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Abstract

Avrylfluorosulfates have appeared only rarely in the literature and have not been explored as probes
for covalent conjugation to proteins, possibly because they were assumed to possess high
reactivity, as with other sulfur(\V1) halides. However, we find that arylfluorosulfates become
reactive only under certain circumstances, e.g., when fluoride displacement by a nucleophile is
facilitated. Herein, we explore the reactivity of structurally simple arylfluorosulfates towards the
proteome of human cells. We demonstrate that the protein reactivity of arylfluorosulfates is lower
than that of the corresponding aryl sulfonyl fluorides, which are better characterized with regard to
proteome reactivity. We discovered that simple hydrophobic arylfluorosulfates selectively react
with a few members of the intracellular lipid binding protein (iLBP) family. A central function of
iLBPs is to deliver small-molecule ligands to nuclear hormone receptors. Arylfluorosulfate probe
1 reacts with a conserved tyrosine residue in the ligand-binding site of a subset of iLBPs.
Arylfluorosulfate probes 3 and 4, featuring a biphenyl core, very selectively and efficiently modify
cellular retinoic acid binding protein 2 (CRABP2), both /n vitroand in living cells. The x-ray
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crystal structure of the CRABP2-4 conjugate, when considered together with binding site
mutagenesis experiments, provides insight into how CRABP2 might activate arylfluorosulfates
toward site-specific reaction. Treatment of breast cancer cells with probe 4 attenuates nuclear
hormone receptor activity mediated by retinoic acid, an endogenous client lipid of CRABP2. Our
findings demonstrate that arylfluorosulfates can selectively target single iLBPs, making them
useful for understanding iLBP function.

INTRODUCTION

Among sulfur(V1) halides, arylfluorosulfates (Ar-O-SO,-F) and aryl sulfony! fluorides (Ar-
SO,-F) are especially interesting because they are relatively unreactive toward hydrolysis,
reduction, nucleophilic substitution, thermolysis, etc.1~13 When reactions do occur, they
appear to occur exclusively at the sulfur center.1-3:14-17 A sulfur(V1) fluoride exchange
(SUFEXx) reaction® occurs when a fluoride anion is displaced from a sulfur center by a
nucleophile, and these are understudied with regard to other protein bioconjugation
reactions. In contrast to other well-studied electrophiles that modify proteins, such as
fluorophosphonates, 1819 vinyl sulfones,20-22 and acrylamides, 2324 the sulfur(V1) fluoride
functional groups, and especially arylfluorosulfates, are exceedingly weak electrophiles that
require protein binding-associated activation to become reactive (see below).

The contrast between the high kinetic stability of arylfluorosulfates and their activatable
reactivity when bound to a protein likely stems from stabilization of the departing fluoride
ion by local environmental factors (e.g., by interacting with a hydrogen bond donor within
the protein binding site and/or by electric field interfacial effects within the protein binding
site to extract the fluoride anion and/or an aqueous-hydrophobic interface) during sulfur(\V1)
attack by a proximal protein-bound nucleophile.125-38 These properties suggest that sulfur
exchange reactions have potential to become context-dependent click reactions.39-41

Unlike arylfluorosulfates, the sulfur fluoride exchange reactivity of aryl sulfonyl fluorides
with proteins has been extensively explored in the 1960s by pioneering studies of Baker4-13
and is exemplified by their covalent inhibition of numerous proteins, including enzymes
(dihydrofolate reductase,23 fatty acid amide hydrolase,*? and serine proteases)*344 and non-
enzymes (transthyretin).1” Sulfonyl fluorides react with the side chains of various amino
acids, such as serine, lysine and tyrosine, depending on the protein context.1:214-16:45 \\fe
recently reported fluorogenic arylfluorosulfates A1 and A2, which bind to human
transthyretin non-covalently, and enable fluorescence imaging of this protein.*6 The low
reactivity of these arylfluorosulfates towards the HeLa cell human proteome was hinted at
by the small number of fluorescent A1 or A2 conjugate bands in the SDS PAGE whole HelLa
cell proteome analysis (Figure S1). The results also suggested that, when arylfluorosulfates
exhibit moderate to high affinity reversible binding to a given protein, they can selectively
react, as long as the protein binding site provides the means to activate the arylfluorosulfates
to undergo the SUFEX reaction (see below) with a proximal nucleophile. Herein, we compare
the basal levels of the proteome reactivity of aryl sulfonyl fluorides with that of
arylfluorosulfates, and then focus on studying the latter more extensively.
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We find that arylfluorosulfates are substantially less reactive in acid-base catalyzed SUFEx
reactions with the human cell proteome in comparison to the better-known aryl sulfonyl
fluorides. The simple arylfluorosulfates employed in this manuscript chemoselectively react
with a conserved tyrosine phenolic group within the binding site of intracellular lipid
binding proteins (iLBPs). A central function of the non-enzyme iLBPs is to deliver
hydrophobic small molecule organic ligands to nuclear hormone receptors—transcription
factors that are activated upon ligand binding.4”-51 Arylfluorosulfate probes 3 and 4, both
featuring a biphenyl core, covalently modify cellular retinoic acid binding protein 2
(CRABP2) with high efficiency and selectivity relative to the other iLBPs, both /n vitro and
in living cells. The crystal structure of the CRABP2-4 conjugate at 1.75 A resolution, along
with CRABP2 binding site mutagenesis / SUFEXx data, provide insight as to how binding
might activate arylfluorosulfate probes 3 and 4 and hint at how CRABP2 might bind these
small molecules reversibly and selectively. Importantly, probe 4 inhibits CRABP2 and
RARa-mediated retinoic acid (RA) signaling in a breast cancer cell line.

EXPERIMENTAL SECTION

Lysate preparation and fluorescence electrophoresis gel analysis

HelLa cells prepared under different transfection and probe-labeling conditions were
collected by scraping the culture dishes. Cells were washed three times with phosphate
buffered saline (PBS; pH 7.4) to remove residual free arylfluorosulfate probe, and sonicated
in PBS to generate whole-cell lysates.>2 The total protein concentration of lysates was
measured using the micro bicinchoninic acid (BCA) assay (Thermo Scientific). A copper(l)-
catalyzed azide-alkyne cycloaddition or CUAAC click reaction was used to covalently attach
a fluorophore to the alkyne moiety of the protein-conjugates derived from arylfluorosulfates
(Reaction not conducted for native polyacrylamide gel electrophoresis (PAGE)
experiments).41:53-57 SDS loading buffer [or Native-PAGE Sample Buffer (Thermo
Scientific) for native PAGE experiments] was then added to each sample, and the samples
were boiled for 5 min (No boiling step was performed for native PAGE experiments).
Proteins were resolved by SDS-PAGE gel (4-12%, Thermo Scientific) or using a Native-
PAGE gel (Thermo Scientific). For fluorescence visualization, wet slab gels were scanned
using a ChemiDoc MP Imaging system (Bio-Rad).

Affinity capture of protein conjugates via CUAAC click reaction

Addition of biotin-azide (B10184, Thermo Scientific) or rhodamine-azide®® to the alkyne
moiety on the arylfluorosulfate probe-labeled proteins in whole-cell lysates was carried out
as previously published®6:57:59 with minor modifications. For appending rhodamine-azide to
the alkyne moiety of the conjugate, 50 uL of 1-2 mg/mL lysate was used for each reaction.
20 mM CuSOy solution was pre-incubated with 20 mM 2-[4-({bis[(1-tert-butyl-1H-1,2,3-
triazol-4-yl)methylJamino}methyl)-1H-1,2,3- triazol-1-yl]Jacetic acid®’ (BTTAA) solution
(1:2) before this solution was added to the lysates. The reagents for CUAAC in lysates were
added in the following order: 1 uL of 5 mM rhodamine-azide in DMSO, 7.5 pL of Cu-
BTTAA (1:2) mixture, and 2.5 uL of 100 mM sodium ascorbate solution (freshly prepared).
The reaction mixtures were then briefly stirred and incubated at 30 °C for 1 h. For
appending biotin-azide to the alkyne moiety, 1000 pL of 2 mg/mL lysate was used for each
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reaction. The reagent amounts were proportionally increased, except that 5 mM biotin-azide
stock solution was used instead of a 5 mM rhodamine-azide solution.

Western blot analysis

The wet slab gels were transferred to polyvinylidene difluoride (PVDF) membranes (Bio-
Rad), which were subsequently blocked with Odyssey Blocking Buffer (LI-COR Corp.) for
1 hat 25 °C or overnight at 4°C. Western blot analysis was performed with a rat monoclonal
a-fatty acid binding protein 5 (FABP5) antibody (MAB3077, R&D systems), a rabbit
polyclonal a-CRABP2 antibody (PA5-27451, Thermo Scientific), a rabbit polyclonal a-
FABP4 antibody (PA5-13452, Thermo Scientific) or a rabbit polyclonal a-FABP3 antibody
(ARP-47482-P050, Avivasyshio), followed by secondary a-rat or a-rabbit antibodies
(IRDye 800 or IRDye 680, LI-COR Corp.). The PVDF membranes were scanned using the
LI-COR Odyssey Imager (LI-COR Corp.).

Stable isotope labeling by amino acids in cell culture (SILAC)-mass spectrometry (MS)

analysis

Dulbecco's Modified Eagle Medium (DMEM) for SILAC and amino acids were purchased
from ThermoFisher and heavy isotope-labeled media was supplemented with 13Cg 15N, L-
arginine, and 15Cg L-lysine. Heavy isotope-labeled HeL a cells were treated with a given
arylfluorosulfate probe (40 uM) and light isotope-labeled HelLa cells were treated with
vehicle (DMSO, final concentration 0.2%) for 16 h. Heavy and light cells were collected,
washed in PBS three times and lysed by sonication (see above for details). After determining
the total protein concentration of lysates by microBCA assay (Thermo Scientific), 2 mg/mL
heavy and light proteomes were mixed 1:1, and probe-labeled proteins were conjugated to a
biotin-azide tag (B10184, Thermo Scientific) by a CUAAC click reaction. The treated
proteomes were then pelleted by MeOH/CHCI3 (3:1) precipitation. Excess reagents and
biotin-azide were removed by MeOH/CHCI3 (1:1) washing/sonication steps. Washed pellets
were briefly dried, and resuspended in 6 M urea / 25 mM ammonium bicarbonate solution,
2.5% SDS solution. The solubilized proteomes were treated with dithiothreitol (7.5 mM) at
65 °C for 15 min, briefly cooled on ice, and treated with iodoacetamide (30 mM) at 25 °C
for 30 min in the dark. Probe-labeled proteins were enriched using streptavidin beads
(20347, Thermo Scientific) and washed once with 1% SDS in PBS and 3 times with PBS.
Enriched proteins were digested on-bead with trypsin (V5111, Promega) and the resulting
tryptic peptides were analyzed by liquid chromatography-mass spectrometry (LC-MS) on a
Q-Exactive mass spectrometer equipped with an EASY-nLC 1000 system (Thermo
Scientific). Multi-dimensional protein identification technology (MuDPIT) experiments
were performed by 5 min sequential injections of 0, 20, 50, 80, 100 % buffer C (500 mM
ammonium acetate in buffer A) and a final step of 90% buffer C / 10% buffer B (20 % water,
80 % acetonitrile, 0.1 % formic acid, v/v/v) and each step followed by a gradient from buffer
A (95 % water, 5 % acetonitrile, 0.1 % formic acid) to buffer B. Electrospray was performed
directly from the analytical column by applying a voltage of 2.5 kV with an inlet capillary
temperature of 275°C. Data-dependent acquisition of MS/MS spectra were performed with
the following settings: eluted peptides were scanned from 400 to 1800 m/z with a resolution
of 30000, with the mass spectrometer in a data dependent acquisition mode. The top ten
peaks for each full scan were fragmented by higher-energy collisional dissociation (HCD)
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using a normalized collision energy of 30%, a 100 ms activation time, and a resolution of
7500. Dynamic exclusion parameters were 1 repeat count, 30 ms repeat duration, 500
exclusion list size, 120 s exclusion duration, and exclusion width between 0.51 and 1.51.
Peptide identification was performed using the Integrated Proteomics Pipeline Suite (P2,
Integrated Proteomics Applications, Inc.) and SILAC quantification was performed using
CIMAGE as described previously.%0 To confidently identify targets of our arylfluorosulfate
probes in the SILAC mass spectrometry experiments, we manually applied a filter that a
given protein had to be identified with at least two peptides in at least 2 out of 3 replicates.

Tandem mass spectrometry analysis

Arylfluorosulfate probe-labeled proteins were precipitated using MeOH/CHCI3 as described
above. The protein pellets were resuspended in 8 M urea / 50 mM Tris pH 8.0, reduced with
10 mM DTT for 30 min, alkylated with 12 mM iodoacetamide for 30 min in the dark and
finally diluted to 2 M urea. Proteins were digested with trypsin (1:50 ratio) for 18 h at 37 °C.
LC-MS analysis was carried out using the instrument and settings described above and a
single gradient from buffer A to 80% buffer B. Peptide identification was carried out using
IP2, followed by manual assignments of the MS2 spectra of the probe-labeled peptides.

Plasmid construction

The DNA for human CRABP2, FABP5, FABP3 and FABP4 were synthesized by integrated
DNA technologies (gBlocks) and subcloned into the pET22b vector using PIPE cloning
methods8? for the expression of C-terminal Hisg-tagged recombinant proteins. Wild-type
FABP4 became disulfide-crosslinked during purification and deletion of the Cys2 residue
eliminated this problem. The DNA for CRABP2 was subcloned into a pET28b vector using
PIPE cloning methods®? for the expression of N-terminal Hisg-tagged recombinant protein
with a tobacco etch virus (TEV) protease cleavage site between the Hisg-tag and CRABP2.
All mutations were introduced by QuikChange site-directed mutagenesis per the
manufacturer’s instructions (Agilent Technologies). Plasmids of GFP-CRABP2 and FABP5-
GFP were kindly provided by Professor Noa Noy from Case Western Reserve
University.62.63

Protein expression and purification

The pET22b vectors encoding FABP5, FABP4, FABP3 and CRABP2 variants were
transformed into BL21 Star (DE3) competent cells (Invitrogen). When the bacteria reached
an ODgqq of 0.6-0.8, protein expression was induced with 1 mM isopropyl p-D-1-
thiogalactopyranoside (IPTG, BioPineer Inc.) for 4 h at 37 °C. Hisg-tagged proteins were
affinity purified using Ni-NTA resin (Qiagen) in PBS containing 10 mM imidazole and were
eluted with PBS containing 500 mM imidazole. Eluted proteins were further purified by
size-exclusion chromatography (Superdex 200, GE Healthcare) in PBS. Purified proteins
were analyzed for purity by SDS-PAGE and Coomassie blue staining. FABP5 lacking any
tags was from Sino Biological Inc. (12581-HNAE).
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Labeling kinetics

Labeling rates were measured by incubating recombinant CRABP2-Hisg (2.5 pM) with
varying concentrations (7, 10, 20, 40, 60 or 100 uM) of arylfluorosulfate probe 3 (25 °C) in
50 mM sodium phosphate buffer (pH 8.0), 100 mM NaCl. The reaction was quenched at
different time points (£ by the addition of SDS loading buffer followed by boiling for 5 min.
The boiled samples were resolved by SDS-PAGE and the wet slab gels were scanned to
visualize the fluorescence signal from the probe 3-CRABP2 conjugate using a ChemiDoc
MP Imaging system (Bio-Rad). The fluorescence intensity (~,) of the probe 3-CRABP2
conjugate was quantified with ImageJ54 and plotted as a function of time to derive the
observed rate constant (k,ps) Using the equation,

Fi=(Fy) x exp(—kops X t)

where F_ is the fluorescence intensity of the fully labeled probe 3-CRABP2 conjugate.
Steady-state Kinetic parameters were derived by fitting s to the equation,

kobs :kinact [ 3] / (KL + [ 3} )

where Kjn4c¢ 1S the rate constant of the chemical step, and Kjis the probe 3 concentration that
provides half of the maximal rate.5® The diarylsulfate ester product appears to be very stable
to hydrolysis.1 25

Crystallization and structure determination of CRABP2—4 conjugate

The N-terminal Hisg-tagged CRABP2 with a TEV protease cleavage site was expressed and
affinity purified using Ni-NTA resin following the above-mentioned protocol. The eluted
Hisg-TEV-CRABP2 protein was dialyzed against PBS at 4°C overnight, and then cleaved by
Ac-TEV protease (Thermo Scientific) following the manufacturer’s instructions. Ac-TEV
protease and uncleaved Hisg-TEV-CRABP2 were removed by Ni-NTA resin and the
cleaved, tag-less CRABP2 was obtained in the flow through. The purified tag-less CRABP2
(25 uM) was modified by probe 4 (100 pM) for 2 h and the probe 4-CRABP2 conjugate was
purified by size-exclusion chromatography (Superdex 200, GE Healthcare) in PBS. The
purified CRABP2-4 conjugate was concentrated to 13 mg/mL before being screened for
crystallization on the high-throughput robotic Rigaku CrystalMation platform at the Joint
Center for Structural Genomics (JCSG) facility at The Scripps Research Institute. Crystals
of the CRABP2-4 conjugate were obtained via the sitting-drop vapor-diffusion method at
20 °C in a crystallization reagent consisting of 20% (w/v) PEG3350 and 200 mM KH,POy.
Crystals were cryoprotected by brief immersion in a mixture of mother liquor:glycerol
(70:30) prior to flash-cooling in liquid nitrogen.

Diffraction data were collected at beamline 12-2 at the Stanford Synchrotron Radiation
Lightsource (SSRL) using an X-ray beam of wavelength 0.9784 A. Frames were indexed
and integrated using the XDS package, the space group was assigned as P2,2421 using
Pointless, and the data were scaled using Scala.56 Reflection intensities were converted to
amplitudes using Truncate.5” Five percent of reflections were flagged for model cross-
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validation using Ryree. The structure of the CRABP2-4 conjugate was solved v7a molecular
replacement in Phaser88 using an initial model of apo-CRABP2 derived from PDB entry
2FS6.59 Two copies of CRABP2 were found in the asymmetric unit. The model was refined
to 1.75 A resolution in Refmac57%-72 using TLS parameters and hydrogen atoms included at
riding positions. Ligand restraints were generated using the GRADE server.’3

Quantitative RT-PCR (gPCR)

RESULTS

MCEF-7 cells were cultured in DMEM supplemented with charcoal-treated fetal bovine
serum (FBS), 1% glutamine, 1% sodium pyruvate, 1% non-essential amino acids, 1%
HEPES, 10 pg/ml Insulin and 1% penicillin/streptomycin. Cells were treated with retinoic
acid (100 nM) and compound 4 as described at 37 °C, washed with Dulbecco’s phosphate-
buffered saline, and RNA was extracted using the Quick-RNA MiniPrep Plus Kit (Zymo
Research). gPCR reactions were performed on cDNA prepared from 500 ng of total cellular
RNA using the QuantiTect Reverse Transcription Kit (Qiagen). The 2x Fast SYBR Green
gPCR Master Mix (Biotool), cDNA, and appropriate human primers (CRBPFI,
ctccagtcactccccgaaat and cgtectgeacgatctctttyg; FABPS: tggccaagecagattgtate and
ctgccatcagetgtggtttc, CRABPZ. caaggttggggaggagtttg and gttccccategttggtcagt) purchased
from Integrated DNA Technologies were used for amplifications (5 min at 50 °C, 6 min at
95 °C, followed by 45 cycles of 15 s at 95 °C, 1 min at 60 °C) in an ABI 7900HT Fast Real
Time PCR machine. Transcripts were normalized to the housekeeping gene RPLP2and all
measurements were performed in triplicate. Data were analyzed using the RQ Manager and
DataAssist 2.0 software packages (ABI).

Arylfluorosulfates were synthesized directly from the phenols and SO,F, following the
procedure of Dong et a/.! Briefly, phenols dissolved in basic (EtzN) dichloromethane were
treated with SO,F, gas v/a an inflated balloon. Pure products were generally obtained in
quantitative yield without column chromatography. For the probes that contain a
polyethylene glycol (PEG) moiety, a high performance liquid chromatography (HPLC)
purification step was used to remove residual impurities. To facilitate the detection of the
protein-arylfluorosulfate conjugates of interest, we synthesized arylfluorosulfates containing
a terminal alkyne moiety. This alkyne allows us to employ the CuUAAC bioconjugation
method (click reaction)?%:54 to attach a tag to the protein-arylfluorosulfate conjugates. A
non-environmentally sensitive fluorescent visualization tag was attached for SDS-PAGE
analysis or a biotin-azide tag was conjugated for affinity purification-mass spectrometry
evaluation.58

We first investigated whether simple arylfluorosulfate probes functionalized with an alkyne
could covalently modify proteins in living human cells. Probe 1 has a solubilizing PEG
substructure, whereas probe 2 lacks this feature. Probes 1 and 2 emerged from efforts to
optimize arylfluorosulfate preparation, and were not “designed” to probe proteome
reactivity. HelLa cells were treated with vehicle or arylfluorosulfate probe 1 or 2 (40 pM,
Figure 1a) for 16 h at 37 °C. Cell lysates were then subjected to the CUAAC click reaction to
attach a fluorescent rhodamine-azide to the arylfluorosulfate probe-protein conjugate(s).>:58
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After separation by SDS-PAGE, the protein(s) that reacted with the arylfluorosulfate probes
could be distinguished by their in-gel fluorescence (Figure 1b, left panel).

Structurally distinct arylfluorosulfate probes 1 and 2 exhibited discrete conjugation
selectivities in the HelLa cell proteome (Figure 1b). The simple arylfluorosulfate probe 1,
which is expected to bind reversibly to HeLa cell proteins with a generally lower equilibrium
binding constant (because it is less hydrophobic) relative to 2, was more selective towards a
protein(s) in the 15 kDa band. Arylfluorosulfate probe 2 comprising two aromatic rings
separated by a urea linker modified a larger set of proteins. The time- and concentration-
dependence of the labeling of the 15 kDa band by probe 1 showed that the covalent capture
rate is slow (Figure S2). We next compared the proteome reactivity of 1 to the otherwise
identical aryl sulfony! fluoride probe S1 (Figure 1a; both at 40 uM) after a 16 h incubation
period. This comparison revealed that 1 labeled very few proteins, whereas S1 formed
conjugates with numerous proteome members, reflecting the overall muted reactivity of
arylfluorosulfates in comparison to aryl sulfonyl fluorides (Figure 1c).2:314-16 Supjecting
HEK?293T cells to 1 for up to 48 h did not result in the substantial modification of the
proteome relative to treatment by S1, which is significantly more reactive over all time
intervals examined (Figure S3).

To identify the proteins modified by probes 1 and 2, we employed stable isotope labeling by
amino acids in cell culture (SILAC) coupled with affinity enrichment, tryptic digestion, and
liquid chromatography-tandem mass spectrometry (see Figure S4 for experimental
scheme).”® SILAC allows for quantification of protein conjugates enriched by affinity
chromatography in comparison to a background of non-conjugated proteins. Light isotope-
labeled HeLa cells were treated with DMSO, whereas heavy isotope-labeled HeLa cells
were treated with probes 1 or 2 (40 uM) for 16 h at 37 °C. Quantification of the affinity
purification-mass spectrometry data revealed that probe 1 conjugated with fatty acid binding
protein (FABP) 3 and FABP5 from the iLBP family, both of which exhibited heavy/light
ratios exceeding 5 (Figures 1d and S5 and Table S1). For probe 2, many more HeLa cell
proteins exhibited a heavy/light conjugate ratio above 5 (Figures 1e and S6 and Table S2),
consistent with the SDS-PAGE-gel visualized by fluorescence imaging (Figure 1b). FABP5
was again observed, suggesting that it can also form a conjugate with probe 2. CRABP2,
another iLBP, exhibited a heavy/light ratio of 20, but peptides from CRABP2 were identified
in only one of three replicate experiments (Figure S6), and therefore it did not pass our
initial filter cutoff. Collectively, these data are consistent with probes 1 and 2 labeling
several of the 15 kDa iLBPs.4750.62

Since probe 1 exhibited greater selectivity towards the 15 kDa band, we chose probe 1 for
further characterization of the targeted protein(s) by western blot analysis. To provide
additional support that probe 1 targets FABP5 and FABP3, conjugate formation between
probe 1 and these iLBPs was studied using antibodies that are selective for FABP5 or
FABP3. We treated HelL a cells with probe 1 or vehicle and then affinity purified the probe-
labeled protein(s) conjugates from cell lysates using biotin tags (see Figure S7 for
experimental scheme). The samples were then subjected to western blot analysis using either
an anti-FABPS5 or anti-FABP3 antibody. Probe 1 treated samples showed a band for FABP5
(Figure 1f), but no signal when the blot was probed using the FABP3 antibody (Figure S8),
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suggesting that the 15 kDa band contains at least FABPS5. It is possible that the FABP3
antibody was insufficiently sensitive to detect FABP3 in comparison to SILAC mass
spectrometry experiments. In this regard, quantification of protein abundances in HeLa cells
suggests that the expression level of FABP5 is higher than that of CRABP2 and FABP3.75

To further scrutinize the SILAC-MS and Western blot data, we incubated recombinant
iLBPs CRABP2, FABP5, or FABP3 individually with probe 1. The conjugate resulting from
probe 1 (100 uM) reacting with CRABP2 (2 uM) formed quantitatively within 48 h (Figure
S9), as discerned by liquid chromatography-electrospray ionization mass spectrometry (LC-
ESI-MS; see Figure S10 for the appropriate quantification control experiments). However,
the conjugate derived from FABP5 formed in only about 80% yield after 48 h under
identical conditions (Figure S11). Interestingly, recombinant FABP3 showed no observable
conjugate formation (Figure S12), suggesting that the labeling of FABP3 by probe 1 is very
inefficient, at least with the recombinant protein in buffer.

Despite differences in function and ligand specificity, there is significant structural
homology amongst iLBP family members.4%.76 A phylogenetic analysis of human FABPs
and CRABPs demonstrates that CRABPs and FABPs are closely related proteins.#? The
similarities between CRABP2 and FABP5 are also evident in the way they bind ligands
containing a carboxylic acid. Three amino acids—Arg111/109, Arg132/129, and Tyr134/131
(numbering for CRABP2 and FABP5, respectively)—are known to hydrogen bond with the
endogenous ligands, e.g., RA and long chain fatty acids. An alignment of the available
crystal structures of apo CRABP2, FABP5 and FABP4 indicates that the orientation of the
Arg~Arg~Tyr carboxylic acid binding modules are almost identical (Figure 2a).69.77.78
Given the structural similarity of FABP4, CRABP2 and FABPS5, we hypothesized that
arylfluorosulfate probes 1 and 2 might also be able to covalently target FABP4 in living
systems. Since HelLa cells do not express FABP4, we tested this hypothesis using 3T3-L1
mouse adipocytes, which express FABP4, but not FABP3, at high levels.” Living cells were
treated with probe 1 (40 uM for 16 h at 37 °C) and cell lysates were reacted with rhodamine-
azide using a CUAAC click reaction. SDS-PAGE in-gel fluorescence analysis revealed that
probe 1 covalently labeled a 15 kDa band (Figure S13a). A biotin click reaction with the cell
lysate, followed by affinity purification and western blot analysis confirmed that this band
contained FABP4 (Figure S13b), showing that 1 had conjugated to mouse FABP4 in 3T3-L1
cells. Recombinant human FABP4 also reacted with probe 1, affording a 90% maodification
yield after 48 h at 25 °C, as discerned by LC-ESI-MS (Figure S14).

To determine which iLBP amino acid residue reacted with probe 1, we subjected
recombinant CRABP2, FABP5 and FABP4 modified by probe 1 to tandem mass
spectrometry analysis.#6:65.80 Modification by probe 1 was observed at the tyrosine that is
part of the conserved proximal Arg~Arg~Tyr carboxylic acid binding motif in all three
proteins (Figures 2b—c and Tables S3-S8). These results suggest that other iLBP members
that contain this structural motif (including FABP3, 7, 8, 9, 12, and CRABP1; Figure S15)
may also react with an appropriately designed arylfluorosulfate via this Tyr preference,
although this hypothesis remains to be substantiated given that the structurally simple probe
1 does not seem to modify FABP3 in buffer, and the substrate binding pocket that contains
the Arg~Arg~Tyr motif in FABP3 seems readily accessible for probe 1.
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The modification of iLBPs by probe 1 was very slow (Figure S2), but this is not surprising
considering that probe 1 is structurally simple. The use of structurally more complex probes
should increase the equilibrium binding affinity, reduce the binding off-rate, and increase the
iLBP residence time, possibly increasing the iLBP modification efficiency. Structural
complementarity between the probe and the iLBP should also influence activation efficiency,
putatively accomplished by stabilization of the departing F~ anion during the SUFExX
reaction, thereby increasing the rate of conjugation.1:25:27,29-31,81

Replacing the phenyl substructure of probe 1 by a biphenyl substructure, affording probes 3
and 4 (Figures 3a and 4a, respectively), dramatically increased the conjugation rate with
recombinant CRABP2 — this was expected due to the anticipated increase in the equilibrium
binding affinity of the probe. Covalent modification of CRABP2 (2 uM) by probe 3 (100
uUM) reached completion in 1 h in pH 8.0 buffer at 25 °C (Figure S16), whereas prolonged
incubation of probe 3 (100 uM) with recombinant FABP3 (2 uM), FABP5 (2 uM) or FABP4
(2 uM) for up to 24 h did not lead to significant conjugate formation, as discerned by LC-
ESI-MS analysis (Figure S17). Probe 3 (100 uM) also efficiently modified recombinant
CRABP2 (2 uM) spiked into HeLa cell lysate (total protein = 2 mg/mL), and as expected,
only very low non-specific labeling of the HeLa cell proteome occurred (Figure S18).

We next explored mechanistic aspects of the covalent modification of CRABP2 by
arylfluorosulfate probe 3. Understanding how and why arylfluorosulfates chemoselectively
modify the conserved Tyr residue in the fatty acid-binding site in a given iLBP should
provide insight into the future design and application of arylfluorosulfates in a biological
context. Since the Arg~Arg~Tyr carboxylic acid binding module is conserved in many
iLBPs, we hypothesized that the presence of the proximal Arg residues in the fatty acid
binding site would perturb the pKa of the Tyr phenol. We measured the extent of
modification of wild-type (WT) CRABP2 by probe 3 (10 uM) at a fixed time point in buffers
varying in pH from 4.9 to 8.9, employing SDS-PAGE for conjugate quantification (Figures
3b-c). Modification of Tyr134 in CRABP2 is pH dependent. The phenol exhibits an
apparent pKa of ~7.6, rationalizing why the conserved Tyr in iLBPs is reactive at near-
neutral pH. This result suggests that Tyr134, which is susceptible to SUFEX reaction, appears
to be pKa perturbed by one or both of the flanking Arg residues. To further examine this
hypothesis, we overexpressed and purified three CRABP2 mutants—Argl11Leu, Argl32Leu
and Tyr134Phe (Figure S$19),82-84 and tested their reactivity with probe 3 (Figure 3d). The
Tyr to Phe mutation eliminates the nucleophile required for the conjugation reaction,
whereas the Arg to Leu mutations eliminate positive charges that we hypothesize lower the
pKa of the neighboring Tyr residue, which appears to be necessary but not sufficient for
conjugation reactivity. All three mutants appear to fold properly into WT-like conformations
at pH 8.0 and even at pH 10.4, as discerned by their circular dichroism spectra (Figures
S20-21). As expected, probe 3 was not able to modify the Tyr134Phe CRABP2 mutant at
pH 8 (Figure 3d; for longer exposure see Figure S22). Single mutation of either of the Arg
residues to Leu greatly impaired the modification of CRABP2 by probe 3 (Figure 3d), even
at an elevated pH of 10.4, which is above the pKa of a normal Tyr residue. The inability of
probe 3 to react with the phenolate in the Arg-to-Leu mutants suggests that the flanking Arg
residues could be catalyzing the sulfur exchange reaction in addition to apparently
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perturbing the pKa of the phenol in iLBPs. At pH 10.4, probe 3 starts to show a low level of
non-specific labeling, as revealed by the appearance of a fluorescent signal for the
Tyr134Phe mutant, potentially suggesting that other nucleophilic residues such as lysine or
additional tyrosine residues could become reactive (e.g., Tyr51; Figure 3d). Accordingly, the
extent of labeling of WT CRABP2 at pH 10.4 buffer is elevated compared to pH 8.0.
Overall, it seems that the Arg residues contribute to the chemoselective modification of
Tyr134 by probe 3 at neutral pH, by means of perturbing the pKa of Tyr134 and/or by
stabilizing the departing fluoride anion.

We hypothesized that the non-covalent equilibrium binding of probe 3 to CRABP2 and the
concomitant activation of the fluorosulfate is important for fast conjugation. To measure the
labeling kinetics of CRABP2 by probe 3 (Figure 3e), we incubated recombinant CRABP2
(2.5 uM) in pH 8.0 buffer with increasing concentrations of probe 3. The probe 3-CRABP2
conjugation reaction is rate limited by the chemical step (our data indicate that probe
binding and disassociation occur more rapidly than conjugate formation) at the selected
concentrations of probe 3 (7-100 uM). The observed rates of the emergence of conjugate
fluorescence report on the rate of conjugate formation. We calculated the k,ps by quantifying
the in-gel fluorescence after quenching the reaction at different time points. Steady-state
kinetic parameters were obtained from ks yielding a Kjpac; of 0.106 min~1 and a K; of 27
M55 The rate of probe 3-CRABP2 conjugation is observed to plateau at higher
concentrations of probe 3 (Figure 3e), suggesting that the equilibrium binding of probe 3 to
CRABP2, in part, facilitates the high efficiency labeling of CRABP2 by arylfluorosulfate 3.

We next sought to test the selectivity of the biphenyl arylfluorosulfate core structure for
modification of CRABP2 over other iLPBs in live cells. The fluorescein moiety in probe 3,
which impairs cell permeability, was replaced with an ethylene glycol substructure
terminating in an alkyne handle. The resulting biphenyl-based arylfluorosulfate probe 4
(Figure 4a) was envisioned to be more cell permeable. The conjugation capacity of probe 4
was evaluated by incubating this arylfluorosulfate (100 uM) with recombinant CRABP2,
FABP3, FABP4, or FABP5 (2 uM) at 25 °C in buffer for 1 h before subjecting the samples to
LC-ESI-MS analysis. Analogous to the reaction selectivity and efficiency exhibited by probe
3, probe 4 quantitatively modified CRABP2 within 1 h (Figure S23), but did not modify
FABP3, FABP4 and FABPS5, even when incubated for 24 h (Figure S24). To test the reaction
in live cells, we overexpressed an N-terminal GFP fusion of CRABP2 (GFP-CRABP2) or a
C-terminal fusion of GFP to FABP5 (FABP5-GFP) in HEK293T cells.52:63 Their expression
levels were comparable, as observed by the GFP fluorescence in native PAGE analysis
(Figures 4b and S25). Treating the GFP-CRABP2 or FABP5-GFP transfected cells with
probe 1 (20 uM) for 2 h resulted in apparent modification of GFP-CRABP2 and to a lesser
extent FABP5-GFP, as observed by SDS-PAGE in-gel fluorescence analysis after clicking on
a rhodamine fluorophore (Figures 4c and S26). In contrast, treatment with compound 4
resulted in modification of GFP-CRABP2, but not of FABP5-GFP (Figure 4c). The near-
complete modification of GFP-CRABP2 with probe 4 is also apparent from a gel-shift of the
protein-probe conjugate in the native PAGE (Figures 4b and S25). Rhodamine fluorescence
of GFP-CRABP2 modified with probe 4 is much stronger than when treated with probe 1,
consistent with probe 4 being a much more efficient modifier of CRABP2 (Figure 4c). These
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data suggest that probe 4 could be used to efficiently and selectively label CRABP2 with
very low background proteome reactivity /n vivo. The ~38 kDa band in Figure 4c is not
observed in non-transfected 293T cells or in FABP5-GFP transfected 293T cells, thus it is
likely a truncated GFP-CRABP2 product (Figure S27).

In an attempt to gain structural insights into how probe 4 modifies CRABP2 with high
efficiency and selectivity, we purified a tag-less version of CRABP2 and formed its
conjugate with probe 4 (Figure S28) for crystallography experiments. We crystallized this
conjugate and determined its structure at 1.75 A resolution (Table S9). The diarylsulfate
linkage between Tyr134 and the remaining substructure of probe 4 was clearly visible in the
electron density map (Figures 5a and S29). The electron density for most of the PEG and the
terminal alkyne could not be observed or reliably modeled, suggesting that the PEG
substructure is extended towards the outer edge of the ligand-binding pocket and is solvent-
exposed and flexible in the CRABP2-probe 4 conjugate. The biphenyl substructure binds
within the spacious ligand- binding pocket of CRABP2 in at least two different
conformations (Figure 5a; see Figures S29 and S30 for the conjugate structure showing both
modeled conformations of the remaining substructure of Probe 4). The biphenyl substructure
of probe 4 is within van der Waals distance of many hydrophobic side chains lining the
ligand-binding pocket of CRABP2, suggesting the importance of the hydrophobic effect in
the equilibrium binding of probe 4 to CRABP2 (Figures 5a and S30). Structural alignment
of the protein backbone of the CRABP2-probe 4 conjugate (Figure S30) in comparison to
the RA-bound CRABP?2 structure of Geiger and coworkers (Figure 5b, PDBID: 2FR3)%°
revealed that the protein moieties align very well (RMSD = 0.44 A), except for slight
differences in the conformation of the Thr56-Arg59 p-turn. The probe 4-derived substructure
of the conjugate occupies almost the same space as that of RA bound to CRABP2 (cf.
Figures 5a and 5b or inspect Figure S31, which is a composite of Figures S30 and 5b. The
outer ring of probe 4 and the adjacent PEG moiety are in a position where CRABP2 has a
significantly larger pocket than FABP4 and FABP5 (Figure S32), which might be important
in accommaodating the bulky trimethylcyclohexene ring component of retinoic acid (Figures
5b and S31). We hypothesize that before the irreversible step of probe 4 reacting with
CRABP2 occurs, that the biphenyl substructure of probe 4 binds in a position closer to the
outer edge of the ligand binding pocket and, therefore, could require the whole extended
binding pocket. This is consistent with the fact that the B-values of the biphenyl and PEG
substructures of the conjugate are greater than for the protein, suggesting a sub-optimal
interaction between 4 and CRABP2 after conjugate formation. Overall, the structural results
confirmed the presence of a diarylsulfate ester connection derived from the reaction between
probe 4 and Tyr134 of CRABP2. These results also demonstrate that structural
complementarity between the arylfluorosulfate probe and CRABP2 was sufficient to achieve
the high efficiency labeling and notable /in vivo selectivity. In the structure of the CRABP2-
arylfluorosulfate conjugate, the Arg111 and Arg132 side chains both coordinate to the
diarylsulfate ester moiety, either directly (Arg132) or through two bridging water molecules
(Argl11) (Figure S33). Thus, both side chains could facilitate or catalyze conjugate
formation through hydrogen-bonding to the departing fluoride anion.
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A critical function of certain iLBP family members®2.69.85-87 s to transport RA across the
nuclear membrane to deliver it to distinct RA receptors (RAR), which are also transcription
factors.88-92 These receptors initiate diverse cellular processes, such as differentiation, cell
cycle arrest, apoptosis, or proliferation, through transcriptional activation. For instance,
CRABP2 delivers RA to RARa, whose transcriptional program leads to apoptosis. In
contrast, FABPS5 carries RA or long-chain fatty acids to peroxisome proliferator-activated
receptor (PPAR) B/, and its subsequent transcriptional response leads to proliferation.9 We
tested whether arylfluorosulfate 4, which selectively modifies CRABP2, could directly
inhibit CRABP2 delivery of RA to RARa, which in MCF-7 mammary carcinoma cells has a
growth inhibitory and proapoptotic role.3:87 As a readout, we used gPCR to quantify
CRBP1I mRNA - a target gene downstream of CRABP2-mediated RARa-RA transcriptional
reprogramming.2> RA treatment of MCF-7 cells led to a 5.5-fold induction of CRBPI
mRNA (Figure 6a). Pretreatment with compound 4 attenuated this induction by 2-fold
(Figure 6a), demonstrating inhibition of RA signaling. Interestingly, treatment with 4 in the
absence of exogenous RA resulted in a repression of CRBPI transcription, suggesting that
the fluorosulfate could also inhibit basal RA signaling. In contrast, transcription of FABP5
and CRABPZ2 (genes that are not transcriptionally regulated by RARa and therefore serve as
controls) were only minimally changed by treatment with 4 or RA (Figures 6b-c),
demonstrating the lack of a general transcriptional effect by arylfluorosulfates. These results
show that treatment with 4 attenuated RAR« transcriptional reprogramming mediated by
CRABP2+RA delivery to RARa. Future experiments will scrutinize the selectivity of the
RA-associated transcriptional reprogramming mediated by 4 and its dependency on
CRABP2.

DISCUSSION

Only a few dozen chemical abstract service entries exist for arylfluorosulfates over the past
70 years, largely because of the difficulty associated with their preparation.
Avrylfluorosulfates are now easily prepared from phenols and SO,F5.1 Arylfluorosulfates
appear to be well-suited for targeting specific proteins within the human proteome. From the
results presented herein, the tyrosine side chain hydroxyl group appears to be a favored
reactant, when found in the proper protein context. Even though the exact pKa of the Tyr
residue in the Arg~Arg~Tyr carboxylic acid binding motif within iLBPs has not been
accurately measured, it is unlikely that pKa perturbation alone is enough to mediate Tyr
reactivity based on the limited number of conjugates formed in cells treated with the various
arylfluorosulfate probes and given that a shift to higher pH did not increase conjugate
formation for CRABP2 Arg111 or 132Leu. In addition to pKa perturbation, we hypothesize
that the surrounding protein environment is essential to help catalyze the SUFEXx reaction.
We hypothesize that hydrogen bonding from a reaction-susceptible protein to the departing
fluoride ion in the transition state and/or having the appropriate electrostatic field effects in a
reaction susceptible protein and/or a complementary amphipathic environment in a reaction-
susceptible protein is critical for arylfluorosulfate reactivity.125-37 Comparing structurally
analogous aryl sulfonyl fluorides and arylfluorosulfates, the latter are dramatically less
reactive, yet are reactive enough to potentially become very selective covalent probes.
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Furthermore, the arylfluorosulfate functional group is less reactive than well-established
electrophiles that have been used in protein profiling probes, such as
fluorophosphonates, 1819 vinyl sulfones,20-22 phenylsulfonate esters,>8:96.97 epoxides,98:99
and a,B-unsaturated carbonyls (e.g. acrylamides).23:24 The higher reactivity of these
functional groups means that they cannot, in general, distinguish between members of
enzyme families, 190 but are nevertheless very useful for functional annotation of poorly
characterized enzyme families, discovery of novel enzyme inhibitors as therapeutics, and for
developing biomarkers,16:19.52,55,58,60,98,100-102 |y contrast, arylfluorosulfates (e.g., 4) seem
to be able to react selectively with one member of a protein family. The lower reactivity of
arylfluorosulfates means that they rely more on secondary criteria, i.e. relatively high affinity
equilibrium binding to those proteins (reflected by K; or Kp) containing an appropriate
arylfluorosulfate-activating environment in their binding site, in addition to having an
appropriate proximal nucleophile.

Numerous FDA-approved drugs function by forming a covalent conjugate with their targets;
examples include beta-lactam antibiotics, aspirin, omeprazole, the blockbuster drug
clopidogrel, and the more recently approved anti-cancer drugs afatinib and ibrutinib.102-104
While the irreversible mode of action for many covalent drugs was discovered after their
clinical use had already become widespread, there is a growing interest in combining
activity-based protein profiling with medicinal chemistry to tune the reversible binding and
reactivity of covalent drugs for their protein target, while minimizing off-target
reactivity.101,102.105-108 For this strategy to succeed, the employed electrophiles must be of
low intrinsic reactivity to avoid potential off-target reactivity. Successful recent examples
include the targeting of cysteines in kinases by acrylamides.199 Arylfluorosulfates seem to
have potential in this regard.

The non-enzyme family of iLBPs targeted by the simple arylfluorosulfates studied herein
comprises FABPs, CRABPs and cytoplasmic retinol binding proteins
(CRBPs).47-5052,62,76,110 CRABP2 is an important modulator of RA-dependent signaling,
which drives some cancers.62.63.8587.111 CRABP2 transports RA from the cytoplasm to the
nucleus, facilitating RA binding to the nuclear hormone receptor RARa and possibly
others.62.63.87 FABPS is one of the most ubiquitously expressed FABPs and binds a wide
array of ligands including fatty acids, fatty acid metabolites, retinoic acid and numerous
synthetic drugs and probes.#® FABP5-mediated signaling through the nuclear hormone
receptor PPARP/S has been found to be involved in a range of pathologies, including
metabolic syndrome, atherosclerosis and cancer.8%:86.112.113 |nterestingly, CRABP2 and
FABPS5 appear to compete for RA delivery from the cytoplasm to their respective nuclear
hormone receptors, mediating transcriptional programs that control the fate of cancer cells.53
Another well-studied iLBP, FABP4, has been suggested to be important for the development
of metabolic syndrome, through its distinct actions in adipocytes and macrophages related to
metabolic and inflammatory responses.#8:114-118 |nhibitors of FABP4 have proven to be
useful for the treatment of diabetes and atherosclerosis in mouse models.#8:114.119-122
Consequently, arylfluorosulfate-based pharmacological agents that modify selective iLBP
function(s) may offer therapeutic opportunities for these diseases. Arylfluorosulfate probes
that selectively target a given iLBP should better illuminate the function of that family
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member, including their role in nuclear hormone receptor transcriptional reprogramming of
cells.89-92 Fuyrther studies of the mechanistic details associated with covalent labeling of
iLBPs by arylfluorosulfate probes will likely provide insight into the design of
arylfluorosulfate probes exhibiting high reaction efficiency and high selectivity for
covalently modifying a specific protein within living cells.

CONCLUSIONS

We presented simple arylfluorosulfates to the proteome of HeL a cells and then used the
CUuAAC click reaction to attach a biotin affinity chromatography handle to identify proteins
that were covalently linked to the sulfur center of the probe using mass spectrometry. We
found that arylfluorosulfate probes could modify iLBPs with low background labeling of the
proteome. The probes modify iLBPs at a tyrosine that is part of a conserved carboxylic acid
binding motif comprising two Arg residues and a Tyr. The proximal arginine residues appear
to lower the pKa of the Tyr residue and may help catalyze the sulfur exchange reaction by
enabling fluoride anion departure. We anticipate that optimizing the structure of
arylfluorosulfate probes for stronger reversible binding to the target proteins will enhance
the chemical modification efficiency and specificity for a given protein, as exemplified by
the selective modification of CRABP2 by 3 and 4. Efforts underway to use structurally
distinct arylfluorosulfates to target other proteins comprising the cellular proteome will
create powerful and valuable chemical tools for studying and perturbing protein function in
living systems. The greatest opportunity may be to use an activatable arylfluorosulfate

electrophile to covalently target a genetically validated protein to address an unmet medical
need.45.101,102,105-108
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Evaluating the proteome reactivity of arylfluorosulfate probes. (a) Alkyne-functionalized
arylfluorosulfate probes 1 and 2 and aryl sulfonyl fluoride probe S1. The arylfluorosulfate
and aryl sulfonyl fluoride group are shown in red. (b-c) In-gel fluorescence evaluation of the
reactivity of probes 1, 2 and S1 in HeLa cells after cell lysis and incorporation of
rhodamine-azide using CUAAC. Left panel: in-gel fluorescence, right panel: Coomassie blue
staining. (d-e) SILAC ratio plots for proteins identified in experiments comparing cells
treated with 1 (d) or 2 (e) versus DMSO (no probe). Proteins with median SILAC ratio = 5
(probe/DMSO) are designated as probe-labeled targets. Ratio > 20 are listed as 20; results
display the average of triplicate SILAC experiments performed in HeLa cells. (f) Western
blot analysis of probe 1 modified proteins after incorporation of biotin-azide using CUAAC
Click and affinity purification using streptavidin agarose beads. Recombinant tag-less
human FABPS5 serves as the positive control.
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Figure 2.

(a) Structural alignment of apo CRABP2 (PDBID: 2FS6, green), FABP5 (4LKP, magenta)
and FABP4 (3RZY, cyan) in ribbon format by superposition of their protein backbones.
Protein side chains of the Arg~Arg~Tyr module are depicted in stick format. (b-c) Tyrosine
modification in CRABP2, FABP5 and FABP4 by probe 1, demonstrated by LC-MS/MS
analysis. Recombinant proteins (20 uM) were incubated with probe 1 (100 pM) at 25 °C
until the modification reached = 80% completion (observed by LC-ESI-MS). Representative
fragmentation (MS2) patterns for a peptide containing tyrosine modified with probe 1 is
shown for each iLBP analyzed. Identified b and y ions are indicated. A complete list of
tryptic peptides identified for each protein, as well as the assignment of the MS2 fragment
ion can be found in Supplemental Table S3-S8.
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Figure 3.
Characterization of the efficient chemoselective modification of CRABP2 by probe 3. (a)

Arylfluorosulfate probe 3 bearing a biphenyl moiety. The arylfluorosulfate group is shown in
red and the fluorescein moiety is shown in green. (b) pH dependence of modification of
CRABP2 (2 uM) by probe 3 (10 pM) in a 10 min reaction period. Top panel: in-gel
fluorescence, bottom panel: Coomassie blue staining. (c) Quantification of the relative
labeling efficiency from (b) results in an apparent pKa of 7.6 for the Tyr134 phenol group.
(d) Comparison of the labeling efficiency for WT, Tyr134Phe, Argl1lLeu and Argl32Leu
CRABP2 in pH 8.0 and pH 10.4 buffers. Recombinant CRABP2 proteins (2 uM) were
incubated with probe 3 (100 pM) at 25 °C for 10 min before quenching the reaction. Top
panel: in-gel fluorescence, bottom panel: Coomassie blue staining. (e) Kinetics of probe 3
labeling of CRABP2. Kinetic parameters are indicated. See Experimental Section for
definition and calculation of kinetic parameters.

JAm Chem Soc. Author manuscript; available in PMC 2017 June 15.

d hCRABP2 WT Tyr134Phe  Arglllleu Argl32Leu
ﬂuorescencel —— |
COOMUSSIE | v e W e o o e s . — s —
Boil + - - 4+ - - 4+ - - 4+ - -
pH 8.0 - 4+ = = 4+ = = 4 = = 4+ -
pH 10.4 - = = = = = = = $



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

Page 23
~Z
owo»\,ofo»\,o,//
a ®
FO,SO O 4
b
DMSO Probel Probed
GFP-CRABP2 - + - - + - - + -
FABP5-GFP - - + - - + - - + ———
Native-PAGE boo ‘. T JMOdiﬁed
GFP-FL . - —\GFP-CRABPZ
GFP-CRABP2
C DMSO Probel Probed
GFP-CRABP2 - + - - + - - + -
FABPS-GFP =~ ~ 4 = = & = = ¢
Mw (kDa)
62—
SDS-PAGE | _ ke | GEP-CRABP2
Rho-FL ' N\
38— - FABP5-GFP
28—
=
14—
wB -— — L a— CRABP2
ws - . we | o-FABP5
Figure 4.

Characterization of the selective modification of overexpressed GFP-CRABP2 by probe 4 in
HEK?293T cells. (a) Alkyne-functionalized arylfluorosulfate probe 4 bearing a biphenyl
moiety. The fluorosulfate group is shown in red. (b) GFP fluorescence of the overexpressed
and probe-labeled GFP-CRABP2 and FABP5-GFP analyzed by native PAGE. The
modification of GFP-CRABP2 by probe 4 caused a significant band-shift of GFP-CRABP2
to higher molecular weight. The corresponding Coomassie-stained gel is shown in Figure
S21. (c¢) In-gel fluorescence and western blot analysis of the modified GFP-CRABP2 and
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FABP5-GFP after cell lysis and incorporation of rhodamine-N3 using CUAAC Click. The
corresponding Coomassie-stained gels are shown in Figure S22.
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Figureb5.
(a) Crystal structure of the probe 4-CRABP2 covalent conjugate at 1.75 A resolution. The

protein moiety is shown in gray and the protein-conjugated probe 4 is shown in pink (only
one of two alternative conformations shown for clarity). See Figure S25 for a depiction with
both conformations shown. Protein side chains within 5 A of the probe 4 are depicted in
stick format. The side chains of the Arg~Arg~Tyr module are indicated. (b) Analogous view
of CRABP2 bound to retinoic acid (RA), shown in yellow. PDB:2FR3.
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Figure®6.

Inhibition of CRABP2/RARa target gene induction by probe 4. (a) mRNA transcript levels
of the RA signaling target gene CRBPI1 as measured by gPCR in MCF-7 cells. MCF-7 cells
in charcoal-treated FBS were pretreated with 20 uM 4 or DMSO for 4 h and subsequently
treated with 100uM RA or EtOH for 24 h. (b-c) mRNA transcript levels of CRABP2 (b) and
FABP5 () in MCF-7 cells treated under the same conditions as in (a). Error bars show SEM
(n=4).*p<0.05, **p <0.01, ***p < 0.001.
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