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Chapter 4

Biological Evaluation of LEI-945

Published as part of S.T.A. Koenders ef al., ACS Cent. Sci., 5, 1965-1974 (2019).

Introduction

Aldehyde dehydrogenases (ALDHs) perform an important role in cellular metabolism by
converting aldehydes into carboxylic acids, some of which perform important biological
roles, such as retinoic acid.! Aldehydes are intrinsically reactive and may bind to DNA or
proteins, resulting in cellular damage. A buildup of these metabolites in the cell is toxic.> Fast
conversion of such compounds into less toxic and easily excreted carboxylic acid metabolites
is therefore essential for cell survival and proliferation. The human ALDH family consists of
19 enzymes, each with its own preferred type of substrates and covering a wide range of

endogenous and exogenous aldehydes.>*
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Fig. 4.1 | Chemical structures of ALDH inhibitors and retinoids used in this chapter

Three ALDHs (ALDH1A1, ALDH1A2, ALDH1A3) have been shown to convert retinal into
retinoic acid and are therefore classified as retinaldehyde dehydrogenases.>* Retinoic acid
regulates many cellular and physiological functions. Enabling a specific readout of the
activity of these enzymes would allow researchers to study the individual contribution of
these enzymes to processes such as embryonic development, immunomodulation, neuronal

differentiation and (cancer) stem cell proliferation.>

Chapter 3 described the design and synthesis of the first-in-class retinal based probe
LEI-945 for the profiling of retinaldehyde dehydrogenases. In this chapter the biological
evaluation of activity-based probe (ABP) LEI-945 is reported.

Results and discussion

LC-UV/MS based assay for in situ retinal conversion

Most biochemical ALDH assays described in literature rely on the change in absorbance of
nicotinamide adenine dinucleotide (NAD™) upon conversion into NADH, which is produced
during enzymatic aldehyde dehydrogenation. However, the catalytic cysteine of ALDHs can
be easily oxidized in non-cellular environments. To overcome this problem these in vitro
assays rely on the addition of reducing agents, such as dithiothreitol or tris(2-
carboxyethyl)phosphine, to keep the cysteine in its reduced and catalytically active state.
Often in vitro assays are also performed in buffers with a pH of > 8.0, further increasing the
reactivity of the cysteine. As these assay conditions do not resemble physiologically relevant
conditions, there is a need for a cellular assay that reports directly on the formation of retinoic

acid by ALDH enzymes.
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Fig. 4.2 | Chemical structures of retinoid standards and data from in situ retinal conversion assay.

a, Chemical structures of retinoid standards. b, Detected values for each of the retinoid standards, detected

mass, retention time (RT) and wavelength maximum (Amax). €, Retinoic acid production by U20S cells

overexpressing ALDHs. Data represent mean values = SD; N = 3 biological replicates measured twice.

To determine whether recombinant ALDH enzymes are active and capable of converting

retinal, an in situ substrate assay was developed. It was envisioned that a LC-UV/MS-based

method could be established to measure the cellular conversion of retinal into retinoic acid.

First, the retention time and maximum wavelength (Amax) of retinoid standards were measured

on a LC-UV/MS using a gradient of 10% acetonitrile for 1.5 minutes followed by 90%

acetonitrile for 7.5 minutes (Supplementary Fig. 4.1).
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Fig. 4.3 | In situ retinal conversion assay using LC-UV/MS. Overlay of UV traces for mock, ALDHIAI,
ALDHI1A2 and ALDH1A3 overexpressed in U20S cells.

The Amax values were 324, 380, 356, 348 and 356 nm for retinol, retinal, all-trans-retinoic
acid (ATRA), 9-cis RA and 13-cis RA, respectively (Fig. 4.2b). This is consistent with
reported values in ethanol.” A calibration curve was made using a mixture of the five
standards which was measured at 324, 356 and 380 nm. The retention times of the retinoid
standards were 5.42, 6.00, 5.17, 5.13 and 4.88 minutes, respectively (Fig. 4.2b). The MS data

were used to confirm the correct assignment of the peaks (Fig. 4.2b).

ALDHI1A1, 1A2 and 1A3 were transiently overexpressed in U20S human osteosarcoma
cells. This cell line was used as it showed no endogenous conversion of retinal. Two days
after transfection, cells were treated with retinal (30 uM, 4 h) in medium with serum. Cells
were then lysed with acetonitrile. Insoluble compounds were removed by centrifugation. The
samples were concentrated, dissolved in LC-MS sample solution and measured using the
protocol previously described. An overlay of the UV traces for ALDH1A1, 1A2, 1A3 is
shown in Fig. 4.3.
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Fig. 4.4 | In situ l1abeling of ALDH by LEI-945 and competition with the natural substrate and pan-ALDH
inhibitor DEAB. a, /n situ labeling of ALDH1A1, ALDHIA2, ALDH1A3 transiently transfected in U20S
cells using LEI-945 (1 uM) for 1 h at 37 °C. Competition was performed with natural substrate retinal (100 pM)
or general ALDH inhibitor DEAB (100 uM). b, Competition of LEI-945 labeling of overexpressed ALDH
enzymes in U20S cells. Data represent mean values + SD; N = 3 experiments per group (biological replicates).

¢, In situ labeling of ALDH1A3YT and mutant ALDH1A3%314A with LEI-945 (1 uM) for 1 h at 37 °C.

Formation of ATRA and its cis-isomers is clearly catalyzed by all three ALDH isozymes. An
additional peak is detected at 4.92 minutes with the same mass as retinoic acid, probably
corresponding with 11-cis retinoic acid. Overexpression of ALDHI1A3'* in U20S
confirmed that Cys314 was required for the enzymatic activity of ALDH1A3 (Fig. 4.2¢).
These data show that recombinant ALDH1A1, ALDH1A2 and ALDH1AS3 are active and can
be used to establish whether LEI-945 acts as an activity-based probe for retinaldehyde
dehydrogenases.

LEI-945 reacts with overexpressed ALDHs in situ to form a covalent adduct

To assess whether LEI-945 acts as a retinaldehyde dehydrogenase ABP, pcDNA3.1 plasmids
containing either recombinant human ALDH1A1, ALDH1A2 or ALDH1A3 fused to a
FLAG-tag were transiently transfected in U20S cells. Living cells were treated with LEI-945
(1 uM) in serum free medium for 1 hour, lysed and the probe labelled proteins ligated with
Alexa Fluor 647 dye under copper(I)-catalysed azide-alkyne [2+3] cycloaddition conditions.
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The protein samples were resolved by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized by in-gel fluorescent scanning. A fluorescent
band at 55 kDa was apparent in samples harvested from all three transfected cell cultures, but
not in the mock-treated cells (Fig. 4.4a). All fluorescent bands were at the same height as the
signal generated by an a-FLAG antibody in a separate Western blotting experiment. This
molecular weight matches with that of the transfected retinaldehyde dehydrogenases,
suggesting that LEI-945 indeed reacted with these proteins in a covalent manner. Fluorescent
labeling intensity was reduced by pretreatment with retinal (100 uM) as well as with the

general ALDH inhibitor, DEAB (100 uM) (Fig. 4.4a,b).'°

Site-directed mutagenesis of the catalytic Cys314 into alanine in ALDH1A3, which was
chosen as a representative retinaldehyde dehydrogenase, abolished labeling of the enzyme
with LEI-945, whereas protein expression was not affected as determined by an o-FLAG
antibody (Fig. 4.4¢). Altogether, these data demonstrate that LEI-945 can efficiently label
ALDHIA1, ALDHIA2 and ALDHI1A3 in an activity-dependent manner by forming a

covalent and irreversible bond with the catalytic cysteine thiol.

Mapping of endogenous ALDHs in A549 lung cancer cells using LEI-945

To establish the potential of LEI-945 to detect endogenous retinaldehyde dehydrogenases,
non-small-cell lung cancer cell line A549, known to express ALDH1A1!"12, was incubated
with LEI-945. This yielded a fluorescent band at around 55 kDa, which could be significantly
and dose-dependently reduced by preincubation with either DEAB, retinal, disulfiram or

STA-186, with pICso values in the range of 5.0-5.9 (Fig. 4.5).

To find out which proteins are irreversibly and covalently labelled by LEI-945, a label-free
chemical proteomics experiment was performed. LEI-945 (1 uM, 1 h)-treated A549 cells
were lysed and reacted with biotin-N3, after which probe-labelled proteins were enriched for
by streptavidin bead pull-down. Subsequent tryptic digestion, protein identification and
quantification by mass spectrometry resulted in the identification 34 significantly enriched
proteins, including ALDHI1A1l, ALDH2, ALDH3A2 and ALDH3B1 (Fig. 4.6a,b,
Supplementary Table 1).
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Fig. 4.5 | In situ labeling of endogenous ALDHs by LEI-945 and competition with natural substrate and
inhibitors. /n situ labeling of endogenous ALDH enzymes in A549 lung cancer cells with LEI-945 (1 uM) and
competition with ALDH inhibitors or natural substrate. Graphs showing the pICs values + SD of several ALDH
inhibitors as determined by competitive ABPP with probe LEI-945 (1 uM). Data represent mean values = SD;

N =3 experiments per group (biological replicates).

To exclude the possibility that the warhead covalently binds to reactive cysteines irrespective
of recognition based on the retinal scaffold, the list of 34 proteins significantly enriched by
LEI-945 was compared with a list of the 150 most reactive cysteines. This list was compiled
by Cravatt et al."® using ABPP with the reactive nucleophile iodoacetamide in MDA-MB-
231, MCF7 and Jurkat cancer cell lines. Only two proteins (ALDH2 and RTN3) from this
list were identified as interacting partners of LEI-945. This suggested that the scaffold of
LEI-945 confers selectivity to its binding partners and does not randomly label proteins with

hyper reactive cysteines.
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Fig. 4.6 | ABPP of ALDHs in A549 cells. a, Fold-change (LEI-945/DMSO) plot for total proteins identified
in chemical proteomics experiment with probe LEI-945 (1 nM). Red lines indicate the threshold fold-change
of 2-fold 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 chemical proteomics experiment with probe LEI-945
(1 uM). Red lines indicate threshold values (fold-change > 2; p-value < 0.05) marking significantly enriched
proteins. Red dots represent significantly enriched ALDH enzymes. For parts a and b, data are from N=4

experiments (biological replicates).

Some of the proteins found, have been previously reported to interact with retinoids and
related lipids, such as sarcoplasmatic/endoplasmic reticulum calcium ATPase 2 (ATP2A2),
ADP/ATP translocase 2  (SLC25A5), ADP/ATP translocase 3  (SLC25A06),
voltage-dependent anion-selective channel protein 2 (VDAC2) and voltage-dependent
anion-selective channel protein 3 (VDAC3).!417

Pathway analysis using the KEGG'8, UniProt'® and PANTHER?® databases and DAVID?!
analytic tools, revealed that most enzymes and transporters are located in the endoplasmic
reticulum and mitochondria (Fig. 4.7a). Many proteins involved in fatty acid degradation,
B-alanine and histidine metabolism were enriched, which is in line with the proposed role of

ALDH enzymes in these cellular pathways (Fig. 4.7b).?

A significant number of unannotated proteins were found, which may be involved in
retinal/retinoic acid biochemistry and biology (Fig. 4.7¢). To investigate whether these
proteins are also targeted by retinal and DEAB, a competitive chemical proteomics
experiment was performed (Fig. 4.7d). Retinal inhibited over 85% of the targets of LEI-945,
including all identified ALDH enzymes apart from ALDH2, whereas DEAB was much more
selective and reduced the labeling of only three proteins (ALDH1A1l, ALDH2 and
PCNA-interacting partner (PARPBP)).
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Fig. 4.7 | Proteomics data of retinal interacting proteins in A549 cells. a, Subcellular localization of

significantly enriched proteins as annotated by the UniProt database. b, Top 6 pathways enriched in the group

of significantly enriched proteins as determined by screening on the KEGG database. ¢, Biological functions

annotated to significantly enriched proteins by the PANTHER database. d, Maximum abundance (white = low;
blue = high) and inhibition (blue = 0%; red = 100%) by pan-ALDH inhibitor DEAB (100 uM) and natural
substrate retinal (100 uM) in competitive ABPP experiments with LEI-945. Data are from N = 4 experiments

(biological replicates). e, In situ labeling of recombinant ALDH3A2 and EPHX1 with LEI-945 (1 uM) for 1 h

at 37 °C. Competition was performed with natural substrate retinal (100 pM).
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To validate the identified probe targets as retinoid-interacting proteins, we overexpressed
recombinant ALDH3A2 and epoxide hydrolase 1 (EPHX1) as representative examples in
U20S cells and fluorescently labelled them with LEI-945 (1 uM). Competition with retinal
(100 uM) confirmed their ability to bind retinoids (Fig. 4.7e). Taken together, these data
show that LEI-945 enables the detection of various retinaldehyde dehydrogenases and other

retinoid-interacting proteins in living human cells.

Conclusion

In conclusion, activity-based probe LEI-945 was validated as the first-in-class ABP for
ALDH wusing fluorescence and chemical proteomic approaches. LEI-945 labelled
overexpressed and endogenous retinaldehyde dehydrogenases in an activity-based fashion.
Using chemical proteomics 34 proteins, including ALDHIA1, ALDH2, ALDH3A2 and
ALDH3BI, have been significantly enriched from the A549 lung cancer cell line.
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Experimental procedures

In situ labeling experiments

ALDH plasmids. For the preparation of the 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. ALDHIA1, ALDHIA2,
ALDHI1A3 and ALDH3A2 were cloned into pcDNA3.1. A FLAG-linker was cloned into the vector at the C-terminus of ALDHI1AI,
ALDHI1A2 or ALDHIA3. EPHX1 (OHul4852D) was purchased directly from GenScript. Two step PCR mutagenesis was performed to
substitute the active site cysteine for an alanine in the ALDH1A3-FLAG to obtain ALDH1A3-C314A-FLAG. All plasmids were grown in
XL-10 Z-competent cells and prepped (Maxi Prep, Qiagen). The sequences were confirmed by sequence analysis at the Leiden Genome

Technology Centre.

Cell culture. U20S cells were grown in DMEM with stable glutamine and phenol red with 10% New Born Calf serum, penicillin and
streptomycin at 37 °C and 7% CO,. A549 cells were grown in DMEM with stable glutamine and phenol red with 10% New Born Calf
serum, penicillin and streptomycin at 37°C and 5% CO,. 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 contamination. Cultures were discarded after 2-3 months of

use.

Transient transfection in U20S. One day prior to transfection 4*10° U20S were seeded in a 6-wells plate. Cells were transfected by
addition of a 3:1 mixture of polyethyleneimine (6 pg) and plasmid DNA (2 pg) in 200 pL serum free medium per well. The medium was

refreshed after 24 hours and after 48 hours the cells were ready to be used.

In situ activity-based protein profiling. Growth medium from cells grown in 6-wells plate was removed and 1 mL serum free medium
containing probe LEI-945 (1 uM, 0.1% DMSO) was added. The cells were then incubated for 1 hour. The medium was then removed, the
cells were washed with 2 mL PBS and then harvested in 1 mL PBS using a cell scraper. The cells were moved to an Eppendorf tube and
the suspension was centrifuged for 5 minutes at 1200 rpm. The PBS was removed and the samples snap frozen and stored at -80 °C until

use.

In situ competitive activity-based protein profiling. Growth medium from cells grown in 6-wells plate was removed and 1 mL serum
free medium containing inhibitor or DMSO as vehicle was added (0.1% DMSO). After 1 hour of incubation 1 mL of serum free medium
containing probe LEI-945 (2 uM, 0.1% DMSO) was added. The cells were then incubated for another hour. The medium was then removed,
the cells were washed with 2 mL PBS and then harvested in 1 mL PBS using a cell scraper. The cells were moved to an Eppendorf tube
and the suspension was centrifuged for 5 minutes at 1200 rpm. The PBS was removed and the samples snap frozen and stored at -80 °C

until further use.

CuAAC reaction and in-gel fluorescence analysis. Cell pellets were thawed on ice, lysed by addition of ice-cold lysis buffer (MilliQ,
1x protease inhibitor cocktail (Roche cOmplete EDTA free)) and incubated on ice (15-30 min). The protein concentration was determined
by a Quick Start™ Bradford Protein assay (Bio-Rad). The protein fractions were diluted to a total protein concentration of 1 mg/mL. From
each sample 40 pL was taken and treated with 5 pL from a freshly prepared “click” mixture containing 9 mM CuSO, (2.5 pL/sample,
18 mM in H,0), 45 mM NaAsc (1.5 pL/sample, 150 mM in H,0), 1.8 mM THPTA (0.5 uL/sample, 18 mM in DMSO) and 9 uM Alexa
Fluor 647 azide (0.5 pL/sample, 90 uM in DMSO from Thermo Fischer Scientific). The samples were incubated for 1 hour at 37 °C and
then 15 puL 4x SDS page sample buffer was added. The samples were denatured at 100 °C for 5 minutes. 8 pug per sample was resolved on
a SDS-PAGE gel (10% acrylamide, 180 V, 75 min). Gels were visualized with a ChemiDoc XRS (Bio-Rad) using Cy3 and Cy5
multichannel settings (605/50 and 695/55, filters respectively) and stained with Coomassie or transferred to a 0.2 pm polyvinylidene
difluoride membranes by Trans-Blot Turbo™ Transfer system (Bio-Rad) after scanning. Fluorescence was normalized to Coomassie
staining or to FLAG-tag signal and quantified with Image Lab (Bio-Rad). ICsy curves were fitted with Graphpad Prism® 7 (Graphpad

Software Inc.).
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Western Blotting. Proteins were transferred to a 0.2 um polyvinylidene difluoride membranes by 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 NacCl, 0.05%
Tween 20) and then blocked with 5% w/v milk powder in TBS-T for 1 hour at room temperature. Membranes were then incubated with
primary antibody in 5% w/v milk powder TBS-T (a-FLAG: 1 h, RT), washed three times with TBS-T, incubated with matching secondary
antibody in 5% w/v milk powder TBS-T (1 h, RT) and washed with TBS-T and TBS. The blot was developed in the dark using an imaging
solution (10 mL Luminol, 100 uL ECL enhancer and 3 uL 30% H,0,) and chemiluminescence was visualized using a ChemiDoc XRS
(Bio-Rad). The signal was normalized to Coomassie staining and quantified with Image Lab (Bio-Rad). Primary antibodies: monoclonal

mouse anti-FLAG (1:5000, Sigma-Aldrich, F3165). Secondary antibodies: HRP-coupled goat-anti-mouse (1:5000, Santa Cruz, sc2005).

In situ retinal conversion LC-UV/MS assay

Sample preparation. U20S cells were grown in 6-wells plates and transiently transfected (N = 3). After 48 hours growth medium was
replaces with medium containing retinal (30 uM) with serum. Cells were incubated for 4 hours, then washed with PBS and then PBS (1250
uL) was added. Cells were harvested using a cell scraper and then suspended in PBS. 1 mL of the suspension was moved to low-binding
Eppendorf tube and 250 pL to a separate Eppendorf tube used to check for successful overexpression. The low-binding Eppendorf tube
was spun down at 1000 g for 5 min and then PBS was removed. Samples were snap frozen and stored at -80 °C until needed. A live/dead
count was performed on the cells in the remaining Eppendorf tube after which cells were lyzed using a probe sonicator (5 sec, 30%).
Samples were then denatured and loaded on gel, transferred to a membrane and the overexpression visualized using anti-FLAG antibody.
When required low-binding Eppendorf tubes were thawed on ice after which acetonitrile (600 uL, LC-MS grade) was added. The cells
were lyzed using a probe sonicator (5 sec, 30%) and spun down (14000 g, 5 min). The lysate was transferred to a new low-binding Eppendorf
tube. Lysates were collected in low-binding Eppendorf tubes, concentrated using a SpeedVac (Eppendorf) and reconstituted in LC-MS
sample solution (110 pnL, 90% acetonitrile). Samples were vortexed, spun down (14000 g, 5 min) and transferred (100 puL) to a LC-MS vial

after which they were measured.

LC-UV/MS measurement and analysis. Samples were injected onto a C18 column (50 x 4.6 mm, 3 pum; Nucleodur Gravity, Macherey-
Nagel) connected to a Vanquish UHPLC system (Thermo Scientific) with a Vanquish Diode Array detector (Thermo Scientific) coupled
to a LCQ™ Fleet (Thermo Scientific) via electrospray ionisation (ESI). Acetonitrile and water containing TFA (0.1%) were used for
chromatographic separate of the retinoids. The solvent gradient was run from 10% acetonitrile for 1.5 min and then increased to 90% for
7.5 min. UV spectra were recorded between 200 and 600 nm. A calibration curve was made from a mix of retinoid standards (retinol,
retinal, all-zrans retinoic acid, 9-cis retinoic acid and 13-cis retinoic acid) measured at increasing concentrations (10 nM, 25 nM, 50 nM,
100 nM, 250 nM, 500 nM, 1 uM and 2 uM; N = 2, n = 4). Samples were then measured in duplo with a washing step after each sample.
Quantification was performed using Xcalibur™ software (Thermo Scientific) after which the ratio between the UV spectra selected at 324,
356 and 380 nm were calculated for each peak to determine their purity. Concentrations were calculated using the calibration curve and
averaged over the two measurements. The percentages of each retinoid as part of the total amount of retinoids detected in the samples were

calculated.
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In situ activity-based proteomics

Sample preparation. Protocol adapted from previously described procedure.? Cells were treated in situ, harvested, lysed and adjusted to
1 mg/mL protein concentration as described above. 250 pL was taken from each sample and to this 25 pL freshly prepared “click” mixture
containing 1 mM CuSO4 (2.5 pL/sample, 100 mM in H,0), 5 mM NaAsc (1.25 pL/sample, 1 M in H,0), 0.4 mM THPTA (1 pL/sample,
100 mM in DMSO), 40 uM biotin-Nj (2.5 pL/sample, 4 mM in DMSO) and MilliQ (17.75 pL/sample) was added. Samples were incubated
for 1 hour at 37 °C while shaking (300 rpm). Excess click reagents were then removed by chloroform/methanol precipitation followed by
a wash with methanol. Precipitated proteomes were then suspended in urea buffer (250 pL, 6 M urea and 25 mM ammonium bicarbonate),
DTT (2.5 uL, 1M) was added and the mixture was then incubated for 15 min at 65 °C while shaking (600 rpm). The samples were then
allowed to cool down to RT and then alkylated by addition of iodoacetamide (20 pL, 0.5 M) for 30 minutes at RT in the dark. Addition of
SDS (70 uL, 10% (v/v)) was followed by heating at 65 °C for 5 minutes. For each sample 50 uL 50% slurry of Avidin-Agarose from egg
white (Sigma-Aldrich) was washed three times with PBS and transferred in PBS (1 mL) to a 15 mL tube. To this another 2 mL of PBS was
added followed by the corresponding proteome sample. The beads were incubated with the proteome for 2 hours at room temperature using
an overhead shaker. The beads were then isolated by centrifugation (2 min, 2500 g), washed with SDS in PBS (0.5% (w/v)) and washed
three times with PBS. The beads were then transferred to low-binding Eppendorf tubes and proteins were digested overnight at 37 °C and
950 rpm shaking in 250 puL digestion buffer (100 mM Tris, 100 mM NaCl, 1 mM CaCl,, 2% acetonitrile and 0.5 pg sequencing grade
trypsin (Promega)). Digestion was stopped by addition of formic acid (12.5 uL) and the beads filtered off by centrifugation (2 min, 600g)
using a Bio-Spin column (Bio-Rad). Samples were then desalted using stage tips, collected in low-binding Eppendorf tubes, concentrated
using a SpeedVac (Eppendorf) and stored at -20 °C until reconstitution before measurement.?* All samples were prepared in at least three

biological replicates.

LC-MS/MS measurement and analysis. Samples were reconstituted in LC-MS sample solution (50 pL, MilliQ, 3% acetonitrile/0.1%
formic acid/20 fmol/uL enolase). Samples were then analysed using a NanoACQUITY UPLC System (Waters) coupled to a SYNAPT
G2-Si high-definition mass spectrometer (Waters) as previously described.?>** Of each sample 5 uL was loaded on a nanoEASE™ M/Z
Symmetry C18 trap column (particles 5 pm, 100 A , 180 pm x 20 mm, Waters) with 0.1% formic acid and separated on an nanoEASE™
M/Z HSS C18 T3 analytical column (particles 1.8 pm, 75 pm x 250 mm, Waters) heated at 80 °C. A multistep gradient running from 5-40%
acetonitrile containing 0.1% formic acid during a 70 minute method at 300 nL/min 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 seconds in positive, resolution mode. The collision energy is set to
4 V in the trap cell for low-energy MS mode. For the elevated energy scan, the transfer cell collision energy is ramped using drift-time
specific collision energies. The lock mass is sampled every 30 seconds. MS raw files were analysed with ProteinLynx Global SERVER
(PLGS, v3.0.3, Waters). The MSF identification was also performed with PLGS using the human proteome from Uniprot
(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, variable modification
methionine oxidation, fixed modification carbamidomethylation cysteine, at least: fragments/peptide 2, fragments/protein 5,
peptides/protein 1 and number of peptides to measure per protein 3. For label-free quantification ISOQuant (v1.5) was used.?>* Data were
filtered to retain only proteins with two or more reported unique peptides and quantified in at least 3 replicates of the positive control
(probe-treated). Proteins were designated as significantly enriched by the probe when they showed 2-fold enrichment in quantification
value when comparing negative control (vehicle-treated) with positive control (probe-treated) samples, probability as determined by a
Student’s ¢ test (<0.05) and Benjamini-Hochberg correction with an FDR of 10%. The mass spectrometry proteomics data (raw data and
IsoQuant output tables for proteins groups and peptides) have been deposited in the ProteomeXchange Consortium

(http://proteomecentral. proteomexchange.org) via the PRIDE partner repository with the dataset identifier PDX015495.27-2

Heatmap Competitive ABPP analysis. Only proteins significantly enriched were selected for analysis. Proteins were sorted on their
maximal abundance. The mean raw LFQ intensities from quadruplicate measurements were normalized to DMSO (= 0) and maximal LFQ

LEI-945 (= 1) for each protein individually. The heatmap was prepared using Graphpad Prism® 7 (Graphpad Software Inc.).
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Supplementary Table 4.1 | Proteins significantly enriched using LEI-945 (1 pM) in AS549 cells
corresponding to Fig. 4.6b.

Fold Significance

Name Gene name  Accession Uniprot ID change (-logio)
Retinol dehydrogenase 11 RDHI1 Q8TC12  RDHI1 HUMAN 20 2,1
Receptor expression-enhancing protein 5 REEP5 Q00765 REEP5 HUMAN 20 33
Peptidyl-tRNA hydrolase 2 mitochondrial PTRH2 QI9Y3ES PTH2 HUMAN 20 2,1
Histidine triad nucleotide-binding protein 3 HINT3 QINQE9  HINT3 HUMAN 20 2,1
Cytochrome b5 type B CYB5B 043169 CYB5B_HUMAN 20 2,0
Transmembrane protein 245 TMEM245  Q9H330 TM245 HUMAN 20 2,6
Probable glutathione peroxidase 8 GPX8 Q8TEDI1 GPX8 HUMAN 20 1,9
Extended synaptotagmin-2 ESYT2 AOFGR8  ESYT2 HUMAN 20 2,5
Reticulon-3 RTN3 095197 RTN3 HUMAN 20 24
Aldehyde dehydrogenase family 3 member Bl ALDH3BI1 P43353 AL3B1 HUMAN 20 2,0
Fatty aldehyde dehydrogenase ALDH3A2  P51648 AL3A2 HUMAN 16,9 2,0
Voltage-dependent anion-selective channel protein 3 VDAC3 Q9Y277 VDAC3 HUMAN 12,1 2,2
INeutral cholesterol ester hydrolase 1 NCEH1 Q6PIU2 NCEHI HUMAN 10,8 22
Voltage-dependent anion-selective channel protein 2 VDAC2 P45880 VDAC2 HUMAN 8,5 2,0
Aldehyde dehydrogenase mitochondrial ALDH2 P05091 ALDH2 HUMAN 6,7 2,2
Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 ATP2A2 P16615 AT2A2 HUMAN 6,6 2,4
Cytoskeleton-associated protein 4 CKAP4 Q07065 CKAP4 HUMAN 5,6 2,2
PRA1 family protein 2 PRAF2 060831 PRAF2 HUMAN 5,0 2,1
Carnitine O-palmitoyltransferase 1 _liver isoform CPTIA P50416 CPTIA HUMAN 5,0 2,5
Mitochondrial carrier homolog 2 MTCH2 Q9Y6C9  MTCH2 HUMAN 4,5 4,3
Large neutral amino acids transporter small subunit 1 SLC7AS5 Q01650 LAT1 HUMAN 33 2,3
Microsomal glutathione S-transferase 3 MGST3 014880 MGST3 HUMAN 3,0 1,6
PCNA-interacting partner PARPBP QINWS1 PARI HUMAN 2,7 2,4
4F2 cell-surface antigen heavy chain SLC3A2 P08195 4F2_HUMAN 2,7 2,3
Retinal dehydrogenase 1 ALDHIA1  P00352 AL1A1 HUMAN 2,7 2,2
Dolichyl-diphosphooligosaccharide--protein

|glycosyltransferase subunit 2 RPN2 P04844 RPN2_HUMAN 2,7 2,1
ADP/ATP translocase 2 SLC25A5 P05141 ADT2 _HUMAN 2,6 1,8
Ubiquitin-40S ribosomal protein S27a RPS27A P62979 RS27A_HUMAN 2,6 2,3
Transmembrane protein 33 TMEM33 P57088 TMM33 HUMAN 2,6 2,1
ADP/ATP translocase 3 SLC25A6 P12236 ADT3 HUMAN 2,4 1,9
Epoxide hydrolase 1 EPHX1 P07099 HYEP HUMAN 2,4 1,9
Phosphate carrier protein _mitochondrial SLC25A3 Q00325 MPCP_HUMAN 2,3 1,9
Calnexin CANX P27824 CALX HUMAN 2,2 1,9
Equilibrative nucleoside transporter 1 SLC29A1 Q99808 S29A1 HUMAN 22 29
Ras-related protein Rab-10 RABI10 P61026 RAB10 HUMAN 2,1 1,9
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Supplementary Fig. 4.1 | LC-UV/MS spectra for retinoid standards. LC-MS traces and absorption spectra
of retinoid standards used in this study. Retention time and maximum wavelength (Amax) of each retinoid were
determined using a gradient of 10% acetonitrile for 1.5 minutes followed by 90% acetonitrile for 7.5 minutes.
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