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Discovery of toxoflavin, a potent IREla inhibitor acting
through structure-dependent oxidative inhibition

Kai-long Jiang1‘2'3’4'5, Chang-mei Liu>s, Li-tong Nie3, Hai-ni Jiangz’7, Lei Xu?3, Kun-zhi Zhang3’8, Li-xia Fan®, An-hui Gao®, Lu-lin Lin',
Xiang-yu Wang®, Min-jia Tan?, Qi-qing Zhang', Yu-bo Zhou?*** and Jia Li***"

Inositol-requiring enzyme 1a (IRE1a) is the most conserved endoplasmic reticulum (ER) stress sensor with two catalytic domains,
kinase and RNase, in its cytosolic portion. IRE1a inhibitors have been used to improve existing clinical treatments against various
cancers. In this study we identified toxoflavin (TXF) as a new-type potent small molecule IRE1a inhibitor. We used luciferase reporter
systems to screen compounds that inhibited the IRE1a-XBP1s signaling pathway. As a result, TXF was found to be the most potent
IRETa RNase inhibitor with an ICso value of 0.226 uM. Its inhibitory potencies on IRE1a kinase and RNase were confirmed in a series
of cellular and in vitro biochemical assays. Kinetic analysis showed that TXF caused time- and reducing reagent-dependent
irreversible inhibition on IRE1a, implying that ROS might participate in the inhibition process. ROS scavengers decreased the
inhibition of IRETa by TXF, confirming that ROS mediated the inhibition process. Mass spectrometry analysis revealed that the thiol
groups of four conserved cysteine residues (CYS-605, CYS-630, CYS-715 and CYS-951) in IRE1a were oxidized to sulfonic groups by
ROS. In molecular docking experiments we affirmed the binding of TXF with IRE1q, and predicted its binding site, suggesting that
the structure of TXF itself participates in the inhibition of IRETa. Interestingly, CYS-951 was just near the docked site. In addition, the
RNase IC5o and ROS production in vitro induced by TXF and its derivatives were negative correlated (r = —0.872). In conclusion, this
study discovers a new type of IRE1a inhibitor that targets a predicted new alternative site located in the junction between RNase
domain and kinase domain, and oxidizes conserved cysteine residues of IRE1a active sites to inhibit IRE1a. TXF could be used as a

small molecule tool to study IRE1d’s role in ER stress.
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INTRODUCTION

Protein folding homeostasis in the endoplasmic reticulum (ER) is
fundamentally important to match cellular demands and protect
against stress conditions [1]. The accumulation of unfolded and
misfolded proteins in the ER lumen, a condition called ER stress,
affects various signaling processes, such as reduction-oxidation
(redox) balance, energy production, inflammation, differentiation,
and apoptosis [2]. The subsequent unfolded protein response (UPR)
is engaged as an adaptive strategy for protein folding homeostasis
under ER stress [3]. Mammalian cells have three major UPR signaling
pathways: inositol-requiring enzyme 1a (IRE1a) - X-Box Binding
Protein 1 (XBP1), PKR-like ER kinase - activating transcription factor
4 - C/EBP-Homologous Protein (CHOP), and activating transcription
factor 6 [4].

IRETa is the most conserved ER stress sensor with two
catalytic regions, kinase and RNase domains, in its cytosolic
portion. Unfolded or misfolded proteins in the ER lumen activate
IRETa by binding to its chaperone BiP (also known as GRP78) [4].
IRETa mainly functions through its RNase activity, and kinase

phosphorylation, mainly in the activation loop, is coupled to the
activation state of RNase [5]. Activated IRE1a splices unspliced
XBP1 (XBP1u) mRNA for translation of spliced XBP1 (XBP1s) as a
transcription factor, which enhances the ability of the ER to cope
with unfolded proteins and acts more broadly to upregulate
secretory capacity [6, 7].

Currently, pharmacological inhibition of IRE1a has been the
focus of several drug development strategies, and compounds
such as IRE1a inhibitors have been disclosed and evaluated [8].
Combination with IRE1a inhibitors has been attempted to improve
existing clinical treatments in many types of cancers, such as
breast cancer [9], prostate cancer[10], multiple myeloma [11],
leukemia [12], and glioblastoma [13]. Three types of IRE1a
inhibitors were classified by their binding sites: (i) kinase pocket
binders; (i) RNase domain ligands; and (iii) binding-unconfirmed
inhibitors [8]. Kinase pocket binders are a class of ligands
that occupy the ATP-binding cleft of IRETa kinase to inhibit
RNase-mediated XBPT mRNA splicing under endoplasmic reticu-
lum stress [14]. The so-called RNase domain ligands represented
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by 4u8C [15] share a common hydroxy-aryl-aldehyde moiety that
reacts selectively with a specific lysine (LYS-907) in the RNase
domain, thus forming a stable imine via Schiff base formation and
effectively preventing XBP7 mRNA splicing. Other inhibitors, such
as toyocamycin [16], doxorubicin [17], trierixin [18], and quino-
trierixin [19], were shown to inhibit the IRETa-XBP1 pathway
in vitro and in vivo without clear demonstration of their mode of
action. However, no IRE1a inhibitor has been approved for the
market at present.

In this study, we identified toxoflavin (TXF) as a new-type
potent small-molecule IRETa inhibitor which targets a predicted
new alternative site located in the junction between RNase
domain and kinase domain, and oxidizes conserved cysteine
residues to inhibit IRETa. Four conserved cysteine sulfonations
(CYS-605, CYS-630, CYS-715, and CYS-951) were observed using
the compound, and the binding mode of the IRET1a-TXF
complex was predicted, which will contribute to further study
on clarifying IRE1a’s role in ER stress.

MATERIALS AND METHODS

Cell culture and chemicals

B16-F10, Hela, and A549 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (#SH30022.01, HyClone, Logan,
UT, USA) supplemented with 10% FBS (#FND500, ExCell Bio,
Taicang, China). B16-F10-XBP1-luc cells were B16-F10 cells stably
transfected with the pCAX-F-XBP1-ADBD-luciferase plasmid, a gift
from Dr. Masayuki Miura (The University of Tokyo) [20], where
XBP1 splicing activity could be indicated with luciferase activity.
HEK293-CHOP-luc cells were constructed by our laboratory
previously [21]. All cells were grown in the presence of
100 units/mL penicillin and 100 pg/mL streptomycin at 37 °C and
5% CO,. All cell lines were used within 15 passages and less than
6 months. Tunicamycin (TM) (#T101151, Aladdin, Shanghai, China),
toxoflavin (TXF) (#HY-100760, MedChemExpress, Trenton, NJ,
USA), 2-deoxy-D-glucose (2DG) (#25972-M, Sigma-Aldrich, St.
Louis, MO, USA), disulfiram (DSF) (#T819460, Macklin, Shanghai,
China), N-acetyl-L-cysteine (NAC) (#BD34319, Bidepharm, Shang-
hai, China), and Trolox (#HY-101445, MedChemExpress) were
purchased from the manufacturers. The derivatives of TXF were
obtained from the Chinese National Compound Library.

Luciferase assay

B16-F10-XBP1-luc cells were incubated with TM together with or
without test compounds for 8 h. Then, the cells were lysed in
Passive lysis buffer (Promega, Madison, WI, USA), and luciferase
fluorescence value was measured using the luciferase assay
system (Promega) and an EnVision® Multimode Microplate
Reader (PerkinElmer, Waltham, MA, USA). Meanwhile, cell
viability activities were assessed by the CellTiter 96° Aqueous
Non-Radioactive Cell Proliferation Assay Reagent (Promega). The
corrected fluorescence value was obtained from the ratio of the
original fluorescence value to cell viability. Relative luciferase
activity was represented by setting the result of TM treatment as
100% control.

Semiquantitative RT-PCR

RNA was harvested with an RNA extraction kit (#BSC52M1, Bioer
Technology, Hangzhou, China), and first-strand cDNA synthesis was
performed with HiScript” Il RT SuperMix for qPCR (#R323-01,
Vazyme Biotech, Nanjing, China) according to the manufacturers’
specifications. The cDNA product was subjected to 35 cycles of PCR
using the forward primer 5-TTACGAGAGAAAACTCATGGCC-3’ and
reverse primer 5'-GGGTCCAAGTTGTCCAGAATGC-3’ specific for XBP1
mRNA. PCR products (XBP1u=289bp, XBP1u=263bp) were
separated by electrophoresis on a 3% agarose (#A500016-0250,
Sangon Biotech, Shanghai, China) gel and visualized by GelRed
(#A616697-0500, BBI Life Sciences, Shanghai, China) staining.
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Western blotting

Cells (@about 1 million per sample) were lysed in 100 pL of Laemmli
sample buffer (#1610747, Bio-Rad Laboratories, Hercules, CA, USA)
and boiled for 15 min. Proteins were then resolved via SDS-PAGE
and transferred to nitrocellulose membranes (#10600002, GE
Healthcare, Fairfield, CT, USA). After blocking with 5% nonfat milk,
membranes were blotted with antibodies [primary antibodies:
IRE1a rabbit mAb #3294 from Cell Signaling Technology (Danvers,
MA, USA), phospho-IRETa rabbit pAb #ab48187 from Abcam
Company (Cambridge, MA, USA) and p-actin mouse mAb
#AM1021B from Abgent (Suzhou, China); secondary antibodies:
IRDye” 800CW anti-rabbit IgG secondary antibody #926-32211 and
IRDye” 680RD anti-mouse IgG secondary antibody #926-68070
from LI-COR biosciences (Lincoln, NE, USA)]. Detection was
achieved with an Odyssey” Imaging System (LI-COR Biosciences)
and the band intensities were quantified by ImageJ software.

Biochemical assays for IRE1a

IRE1a RNase activity was measured by incubation of 6 nM purified
recombinant human IRETa protein with a cytoplasmic domain (Pro
465-Leu 977, #11905-H20B, Sino Biological Inc., Beijing, China) with
50nM quenched RNA probe (FAM-5-CAGUCCGCAGCACUG-3'-
BHQ) for the substrate at room temperature in a Corning” 384-
well low-volume round bottom plate (Corning, NY, USA). IRE1a
reaction buffer (50 mM HEPES, 100 mM KOAc, T mM ADP, 0.005%
Triton-X100, pH 7.2, and 1 mM DTT) was used for all RNase activity
measurements. Fluorescence was measured on an EnVision
Multimode Microplate Reader using an excitation filter of 485 nm
and an emission filter of 535 nm. ICs, values were determined from
the dose-response curves of the inhibition of fluorescence intensity,
setting the result of 1% DMSO treatment as 100% control.

IRE1a kinase activity was detected by the HTRF® KinEASE™ kit
(# 62ST2PEB, Cisbio, Bedford, MA, USA). The incubation mixture
consisted of the indicated chemicals and the abovementioned
IRE1a protein (100 nM) with substrate S2 (300 nM) in reaction
buffer (20 mM Tris base (pH 8.0), 10 mM MgCl,, 16 uM ATP, and
1 mM DTT) at room temperature in a Proxiplate™-384 Plus plate
(PerkinElmer, Waltham, MA, USA). Fluorescence was measured on
an EnVision” Multimode Microplate Reader using an excitation
filter of 340 nm and emission filters of 615 nm and 665 nm, and
the activity was represented with the fluorescence ratio at 665 to
615 nm according to the protocol supplied by the manufacturer.

Reactive oxygen species (ROS) detection

Total ROS generation was detected using the ROS Assay Kit
DCFH-DA (#HY-D0940, MedChemExpress, Trenton, NJ, USA).
The incubation mixture consisted of the indicated chemicals
and the enzymatic assay system containing 10 uM DCFH-DA.
Fluorescence was measured on an EnVision” Multimode Micro-
plate Reader using an excitation filter of 490 nm and an emission
filter of 525 nm. For intracellular flow cytometry measurements,
cells were treated with chemicals for 8h, and the culture
medium was replaced with fresh DMEM containing 10 uM DCFH-
DA for another 30 min of incubation. Afterwards, the cells were
washed three times with PBS, harvested, and resuspended in
PBS for flow cytometry measurements.

Immunoprecipitation

Cells were lysed with RIPA lysis buffer (#PC101, Epizyme Biotech,
Shanghai, China) containing protease and phosphatase inhibitor
cocktail (#A32961, ThermoFisher, Carlsbad, CA, USA). Cell lysates
(800 ug total protein) were incubated with the Anti-Cysteine
sulfonate antibody (#ab176487, Abcam, Cambridge, MA, USA)
overnight at 4°C. Pre-wash Protein A/G magnetic beads
(#HY-K0202, MedChemExpress) were added and incubated for
2 h. After immunoprecipitation, the samples were washed and
then eluted with SDS sample buffer. The eluates were analyzed
by Western blotting.
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Identification of oxidized cysteine residues by mass spectrometry
The incubation mixture (25 pL) consisted of 400 nM recombinant
human IRE1a protein, 20 mM Tris (pH 8.0), 5 mM MgCl,, and the
indicated chemicals. After incubating for 1 h at room temperature,
5 pL catalase (final concentration: 6.25 pg/mL) was added. Another
1 h later, IRE1a protein was subjected to in-solution digestion and
then desalted by a ZipTip C18 column (Merck KGaA, Darmstadt,
Germany). The tryptic peptides were loaded into a homemade
trapping column (75 um x 2 cm, C18, Dikma, Beijing, China) and
separated by a homemade analytical column (75 pm x 10 cm, C18,
Dikma) with a 60 min gradient from 5% solvent B (2% H,0, 98%
acetonitrile, 0.1% formic acid) to 30% solvent B in an EASY-nLC
1000 LC system (Thermo Fisher Scientific, Waltham, MA, USA). The
eluted peptides were introduced into an Orbitrap Elite mass
spectrometer (Thermo Fisher Scientific) with a full MS scan range
from 350 to 1800 m/z with a resolution of 240,000 at m/z 400. To
fragment precursor ions, the twenty most intense precursor ions
with intensities greater than 5000 and charge states of +2 or 43
in each full MS scan were sequentially fragmented in a linear ion
trap by CID (collision-induced dissociation) with 35% NCE
(normalized collision energy). The dynamic exclusion duration
was set to 15s, and the isolation window was 1.5 m/z.

The acquired MS raw files were transformed into MGF format
by Proteome Discoverer 1.4 and then subjected to search with
Mascot 2.3.01 against an in-house IER1a sequence database.
Oxidation (-SOH), dioxidation (-SO,H), and trioxidation (-SOsH)
modifications from the UniMod database (https://www.unimod.org/
modifications_list.php) were set as variable modifications. For the
full mass scan, the mass error was set as +10 ppm, while fragment
ions were set as 0.5 Da. Trypsin was set as the enzyme to digest
proteins into peptides with a maximum of three missing cleavages.
Before manually checking the matched spectra, spectra were
filtered with a peptide ion score cutoff of 20. Spectral counting was
applied to quantify the difference in modification among different
conditions.

Microscale thermophoresis (MST)

A microscale thermophoresis instrument (NanoTemper, Munich,
Germany) was used to quantify biomolecular interactions.
Recombinant human IRE1a protein was labeled using the
Monolith NT Protein Labeling kit RED-NHS (NanoTemper).
The incubation mixture consisted of labeled IRETa (1 uM)
and the indicated chemicals in 50 MM HEPES solution. After
incubating for 30 min at room temperature, the incubation
mixture was centrifuged at 14,000 x g for 10 min at 4°C and
loaded into a Monolith NT.115 MST Premium Capillaries. All the
experimental parameters used by the MST instrument were fixed
with an LED power of 20% and a laser power of 80%. The value
of the dissociation constant (Ky) was calculated using Nano-
Temper Analysis software.

Cellular thermal shift assay (CETSA)

RPMI8226 cells were treated with 10 uM TXF or DMSO for 1 h, then
collected and washed with PBS buffer three times to avoid excess
compound residue. The cell suspensions were distributed into
different 0.2 mL PCR tubes (1 million cells per tube), denatured at 45,
48, 51, 54 °C for 3 min on PCR instrument, and then freeze-thawed
twice using liquid nitrogen. Samples were centrifuged and the
supernatants were analyzed by Western blotting.

Docking simulation of binding mode

Docking simulation was performed using AutoDock 4.2.6 and
MGLTools 1.5.7 against human IRE1a (PDB: 4YZD) [22]. 3D
Conformers of TXF and its derivatives were produced using Chem
3D 20.0. When using a graphical user interface called AutoDock-
Tools (https://ccsb.scripps.edu/mgltools/1-5-6/) to perform simula-
tion, the grid box was set to contain the whole macromolecule, and
the macromolecule was set as a rigid filename. Docking algorithm
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employed Lamarckian GA 4.2. Default settings were used for all
other parameters. The docking result ranked with docked binding
energy was wrote, and the first ranked docking conformation was
analyzed and visualized by PyMOL 1.7.1.0.

Statistical analysis

Data are expressed as the mean+SEM. Unpaired two-tailed
Student’s t test was used for statistical analysis between two
groups. P < 0.05 was considered statistically significant.

RESULTS

Screening to identify compounds selectively inhibiting IRE1a-
XBP1s

B16-F10 cells stably expressing an XBP1-ADBD luciferase splicing
reporter (XBP1-luc) were used to identify compounds that
inhibited the IRE1a-XBP1s signaling pathway (Fig. 1a). Of 376
compounds from the Chinese National Compound Library, our
screening identified 105 hits (2 ug/mL) that inhibited XBP1-luc
activity (inhibition >30%) induced by tunicamycin (TM, 1 pg/mL)
(Fig. 1a and Supplementary Table S1). We then removed
compounds that also selectively inhibit CHOP signaling arms
using HEK293 cells stably expressing the CHOP-luciferase reporter
(CHOP-luc). Thus, 17 hits were found to preferentially inhibit
the XBP1-luc reporter (Fig. 1a and Supplementary Table S2). In
addition, recombinant human IRE1a protein with a cytoplasmic
domain with the quenched RNA probe for the substrate was used
to determine whether compounds directly inhibited IRE1a.
From the 17 hits, we identified that 5 hits potently inhibited
IRE1a (Fig. 1a and Supplementary Table S3), which belongs to
the same structural class (a triazine natural product toxoflavin and
its derivatives) (Fig. 1b). Interestingly, TXF was the most potent
IRE1a RNase inhibitor, with an ICsy value of 0.226 uM (Fig. 1c and
Table 1).

TXF potently inhibits IRE1a kinase and RNase

For B16-F10-XBP1-luc cells, TXF inhibited ER stress inducer TM-
induced XBP1-luciferase activation in a dose-dependent manner
(Fig. 2a). Next, by performing RT-PCR analysis of RNA isolated
from TXF-treated or untreated HelLa or A549 cells, we confirmed
that TXF inhibited TM-induced endogenous XBPT mRNA splicing
in a dose-dependent manner (Fig. 2b). Consistently, TXF inhibited
ER stress inducers 2DG or DSF-induced endogenous XBPT mRNA
splicing in Hela cells (Fig. 2c). Because kinase phosphorylation is
coupled to the activation state of RNase, we performed Western
blotting and found that TXF reduced the phosphorylation of
IRE1a in Hela cells (Fig. 2d). To further determine whether
TXF inhibited IRETa kinase, IRETa protein was used to measure
kinase activity. As shown in Fig. 2e, TXF directly inhibited IRETa
kinase activity, with an ICso value of 1.53 uM (>0.226 uM for IRETa
RNase activity).

Time- and DTT-dependent irreversible inhibition of IRETa by TXF
To clarify the mechanism of TXF inhibition, we performed kinetic
analysis with an in vitro RNase assay. TXF displayed time-
dependent inhibition by gradient concentrations of TXF when it
was allowed to react with IRE1a before substrate addition (Fig. 3a).
The volume dilution method indicated that the inhibition was
irreversible after 24 h (Fig. 3b). In addition, TXF showed no classic
competitive inhibition (V,ax reduction), which suggested a
possible covalent or irreversible mode of action for the inhibitor
(Fig. 3¢). Interestingly, TXF affects the affinity between the enzyme
and RNase substrate (K, increase, Fig. 3c). Because dithiothreitol
(DTT) is an ingredient in general in vitro RNase assay of IRE1a
[15, 23], we also studied DTT dependence in the inhibition of
IREla mediated by TXF and observed that increased DTT
concentrations significantly enhanced the inhibition to IRE1a
RNase (Fig. 3d).
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Screening to identify compounds selectively inhibiting IRE1a-XBP1s. a Schematic showing the screening pipeline to identify
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removal of compounds that inhibit the CHOP-luc reporter and assay of IRE1a RNase activity. b Chemical structures of five final prioritized
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to purified recombinant human IRE1a protein for 1 h.

Table 1. RNase ICs,, ROS production, and predicted binding energies of TXF and its derivatives for IRETa.

Compound RNase 1C5o (M, 95% Cl) ROS ratio to DMSO (0.5 pM, average + SD) Binding energy (kcal/mol)
TXF 0.226 (0.188-0.274) 22.8+0.950 —5.05

WNN1229-D011 1.04 (0.901-1.20) 15.7+£1.38 —-5.17

WNN1288-A005 1.58 (0.993-2.50) 16.6x1.75 —3.45

WNN1229-E002 2.40 (2.01-2.86) 11.9+0.450 —3.83

WNN2363-H008 2.98 (2.27-3.92) 13.6 £2.50 —3.70

ROS production plays an important role in TXF-induced IRE1a
inhibition

It has been generally shown that TXF acts as an electron carrier
between some reducing reagents and oxygen and gives rise to
ROS production in enzymatic assays or cells [24-26], which
ultimately irreversibly inactivates enzymes [27]. This mode of
action for TXF was suggested by our observations, as mentioned
above (Fig. 3). We further detected ROS production with the
addition of some reducers, DTT, dihydrolipoic acid (DHLA), GSH, or
-mercaptoethanol (3-ME), using the probe DCFH-DA. ROS
production after TXF treatment increased in a time-dependent
manner much more dramatically in the presence of DTT or
DHLA than in the presence of GSH or 3-ME (Fig. 4a). This result

Acta Pharmacologica Sinica (2023) 44:234 - 243

was similar to the ROS induction of isoquinoline-1,3,4-trione
derivatives [27], speculating that the oxidation of DTT and DHLA
to stable cyclic structures could accelerate electron transfer via
TXF, which led to abundant ROS production. Accordingly, TXF
inhibited RNase activity in the presence of DTT or DHLA and
weakly inhibited RNase activity without reducers or in the
presence of GSH or B-ME (Fig. 4b). These results indicated that
ROS production may be the mechanism by which TXF inhibits
IRETa RNase.

We next investigated the importance of ROS production in
IRE1a RNase inhibition by TXF. Trolox was determined to be an
ROS scavenger in the enzymatic reaction system because it did
not affect IRE1a RNase activity (Supplementary Fig. S1). Trolox
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Fig. 2 TXF inhibits IRE1a kinase and RNase. a B16-F10-XBP1-luc cells were treated with the indicated concentrations of TXF in the presence
of TM (1 pg/mL). After 8 h, the cells were lysed and subjected to luciferase assay. *P < 0.05; **P < 0.01, versus vehicle group (n = 3), unpaired
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d Hela cells were treated with the indicated concentrations of TXF and TM (1 ug/mL) for 8 h. The phosphorylation of IRE1a was evaluated by
Western blotting. The band intensities were quantified by ImageJ software and the normalized ratio of p-IRE1a/IRE1a and IRE1a/B-actin were
calculated. e Kinase activities measured after indicated concentrations of TXF were added to IRE1a for 1 h.

partially reduced ROS production (Fig. 4c) and RNase inhibition
(Fig. 4d) induced by TXF. Furthermore, in Hela cells, we observed
that NAC and Trolox reversed ROS production (Fig. 4e) and
partially reduced the inhibition of TXF to TM-induced endogen-
ous XBPT mRNA splicing (Fig. 4f). These results suggested that
ROS production plays an important role in TXF-induced IRETa
RNase inhibition.

To further confirm the fact that ROS inactivates IRE1q, we firstly
detected IRE1a RNase (Supplementary Fig. S2a) activity modulated
by H,O, and showed that H,O, inhibited IRETa RNase in the
enzymatic reaction system. Furthermore, two other types of
natural ROS inducers shikonin (SKN) [28] and cinnamaldehyde
(CA) [29], which produce ROS in cells via mitochondrion, were
used to detect XBP1 splicing in HelLa or A549 cells. SKN and CA
were observed to inhibit TM-induced endogenous XBPT mRNA
splicing in a dose-dependent manner (Supplementary Fig. S3a and
b). And NAC reversed the inhibition of SKN and CA to TM-induced
endogenous XBPT mRNA splicing in Hela cells (Supplementary
Fig. S3c). Besides, doxorubicin (DOX), a member of the anthracy-
cline anticancer agents, has been identified as a ROS inducer [30]
and recently an inhibitor of the IRE1a-XBP1 axis [17]. We found
that DOX also harbored ROS-dependent inhibition to XBP7T mRNA
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splicing (Supplementary Fig. S3c). These results further confirmed
that ROS inactivates IRET1a.

TXF oxidizes the thiol groups of IRE1a’s key catalytic cysteine to
sulfonic groups

ROS has been reported to irreversibly inactivate enzymes by
oxidizing the thiol group (-SH) of the catalytic cysteine residues to
sulfonic groups (-SOsH) [27]. To determine whether the thiol
group of IRE1a is oxidized to sulfonic acid by TXF, immunopre-
cipitation was performed with anti-sulfonate antibody to detect
sulfonated form. The result showed that IRE1a was sulfonated
(IRE1Ta: SOsH) in a dose-dependent manner in Hela cells
(Supplementary Fig. S4). Next, we performed an analysis of thiol
modifications in IRE1a after treatment with TXF for 1 h using mass
spectrometry (Table 2). Without DTT, we did not detect any
modifications of the thiol groups in IRE1a. Nevertheless, we
observed that thiol groups of four conserved IREla cysteine
residues (CYS-605, CYS-630, CYS-715, and CYS-951) were oxidized
to sulfonic groups by TXF in the presence of DTT. Furthermore,
H,0, was identified to oxidize thiol groups of three conserved
IRE1a cysteine residues (CYS-605, CYS-715, and CYS-951). Among
the four cysteine residues, there are three oxidized residues
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Fig. 3 Time- and DTT-dependent irreversible inhibition of IRE1a by TXF in vitro RNase assay. a RNase activities measured after indicated
concentrations of TXF were added to IRETa for increasing time. b The inhibition of RNase over increasing time when the assay system was
diluted 100 times after IRE1a was incubated with TXF (1 uM) for 1 h. ¢ IRE1a RNase initial velocities over increasing RNA substrate in the
presence of the indicated concentrations of TXF. V,,ax and K, were calculated by GraphPad Prism 7. d IRET1a RNase activities over increasing

DTT in the presence of the indicated concentrations of TXF.

(CYS-605, CYS-630, and CYS-715) in the ATP-binding cleft of the
kinase domain, and CYS-951 is proximal to the RNA cleavage site
and the protein dimerization interface of the RNase domain
(Fig. 5¢).

The structure of TXF itself participates in the inhibition of IRE1a
Although the results above suggested that ROS plays an important
role in TXF-induced IRETa RNase inhibition, the structure of TXF
itself may participate in the inhibition. This mode of action for TXF
was suggested by our observations: (i) TXF affected the affinity
between enzyme and RNase substrate (K, increase, Fig. 3c); (ii)
Reversion of ROS production partially reduced the inhibition of TXF
to TM-induced endogenous XBPT mRNA splicing; (iii) The oxidative
activity of H,O, (Supplementary Fig. S2c) was higher than TXF
incubation (Fig. 4c), but it modestly inhibited IRE1a kinase and
RNase activity and especially ICso to RNase activity achieved to
202.5 mM (Supplementary Fig. S2a and b); (iv) H,O, had selectivity
on IRETa kinase compared with RNase (Supplementary Fig. S2a
and b), while TXF had selectivity on IRE1a RNase compared with
kinase (Figs. 1c and 2e); (v) NAC considerably reversed the
inhibition of SKN and CA to TM-induced endogenous XBPT mRNA
splicing in Hela cells (Supplementary Fig. S3c) but partially
reduced the inhibition of TXF to TM-induced endogenous XBP1
mMRNA splicing (Fig. 4f).

To confirm the interaction of IRE1a-TXF, we performed
microscale thermophoresis. As shown in Fig. 5a, TXF showed
good affinity for IRE1q, with a dissociation constant (Ky) value of
0.341 uM. Furthermore, we performed a cellular thermal shift assay
that enables us to assay for affinity, cellular uptake, and target
engagement. TXF was analyzed for thermal stabilization of IRE1a
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in RPMI8226 cells which express higher IRETa than other cell
lines we tested to clearly detect the soluble IRE1a protein
(Supplementary Fig. S5). The detected soluble IRETa protein level
with treatment of TXF clearly was more than without TXF at
indicated denaturation temperatures (Fig. 5b), indicating that TXF
was able to enter cells and directly bind to the IRE1a protein. Next,
a docking experiment was performed using the AutoDock suites
to obtain insight into the binding mode of the IRETa-TXF complex.
The first-ranked results of the docking studies suggested that TXF
would have a high predicted affinity with IRE1a, with a binding
energy of —5.05 kcal/mol (Fig. 5¢). The strong interaction of TXF
with IRETa is attributed to the H-bonding interaction of HIS-825,
GLU-949, and PHE-962 residues located in the junction between
RNase domain and kinase domain (Fig. 5d). Excitingly, we
observed that CYS-951 was just near the docked site. These
results suggested that the structure of TXF participates in the
inhibition of IRE1a.

The inhibition of IRE1a by TXF and its derivatives is positively
correlated with ROS production and binding affinity

To further confirm the correlation between RNase inhibition and
ROS production or the structure type of TXF, its derivatives
(Fig. 1b) were also utilized. Among the compounds, TXF promoted
the most ROS production after incubation for 1 h (Table 1), and
a negative correlation (Pearson r=—0.872) was found between
IREla RNase ICsq and ROS production (Fig. 6a). Next, the
derivatives from TXF were used to perform docking experiments,
and the binding energies of the first ranked results each were
further analyzed together with TXF. TXF and WNN1229-D011 had
higher binding energy values than the other compounds (Table 1).
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The results of correlation analysis showed that the binding
energies were positively correlated (Pearson r=0.765) with IRE1a
RNase ICso (Fig. 6b). These results suggested that both ROS
production and binding affinity participate in TXF-induced IRE1a
inhibition.

DISCUSSION
The structure of IRE1a suggests three alternative sites that could be
targeted by small molecules: the ATP-binding pocket, the dimer-
interface hydrophobic pocket, and the RNase active site. Interest-
ingly, our study identified a potent small molecule (TXF) that targets
a predicted new alternative site located in the junction between
RNase domain and kinase domain, and oxidizes conserved cysteine
residues of IRE1a active sites to inhibit IRE1a.

The clue of oxidative regulation is first from the mode of action
for TXF with IRE1a. TXF displayed time- and DTT-dependent
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irreversible inhibition of IRETa (Fig. 3). It has been generally shown
that TXF gives rise to ROS production in enzymatic assays or cells
[24-26], which ultimately irreversibly inactivates enzymes [27].
Therefore, we hypothesized that ROS production may participate
in the mechanism by which TXF inhibits IRE1a. We further
observed that ROS production after TXF treatment increased
much more dramatically in the presence of DTT or DHLA than GSH
or B-ME (Fig. 4a). Accordingly, TXF inhibited RNase activity in the
presence of DTT or DHLA and weakly inhibited RNase activity
without reducers or in the presence of GSH or 3-ME (Fig. 4b). We
next found that the ROS scavenger partially reduced RNase
inhibition (Fig. 4d) induced by TXF. These results suggest that ROS
participates in TXF-induced IRETa RNase inhibition.

Next, we observed that thiol groups of four conserved IRET1a
cysteines were oxidized to sulfonic groups (Table 2). There are three
oxidized residues in the ATP-binding cleft of kinase domain, and one
is located in the RNase domains. Consistently, TXF was identified to
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directly inhibit IRE1a RNase and kinase activities (Figs. 1c and 2e).
Among the cysteine residues, CYS-605 and CYS-630 have not
been reported to have any functions. CYS-715 is located in the
activation loop of ATP-binding pocket and stabilizes the DFG-in
active conformation of IREla [14], and CYS-951 is a target for
S-nitrosylation, which occurs via oxidative reaction between NO and
cysteine thiol and inhibits its RNase activity [31]. These results imply
the mechanism of ROS-induced IRE1a inhibition. In future experi-
ments, we hope to determine whether CYS-605 and CYS-630 are key
catalytic cysteines modulating IRE1a.

In addition, we showed that the structure of TXF participated in
the inhibition of IRE1a. It was found that TXF showed good affinity
for IRE1a by microscale thermophoresis (Fig. 5a) and cellular
thermal shift assay (Fig. 5b). Next, via a docking experiment,
we obtained insight into the predicted binding mode of the
IRE1a-TXF complex (Fig. 5¢). The strong interaction of TXF with
IRETa could be attributed to the H-bonding interaction of HIS-825,

Toxoflavin showed structure-dependent oxidative inhibition to IRETa
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GLU-949 and PHE-962 residues near CYS-951 (Fig. 5d). These
results accounted for the selectivity of TXF to IRETa RNase.
Furthermore, we confirmed the positive correlation between
RNase inhibition and ROS production of TXF using TXF and its
derivatives and observed that the predicted binding affinity had a
positive correlation with RNase inhibition (Fig. 6).

TXF, originally known as a toxin produced from bacteria with
antibiotic function [32], was previously reported to inhibit Polo-like
kinase 1 [33], tyrosyl DNA phosphodiesterase 2 [25], SIRT1/2 [34],
and the Tcf4/B-catenin complex [35], but further exploration was
precluded because ROS production by TXF misled them [36]. In
fact, the strong antibiotic activity and toxicity of TXF in humans
and animals have been attributed to ROS production [24]. In
contrast to the above reports, we proved that TXF inhibits IRETa
structure- and ROS-dependently and found a potential binding
site for TXF with IRETa. Thus, TXF could not only induce oxidative
stress via ROS production but also bring severe ER stress by
inhibiting IRE1a, which led to its cytotoxicity.

Recent research shows that IRE1a is also a component coping

Table 2. Identified modification form and spectral counts of four with oxidative stress. Hourihan et al. showed that the thiol group
oxidized conservative cysteine residues. (-SH) of an IRE-1 cysteine (CYS-663 of IRE-1 for C. elegans,
- — - equivalently CYS-715 of human IRE1q) in the kinase domain was
Residues Modification Modified spectral counts oxidized to a sulfinyl group (-SO,H) by localized ROS, directing IRE-
DMSO 3uM TXF 3 M TXF 10 mM H,0, 1 to activate the p38/SKN-1/Nrf2 antioxidant response [37]. In our
plus study, we found that thiol groups of four IRETa cysteines (CYS-605,
2mM DTT CYS-630, CYS-715, and CYS-951) were oxidized to sulfonic groups
(-SO3H) by TXF and inhibited both IRE1a kinase and RNase. The
CYS-605 -SOsH 0 0 8 2 results together with the binding affinity and predicted binding
CYS-630 -SOsH 0 0 2 unidentify mode of the IRE1a-TXF complex imply that TXF could induce
CYS-715 -SO;H 0 0 5 2 persistent or excess ROS. Thus, TXF will act as a useful tool to
CYS951 -SO5H 0 0 5 5 p'erfon fu'rther stydles to clarify IRE1d’s role in ER stress in a
situation with persistent or excess ROS.
a . . b
IRE1a incubated with TXF
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Fig. 5 The structure of TXF participates in the inhibition of IRE1a. a Normalized fluorescence (Fnorm) Using NANOTEMPER analysis software

PHE-962

over increasing TXF by microscale thermophoresis. b CETSA was assayed in RPMI8226 cells in the presence of TXF (10 uM). ¢ Diagram

indicating four oxidized conserved cysteine residues of IRETa by TXF and docking result of the IRE1a-TXF complex (IRE1a PDB entry: 4YZD
[22]). The residues of amino acids are represented in a different color (red: CYS-605, blue: CYS-630, orange: CYS-715, green: CYS-951, purple:

HIS-825, cyan: GLU-949, yellow: PHE-962). d Detailed presentation of the simulated interaction between TXF and IRETa. The H-bonding

interactions are displayed as dashed yellow lines.
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CONCLUSION

In summary, we identified TXF as a novel potent IRETa inhibitor.
Furthermore, the inhibition of IRETa by TXF is positively correlated
with ROS production and binding affinity. Our findings suggest
that TXF could act as a potent small molecule tool to study IRE1a’s
role in ER stress.
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