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Introduction

Aldehyde dehydrogenases (ALDHs) perform important meta-

bolic roles in eukaryotic cells because they convert endoge-

nous and exogenous aldehydes into carboxylic acids.[1] They
are involved in many metabolic pathways and pathologies.[1–7]

ALDHs are often upregulated in cancer and have been linked
to cancer therapy resistance. For example, both ALDH1A1 and

ALDH3A1 induce resistance to the commonly used chemother-
apeutic cyclophosphamide.[8, 9] Inhibitors have been developed

for both these enzymes: NCT-505[10] and CB7,[11] respectively.

A recent study has shown that only a fraction of the com-
monly used and recently developed ALDH1A1 inhibitors

showed cellular activity.[12] The method described in this study
is tailored towards ALDH1A1 activity, but, so far, no methods

exist to study target engagement of all ALDHs present in a
biological sample simultaneously. Activity-based protein profil-
ing (ABPP) is a powerful technique capable of determining the

selectivity profile of a drug candidate against an enzyme
family in their native cellular environment.[13] This technique
relies on activity-based probes (ABPs), which are tailored to the
enzyme family of interest and that react through its electro-

philic warhead with a nucleophile within the active site of the

enzyme. We recently described the development of LEI-945,

which is a first-in-class retinal-based probe for the ABPP of

retinaldehyde dehydrogenases, ALDH1A1, ALDH1A2, and
ALDH1A3.[14] LEI-945 enabled the quantification of ALDH iso-

zyme activities in a panel of cancer cell lines through both
fluorescence and chemical proteomic approaches. The probe

was superior to the widely used ALDEFLUOR assay in explain-
ing the ability of breast cancer cells to produce all-trans retino-

ic acid. In addition, it revealed the cellular selectivity profile of

NCT-505, an advanced ALDH1A1 inhibitor.[14] However, the syn-
thesis of LEI-945 is complex and challenging. We hypothesized

that, by modifying the reported covalent pan-ALDH inhibitor
Aldi-2,[15] an easily accessible, broad-spectrum probe for the

ALDH family could be made (Figure 1).
Herein, we describe the design, synthesis, biological valida-

tion, and application of STA-55 as a broad-spectrum probe for

the family of ALDHs. Chemical proteomics showed that STA-55

Aldehyde dehydrogenases (ALDHs) convert aldehydes into car-
boxylic acids and are often upregulated in cancer. They have

been linked to therapy resistance and are therefore potential
therapeutic targets. However, only a few selective and potent
inhibitors are currently available for this group of enzymes.
Competitive activity-based protein profiling (ABPP) would aid

the development and validation of new selective inhibitors.

Herein, a broad-spectrum activity-based probe that reports on

several ALDHs is presented. This probe was used in a competi-
tive ABPP protocol against three ALDH inhibitors in lung
cancer cells to determine their selectivity profiles and establish
their target engagement.

Figure 1. Chemical structures of LEI-945, STA-55, and Aldi-2.
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could be used to enrich both ALDH1A1 and ALDH3A1 in A549
lung cancer cells. Competitive chemical proteomics with STA-

55 was performed to determine the selectivity profiles of the
known ALDH inhibitors DEAB,[16] NCT-505,[10] and CB7.[11] Our re-

sults show that STA-55 can be used to identify therapy resist-
ance biomarkers in cancer and to validate target engagement

of ALDH drug candidates.

Results and Discussion

An ABP consists of a reactive group (termed “warhead” and

often an electrophile), a recognition scaffold, and a ligation

handle. Aldi-2 already incorporates a masked warhead, which,
after liberation, reacts with the catalytic cysteine of the ALDH

enzyme.[15] Based on the reported structure–activity relation-
ship studies,[15] we developed a synthetic strategy for the intro-

duction of an azide ligation handle at the position of the me-
thoxy substituent (Scheme 1). The synthesis of probe STA-55

started from commercially available 4-hydroxyacetone (1). Re-

action of 1 with 1,8-dibromooctane and potassium carbonate
provided 2 in 82 % yield. Treatment of 2 with sodium azide led

to the substitution of bromine for an azide, yielding com-
pound 3 in 93 % yield. Finally, Mannich reaction of 3 with di-
methylamine and paraformaldehyde gave tertiary amine STA-
55 in 21 % yield.

To determine whether STA-55 interacted with the catalytic
cysteine of an ALDH enzyme (Figure 2 A), recombinant ALD-
H1A3WT and catalytically inactive ALDH1A3C314A were overex-

pressed in human osteosarcoma U2OS cells. Treatment with
STA-55 (1 mm, 1 h), lysis, and copper(I)-catalyzed azide–alkyne

[2++3] cycloaddition (CuAAC) ligation with a Cy5-alkyne result-
ed in a fluorescent band around 55 kDa in the wild-type

sample after SDS-PAGE and fluorescent scanning, which sug-

gested the ability of STA-55 to interact with ALDHs (Figure 2 B).

The disappearance of this band in the catalytically inactive

C314A mutant indicates that STA-55 has reacted covalently
and irreversibly with the catalytic nucleophile of ALDH1A3.[17]

To determine which members of the ALDH family were tar-

geted by ABP STA-55, we performed a label-free quantitative
proteomics experiment in the non-small-cell lung cancer cell

line A549, which expressed high levels of ALDH activity.[18, 19]

STA-55-treated A549 cells (10 mm, 1 h) were harvested, lysed,

and the covalently bound enzymes conjugated with a biotin–
alkyne. The probe-labeled proteins were subsequently en-

riched by using streptavidin beads and several washing steps

to remove unbound proteins. On-bead tryptic digestion was
followed by protein identification and quantification by means

of mass spectrometry. In this way, 259 significantly enriched
proteins were identified (fold-change >2.0; p value <0.05; Fig-

Scheme 1. Synthesis of STA-55. a) 1,8-Dibromooctane, K2CO3, acetone, 56 8C,
18 h, 82 %; b) NaN3, DMF, 80 8C, 18 h, 93 %; c) (CH3)2NH·HCl, paraformalde-
hyde, HCl, EtOH, 78 8C, 18 h, 21 %.

Figure 2. ALDH enzyme labeling with broad-spectrum probe STA-55. A) Proposed warhead deprotection mechanism and interaction of ABP with catalytic cys-
teine in the pocket of ALDH enzyme. B) Labeling of transiently transfected ALDH1A3WT and ALDH1A3C314A with STA-55 (1 mm, 1 h) in U2OS cells.
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ure 3 A, B). Six identified proteins belonged to the ALDH
family : ALDH1A1, ALDH1B1, ALDH2, ALDH3A1, ALDH3A2, and

ALDH3B1. Comparison with the Expression Atlas[20, 21] showed
that all ALDH enzymes expressed in the A549 cell line were de-

tected by the STA-55 broad-spectrum ALDH probe (Figure 3 C),
whereas the more specific retinal-based LEI-945 did not detect

ALDH1B1 and ALDH3A1 in this cell line.[14]

The proteins significantly enriched by STA-55 were further
analyzed by using the KEGG,[22] Panther,[23] and UniProtKB data-

bases.[24] Proteins in glycolysis/gluconeogenesis, biosynthesis of
antibiotics, carbon metabolism (ALDHs, lactate dehydrogenas-

es, and phosphofructokinases), pathogenic Escherichia coli in-
fection, gap junction (tubulins), and the proteasome were

identified from the KEGG pathway database (Figure 3 D). The
majority of proteins identified possess enzyme activity or have
specific protein interaction partners (Figure 3 E). The subcellular

localization showed that the majority of enriched proteins
were derived from the cytosol and nucleus (Figure 3 F). Taken

together, our data show that STA-55 can be used as a broad-
spectrum ABP for ALDHs, including the known cancer resist-

ance biomarkers, ALDH1A1 and ALDH3A1.[8, 9]

Having established that STA-55 significantly enriches a broad
range of ALDHs from A549 lung cancer cell extracts, we per-

formed in situ selectivity profiling of three known ALDH inhibi-
tors (DEAB, NCT-505, and CB7; Figure 4 A). DEAB is a pan-ALDH

inhibitor regularly used as a control compound in ALDH activi-
ty assays.[12, 16] NCT-505 is a recently reported ALDH1A1 inhibi-

tor,[10] for which we showed, with LEI-945, that it inhibited
ALDH1A3 to a similar extent as that of ALDH1A1 in living

cells.[14]

CB7 is reported as a selective ALDH3A1 inhibitor.[11] A549

cells were preincubated for 30 min with inhibitor (10 mm), after
which time STA-55 (1 mm) was added and incubated for 1 h.
Subsequently, the chemical proteomics protocol was followed.

The ALDH selectivity profiles obtained are shown in Figure 4 B.
DEAB inhibited ALDH1A1, ALDH2, ALDH3A1, and ALDH3A2,
which was in agreement with previously reported results (Fig-
ure 4 C).[16] In addition to inhibition of ALDH1A1 and
ALDH1A3,[14] STA-55 revealed that NCT-505 inhibited ALDH3A1.
CB7 also appeared to be more promiscuous than previously re-

ported, inhibiting ALDH3A1, ALDH1A1, ALDH2, and ALDH3A2.
These results challenge the reported selectivity for ALDH1A1[10]

and ALDH3A1,[11] respectively. For both inhibitors, these selec-

tivity claims are based on biochemical substrate assays with
purified enzymes. However, the activity of isolated enzymes in

a biochemical assay does not necessarily reflect their activity in
a cellular environment. We argue that the selectivity profiles

derived from an in situ competitive ABPP method provide a

more accurate representation of the cellular target engage-
ment of a drug candidate.[25] The ability of CB7 to sensitize

lung cancer cells to cyclophosphamide treatment[11] can there-
fore not be solely attributed to its inhibition of ALDH3A1, but

might actually require dual inhibition of ALDH1A1 and
ALDH3A1. From this point of view, NCT-505 also has therapeu-

Figure 3. Chemical proteomics with broad-spectrum probe STA-55. A) Fold-change (STA-55/DMSO) plot for total proteins identified in a chemical proteomics
experiment with probe STA-55 (10 mm). Red lines indicate the threshold fold-change of twofold enrichment and the maximum fold-change is set at 20. Red
dots represent significantly enriched ALDH enzymes. B) Volcano plot for total proteins identified in a chemical proteomics experiment with probe STA-55
(10 mm). Red lines indicate threshold values marking significantly enriched proteins. Red dots represent significantly enriched ALDH enzymes. For A) and B),
data are from N = 3 experiments (biological replicates). C) Heat map showing relative ALDH protein levels in the non-small-cell lung cancer A549 cell line by
using deep proteome data from the Expression Atlas. D) Top seven pathways enriched in the group of significantly enriched proteins, as determined by
screening of the KEGG database. E) Biological functions attributed to significantly enriched proteins by the Panther database. F) Subcellular localization of sig-
nificantly enriched proteins, as annotated by the UniProt database.
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tic potential as a dual inhibitor of these cancer therapy resist-
ance biomarkers. Our results show the ability of STA-55 to be

used for target identification and engagement studies with
competitive ABPP of new drug candidates for ALDHs. STA-55 is

easily accessible compared with synthetically challenging LEI-

945.[14] STA-55 is also capable of enriching all ALDH enzymes
present in the A549 lung cancer cells, including the cancer bio-
marker ALDH3A1, whereas LEI-945 is more specifically targeted
towards the retinaldehyde dehydrogenases. STA-55 is, there-

fore, a complementary broad-spectrum ALDH probe, which
can conveniently be used for competitive ABPP applications.

Conclusions

We have described the design, development, and biological
validation of STA-55, which is a broad-spectrum ABP for the

family of ALDHs. Because certain ALDHs are often upregulated
in cancer and confer therapy resistance, this probe enables the

identification and quantification of these cancer biomarkers by

using chemical proteomics. We furthermore show the ability of
STA-55 to be used in cellular target identification and target

engagement studies and propose that our probe may be used
to thereby facilitate early drug-discovery studies aimed at the

identification of selective and tissue-permeable ALDH inhibi-
tors.

Experimental Section

General : All reactions were performed by using oven- or flame-
dried glassware and dry solvents. Reagents were purchased from
Sigma Aldrich, Acros, Biosolve, VWR, Fluka, Fischer Scientific, and
Merck and used as received, unless stated otherwise. Inhibitors
NCT-505 and CB7 were prepared as previously described.[10, 11] Tetra-
hydrofuran and N,N-dimethylformamide were stored over 4 a mo-
lecular sieves before use. All moisture-sensitive reactions were per-
formed under a nitrogen atmosphere. TLC analysis was performed
by using Merck aluminum sheets (TLC silica gel 60/Kieselguhr F254).
Compounds were visualized by using a solution of KMnO4 (7.5 g),
K2CO3 (50 g), and 10 % NaOH (6 mL) in H2O (1 L). Column chroma-
tography was performed by using Screening Device B.V. silica gel
(particle size 40–63 mm, pore diameter of 60 a) with the indicated
eluents. 1H and 13C NMR spectra were recorded on Bruker AV-400
(400 and 101 MHz, respectively) or Bruker AV-500 MHz (500 and
125 MHz, respectively) spectrometers by using CDCl3 as the sol-
vent. Chemical shifts are reported relative to the residual solvent
signal or tetramethylsilane. Coupling constants are given in Hz.
HRMS analysis was performed with a LTQ Orbitrap mass spectrom-
eter (Thermo Finnigan) equipped with an electrospray ion source
in positive mode (source voltage 3.5 kV, sheath gas flow
10 mL min@1, capillary temperature 250 8C) with resolution R =
60 000 at m/z 400 (mass range m/z 150–2000) and dioctyl phtha-
late (m/z 391.28428) as a “lock mass,” or with a Synapt G2-Si
(Waters) instrument equipped with an electrospray ion source in
positive mode (ESI-TOF), injection through a NanoEquity system
(Waters), with LeuEnk (m/z 556.2771) as the lock mass. Eluents
used were MeCN/H2O (1:1, v/v) supplemented with 0.1 % formic
acid. The high-resolution mass spectrometers were calibrated prior
to measurements with a calibration mixture (Thermo Finnigan).

Synthesis

1-(4-((8-Bromooctyl)oxy)phenyl)ethan-1-one (2): 4-Hydroxyaceto-
phenone (1.0 g, 7.3 mmol) in acetone (20 mL) was added dropwise
to a mixture of 1,8-dibromooctane (4.1 mL, 22 mmol) and K2CO3

(1.1 g, 8.1 mmol) in acetone (40 mL) at 56 8C. The reaction mixture
was stirred for 18 h at 56 8C. The reaction mixture was then al-
lowed to cool, filtered, and concentrated under reduced pressure.
The residue was then dissolved in EtOAc, the organic layer washed
with H2O and brine, dried with Na2SO4, filtered, and concentrated
under reduced pressure. Purification of the residue by means of
column chromatography (CH2Cl2/pentane) afforded compound 2
as a white solid (2.0 g, 6.0 mmol, 82 %). Rf (50 % CH2Cl2 in pen-
tane) = 0.5; 1H NMR (400 MHz, CDCl3): d= 7.93 (d, J = 4.8 Hz, 2 H),
6.92 (d, J = 4.8 Hz, 2 H), 4.02 (t, J = 6.8 Hz, 2 H), 3.41 (t, 6.8 Hz, 2 H),
2.56 (s, 3 H), 1.83 (m, 4 H), 1.47 (m, 4 H), 1.39 ppm (m, 4 H); 13C NMR
(100 MHz, CDCl3): d= 196.8, 163.1, 130.6, 130.1, 114.1, 68.1, 34.0,
32.7, 29.1, 29.0, 28.6, 28.1, 26.3, 25.9 ppm.

1-(4-((8-Azidooctyl)oxy)phenyl)ethan-1-one (3): Sodium azide
(0.30 g, 4.6 mmol) was added under Ar to a solution of compound
2 (0.50 g, 1.5 mmol) in DMF (5 mL). The reaction mixture was
stirred for 18 h at 80 8C and then allowed to cool. H2O was added
and the aqueous layer was extracted with Et2O. The combined or-
ganic layers were washed with brine, dried with MgSO4, filtered,
and concentrated under reduced pressure. Purification of the resi-
due by means of column chromatography (pentane/CH2Cl2) afford-
ed compound 3 (0.41 g, 1.4 mmol, 93 %) as a colorless liquid. Rf

(50 % CH2Cl2 in pentane)= 0.45; 1H NMR (400 MHz, CDCl3): d= 7.93
(d, J = 4.8 Hz, 2 H), 6.92 (d, J = 4.8 Hz, 2 H), 4.02 (t, J = 6.8 Hz, 2 H),
3.26 (t, 6.8 Hz, 2 H), 2.55 (s, 3 H), 1.81 (m, 2 H), 1.61 (m, 2 H), 1.47 (m,

Figure 4. Competitive ABPP of ALDH inhibitors with broad-spectrum probe
STA-55. A) Chemical structures of ALDH inhibitors used in this study. B) Heat
map showing the selectivity profile of pan-ALDH inhibitor DEAB, ALDH1A1-
selective inhibitor NCT-505, and ALDH3A1-selective inhibitor CB7, as deter-
mined by competitive ABPP with STA-55 (1 mm). N = 4 experiments (biologi-
cal replicates). C) Reported pIC50 values of DEAB,[12, 16] NCT-505,[10] and
CB7[11, 12] for the ALDHs identified with STA-55. If divergent values are report-
ed, data are represented as mean values: standard deviation (SD); NI: no in-
hibition, ND: no data.
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2 H), 1.39 ppm (m, 6 H); 13C NMR (100 MHz, CDCl3): d= 196.8, 163.0,
130.5, 130.1, 114.1, 68.1, 51.4, 29.1, 29.0, 28.8, 26.6, 26.3, 25.8 ppm.

1-{4-[(8-Azidooctyl)oxy]phenyl}-3-(dimethylamino)propan-1-one
(STA-55): Dimethylamine hydrochloride salt (92 mg, 1.1 mmol), par-
aformaldehyde (34 mg, 1.1 mmol), and one drop of concentrated
HCl were added under Ar to a solution of compound 3 (164 mg,
0.57 mmol) in EtOH (2 mL). The reaction mixture was stirred at
90 8C for 18 h and then allowed to cool. Purification of the reaction
mixture by means of column chromatography (CH2Cl2/MeOH) re-
covered compound 3 (127 mg, 0.43 mmol, 75 %) and afforded STA-
55 as a yellow solid (42.2 mg, 0.12 mmol, 21 %). Rf (10 % MeOH in
CH2Cl2) = 0.5; 1H (400 MHz, CDCl3): d= 7.96 (d, J = 8.8 Hz, 2 H), 6.92
(d, J = 8.8 Hz, 2 H), 4.03 (t, J = 6.4 Hz, 2 H), 3.68 (t, J = 6.4 Hz, 2 H),
3.51 (t, J = 6.4 Hz, 2 H), 3.27 (t, J = 7.2 Hz, 2 H), 2.84 (s, 6 H), 1.81 (m,
2 H), 1.59 (m, 2 H), 1.46 (m, 2 H), 1.37 ppm (m, 6 H); 13C NMR
(100 MHz, CDCl3): d= 194.1, 163.9, 130.6, 128.2, 114.4, 68.2, 52.8,
51.4, 43.3, 33.4, 29.1, 29.0, 28.9, 28.7, 26.6, 25.8 ppm; HRMS (ESI):
m/z calcd for C19H30O2 [M++H]+ : 347.24415; found: 347.24433.

In situ labeling procedure

ALDH plasmids : For the preparation of different constructs, full-
length human cDNA was purchased from Source Bioscience and
cloned into mammalian expression vector pcDNA3.1, containing
genes for ampicillin and neomycin resistance. ALDH1A3 was
cloned into pcDNA3.1. A FLAG-linker was cloned into the vector at
the C terminus of ALDH1A3. Two-step PCR mutagenesis was per-
formed to substitute the active-site cysteine for an alanine in
hALDH1A3-FLAG to obtain hALDH1A3-C314A-FLAG. All plasmids
were grown in XL-10 Z-competent cells and prepped (Maxi Prep,
Qiagen). The sequences were confirmed by means of sequence
analysis at the Leiden Genome Technology Centre.

Cell culture : U2OS cells were grown in Dulbecco’s modified eagle
medium (DMEM) with stable glutamine and phenol red with 10 %
new-born-calf serum, penicillin, and streptomycin at 37 8C and 7 %
CO2. A549 cells were grown in DMEM with stable glutamine and
phenol red with 10 % new-born-calf serum, penicillin, and strepto-
mycin at 37 8C and 5 % CO2. Medium was refreshed every 2–3 days
and cells were passaged twice a week. Cell lines were purchased
from ATCC and were regularly tested for mycoplasma contamina-
tion. Cultures were discarded after 2–3 months of use.

Transient transfection of U2OS cells : One day prior to transfection,
4 V 105 U2OS cells were seeded in a six-well plate. Cells were trans-
fected by the addition of a 3:1 mixture of polyethyleneimine (6 mg)
and plasmid DNA (2 mg) in 200 mL serum-free medium per well.
The medium was refreshed after 24 h, and after 48 h the cells were
used for subsequent assays.

In situ ABPP : Growth medium from cells grown to 70 % confluence
in a six-well plate was removed and 1 mL serum-free medium con-
taining probe STA-55 (1 or 10 mm, 0.1 % DMSO) was added. The
cells were then incubated for 1 h. For competitive ABPP, cells were
first incubated with vehicle or inhibitor (10 mm, 0.1 % DMSO) for
30 min followed by STA-55 (1 mm final concentration) for 1 h. The
medium was then removed, the cells were washed with phos-
phate-buffered saline (PBS; 2 mL) and then harvested in PBS (1 mL)
using a cell scraper. The cells were moved to an Eppendorf tube
and the suspension was centrifuged for 5 min at 135 g. PBS was re-
moved and the samples were snap frozen in liquid nitrogen and
stored at @80 8C until use.

CuAAC reaction and in-gel fluorescence analysis : Cell pellets were
thawed on ice, lysed by addition of ice-cold lysis buffer (MilliQ, 1 V
protease inhibitor cocktail (Roche cOmplete EDTA free)), and incu-

bated on ice (15–30 min). The protein concentration was deter-
mined by means of a Quick Start Bradford Protein assay (Bio-Rad).
The protein fractions were diluted to a total protein concentration
of 1 mg mL@1. From each sample, 40 mL was taken and treated with
5 mL from a freshly prepared “click” mixture containing 9 mm
CuSO4 (2.5 mL per sample, 18 mm in H2O), 45 mm sodium ascorbate
(1.5 mL per sample, 150 mm in H2O), 1.8 mm tris(3-hydroxypropyl-
triazolylmethyl)amine (THPTA; 0.5 mL per sample, 18 mm in DMSO),
and 9 mm Cy5-alkyne (0.5 mL per sample, 90 mm in DMSO from
Thermo Fischer Scientific). The samples were incubated for 1 h at
37 8C and then SDS-PAGE sample buffer (4 V 15 mL) was added. The
samples were denatured at 100 8C for 5 min; 8 mg per sample was
resolved on a SDS-PAGE gel (10 % acrylamide, 180 V, 75 min). Gels
were visualized with a ChemiDoc XRS (Bio-Rad) by using Cy3 and
Cy5 multichannel settings (605/50 and 695/55, filters, respectively)
and stained with Coomassie or transferred to 0.2 mm polyvinyli-
dene difluoride membranes by using a Trans-Blot Turbo Transfer
system (Bio-Rad) after scanning. Fluorescence was normalized to
Coomassie staining or to the FLAG-tag signal and quantified with
Image Lab software (Bio-Rad).

Western blotting : Proteins were transferred to 0.2 mm polyvinyli-
dene difluoride membranes by using a Trans-Blot Turbo Transfer
system (Bio-Rad). Membranes were washed with TBS (50 mm Tris,
150 mm NaCl), washed with TBS-T (50 mm Tris, 150 mm NaCl,
0.05 % Tween 20), and then blocked with 5 % (w/v) milk powder in
TBS-T for 1 h at room temperature. Membranes were then incubat-
ed with primary antibody in 5 % milk TBS-T (a-FLAG: 1 h, RT),
washed three times with TBS-T, incubated with matching secon-
dary antibody in 5 % milk TBS-T (1 h, RT), and washed with TBS-T
and TBS. The blot was developed in the dark by using an imaging
solution (10 mL Luminol, 100 mL ECL enhancer, and 3 mL 30 % H2O2)
and chemiluminescence was visualized by using a ChemiDoc XRS
(Bio-Rad) system. The signal was normalized to Coomassie staining
and quantified with Image Lab software (Bio-Rad). Primary anti-
body: monoclonal mouse anti-FLAG (1:5000, Sigma–Aldrich,
F3165). Secondary antibody: HRP-coupled goat-anti-mouse
(1:5000, Santa Cruz, sc2005).

In situ activity-based proteomics

Sample preparation : The protocol was adapted from a previously
described procedure.[26] Cells were treated in situ, harvested, lysed,
and adjusted to 1 mg mL@1 protein concentration, as described
above. An aliquot (250 mL) was taken from each sample and to this
freshly prepared click mixture (25 mL), containing 1 mm CuSO4

(2.5 mL per sample, 100 mm in H2O), 5 mm sodium ascorbate
(1.25 mL per sample, 1 m in H2O), 0.4 mm THPTA (1 mL per sample,
100 mm in DMSO), 40 mm biotin–alkyne (2.5 mL per sample, 4 mm
in DMSO), and MilliQ (17.75 mL per sample), was added. Samples
were incubated for 1 h at 37 8C with shaking (300 rpm). Excess click
reagents were then removed by chloroform/methanol precipitation
followed by another wash with methanol. Precipitated proteomes
were then suspended in urea buffer (250 mL, 6 m urea and 25 mm
ammonium bicarbonate), dithiothreitol (DTT; 2.5 mL, 1 m) was
added, and the mixture was then incubated for 15 min at 65 8C
while shaking (600 rpm). The samples were then allowed to cool to
RT and then alkylated by the addition of iodoacetamide (20 mL,
0.5 m) for 30 min at RT in the dark. Addition of SDS (70 mL, 10 %, v/
v) was followed by heating at 65 8C for 5 min. For each sample,
50 % slurry of Avidin-Agarose from egg white (50 mL Sigma–Al-
drich) was washed with PBS (3W) and transferred in PBS (1 mL) to a
15 mL tube. To this, further PBS (2 mL) was added followed by the
corresponding proteome sample. The beads were incubated with
the proteome for 2 h at room temperature by using an overhead
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shaker. The beads were then isolated by centrifugation (2 min,
2500 g), washed with SDS in PBS (0.5 %, w/v), and washed with PBS
(3 V). The beads were then transferred to low-binding Eppendorf
tubes and proteins were digested overnight at 37 8C and 950 rpm
in digestion buffer (250 mL; 100 mm Tris, 100 mm NaCl, 1 mm CaCl2,
2 % acetonitrile, and 0.5 mg sequencing grade trypsin (Promega)).
Digestion was stopped by the addition of formic acid (12.5 mL) and
the beads were filtered off by centrifugation (2 min, 600 g) by
using a Bio-Spin column (Bio-Rad). Samples were then desalted by
using stage tips, collected in low-binding Eppendorf tubes, con-
centrated by using a SpeedVac (Eppendorf), and stored at @20 8C
until reconstitution before measurement.[27] All samples were pre-
pared in at least three biological replicates.

LC-MS/MS measurements and analysis : Samples were reconstituted
in LC-MS sample solution (50 mL; 3 % acetonitrile, 0.1 % formic acid,
20 fmol mL@1 enolase). Samples were then analyzed by using a
NanoACQUITY UPLC system (Waters) coupled to a SYNAPT G2-Si
high-definition mass spectrometer (Waters), as previously de-
scribed.[26, 28] Of each sample, 5 mL was loaded on a nanoEASE M/Z
Symmetry C18 trap column (particles 5 mm, 100 a, 180 mm V 20 mm,
Waters) with 0.1 % formic acid and separated on an nanoEASE M/Z
HSS C18 T3 analytical column (particles 1.8 mm, 75 mm V 250 mm,
Waters) heated at 80 8C. A multistep gradient running from 5 to
40 % acetonitrile, containing 0.1 % formic acid, during a 70 min
method at 300 nL min@1 was used to achieve peptide separation.
Survey scans (m/z 50–2000 Da) were acquired in the Synapt with a
scan time of 0.6 s in positive resolution mode. The collision energy
was set to 4 V in the trap cell for low-energy MS mode. For the ele-
vated energy scan, the transfer cell collision energy was ramped by
using drift-time specific collision energies. The lock mass was sam-
pled every 30 s. MS raw files were analyzed with ProteinLynx
Global SERVER (PLGS, v3.0.3, Waters). The MSE identification was
also performed with PLGS by using the human proteome from Uni-
prot (uniprot-homo-sapiens-trypsin-reviewed-2016-08-29.fasta). The
following parameter settings were used: low-energy threshold
150 counts, elevated-energy threshold 30, peptide and protein FDR
1 %, enzyme specificity trypsin, max missed cleavages max 2, varia-
ble modification methionine oxidation, fixed modification carbami-
domethylation cysteine, fragments/peptide 2, fragments/protein 5,
peptides/protein 1, and number of peptides to measure per pro-
tein 3. For label-free quantification, ISOQuant (v1.5) was used.[29, 30]

Data were filtered to retain only proteins with two or more report-
ed peptides and quantified in at least three replicates of the posi-
tive control (probe treated). Proteins were designated as signifi-
cantly enriched by the probe if they showed twofold enrichment
in quantification value relative to the negative control (vehicle
treated) with positive control (probe treated) samples and proba-
bility as determined by a Student’s t-test (<0.05).

Heat map competitive ABPP analysis : Only significantly enriched
ALDH enzymes were selected for analysis. The mean raw label-free
quantification (LFQ) intensities from quadruplicate measurements
were normalized to DMSO (= 0) and maximal LFQ STA-55 (= 1) for
each protein individually. The heat map was prepared by using
Graphpad Prism 7 software (Graphpad Software Inc.).
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