, several classes of small molecule inhibitors have been developed, including the 

pan-depalmitoylase inhibitor PalmB and the APT1 and APT2 specific inhibitors ML348 and 

ML349.16-19

Current approaches to study S-palmitoylation primarily involve proteomics, monitoring the 

trafficking of microinjected fluorescent substrates,17,20 or the use of cell-permeable substrate 

mimetics.21 These approaches reveal the balance between palmitoylation and 

depalmitoylation, but cannot reveal potential upstream regulatory mechanisms specifically 

of the depalmitoylases. Therefore, to study the regulation and dynamics of S-palmitoylation, 

there is a need for methods to monitor the activity levels of depalmitoylases in physiological 

contexts. Here, we present the development and application of depalmitoylation probes 

(DPPs), a new family of molecular imaging reagents that report on endogenous levels of 

depalmitoylation activity in live cells. We go on to deploy one new probe, DPP-3, to 

discover that growth factor stimulation results in a rapid decrease of depalmitoylation 

activity in epidermoid carcinoma (A431) cells, uncovering a new mechanism regulating lipid 

signaling.

To generate a fluorescent probe for S-depalmitoylation activity, we envisioned a live cell-

deployable synthetic substrate for the APT enzymes that becomes fluorescent upon 

depalmitoylation. Fluorescent probes for redox status have been developed which rely on the 

ability of thiols to cleave carbamates, which are otherwise stable in biological conditions, 

via a five-membered ring nucleophilic attack.22 We envisioned a probe design in which a 

modified cysteine residue is appended to a pro-fluorescent molecule via a carbamate linker, 

such that enzymatic release of the thiol on the cysteine triggers a rapid cyclization reaction 

and release of a fluorescent product (Fig. 1a). Based on this concept, we designed and 

synthesized depalmitoylation probe-1 (DPP-1, 1), which features a palmitoylated cysteine 

residue tethered to N,N-dimethyl rhodol via a carbamate linker (Fig. 1a, Supplementary 

Note).

As expected, the carbamate modification on DPP-1 forces the rhodol fluorophore into the 

lactone form, which has minimal visible absorbance and very low fluorescence 

(Supplementary Results, Supplementary Fig. 1). However, incubation of 5 μM DPP-1 with 

either 50 nM APT1 or 50 nM APT2 (Supplementary Fig. 2) resulted in an ~250-fold 

enhancement in fluorescence signal after 20 min (Fig. 1b, Supplementary Fig. 3). These data 

validate the general design strategy and confirm DPP-1 is a good substrate for in vitro APT 

biochemical assays, but the poor water solubility of DPP-1, as indicated by the requirement 

of detergents to run in vitro assays, precluded utility in live cell contexts. To improve water 

solubility, we assayed whether the probe required a palmitoylated cysteine residue for 

enzyme activity, or whether a shorter lipid chain could suffice. We synthesized 

depalmitoylation probe-2 (DPP-2, 2), which has a C7-lipid rather than a C15-lipid (Fig. 1a, 

Supplementary Note). In vitro assays with purified APTs revealed that DPP-2 in fact 

functions slightly better than DPP-1 as a substrate, possibly due to improved solubility (Fig. 

1c, Supplementary Fig. 1).
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To improve APT1 target engagement, we synthesized depalmitoylation probe-3 (DPP-3, 3) 

(Fig. 1a, Supplementary Note), which features an additional lysine residue based on both the 

natural N-Ras substrate and pharmacological data.16 In vitro assays of DPP-3 revealed 

striking reaction kinetics with APT1 (Fig. 1d) and a modest selectivity for APT1 over APT2, 

confirming target engagement can be tuned by modifications proximal to the acyl cysteine. 

More critically, both DPP-2 and DPP-3 are water soluble, allowing the enzymatic assays to 

be performed in the absence of detergents (Supplementary Fig. 4). To confirm the in vitro 
response of the DPPs, catalytically inactivating point mutations (Supplementary Figs. 2 and 

5) and inhibitors (Supplementary Fig. 6) abrogate the DPP signal. Given that DPP-2 and 

DPP-3 show a 200- and 400-fold enhancement in fluorescence (Supplementary Fig. 3), 

respectively, after 20 min of reaction with 50 nM APT1 and function in water, we next 

pursued live-cell experiments.

In order to determine whether DPP-2 and DPP-3 could detect endogenous APT activities in 

live cells, we first used HEK293T cells as a model cell line. Incubation of HEK293T cells 

with 1 μM DPP-2 for 15 m resulted in robust intracellular fluorescent signal as monitored by 

live cell fluorescence microscopy (Fig. 2a, Supplementary Figs. 7 and 8) or flow cytometry 

(Supplementary Fig. 9), confirming the presumed high basal activity of APTs. Critically, the 

signal is perturbed by inhibition with 2 μM PalmB, 5 μM ML348, or 5 μM ML349. DPP-3 

also functions in live cells, except inhibition with lower amounts of PalmB or ML348 were 

needed to perturb the signal (Fig. 2b and c, Supplementary Figs. 10 and 11), likely due to 

better uptake of DPP-2 (Supplementary Fig. 12). Moreover, the DPP-3 signal is not 

substantially perturbed by the APT2 inhibitor ML349 (Fig. 2c), suggesting DPP-3 selectivity 

in live cells mirrors what was observed in vitro. To further validate the inhibitor experiments, 

we found that RNAi knockdown of APT1 blocks the DPP-3 signal similarly to ML348 (Fig. 

2d, Supplementary Fig. 13). However, neither APT1 knockdown or ML348 treatment 

blocked the signal to the level of PalmB treatment, likely due to either APT2 or other 

depalmitoylases acting on DPP-3. Finally, to confirm that DPP-3 can function in a variety of 

cell types, we repeated the flow cytometry experiments in HeLa, MCF-7, and MDA-

MB-231 cells, which revealed that DPP-3 can detect endogenous depalmitoylase activities in 

each of these model cell lines (Supplementary Fig. 14). Collectively, these results confirm 

that both DPP-2 and DPP-3 can measure endogenous depalmitoylase levels in a variety of 

cellular contexts.

Encouraged by the performance of DPPs in live cells, we next sought to test the hypothesis 

that cell signaling events modulate depalmitoylase activity levels. We chose to deploy DPP-3 

in epidermoid carcinoma A431 cells, which express high levels of the epidermal growth 

factor (EGF) receptor, respond to EGF stimulation, and are devoid of endogenous mutations 

of HRAS, KRAS and NRAS. We hypothesized that DPP-3 is detecting the APT(s) that 

regulate NRAS, since the probe was designed based on this substrate, and that if S-

palmitoylation signaling is indeed regulated at the depalmitoylase level, cells with normal 

Ras signaling would be more likely to show an effect. We serum starved A431 cells to make 

them susceptible to transient activation by EGF, which intriguingly resulted in an increase in 

basal depalmitoylase activity levels, which is knocked down by inhibition with PalmB or 

M348 to similar levels as non-serum starved cells (Fig. 2e,f, Supplementary Fig. 15). Even 
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more striking, we discovered that stimulation of serum starved cells with 1 ng/mL EGF for 

15 min results in an inhibition of depalmitoylation activity (Fig. 2g,h, Supplementary Fig. 

16), confirming the hypothesis that APTs are in fact dynamically regulated by upstream 

signaling events.

The discovery of EGF-induced deactivation of depalmitolyation activity supports a proposed 

model in which membrane-bound proteins are activated via enhanced membrane retention 

through inhibition of APTs23 (Fig. 2i). It is unknown where in the cell the DPP signals are 

arising from, thus it is unclear what mechanisms are controlling the change or how these 

results effect downstream signaling. However, the finding that depalmitoylation is 

dynamically regulated in such a temporally dynamic manner indicates deeper investigation 

is warranted. The next steps are to uncover the mechanisms that mediate the observed APTs 

activity control, to investigate whether different pools of APT proteins in the golgi, 

cytoplasm, and cell membrane respond differentially to signaling events, to assay whether 

other putative depalmitoylases, such as the ABHD17A/B/C proteins, are also regulated in a 

similar manner, and to test whether other cell types and stimulants generate similar 

responses. The observation that the depalmitoylation signal from DPP-3 is not completely 

blocked by APT1 or APT2 modulation, but is substantially blocked by PalmB, suggests that 

there may be other depalmitoylases yet to be discovered. Development of subcellular 

targeted, ratiometric, and multicolored DPPs, as well as probes based on other natural 

palmitoylated substrates, will aid in these research efforts and are currently ongoing. We 

anticipate that our new general concept of APT probe design, and these first-generation 

DPPs, will help uncover novel roles and regulatory mechanisms of dynamic lipid signaling. 

Finally, the general design strategy utilized to create the DPPs opens up the possibility of 

easily generating fluorescent turn-on probes for the expanding array of dynamic cysteine 

PTMs24,25 (Supplementary Fig. 17).

ONLINE METHODS

General materials and methods

Silica gel P60 (SiliCycle, 40-63 μm, 230-400 mesh) was used for column chromatography. 

Analytical thin layer chromatography was performed using SiliCycle 60 F254 silica gel 

(precoated sheets, 0.25 mm thick). All chemicals for synthesis were purchased from Sigma-

Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA) and used as received. ML348 

and ML349 were purchased from Tocris (Bristol, UK). EGF was obtained from Gold 

Biotechnology (Olivette, MO). Synthesis of N,N-dimethylrhodol was adapted from previous 

reports.26,27 1H NMR and 13C NMR spectra were collected in NMR solvents CDCl3/

CD3OD/CD3CN (Sigma-Aldrich, St. Louis, MO) at 25 °C using a 500 MHz Bruker Avance 

II+ spectrometer with 5 mm QNP probe at the Department of Chemistry NMR Facility at the 

University of Chicago. 1H-NMR chemical shifts are reported in parts per million (ppm) 

relative to the peak of residual proton signals from (CDCl3 7.26 ppm, CD3OD 3.31 ppm, 

(CD3)2SO 2.50 ppm or CD3CN 1.94 ppm). Multiplicities are given as: s (singlet), d 

(doublet), t (triplet), q (quartet), dd (doublet of doublets), m (multiplet). 13C-NMR chemical 

shifts are reported in parts per million (ppm) relative to the peak of residual proton signals 

from (CDCl3 77.16 ppm, CD3OD 49.0 ppm, (CD3)2SO 39.52 ppm or CD3CN 1.32 and 
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118.26 ppm). Analysis of NMR was done in iNMR version 5.5.1. and NMR plots were 

obtained from Topspin 2.1. High resolution mass was obtained from Agilent 6224 TOF High 

Resolution Accurate Mass Spectrometer (HRA-MS) using combination of APCI and ESI at 

the Department of Chemistry Mass Spectrometry Facility at the University of Chicago. Low 

resolution mass spectral analyses and liquid chromatography analysis were carried out on an 

Advion Expression-L mass spectrometer (Ithaca, NY) coupled with an Agilent 1220 Infinity 

LC System (Santa Clara, CA). Synthetic procedures and characterization of all compounds 

shown in Supplementary Note.

Cloning

All plasmids were constructed by Gibson Assembly from PCR products generated using Q5 

Hot Start DNA Polymerase (NEB) or Phusion Polymerase (homemade). Plasmids 

containing the genes for APT1 and APT2 were a gift from Anil Mukherjee. The genes for 

APT1 and APT2 were cloned into a pET-30 expression vector with a His-tag for 

purification. Catalytically inactivating mutations S119A and S122A were installed into the 

expression vectors for APT1 and APT2, respectively. Sequencing was validated at the 

University of Chicago Comprehensive Cancer Center DNA Sequencing and Genotyping 

Facility.

Purification of APT1 and APT2

The plasmids for overexpression of APT1 or APT2, or their catalytically inactive mutant 

forms, were transformed into E. coli Rosetta™ DE3. The cells were cultured in 500 mL LB 

media with 40 μg/mL of kanamycin in a 1 L flask shaking at 37 °C until OD600 ≈ 0.6 and 

then 1 mM IPTG was added. Cultures were then grown at 18 °C for an additional 20 h. The 

cells were harvested by centrifugation and lysed by sonication in 30 mL lysis buffer (50mM 

NaH2PO4, 300 mM NaCl, 10% glycerol, pH 7.5). Cell debri was discarded after 

centrifugation and the lysis supernatant was incubated with 2 mL TALON® Metal Affinity 

Resin (for APT1 and APT2) or His60 Ni Superflow Resin (for mutant APT1 and APT2) 

with gentle shaking on ice for 1 h. The His-tagged proteins were purified under standard 

immobilized metal affinity chromatography (IMAC) by washing and eluting the resin with 

wash buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole 5% glycerol, pH 7.5) and 

elution buffer (50 mM NaH2PO4, 300 mM NaCl, 50-300 mM imidazole, 5% glycerol, pH 

7.5). The purified proteins were then desalted on GE Disposable PD-10 Desalting Columns 

and stored in the protein storage buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 1 mM 

DTT, 10% Glycerol) at -80 °C. Each purified APT was validated by 12% SDS-PAGE gel for 

purity (Supplementary Fig. 2). Purified proteins were stored in individual aliquots in protein 

storage buffer at -80 °C. A fresh aliquot of protein was thawed for each experiment as we 

observed a time-dependent decline in activity of APT1 and APT2 once thawed.

In vitro kinetic assays and emission spectra of DPP-1, DPP-2, and DPP-3

50 μL of 7.5 μM DPP1-3 in HEPES (20 mM, pH = 7.4, 150 mM NaCl, 0.1% Triton X-100) 

were added to a 384-well black flat bottom plate (Corning) and placed in an Infinite M200 

Pro (Tecan) plate reader at 37 °C for 5 min to warm. 25 μL of either HEPES buffer alone or 

HEPES buffer containing 150 nM APT1 or APT2, was added using a multi-channel pipette, 

resulting in a final concentration of 5 μM DPP1-3 and 50 nM APT1 or APT2. Fluorescence 
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intensities (λex 490/9 nm, λem 545/20 nm, Gain 70, No. of flashes 25, Integration time 100 

μs and Z-position 20000 μm) were measured at 30 s time interval for 20 min. At the end of 

20 min kinetic run, emission spectra were obtained (λex 485 nm, λem 510-700 nm, Gain 

100, No. of flashes 25, Integration time 100 μs and Z-position 20,000 μm). For the 

catalytically inactive enzyme experiments, 10-times more APT1(S119A) and APT2(S122A) 

enzyme were used.

In vitro inhibitor assays of DPP-3

20 μL of 300 nM APT1/APT2 in HEPES (20 mM, pH = 7.4, 150 mM NaCl, 0.1% Triton-X 

100) were added to 20 μL of buffer/300 μM PalmB/300 μM ML348 and incubated at 37 °C 

for 30 min. Similarly, for the no APT control, 20 μL buffer was added to 20 μL of buffer 

containing 0.3% DMSO. 25 μL of the mixture was added to the 50 μL of 7.5 μM DPP-3 in 

HEPES buffer for a final concentration of 50 μM PalmB/ML348, 50 nM APT1/2, and 5 μM 

of DPP-3. After incubation for 20 min at 37 °C, 60 μL of each mixture was transferred to a 

384-well black flat bottom plate. Fluorescence intensities (λex 490/9 nm, λem 545/20 nm, 

Gain 70, No. of flashes 25, Integration time 100 μs and Z-position 20,000 μm) were then 

measured after 10 min.

UV-Vis

UV-Vis measurements were carried out on a Shimadzu UV-2700 UV-VIS 

spectrophotometer. Samples for absorption measurements were contained in 1 cm × 1 cm 

quartz cuvettes with 1 cm light path (Hellma analytics). HEPES (20 mM, pH = 7.4, 150 mM 

NaCl) containing 1% Triton X-100 was used to make dilute solution of DPP1, DPP2 and 

DPP3 of 1.0 - 0.1 absorbance at 310 nm. Extinction coefficients were calculated by linear 

least-squares fitting of plots of A vs. concentration. All fits gave R2 values of ≥ 0.999.

Cell culture and maintenance

HEK293T (ATCC), A431 cells (gift from Yamuna Krishnan), MDA-MB-231 and MCF-7 

cells (gift from Cellular Screening Center, University of Chicago) and HeLa cells (ATCC) 

were maintained in DMEM/High Glucose (10% FBS, 1% P/S, L-Glutamine, Sodium 

pyruvate, Gibco) with 10% FBS (Gibco/Life Technolgies, Qualified US origin) at 37 °C and 

5% CO2. HEK293T, MDA-MB-231, and MCF-7 cells are listed in the database of 

commonly misidentified cell lines maintained by ICLAC (http://iclac.org/databases/cross-

contaminations/). We obtained fresh cells from ATCC or early passage aliquots from the 

Cellular Screening Center, University of Chicago, which were frozen down at an early 

passage (passage 5) in individual aliquots. The cells were then used for less than 25 passages 

for all experiments. Multiple biological replicates were performed with cells from different 

passages and freshly thawed aliquots. There was no testing for mycoplasma infection or 

further authentification because early passage cells were used for all experiments.

Fluorescence imaging of DPP-2 and DPP-3

HEK293T (650,000 cells per dish) cells were plated with 1.5 mL of DMEM (High Glucose, 

10% FBS) in a 35 mm glass bottom dish (D35-10-1.5-N; Cellvis) 24 hrs prior to imaging. 30 

min before the addition of the DPP probe, the cell culture media was removed and cells were 
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washed with 1 mL of DPBS. The media was then replaced with 1 mL of DMEM containing 

1 μM Hoechst 33342 and either 0.1% DMSO carrier as a control, 1 or 2 μM Palm B, 0.1, 

1.0, or 5 μM ML348, and incubated for 30 min at 37 °C and 5% CO2. The media was 

removed, the cells were washed with 1 mL of Live Cell Imaging Solution (ThermoFisher), 

and 1 mL of 1 μM DPP-2 or DPP-3 in Live Cell Imaging Solution was added to each plate. 

For ML348 0.1, 1.0, or 5 μM was added along with DPP-2 or DPP-3. After incubation for 15 

min at 37 °C and 5% CO2, images were obtained on an inverted epi-fluorescence 

microscope (Olympus IX83) attached with EMCCD camera (Photometrics Evolve Delta) 

with 40x oil objective (N/A 1.3) for DPP-2 (excitation filter 500/20, dichroic chroma 89007, 

emission filter 535/30, exposure time 200 ms, EM gain 25), Hoechst 33342: (excitation filter 

402/15, emission filter 455/50, dichroic chroma 89013, exposure time 30 ms, EM gain 25), 

and brightfield (exposure time 5 ms, EM gain 5), and for DPP-3 (exposure time 500 ms, EM 

gain 150), Hoechst 33342: (exposure time 30 ms, EM gain 25), and brightfield (exposure 

time 20 ms, EM gain 5). Analyses were performed in ImageJ (Wayne Rasband, NIH). For 

data analysis, the average fluorescence intensity per image in each experimental condition 

was obtained by selecting ROIs in the brightfield image. For display, the data were 

normalized to the average fluorescence intenstiy of the control conditions. Each experiment 

was repeated at least three separate times with identical results.

Flow cytometry

Cells were plated on a 10 cm dish with 10 mL of DMEM/High Glucose (10% FBS, 1% P/S, 

L-Glutamine, Sodium pyruvate) 36-48 hours prior to the day of experiment and maintained 

at 37 °C, 5% CO2 so as to obtain 80-90% confluency. Cells were washed with DPBS and 

trypsinized with 1 mL 0.05% Trypsin. 5 mL of DMEM/High Glucose (10% FBS, L-

Glutamine, Sodium pyruvate) was added and cells were spun down at 1200 rpm for 3 min. 

Media was discarded and cells were resuspended in 5 mL of Live Cell Imaging Solution and 

again spun down at 1200 rpm for 3 min. The cells pellets obtained were resuspended in 3-5 

mL of Live Cell Imaging Solution and divided into 500 μL aliquots. The aliquots were 

treated with either 0.2% DMSO carrier or 1 μM of PalmB/ML348 or 1 μM/5 μM of ML349 

inhibitor. After 30 min of incubation at room temperature, 1 μL of 2.5 mM DPP-3 in DMSO 

was added to each aliquot for a final concentration of 5 μM, and the solutions were mixed. 

After 5 min incubation at room temperature, fluorescence signal in FITC channel was 

measured for 10000 cells (5000 for HeLa experiments) on a LSR-Fortessa 4-15 HTS (BD 

digital instrument, 488 nm laser with 530/30 nm filter for FITC). For analyzing DPP2 in 

HEK293T cells, the aliquots were treated with either 0.2% DMSO carrier or 2 μM of 

PalmB, 5 or 20 μM of ML348/ML349 and then analyzed by the protocol as mentioned 

above. Data was analyzed by FlowJo software version 10.0.8. For comparison of A431 

starved versus non-starved, parallel 10 cm dishes of A431 cells were plated in 10 mL of 

DMEM (high glucose, 10% FBS, 1% P/S), and grown for 36 h. The growth media was 

removed, and replaced by 10 mL of either DMEM (High glucose) with 10% FBS to 

maintain “growth” conditions, or DMEM (High glucose) without FBS respectively for 

“starvation” conditions, and incubated for 14 h. After trypsinization, both plates were treated 

with 5 mL of DMEM (high glucose) for spinning the cells down, and further processing and 

analysis were performed as described above by flow cytometry.
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APT1 RNAi by fluorescence microsopy

30,000 cells per well were plated in 250 μL DMEM glutamax (high glucose, 10% FBS) in 

an 8-well imaging dish (Lab-Tek Chambered Coverglass, Thermo Scientific). After 12 h, the 

cells were transfected with 5 pmol control/APT1 siRNA using Lipofectamine RNAi Max 

using the standard protocol. After 48 h the media was replaced by 1 μM Hoechst 33342 in 

300 μL DMEM, high glucose. After 15 min of incubation at 37 °C, the cells were washed 

with 1 mL of Live Cell Imaging Solution and replaced by 5 μM DPP3 in Live Cell Imaging 

Solution. After 15 min of incubation at room temperature, images were obtained on an 

inverted epi-fluorescence microscope (Olympus IX83) attached with EMCCD camera 

(Photometrics Evolve Delta) with 40x oil objective (N/A 1.3) for DPP-3 (excitation filter 

500/20, dichroic chroma 89007, emission filter 535/30, exposure time 100 ms, EM gain 50), 

Hoechst 33342: (excitation filter 402/15, emission filter 455/50, dichroic chroma 89013, 

exposure time 40 ms, EM gain 30), and brightfield (exposure time 30 ms, EM gain 10). 

Analyses were performed in ImageJ (Wayne Rasband, NIH). For data analysis, the average 

fluorescence intensity per image in each experimental condition was obtained by selecting 

ROIs in the brightfield image, and the data was normalized to the average fluorescence 

intensity of the control siRNA conditions. The experiment was repeated in three biological 

replicates.

APT1 RNAi by flow cytometery

350,000 cells per well were plated in 2 mL DMEM glutamax (high glucose, 10% FBS) in a 

6-well dish. After 12 h, the cells were transfected with 30 pmol control/APT1 siRNA using 

Lipofectamine RNAi Max using the standard protocol. After 48 h the media was removed, 

the cells were washed with 1.5 mL of DPBS, and removed from the plate by incubation with 

200 μL of 0.05% trypsin. The cells were resuspended in 1.2 mL DMEM glutamax (high 

glucose, 10% FBS) and centrifuged at 500 rcf for 3 min. The supernatent was discarded, the 

cells were washed twice with 1 mL of Live Cell Imaging Solution, and the cell pellet was 

then resuspended in Live Cell Imaging Solution to generate 500 μL aliquots. 1 μL of 2.5 mM 

DPP-3 in DMSO was added to each aliquot for a final concentration of 5 μM. After 5 min 

incubation at room temperature, fluorescence signal in the FITC channel was measured for 

10,000 cells on a LSR-Fortessa 4-15 HTS (BD digital instrument, 488 nm laser with 530/30 

nm filter for FITC). Data was analyzed by FlowJo software version 10.0.8.

Starvation and EGF stimulation of A431 Cells

Parallel 35 mm glass bottom dishes (D35-10-1.5-N; Cellvis) of A431 cells (450,000) were 

plated in 2 mL of DMEM glutamax (high glucose, 10% FBS, 1% P/S), and grown for 36 h. 

The growth media was removed, and replaced by 1.5 mL of either DMEM (High glucose) 

with 10% FBS to maintain “growth” conditions, or DMEM (High glucose) without FBS 

respectively for “starvation” conditions, and incubated for 24 h. The media was replaced by 

1 mL of “growth” or “starvation” media containing 1 μM Hoechst 33342. After incubation 

for 15 min at 37 °C, the media from both the serum starved or full serum dishes was 

removed, and the cells were washed with 1 mL Live cell imaging solution. 1 mL Live Cell 

Imaging Solution containing 5 μM DPP-3 was then added and the dish was incubated at 

room termpature for 15 minutes. For EGF stimulation experiments, two parallel dishes of 
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cells were serum starved, then incubated with DPP-3 in either the absence or the presence of 

1 ng/mL EGF. The cells were then imaged for DPP-3 (excitation filter 500/20, dichroic 

chroma 89007, emission filter 535/30, exposure time 150 ms, EM gain 50), Hoechst 33342: 

(excitation filter 402/15, emission filter 455/50, dichroic chroma 89013, exposure time 25 

ms, EM gain 30), and brightfield (exposure time 20 ms, EM gain 10 for starvation 

experiment or exposure time 5 ms, EM gain 5 for EGF stimulation experiment). For data 

analysis, the average fluorescence intensity per image in each experimental condition was 

obtained by selecting ROIs in the brightfield image. For display, the data were normalized to 

the average fluorescence intensity of the control conditions. For the starvation experiments, 

the non-starved cells were used as the control conditions and arbitrarily set to ‘100’, while 

for the EGF stimulation experiments the starved, no EGF cells were used as the reference 

control. Each separate experiment was repeated at least three times. The data from each 

biological replicate for the EGF stimulation was analyzed individually and is shown in 

Supplementary Fig. 16. The average results from the three biological replicate experiments 

for both experiments were analyzed in batch and is shown in Fig. 2f, h.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design and in vitro validation of DPPs. (a) Schematic of design and mechanism of 

fluorescent probes for cysteine deacylase activity. A cysteine residue is tethered to a pro-

fluorescent molecule by a biologically stable carbamate linker. Deacylase activity on the 

cysteine releases the thiol form of the probe, which rapidly cyclizes, breaks the carbamate, 

and releases a fluorescent product. The physical and biological properties of the molecule 

can be tuned by modulating the acyl modification on the thiol (R1) and the C-terminal amide 

modification on the cysteine (R2). Structures of DPP-1, DPP-2, and DPP-3, a family of 

fluorescent probes for cysteine depalmitoylation, are shown. (b-d) In vitro fluorescence 

assays of 5 μM DPP-1 (b), DPP-2 (c), or DPP-3 (d) in HEPES (20 mM, pH 7.4, 150 mM 

NaCl, 0.1% Triton X-100) with either 50 nM purified APT1 or APT2 (λex 490/9 nm, λem 

545/20 nm). Error bars are standard deviation (n = 3).
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Figure 2. 
Analysis of endogenous and growth factor-stimulated depalmitoylase activities using DPPs. 

(a) HEK293T cells loaded with 1 μM DPP-2 for 15 m, after treatment with either DMSO or 

PalmB, and then analyzed by fluorescence microscopy. (b) HEK293T cells loaded with 1 

μM DPP-3 for 15 m, after treatment with either DMSO, PalmB, or ML348, and then 

analyzed by fluorescence microscopy. (c) HEK293T cells loaded with 5 μM DPP-3 for 5 

min after treatment with either DMSO, PalmB, ML348, or ML349, and then analyzed by 

flow cytometry. (d) HEK293T cells treated with control/APT1 targeting RNAi for 48 h 

loaded with 5 μM DPP-3 for 15 m and then analyzed by fluorescence microscopy. (e) A431 

cells grown in normal media conditions or serum starved for 24 h loaded with 5 μM DPP-3 

for 15 m and then analyzed by fluorescence microscopy. (f) Quantification of experiment 

shown in (e). (g) Serum starved A431 cells loaded with 5 μM DPP-3 for 15 m in either the 

absence or presence of 1 ng/mL EGF and then analyzed by fluorescence microscopy. (h) 

Quantification of experiment shown in (g). (i) Schematic of proposed EGF-induced 

depalmitoylation signaling through transient deactivation of APTs. Error bars in (f) and (h) 

are ± std. error (n = 15 data points, three biological replicates), Statistical analyses 

performed with a two-tailed Student’s t-test with unequal variance, ** P value < 0.0001. 50 

μm scale bar shown in images.
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