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ABSTRACT

Intrinsically disordered proteins (IDPs) play important roles in disease pathologies; however, their lack of
defined stable 3D structures make traditional drug design strategies typically less effective against these
targets. Based on promising results of targeted covalent inhibitors (TCIs) on challenging targets, we have
developed a covalent design strategy targeting IDPs. As a model system we chose tau, an endogenous IDP
of the central nervous system that is associated with severe neurodegenerative diseases via its aggre-
gation. First, we mapped the tractability of available cysteines in tau and prioritized suitable warheads.
Next, we introduced the selected vinylsulfone warhead to the non-covalent scaffolds of potential tau
aggregation inhibitors. The designed covalent tau binders were synthesized and tested in aggregation
models, and inhibited tau aggregation effectively. Our results revealed the usefulness of the covalent
design strategy against therapeutically relevant IDP targets and provided promising candidates for the
treatment of tauopathies.

© 2022 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Targeted covalent inhibitors (TCIs) have recently become
important chemical biological tools and evaluated in specific drug
discovery programs [1—4]. These compounds form a permanent
covalent bond with an appropriate nucleophilic residue (most often
cysteine, but also others, including lysine, serine, threonine and
tyrosine) of the target protein [5]. Covalent binding makes ligand
discovery feasible against challenging binding sites such as protein-
protein interactions [6], allosteric pockets [7] and high affinity sites
specific for endogenous partners such as transcription factors [8] or
small GTPases [9].

Intrinsically disordered proteins (IDPs) play important roles in
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the regulation of cellular functions, and thus they represent po-
tential therapeutic targets. These proteins, however, lack a well-
defined 3D structure, and rather exist as an ensemble of highly
dynamic conformations [10,11]. This feature makes IDPs chal-
lenging to drug by classical approaches. Recent promising experi-
ence with TCIs prompted us to develop a covalent strategy against
this important class of drug targets. Our preliminary experiments
with a human IDP, calpastatin revealed that it can be specifically
labelled by covalent fragments that blocked its protein-protein
interaction with the calcium-dependent cysteine protease calpain
[12]. In this work we report a protocol for developing covalent in-
hibitors against IDPs that is exemplified by the aggregation-prone
tau protein that is involved in multiple tauopathies, including
Alzheimer's disease [13—16]. Tau aggregates, found in brain tissue,
exhibit increased levels of phosphorylation and mostly contain
double helical stacks, or paired helical filaments (PHFs) [17]. It has
been demonstrated that two hexapeptide motifs (Fig. 1) PHF6
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(VQIVYK) and PHF6* (VQIINK) are involved in the formation of
PHFs and are found at the core of formed fibrils [18—20].

Because of the importance of PHF6 (VQIVYK) and PHF6*
(VQIINK) regions in fibril formation, tau-K18 construct, containing
4 repeat regions (R1-R4), has been used extensively as a model
system in order to identify and evaluate aggregation inhibitors
[21—-27]. Covalent tau ligands, however, appear only occasionally in
literature, mostly discovered serendipitously and heuristically
[28—33].

Design principles for TCIs have expanded substantially in recent
years, as many studies have already described advantages and
disadvantages of these inhibitors [34,35]. The reactivity and spec-
ificity of TCIs have major impacts on their therapeutic utility and
should therefore be specifically tailored to the target [36]. Since the
local environment of the targeted protein nucleophile influences
substantially its reactivity and accessibility [37,38], rational selec-
tion of the warhead moiety is of the utmost importance [39,40].
Using covalent fragment screening [41,42], we recently introduced
an experimental optimization protocol [41] that has already been
proven in target-specific warhead selection for covalent drug dis-
covery programs [43,44]. These data confirmed that screening a
specific mapping library of electrophilic functionalities equipped to
the same fragment scaffold might identify suitable warheads for a
particular target.

Our strategy for covalent IDP-inhibitors involves two major
steps: selection of suitable electrophilic functionalities by covalent
fragment screening and the use of these electrophiles as warheads
on non-covalent scaffolds [44]. First, we evaluated the covalent
tractability of tau and confirmed that tau oligomer formation can
be inhibited by appropriate covalent labelling of the monomer.
Next, we designed, synthesized and tested covalent aggregation
inhibitors carrying the optimized warhead. A range of biophysical
techniques and orthogonal methods were used to characterize and
explore the interactions between monomeric tau-K18 and designed
covalent ligands. Finally, we demonstrated that the design strategy
we introduce here can lead us to efficient covalent binders inhib-
iting tau filament formation. We believe that this concept can open
new perspectives for the rational design of covalent inhibitors for
other IDPs with therapeutic significance.

2. Results and discussion
2.1. Rational warhead selection

Covalent inhibitor design demands proper selection of the
warheads tailored to the specific target. To evaluate the reactivity
profile of tractable cysteines in tau protein (C291 and C321) we
tested the tau-K18 construct (hereafter tau-K18WT) and our cova-
lent mapping library (1—25, Fig. 2a) used successfully for warhead
optimization in earlier studies [43,44]. We evaluated covalent

Tau40
1 441

tau-K18
244 372
ﬁ R1 IRZ IR3 R4 h

R2 275 VQIINKKLDLSNVQSKCIGSKDNIKHVPGGGS 305
R3 306 VQIVYKPVDLSKVTSKCIGSLGNIHHKPGGGQ 336

Fig. 1. Full-length tau (Tau40). Depicting sequence alignment of R2 and R3 subunits
from Tau40 including the positions of PHF6 (VQIVYK) (blue) and PHF6* (VQIINK) (red)
segments in the K18 domain (green), moreover the position of covalently vulnerable
(291 and C322 cysteines (purple) are also shown here.
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tractability using orthogonal biochemical and biophysical methods,
namely the fluorescence-based Ellman's assay, intact protein MS
and ligand observed F NMR measurements, to determine the
labelling efficiency. For the Ellman's assay, we applied a 50%
threshold for the remaining free thiol ratio after labelling since tau
has two available cysteines to be modified, and thus, complete
labelling of one cysteine could result in 50% labelling ratio (LR%).
Intact protein MS measurements are routinely used for covalent
fragment screening. Our mapping library, however, is specifically
designed for ligand observed °F NMR evaluation of covalent
binding as warheads are applied on a fluorine-rich scaffold (3,5-
bis(trifluoromethyl)phenyl) [43].

Based on the orthogonal mapping results (Fig. 2b) we selected 3
probes identified as positive hit by all the three methods (Ellman's
assay, MS and '°F NMR). Mapping fragments 6, 10 and 11 equipped
with the maleimide, ethynyl ester and vinylsulfone warheads
respectively labelled the tau cysteines effectively. The maleimide
probe was deprioritized due to its low aqueous stability [44] and
promiscuous reactivity [45]. Next we compared fragments 10 and
11, where the ethinyl ester (10) showed higher reactivity, but still,
only moderate aqueous stability as compared to the vinylsulfone
probe (11) [43]. Thus, we selected the vinylsulfone warhead (11) for
the development of covalent tau aggregation inhibitors and
confirmed labelling at both cysteines of tau-K18WT by >N-HSQC
NMR experiments (Fig. 2c).

2.2. Development for covalent aggregation inhibitors

We then used the vinylsulfone warhead on a range of non-
covalent scaffolds to identify novel aggregation inhibitors with
covalent mechanism of action. These scaffolds were based on a set
of proposed or experimentally confirmed non-covalent tau aggre-
gation inhibitors. Starting from the binding sites suggested for non-
covalent tau ligands we selected 4 prototypical scaffolds having
binding sites (Fig. 3) proximal to the targeted targeted cysteines
(C291 and C322) [21,46—48].

Our intention was to anchor the scaffolds close to the PHF6* and
PHF6 regions, which could then interfere with the conformation
required for aggregation. The specific residues involved in non-
covalent interactions of the scaffolds are discussed below in the
section of describing individual concepts. The diversity of the ap-
proaches demonstrated herein shows that various IDP drug dis-
covery programs can be merged with the concept of covalent
targeting (Fig. 4a—e).

2.2.1. Hydrophobic vinylsulfones (Fig. 4a; 11, 26—33)

It has been suggested that C322 and C291 can stabilize the
aggregated conformation of tau and moreover that these residues
can initiate the aggregation process [49]. Steric clashes close to the
PHF6 and PHF6* regions resulting from the covalent ligation of the
cysteines might therefore block the aggregation process. The hy-
drophobic pocket formed inside the tau hairpin conformation [23]
suggested that the cysteine reactive warhead should be presented
on hydrophobic scaffolds with different size and complexity in
order to optimize non-covalent interactions. Our set (11, 26—33)
included fragments with hydrophobic aromatic and aliphatic rings
(Fig. 4a), including the original fragment hit 11.

2.2.2. Rhodanine-based vinylsulfone (Fig. 4b; 34)

Rhodanines have been described previously as potential tau
aggregation inhibitors [50]. It is proposed that this chemotype
binds to glutamine Q307 and lysine K311 via hydrogen bonding
(Fig. 3) and blocks the aggregation [46]. The mode of action of this
compound class is, however, still poorly understood. Taking the
advantage of the specific labelling of nearby cysteine residues we
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Fig. 2. a) Specific covalent fragment library (1-25) for warhead optimization. b) Results of orthogonal analytical methods (Ellman's assay, MS and '°F NMR) for covalent labelling.
The histogram shows Labelling Efficiency (LE%) resulted by the Ellman's assay. The red line shows the threshold for the Ellman's assay results and the bars are colored according to
the results of the MS- and ligand observed NMR-based screens, as follows: empty bars represent covalent probes not resulted as positive hit in any of the MS- or ligand observed
NMR-based assays; yellow bars represent covalent probes resulted as positive hit in the MS-based assay; blue bars represent covalent probes resulted as positive hit in the ligand
observed NMR-based assay and bicoloured bars represent the covalent probes resulted as positive hit in both assay. ¢) Vinylsulfone 11 binds to both of the cysteine residues of tau-

K18WT as revealed by '"N-HSQC NMR experiments.
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— 372/\/354—339/\/322
CI-NQTrp

Fig. 3. Binding regions of tau-K18WT. Affected residues are colored as follows: blue
letters for rhodanine, orange letters for cholesterol, red letters for W-MINK and green
letters for CI-NQTrp-based peptide.

prepared the rhodanine scaffold with a vinylsulfone warhead (34,
Fig. 4b).

2.2.3. Cholesterol-based vinylsulfones (Fig. 4c; 35, 36)

Sterols have been reported [47,51] as promising aggregation
inhibitors and therefore, we prepared cholesterol with the vinyl-
sulfone warhead (35, Fig. 4c). In addition, to accommodate
conformational flexibility and the distance between the proposed
cholesterol-binding site [47] —surrounded by the hydrophobic side
chains of V339, L344, F346, V350 and 1354 (Fig. 3)— and the

targeted cysteines, another analogue with a longer PEG-linker was
also synthesized (36, Fig. 4c).

2.2.4. Chloronaphthoquinone-tryptophan-based vinylsulfone
(Fig. 4d; 37)

Chloronaphthoquinone (CI-NQ) coupled to tryptophan (Cl-
NQTrp) has been shown recently to bind to tau-K18M monomer
contacting residues V309 and Y310 within the PHF6 region (Fig. 3)
[21]. Thus, we designed a covalently reactive derivative (37, Fig. 4d).
The vinylsulfone tail was attached to the CI-NQTrp head via a
decapeptide linker with suitable polarity and length to ensure
conformational flexibility and to reach to the targeted cysteines. To
prevent peptide N-termini and C-terminal lysine residues from
crosslinking, two modified residues were incorporated into the
peptide: at C-terminal an e-azido-L-lysine, which then was clicked
onto the CI-NQTrp head-structure; and 6-Ahx (6-aminocaproic
acid) was introduced at the N-termini of the peptide, and then
acylated by the vinylsulfone warhead bearing tail-structure. Within
the linker sequence glutamic acid, alanine and lysine residues were
incorporated [52—55]. The peptide was synthesized on Tentagel®
resin applying Fmoc chemistry [56].
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Fig. 4. Designed covalent tau inhibitors: a) hydrophobic vinylsulfone library (11,26—33); b) rhodanine-based vinylsulfone derivative (34); c) cholesterol-based vinylsulfone de-
rivatives (35, 36); d) naphthoquinone-tryptophan-headed peptide equipped with a vinylsulfone warhead (37) and e) W-MINK peptidic inhibitor equipped with a vinylsulfone

warhead (38).

2.2.5. Peptide (W-MINK)-based vinylsulfone (Fig. 4e; 38)

A structure-based design strategy recently resulted in peptide-
like aggregation inhibitors [57]. The most active decapeptide W-
MINK was found to inhibit the aggregation of the full-length tau
effectively. This peptide formed non-covalent interactions with
residues of the K274-D283 segment (Fig. 3), which includes the
PHF6* sequence region (V275—K280) [57]. Therefore, we prepared
this decapeptide with the vinylsulfone warhead (Fig. 4e) designed
to anchor the peptide close to the aggregation region.

2.3. Influencing tau aggregation via covalent inhibitors

In order to investigate the effect of proposed covalent aggre-
gation inhibitors, we followed the aggregation of vinylsulfone
treated and untreated tau-K18"T in the ThT-based fluorescence
assay [58,59]. Non-equilibrium covalent labelling of the target
ensured that the final level of fluorescence could be related directly
to the rate of aggregation inhibition. We first treated tau-K18 VT
with 50 eq. of the inhibitors, equal to 10 pM assay concentration.
Tau aggregation was initiated by heparin after incubation. The
progression of tau aggregate formation was followed by adding ThT
and monitoring the fluorescence signal (Fig. 5a). Aggregation rates
(Supplementary Table S1) were determined as the fluorescence
ratio compared to the untreated but aggregated tau-K18. After
preliminary screening 11 and 29 hydrophobic vinylsulfones,
rhodanine-derivative 34, the 35 and 36 cholesterol vinylsulfones,
the 37 CI-NQTrp-derivative and the 38 W-MINK-vinylsulfone
decreased aggregate ratios (Fig. 5b). These results demonstrated

the effectiveness of our strategy, as all the five design pathways led
to potent covalent aggregation inhibitors.

To prove covalent binding mechanism of the designed inhibitors
we performed the same experiments with a mutant tau-K18
construct (hereafter tau-K18™) [60]. Mutation of C291 and C322 to
serine (C291S, C322S) is known to maintain similar protein-protein
and protein-ligand interactions, but the cysteine selective vinyl
sulfone warhead is not able to react with serine [21]. Control mea-
surements with tau-K18M revealed (Fig. 5b) that the aggregation
ratio is much lower in the absence of tractable cysteines. The impact
of covalent binding was further investigated comparing the effect of
non-covalent W-MINK peptide to that of its vinylsulfone analogue
38 (Fig. 5b). We found, that 38 performed better in the presence of
cysteines (19 + 5% of aggregation on tau-K18"T compared to 43 + 9%
on tau-K18M). Contrary, non-covalent W-MINK control experiments
showed similar inhibition with tau-K18"T (38 + 3%) and with tau-
K18M (29 + 8%). Thus, we concluded that covalent binding contrib-
utes significantly to the inhibitory activity of the ligands.

Direct covalent binding of the designed compounds (11, 26—38)
was tested in the Elmann's assay. Tau labelling was confirmed ac-
cording to the measured free thiol ratios in the range of 22%—66%
(Fig. 5¢, Supplementary Table S2). We found that all effective in-
hibitors showed direct cysteine ligation. Moreover, we performed
concentration-dependent analysis of aggregation inhibitory effect
with 3 representative compounds (11, 29, 4) (Fig. 5d,
Supplementary Table S3) and confirmed that their efficacy is
directly controlled by the concentration of the inhibitors. Finally,
the covalent mode of action was demonstrated by MS/MS
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Fig. 5. a) Representation of the effect of small molecule inhibitors on the tau aggregation using ThT fluorescent additive. The graph shows the aggregated control (blue), the non-
aggregated control (yellow) a case of effective inhibition (29, green) and a case of ineffective inhibition (30, red). b) The obtained aggregation ratios of the active inhibitors of tau-
K18WT aggregation (green), in comparison with the effect obtained for the tau-K18™ aggregation (red). Here we show also the results obtained by treating of tau-K18"/T and tau-
K18M, both, with the control compound W-MINK. ¢) Results of Ellman's assay of tau-K18"Y". The Ellman's assay results are presented as free thiol ratio (FTR%), the percentage ratio of
the unlabelled cysteines. d) Concentration-dependence of aggregation inhibition with probes 11, 29 and 34 by 1000 uM (green), 500 uM (pink), 250 uM (purple), 100 uM (yellow)
and 50 uM (blue), respectively. e) Circular dichroism (CD) spectrometry results showing the conformational changes of the tau during the heparin-induced aggregation (red) and

the effect of 34 covalent probe (blue) compared to the monomer of tau-K18WT (black).

proteomics of tau-K18"T monomer labelled with 11, 29 and 37
covalent probes These measurements revealed that double label-
ling occurs at both C291 and C322 with 11 and 29, however 37
labelled only at C291 (Supplementary Fig. ST and Table S4).

Next, we investigated structural changes which occurred upon
covalent labelling. Circular dichroism (CD) revealed that untreated
tau-K18WT (black curve, Fig. 5¢) was in a random coil conformation
with a minimum in the CD spectrum at 200 nm, suggesting the
presence of tau-K18"WT monomers. After heparin-induced aggre-
gation, the structure was shifted into p-sheet rich conformation
(red curve, Fig. 5e), as evidenced by a minimum at 215 nm and a
positive band at 198 nm. After applying the same aggregation
protocol but having previously treated tau-K18WT with 34 (blue
curve, Fig. 5e), the intensity at 215 nm was reduced, and the min-
imum of the spectra was shifted towards the random coil confor-
mation range.

Supramolecular structural changes were investigated by trans-
mission electron microscopy (TEM) analysis (Fig. 6) to demonstrate
the tau oligomer fibrils formed after heparin-induced aggregation.
In contrast to the unaggregated tau-K18"T monomer the TEM
images (Fig. 6a) clearly show the progress of the aggregation. Ac-
cording to TEM results, we concluded that incubation of tau-K18WT
with covalent probes could inhibit the aggregation with different
efficacy. TEM images of the aggregated tau-K18WT in the absence of
the inhibitors resulted in highly populated fibrils, indicating the
formation of amyloids. Here we investigated the 35 and 36
cholesterol-derivatives and the CI-NQTrp peptidic vinylsulfone
(37). The micrographs were semi-quantitatively analyzed using
Image]® software. After background subtraction, TEM images were
compared according to their average brightness (Fig. 6b and
Supplementary Table S5). Here the higher brightness implies the
less aggregates formed. These results show that numbers of fibrils
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Fig. 6. a) High magnification ultra-micrographs of tau protein (scale: 100 nm). The heparin-induced aggregation resulted in high number of fibrils, contrasted by the image obtained
by the non-aggregated monomer, and TEM images obtained after aggregation of 37, 38 and 39-labelled tau-K18"". b) The semi-quantitative evaluation according to the average

brightness of the TEM images.

formed by aggregation of tau-K18WT considerably decreased, thus,

despite of the forced aggregation process tau-K18WT is mostly in
monomer conformation.

3. Conclusion

Here we described a novel strategy to identify covalent ligands
targeting intrinsically disordered protein targets. The approach was
exemplified on tau protein and included the target-specific selec-
tion of an electrophilic warhead for labelling of the IDP. After co-
valent fragment screening against tau-K18 we showed that
experimental reactivity information provides practical guidance for
the prioritization of appropriate warhead chemotypes. Next, the
prioritized vinylsulfone warhead was applied on different non-
covalent scaffolds to design and synthesize potential covalent ag-
gregation inhibitors. Testing these compounds in orthogonal
methods confirmed their covalent mechanism of action by counter-
screens on double mutant tau-K18M (C291S, C322S). We demon-
strated that the designed covalent inhibitors induce conformational
changes of tau that contribute to reduction of the macroscopic
aggregation of tau fibrils. These results might represent opportu-
nities for developing therapeutics against tauopathies, and more-
over, the approach presented herein could be a useful strategy
targeting other therapeutically relevant IDPs.

4. Experimental section
4.1. Protein expression and purification

Tau K18M and tau K18WT constructs were expressed and purified
as described earlier [21]. All protein purification buffer solutions for
tau K18WT construct contained 1 mM monothioglycerol (MTG),
whereas the final size exclusion/storage buffer solution contained
2 mM DTT.

4.2. Ellman's assay

To measure thiol-reactivity, 2 pM tau-K18WT in assay buffer
(25 mM NaP;, 0.1 mM EDTA, 150 mM NacCl, pH 6.6) was treated with
200 uM of fragments, resulting 5% DMSO concentration in the
mixture. After 24 h of incubation on room temperature, 16 pL of the
sample was pipetted into a black, 384 well assay plate (Corning, Ref
No.: 4514) and 4 pl of thiol detection reagent (Invitrogen, Ref No.:
TCO012-1 EA) was added. After brief shaking, the plate was incu-
bated in dark, room temperature for 30 min, then fluorescence was

measured in duplicates in a microplate reader (BioTek Synergy Mx)
(Aex = 390 nm and Aep; = 510 nm). Free thiol ratio (FTR%) and
labelling ratio (LR%) values were calculated, as follows:

RFUsample - RFUbackground

FTR[%] =100.
[ } Rl:‘UDMSO - Rl:Ubackground

LR[%] = 100% — FTR[%)

4.3. Protein labelling for tau-K18

For the tau-K18"T labelling experiments the 20 pM stock solu-
tion of the protein (25 mM NaP;, 0.1 mM EDTA, 150 mM NacCl, pH
6.6) was treated with fragments added from a 100 mM DMSO stock
diluted in the labelling solution to 1 mM. The incubation was
continued at 25 °C for additional 24 h. After the labelling, the
mixture directly submitted to MS analysis.

For NMR experiments, 50 uM of tau K18WT was incubated with
250 uM of covalent fragment in 50 mM NaP; pH 6.6, 25 mM Nadl,
50 uM DSS, 4% DMSO-dg, 5% D,0 for 18 h at 25 °C.

4.4. MS analysis of the labelled tau-K18

The molecular weights of the conjugates of tau were identified
using a Triple TOF 5600+ hybrid Quadrupole-TOF LC/MS/MS sys-
tem (Sciex, Singapore, Woodlands) equipped with a DuoSpray
IonSource coupled with a Shimadzu Prominence LC20 UFLC (Shi-
madzu, Japan) system consisting of binary pump, an autosampler
and a thermostated column compartment. Data acquisition and
processing were performed using Analyst TF software version 1.7.1
(AB Sciex Instruments, CA, USA). Chromatographic separation was
achieved on a Thermo Beta Basic C8 (50 mm x 2,1 mm, 3 pm, 150 A)
HPLC column. Sample was eluted in gradient elution mode using
solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid
in ACN). The initial condition was 20% B for 1 min, followed by a
linear gradient to 90% B by 4 min, from 5 to 6 min 90% B was
retained; and from 6 to 6.5 min back to initial condition with 20%
eluent B and retained from 6.5 to 9.0 min. Flow rate was set to
0.4 ml/min. The column temperature was 40 °C and the injection
volume was 5 pl. Nitrogen was used as the nebulizer gas (GS1),
heater gas (GS2), and curtain gas with the optimum values set at 30,
30 and 35 (arbitrary units), respectively. Data were acquired in
positive electrospray mode in the mass range of m/z = 300 to 2500,
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with 1 s accumulation time. The source temperature was 350 °C
and the spray voltage was set to 5500 V. Declustering potential
value was set to 80 V. Peak View SoftwareTM V.2.2 (version 2.2,
Sciex, Redwood City, CA, USA) was used for deconvoluting the raw
electrospray data to obtain the neutral molecular masses.

4.5. Digestion and proteomics MS/MS analysis

After the labelling 40—50 pL of the sample and 10 pL 0.2% (w/v)
RapiGest SF (Waters, Milford, USA) solution buffered with 50 mM
ammonium bicarbon-ate were mixed (pH 7.8) and 3.3 puL of 45 mM
DTT in 100 mM NH4HCOs3 were added and kept at 37.5 °C for
30 min. After cooling the sample to room temperature, 4.16 pL of
100 mM iodoacetamide in 100 mM NH4HCO3; were added and
placed in the dark in room temperature for 30 min. The reduced
and alkylated protein was then digested by 10 pL (1 mg/mL) trypsin
(the enzyme-to-protein ratio was 1:10) (Sigma, St Louis, MO, USA).
The sample was incubated at 37 °C for overnight. To degrade the
surfactant, 7 uL of formic acid (500 mM) solution was added to the
digested protein sample to obtain the final 40 mM concentration
(pH = 2) and was incubated at 37 °C for 45 min. For LC-MS analysis,
the acid treated sample was centrifuged for 5 min at 13 000 rpm.
QTRAP 6500 triple quadruple — linear ion trap mass spectrometer,
equipped with a Turbo V source in electrospray mode (AB Sciex, CA,
USA) and a PerkinElmer Series 200 micro LC system (Massachu-
setts, USA) was used for LC-MS/MS analysis. Data acquisition and
processing were performed using Analyst software version 1.6.2
(AB Sciex Instruments, CA, USA). Chromatographic separation was
achieved by using the Vydac 218 TP52 Protein & Peptide C18 col-
umn (250 mm x 2.1 mm, 5 um). The sample was eluted with a
gradient of solvent A (0.1% formic acid in water) and solvent B (0.1%
formic acid in ACN). The flow rate was set to 0.2 mL/min. The initial
conditions for separation were 5% B for 7 min, followed by a linear
gradient to 90% B by 53 min, from 60 to 63 min 90% B is retained;
from 64 to 65 min back to the initial conditions with 5% eluent B
retained to 70 min. The injection volume was 10 uL (300 pmol on
the column). Information Dependent Acquisiton (IDA) LC-MS/MS
experiment was used to identify the modified tryptic peptide
fragments. Enhanced MS scan (EMS) was applied as survey scan
and enhanced product ion (EPI) was the dependent scan. The
collision energy in EPI experiments was set to rolling collision en-
ergy mode, where the actual value was set according to the mass
and charge state of the selected ion. Further IDA criteria: ions
greater than: 400.000 m/z, which exceeds106 counts, exclude
former target ions for 30 s after 2 occurrence(s). In EMS and in EPI
mode the scan rate was 1000 Da/s as well. Nitrogen was used as the
nebulizer gas (GS1), heater gas (GS2), and curtain gas with the
optimum values set at 50, 40 and 40 (arbitrary units). The source
temperature was 350 °C and the ion spray voltage set at 5000 V.
Declustering potential value was set to 150 V. GPMAW 4.2 software
and ProteinProspector [61] was used to analyse the large number of
MS-MS spectra and identify the modified tryptic peptides.

4.6. NMR measurements of tau-K18

NMR measurements were performed as described earlier [21].
Briefly, protein and ligand-observed NMR data were obtained using
Bruker AVANCE 600 MHz spectrometer (Bruker BioSpin, Fallanden,
Switzerland) equipped with a BACS-120 sample changer and QCI-F
cryoprobe in 50 mM NaP; pH 6.6, 25 mM Nacl, 100 uM DSS, 5% D,0,
4% DMSO-dg at 298 K, unless stated otherwise. Bruker DPX-400
spectrometer (Bruker BioSpin, Fallanden, Switzerland) was used
to assess structural integrity of organic compounds in DMSO-dg at
298 K. The NMR data were processed and analyzed using TopSpin
4.0.2 (Bruker BioSpin, Fallanden, Switzerland), MNova 11.0
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(MestreLab Research, Santiago de Compostela, Spain) and Dy-
namics Center 2.5.4 (Bruker BioSpin, Fallanden, Switzerland).

4.7. tau-K18 aggregation protocol

We applied the same aggregation protocol for all assays to
ensure comparability. Solutions of 10 uM tau K18 constructs in
25 mM pH 6.6 PBS (150 mM NaCl) were incubated undisturbed at
37 °C, in the presence of a 1:10 M ratio of heparin (MW 3000) as an
initiator.

4.8. Fluorescence assay of tau-K18 aggregation

The tau K18 constructs was incubated under standard aggre-
gation conditions in the presence of 20 pM Thioflavin T in 96-well
plates. The fluorescence intensity throughout incubation (37 °C for
24h) was monitored using a FLUOstar fluorescence plate reader.
The ThT fluorescence was measured through the bottom of the
plate approximately every 5 min, with excitation filter of 450 nm
and emission filter of 486 nm. After 6 h the fluorescence intensity
was maintained, then the time-binned data were used to calculate
average level of aggregation compared to the non-aggregated
negative control, and the non-treated but aggregated positive
control.

4.9. Circular dichroism (CD) spectroscopy

CD spectra were collected using a JASCO J-1500 spec-
tropolarimeter at room temperature in a 0.1 cm path-length cy-
lindrical quartz cuvette at a rate of 50 nm/min, with a data pitch of
0.5 nm, response time of 2 s, bandwidth of 2 nm, and 3 accumu-
lations. Spectra were corrected by subtracting a blank and
smoothed.

4.10. Transmission electron microscopy (TEM)

For the transmission electron microscopic (TEM) studies For-
mvar/Carbon coated 300 mesh, copper grids (FCF300-CU, Formvar/
Carbon 300 mesh, copper, electron Microscopy Sciences) were
used. The process was carried out at RT on a sheet of parafilm
placed in a Petri dish. 50 pl aliquots (drops) of each incubation
solution were pipetted onto the parafilm in the following order:
sample, distilled water, two drops of 1% uranil-acetate, distilled
water (DW). Using fine forceps, the grid was placed onto the drop of
sample for 1 min. After blotting off excess liquid with filter paper
the grid was briefly rinsed on the first drop of DW then on the first
drop of uranil-acetate. Next, the grid was placed onto the second
drop of uranil-acetate for 1 min and finally for a short rinse on the
second drop of DW. Between each step, excess liquid was blotted by
filter paper. The grids were investigated with a JEOL TEM-1011
(JEOL, Tokyo, Japan) equipped with a Mega-View-III digital cam-
era. For a detailed description, see relevant literature [62]. Semi-
quantitative analysis was performed by Image]® software as fol-
lows. First background subtraction was performed applying a
sliding paraboloid algorithm with 30.0 pixels rolling ball radius,
then weighted average brightness of the images was calculated
based on the pixel intensity histogram analysis. Results are given as
average of 5 parallel migrograph evaluation.

4.11. Synthetic procedures

4.11.1. General procedure for vinylsulfone synthesis [63]

The appropriate halogen derivative (bromine for 11, 28, 30, 31
and chlorine for 29) (5 mmol) was dissolved in N,N-
dimethylformamide(10 mL) and added dropwise to the solution of
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2-mercaptoethanol (350 pL, 5 mmol) and potassium carbonate
(1037 mg, 7.5 mmol) in N,N-dimethylformamide (20 mL), then the
mixture was stirred at RT. After 3 h, the solvent was evaporated and
the residue was dissolved in 50 mL ethyl acetate, then washed with
50 mL brine. The organic layer was dried and concentrated. The
crude product was dissolved in 50 mL dichloromethane and meta-
chloroperoxybenzoic acid (2.16 g, 12.5 mmol) was added slowly.
The mixture was stirred for 3 h, and then washed with 1 M aqueous
solution of sodium hydroxide. After the extraction, the organic
phase was dried and concentrated, then the product was dissolved
in 20 mL dry dichloromethane. To this solution, methanesulfonyl-
chloride (464 pL, 6 mmol) was added at 0 °C, and triethylamine
(1043 puL, 7.5 mmol) was dropped slowly into the mixture. After the
addition of the base, the reaction mixture was heated up to RT and
stirred for 2 h. Finally, the solvent was removed, and crude product
was purified by column chromatography with hexane and ethyl-
acetate as eluents.

4.11.2. 1,3-Bis(trifluoromethyl)-5-((vinylsulfonyl)methyl)benzene
(11) [43]

Yield: 21% (328 mg). '"H NMR (500 MHz, DMSO-ds): 6 8.14 (s,1H),
8.09 (s, 2H), 7.00 (dd, J = 16.6, 10.0 Hz, 1H), 6.26 (d, ] = 9.9 Hz,1H),
6.08 (d, ] = 16.6 Hz, 1H), 4.84 (s, 2H) ppm. *C NMR (125 MHz,
CDCl3): 6 136.4, 132.8, 132.2 (2C), 131.8, 130.7 (q, J = 32.5 Hz, 2C),
123.6 (q, ] = 271.3 Hz, 2C), 122.8—122.6 (m), 57.9 ppm [43]. Mp.
72 °C. HRMS (DUIS): (M — H)™ calcd. for C;1H7Fg0,S~, 317.0076;
found 317.0046.

4.11.3. 2-((Vinylsulfonyl)methyl)naphthalene (28)

X
7N\
(i)

Yield: 27% (313 mg). 'H NMR (500 MHz, CDCls): § 7.88—7.83
(m,4H), 7.55—7.48 (m, 3H), 6.54 (dd, ] = 16.6, 9.9 Hz, 1H), 6.30 (d,
J = 16.6 Hz,1H), 6.07 (d, ] = 9.9 Hz, 1H), 4.42 (s, 2H) ppm. >C NMR
(125 MHz, CDCl3): 6 135.3, 133.3, 133.2, 131.2, 130.5, 128.7, 128.0,
127.8, 127.7, 126.8, 126.6, 125.1, 61.2 ppm. Mp. 195—196 °C. HRMS
(DUIS): (M + H)" calcd. for C13H130,S™, 233.0636; found, 233.0659.

4.11.4. 9-((Vinylsulfonyl)methyl)anthracene (29)

' S
/AN
i)

Yield: 19% (268 mg). "H NMR (500 MHz, CDCl3): 6 8.55 (s,1H),
8.29 (d, ] = 9.0 Hz, 2H), 8.06 (d, J = 8.4 Hz, 2H), 7.66—7.58 (m, 2H)
7.56—7.48 (m, 2H), 6.48 (dd, ] = 16.5, 9.8 Hz, 1H), 6.32 (d,
J =16.6 Hz,1H), 5.91 (d, ] = 9.8 Hz, 1H), 5.43 (s, 2H) ppm. 13C NMR
(125 MHz, CDCl3): 6 135.4, 131.9, 130.9, 130.2, 128.7, 126.3, 125.4,
125.2, 124.3, 122.1, 581 ppm. Mp. 221—224 °C. HRMS (DUIS):
(M + H)" calcd. for C17H150,S™, 283.0787; found, 283.0776.
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4.11.5. Phenyl(4-((vinylsulfonyl)methyl)phenyl)methanone (30)

X
AN
[e)e]

o

Yield: 31% (443 mg). TH NMR (500 MHz, CDCls): 6 7.83—7.78 (m,
4H), 7.66—7.64 (m, 1H) 7.54—7.36 (m, 4H), 6.82 (dd, ] — 16.5,10.0 Hz,
1H), 6.39 (d, J = 16.5 Hz1H), 6.01 (d, J = 9.9 Hz, 1H), 4.73 (s, 2H)
ppm. 13C NMR (125 MHz, CDCl3): 6 195.4, 140.8, 137.3, 136.8, 135.2,
132.6, 130.6, 130.1, 129.2, 128.4, 122.1, 61.9 ppm. Mp. 179 °C. HRMS
(DUIS): (M + H)* calcd. for C16H1503S™, 287.0736; found, 287.0719.

4.11.6. 8-((Vinylsulfonyl)methyl)quinoline (31)

Yield: 12% (140 mg). 'TH NMR (500 MHz, CDCl): ¢ 8.01 (dd,
J =42,18 Hz, 1H), 8.17 (dd, J = 8.3, 1.9 Hz, 1H), 7.85 (dd, J = 7.1,
1.4 Hz,1H), 7.80 (dd, ] = 8.2, 1.4 Hz, 1H), 7.52 (t,] = 7.5, 1H), 7.45 (dd,
J = 83, 41 Hz, 1H), 6.90 (dd, ] = 16.5, 9.9 Hz, 1H), 6.33 (d,
J = 16.6 Hz,1H), 6.12 (d, J = 9.9 Hz, 1H), 4.89 (s, 2H) ppm. >C NMR
(125 MHz, CDCl3): 6 156.9, 146.5, 130.3, 127.9, 127.5, 125.4, 122.3,
121.3, 59.8 ppm. Mp. 142 °C. HRMS (DUIS): (M + H)* calcd. for
C12H1202NS*, 234.0589; found, 224.0568.

4.11.7. 3,5-Bis(trifluoromethyl)phenyl vinylsulfone (32) [43]

Synthetic procedure was performed as described in literature
[43]. Yield: 14% (128 mg). 'H NMR (500 MHz, DMSO-dg): 6 8.34 (s,
2H), 8.13 (s, 1H), 6.74—6.61 (m, 2H), 6.24 (d, ] = 8.7 Hz, 1H) ppm. >C
NMR (125 MHz, CDCl3): § 135.9, 132.6, 132.1 (2C), 131.9, 131.0 (q,
J = 32.4 Hz, 2C), 123.8 (g, J = 2714 Hz, 2C), 122.9-122.5 (m),
58.2 ppm [64]. Mp. 46—48 °C.

4.11.8. N-(3,5-Bis(trifluoromethyl)benzyl)ethenesulfonamide (33)
[43]

Synthetic procedure was performed as described in literature
[43]. Yield: 53% (882 mg). 'H NMR (500 MHz, DMSO-dg) 6 8.04 (t,
J = 6.3 Hz, 1H), 8.03 (s, 2H), 8.00 (s, 1H) 6.74 (dd, J = 16.5, 10.0 Hz,
1H), 6.06 (d, ] = 16.5 Hz, 1H), 5.98 (d, J = 10.0 Hz, 1H), 4.28 (d,
J = 6.3 Hz, 2H) ppm. 3C NMR (125 MHz, DMSO-dg) 6 147.3, 142.0,
135.4(q,J = 32.5 Hz, 2C), 133.6 (2C), 131.2,128.5 (q, ] = 271.3 Hz, 2C),
126.3—126.0 (m), 49.9 ppm [43]. Mp. 55 °C. HRMS (DUIS): (M — H)~
calcd. for C11HgFgNO,S™, 332.0185; found 332.0157.
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4.12. Synthesis of rhodanine derivative

4.12.1. 5-(4-(((2-hydroxyethyl)sulfonyl)methyl)phenyl)furan-2-
carbaldehyde

Ox o

In a sealed tube 2-((4-bromobenzyl)sulfonyl)ethan-1-ol
(307 mg, 1.1 mmol), (5-formylfuran-2-yl)boronic acid (154 mg,
1.1 mmol), potassium carbonate (304 mg, 2.0 mmol, 1.9 equiv.) and
tetrakis(triphenylphosphino)palladium(0) (127 mg, 0.11 mmol,
10%) was mixed in 20 mL toluene:EtOH 7:3, and heated at 100 °C for
4 h. The solvent was evaporated and divided between 20 mL EtOAc
and 20 mL water. After the separation, the organic phase was
evaporated to silica, and the crude product was purified by flash
column chromatography resulting in a mixture containing the
product that could not be separated from cross-coupling side
products. The 180 mg (80% purity) was taken to the next reaction
step.

4.12.2. Ethyl (E)-3-(5-((5-(4-(((2-hydroxyethyl)sulfonyl)methyl)

phenyl)furan-2-yl)methylene )-4-oxo-2-thioxothiazolidin-3-yl)
propanoate

EtOOC

\_\ o O;IS?_/—OH
N | N\
544 I (¢}

In a round bottom flask 5-(4-(((2-hydroxyethyl)sulfonyl)
methyl)phenyl)furan-2-carbaldehyde (88 mg, 0.3 mmol) was dis-
solved 30 mL dichloromethane. Ethyl 3-(4-oxo-2-
thioxothiazolidin-3-yl)propanoate (70 mg, 0.3 mmol) and piperi-
dine (60 pL, 0.6 mmol, 2 equiv.) was added, and the reaction
mixture was stirred at RT overnight. After evaporation to silica, the
crude product was purified by flash column chromatography
resulting in the product as a white solid (60 mg, 39%). 'H NMR
(500 MHz, DMSO-dg) 6 7.88 (d, ] = 8.3 Hz, 2H), 7.71 (s, 1H), 7.59 (d,
J=8.2Hz,2H),7.39 (d,] = 3.8 Hz, 1H), 7.37 (d, ] = 3.8 Hz, 1H), 5.74 (s,
4H), 5.22 (t,] = 5.2 Hz, 1H), 4.55 (s, 2H), 4.28 (t,] = 7.4 Hz, 2H), 4.05
(q.J = 71 Hz, 2H), 3.84(q,J = 5.6 Hz, 2H), 3.19 (t,] = 5.9 Hz, 2H), 2.71
(t,J = 7.6 Hz, 2H), 117 (t, ] = 7.1 Hz, 3H) ppm; 3C NMR (126 MHz,
DMSO-dg) 6 170.6,160.1,158.1,149.9, 132.6,130.3,128.9,124.9,123.6,
119.2, 118.9, 111.2, 60.8, 60.0, 55.4, 55.3, 54.6, 43.5, 31.5, 14.4 ppm.
Mp. 123—124 °C. HRMS (DUIS): (M + H)* calcd. for Cy3H2407NSH,
510.0715; found, 510.0694.

4.12.3. Ethyl (E)-3-(4-0x0-2-thioxo-5-((5-(4-((vinylsulfonyl)
methyl)phenyl)furan-2-yl)methylene)thiazolidin-3-yl)propanoate
(34)

Et0OC o
0 OQ'S'J/

N M

s I Ao

S

In a round bottom flask ethyl (E)-3-(5-((5-(4-(((2-hydroxyethyl)
sulfonyl)methyl)phenyl)furan-2-yl)methylene)-4-oxo-2-
thioxothiazolidin-3-yl)propanoate (41 mg, 0.08 mmol) was dis-
solved in 30 mL dichloromethane followed by methanesulfonyl
chloride (9 pL, 0.12 mmol, 1.5 equiv.) and diisopropyl ethylamine
(122 pL, 0. 89 mmol, 11 equiv.) at 0 °C. The reaction mixture was
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stirred overnight at RT. The solution was washed by 2 x 30 mL
water, then dried (MgS0O4), and the solvent was evaporated
resulting the product as a white solid (13 mg, 33%). 'H NMR
(500 MHz, CDCl3) 6 7.81 (d, ] = 8.2 Hz, 1H), 7.54—7.45 (m, 2H), 6.98
(d, J] = 3.7 Hz, 1H), 6.91 (t, ] = 4.5 Hz, 1H), 6.60—6.49 (m, 1H),
6.38—6.30 (m, 1H), 6.19—6.12 (m, 1H), 4.46 (t,] = 7.5 Hz, 1H), 4.30 (s,
2H), 4.20—4.11 (m, 2H), 2.78 (t, ] = 7.6 Hz, 1H), 2.06 (s, 2H),
1.32—1.24 (m, 5H) ppm, *C NMR (126 MHz, CDCl3) 6 209.9, 202.4,
200.2,175.0,157.4,149.4,143.6,131.2,124.6,111.8,109.3,104.0, 101.1,
82.0, 60.5, 39.6, 31.0,13.7 ppm. Mp. 158 °C. HRMS (DUIS): (M + H)*
calced. for C3H2206NST, 492.0609; found, 492.0642.

4.13. Synthesis of cholesterol derivatives

4.13.1. 3(-Cholest-5-en-3-yl (2-aminoethyl)carbamate

HzN\/\NJ\O
H

In a round bottom flask triethylamine (3 mmol, 0.52 mL, 3
equiv.) and 1,2-ethylenediamine (20 mmol, 1.34 mL, 20 equiv.) was
dissolved in 90 mL dichloromethane. 33-Cholest-5-en-3-yl chlor-
oformate (1 mmol, 0.5 g) was slowly added in 10 mL dichloro-
methane at 0 °C. The reaction mixture was stirred at room
temperature overnight, then washed with 2 x 30 mL water. The
organic phase was dried over MgSQOy4, and the solvent was evapo-
rated in vacuo. The product (370 mg, 78%) was used without further
purification as a white solid. "H NMR (CDCls, 500 MHz) 6 5.41-5.36
(m, 1H), 4.95 (s, 1H), 4.56—4.47 (m, 1H), 3.23 (dd, ] = 11.5, 5.7 Hz,
2H), 2.83 (t, ] = 5.9 Hz, 2H), 2.41-2.34 (m, 1H), 2.29 (t, ] = 11.2 Hz,
1H), 2.05—1.94 (m, 2H), 1.94—1.79 (m, 3H), 1.62—1.05 (m, 22H), 1.02
(s,4H), 1.00—0.95 (m, 3H), 0.93 (d, ] = 6.5 Hz, 3H), 0.88 (dd, ] = 6.6,
2.2 Hz, 6H) ppm. *C NMR (126 MHz, CDCl3) 6 156.5, 139.8, 122.5,
74.5,56.7,56.2,50.0,42.5, 42.3, 41.4,39.8, 39.5, 38.6, 37.0, 36.6, 36.2,
35.8, 31.9, 28.2, 28.1, 28.0, 24.3, 23.9, 22.8, 22.5, 21.1, 19.3, 18.7,
11.9 ppm. Mp. 147—149 °C. HRMS (DUIS): (M + H)™ calcd. for
C30H5302Nj, 473.4107; found, 473.4078.

4.13.2. 3p-Cholest-5-en-3-yl (2-(vinylsulfonamido Jethyl)carbamate
(35)

/\ /N
Z S

o

In a round bottom flask 3p-cholest-5-en-3-yl (2-aminoethyl)
carbamate (0.22 mmol, 104 mg) and triethylamine (0.44 mmol,
61 pL, 2 equiv.) was dissolved in 10 mL dichloromethane followed
by the addition of chloroethanesulfonyl chloride (0.44 mmol, 46 pL,
2 equiv.) at 0 °C. After 1 h triethylamine (0.44 mmol, 61 pL, 2 equiv.)
was added, and the reaction mixture was stirred at RT overnight.
The reaction mixture was washed with 10 mL water, 10 mL brine
and 10 mL 10% HCI solution, then dried over MgSO4. The solvent
was evaporated in vacuo to gain the product as a colourless film
(110 mg, 89%). 'H NMR (500 MHz, CDCl3) 6 6.59—6.50 (m, 1H), 6.42
(d,J = 16.7 Hz, 1H), 6.26 (d, ] = 16.6 Hz, 1H), 612 (d, ] = 9.9 Hz, 1H),
5.95(d,J =9.8 Hz, 1H), 5.38 (s, 1H), 5.02 (s, 1H), 4.50 (s, 1H), 4.22 (q,
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J = 6.8 Hz, 1H), 3.38—3.27 (m, 1H), 3.18 (d, ] = 3.9 Hz, 1H), 2.40—2.25
(m, 2H), 2.00 (t, J = 17.9 Hz, 2H), 1.93—1.79 (m, 3H), 1.63—1.44 (m,
6H), 1.41 (t, ] = 7.1 Hz, 3H), 1.38—1.05 (m, 10H), 1.02 (s, 4H), 0.93 (d,
J = 6.0 Hz, 3H), 0.88 (d, ] = 6.4 Hz, 5H), 0.69 (s, 3H) ppm. 13C NMR
(126 MHz, CDCl3) 6 156.8, 139.6, 135.9, 126.7, 122.7, 74.9, 56.7, 56.2,
50.0, 43.4, 42.3, 40.9, 39.7, 39.5, 38.5, 37.0, 36.6, 36.2, 35.8, 31.9,
28.2,28.1,28.0,24.3,23.8, 22.8, 22.5, 21.0, 19.3, 18.7, 11.8 ppm. Mp.
192—195 °C. HRMS (DUIS): (M + H)* caled. for C3yHs504N,S™,
563.3883; found, 563.3907.

4.13.3. 3p3-Cholest-5-en-3-yl (2-(2-(2-(2-(4-(aminomethyl)-1H-
1,2,3-triazol-1-yl)ethoxy Jethoxy Jethoxy Jethyl )carbamate

3B-Cholest-5-en-3-yl (2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)
ethyl)carbamate (35 mg, 0.06 mmol) was dissolved in 3 mL
DMSO:H;0 1:1, then propargylamine (8 pL, 0.12 mmol, 2 equiv.),
Cul (8 mg, 0.04 mmol, 0.7 equiv.) and THPTA (22 mg, 0.05 mmol,
0.85 equiv.) was added. The reaction mixture was stirred at RT
overnight. The next day the same amount of alkyne and catalysts
were added, stirred at 37 °C for 4 h then RT overnight. 10 mL water
was added, and the aqueous solution was extracted with EtOAc (3 x
10 mL). The organic phase was dried (MgSQ,), filtered, and evap-
orated resulting in a white solid (22 mg, 63%). '"H NMR (500 MHz,
CDCl3) 6 5.37 (s, 1H), 5.31-5.24 (m, 1H), 4.60—4.56 (m, 1H),
4.56—4.53 (m, 1H), 4.53—4.45 (m, 1H), 3.89 (q,J = 5.0 Hz, 1H), 3.75
(t, ] = 6.5 Hz, 2H), 3.64—3.59 (m, 5H), 3.58 (d, ] = 3.5 Hz, 3H),
3.57-3.51 (m, 2H), 3.39-3.32 (m, 2H), 2.38—2.31 (m, 1H),
2.30—2.20 (m, 1H), 2.03—1.93 (m, 2H), 1.89—1.79 (m, 4H), 1.61-1.44
(m, 6H), 1.43 (s, 1H), 1.41-1.28 (m, 4H), 1.29—1.21 (m, 3H), 1.20—1.03
(m, 8H), 1.00 (s, J = 11.1 Hz, 4H), 0.97—-0.93 (m, 1H), 0.91 (d,
J = 6.5 Hz, 3H), 0.87 (dd, J = 6.6, 2.2 Hz, 7H) ppm. 3C NMR
(126 MHz, CDCl3) ¢ 156,8, 139.8, 129.9123.1, 122.3, 77.3, 704, 70.3,
56.7,56.0, 50.0,42.7,39.7,39.5, 38.8, 37.9, 37.0, 36.7, 36.2, 35.8, 31.9,
29.7,28.1, 28.0, 24.3, 23.8, 22.8, 25.5, 21.1, 19.3, 18.7, 11.9 ppm. Mp.
141143 °C. HRMS (DUIS): (M + H)" caled. for C35HggO3NZ,
598.4696; found, 598.4680.

4.13.4. 3(3-Cholest-5-en-3-yl (2-(2-(2-(2-(4-
(vinylsulfonamidomethyl)-1H-1,2,3-triazol-1-yl))ethoxy Jethoxy)
ethoxy Jethyl)carbamate (36)

In a round bottom flask 3B-Cholest-5-en-3-yl (2-(2-(2-(2-(4-
(aminomethyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)
carbamate (105 mg, 0.22 mmol) and triethylamine (30 pL,
0.22 mmol, 1 equiv.) was dissolved in 10 mL dichloromethane. 2-
Chloroethanesulfonyl chloride (23 pL, 0.22 mmol, 1 equiv.) was
added at O °C, and after 1 h triethylamine (30 pL, 0.22 mmol, 1
equiv.) was added again. The reaction mixture was stirred at RT
overnight. To reach full conversion, the addition of the amine (2
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equiv.) and the sulfonyl chloride (1 equiv.) was repeated. The so-
lution was washed with 10 mL water, 10 mL brine and 10 mL 10%
HCI before drying (MgS04) and evaporating the organic solvent in
vacuo resulting in a colourless film (110 mg, 89%). 'H NMR
(500 MHz, CDCl3) 6 6.59—6.50 (m, 1H), 6.42 (d, ] = 16.7 Hz, 1H), 6.26
(d, ] = 16.6 Hz, 1H), 6.12 (d, ] = 9.9 Hz, 1H), 5.95 (d, ] = 9.8 Hz, 1H),
5.38 (s, 1H), 5.02 (s, 1H), 4.50 (s, 1H), 4.22 (q, J = 6.8 Hz, 1H),
3.38—3.27 (m, 1H), 3.18 (d, ] = 3.9 Hz, 1H), 2.40—2.25 (m, 2H), 2.00
(t, ] = 17.9 Hz, 2H), 1.93—1.79 (m, 3H), 1.63—1.44 (m, 6H), 1.41 (t,
J = 7.1 Hz, 3H), 1.38—1.05 (m, 10H), 1.02 (s, 4H), 0.93 (d, ] = 6.0 Hz,
3H), 0.88 (d, | = 6.4 Hz, 5H), 0.69 (s, 3H) ppm. C NMR (126 MHz,
CDCl3) 6 157.6,147.7,139.8,129.7,123.1, 122.5,117.2, 77.3, 70.4, 70.3,
56.7,56.1, 50.0, 42.3, 39.7, 39.5, 38.6, 37.9, 37.0, 36.6, 36.2, 35.8, 31.9,
29.7,28.2, 28.0, 24.3, 23.8, 22.8, 25.5, 21.0, 19.3, 18.7, 11.8 ppm. Mp.
184—187 °C. HRMS (DUIS): (M + H)* calcd. for C37Hg205N5S™,
688.4472; found, 688.4413.

5. Synthesis of W-MINK-derivative

5.1. Synthesis of peptide modifiers (CI-NQTrp head and vinylsulfone
warhead tail)

5.1.1. (3-chloro-1,4-dioxo-1,4-dihydronaphthalen-2-yl)tryptophan

In a round bottom flask 2,3-dichloronaphthalene-1,4-dione
(4.5 g, 20 mmol) was dissolved in 400 mL MeOH, and then tryp-
tophan (4.1 g, 20 mmol) was added in aqueous KOH (5 mL/mmol,
2.2 g,40 mmol, 2 equiv.) solution. The reaction mixture was stirred
at RT overnight, then 500 mL 10% HCI solution was added slowly.
The precipitated salt was filtered, and washed with water, then
purified by flash column chromatography resulting in the product
as a dark red solid (4.3 g, 54%). "TH NMR (500 MHz, DMSO-dg) 6 13.27
(s,1H),10.95 (s, 1H), 7.95 (d, J = 7.5 Hz, 1H), 7.88 (d, ] = 6.0 Hz, 1H),
7.82 (t,] = 74 Hz, 1H), 7.73 (t,] = 7.4 Hz, 1H), 7.51 (d, ] = 7.9 Hz, 1H),
7.30 (d, ] = 8.0 Hz, 1H), 7.22 (s, 1H), 7.04 (t, ] = 7.4 Hz, 1H), 6.94 (t,
J=73Hz,1H),6.60 (s,1H), 5.35(d,] = 6.2 Hz,1H), 3.41 (t,] = 5.2 Hz,
2H). APT NMR (125 MHz, DMSO0-dg) 6 173.1,136.6, 134.9,134.1,132.],
130.4,129.1,128.2,127.8,127.0,126.2,126.0, 125.1, 121.9, 118.6, 118.1,
111.9,108.3, 57.1, 29.1 ppm. Mp 150 °C (lit. 148—150 °C) [65]. HRMS
(DUIS): (M + H)" caled. for Cp1H1604N2CIT, 395.0793; found,
395.0788.

5.1.2. Methyl (3-chloro-1,4-dioxo-1,4-dihydronaphthalen-2-yl)
tryptophanate

In a round Dbottom flask  3-chloro-1,4-dioxo-1,4-
dihydronaphthalen-2-yl)tryptophan (2.6 g, 6.6 mmol) was sus-
pended in 250 mL methanol at 0 °C, and thionyl chloride (2.5 mL,
1.5 g, 12.6 mmol, 1.9 equiv.) was added dropwise. The reaction
mixture was stirred at RT overnight, then the solvent was



L. Petri, P. Abrdnyi—Balogh, D. Vagrys et al.

evaporated resulting in the product as a red solid (2.5 g, 93%). 'H
NMR (500 MHz, DMSO-dg) 6 10.98 (s, 1H), 7.93 (d, J = 7.5 Hz, 1H),
7.87 (d,]=75Hz,1H), 7.79 (t,] = 7.5 Hz, 1H), 7.71 (t, ] = 7.5 Hz, 1H),
745 (d,] = 7.9 Hz, 1H), 7.31 (d, ] = 8.1 Hz, 1H), 7.25 (d, ] = 2.1 Hz, 1H),
7.04 (t,] = 7.5 Hz, 1H), 6.96 (t, ] = 7.4 Hz, 1H), 6.60 (s, 1H), 5.38 (d,
J=6.3 Hz, 1H), 3.69 (s, 4H), 3.39 (d, ] = 5.0 Hz, 2H) ppm; APT NMR
(125 MHz, DMSO-dg) ¢ 172.2,136.7,135.4, 133.4, 131.9, 130.2, 129.3,
128.6,127.5,127.0,126.3,125.8,125.1,121.7,119.1,118.4, 112.0, 108.2,
57.2,52.9, 29.0 ppm. Mp. 81 °C. HRMS (DUIS): (M + H)" calcd. for
Co2H1g04N,ClF, 409.0949; found, 409.0932.

5.1.3. Methyl N*-(tert-butoxycarbonyl)-N*-(3-chloro-1,4-dioxo-1,4-
dihydronaphthalen-2-yl)tryptophanate

[0}

I
B
[¢] Boc

4
HN:

COOMe

In a round bottom flask methyl (3-chloro-1,4-dioxo-1,4-
dihydronaphthalen-2-yl)tryptophanate (2.4 g, 5.9 mmol), di-(tert-
butyl)-carbonate (3.2 g, 14.6 mmol, 2.5 equiv.), 4-dimethylamino-
pyridine (220 mg, 1.8 mmol, 30%) and triethylamine (2 mL, 2.74 g,
27.1 mmol, 4.6 equiv.) was added to 150 mL acetonitrile and stirred
at RT for 1 h. The solvent was evaporated, and the crude product
was purified by flash column chromatography resulting in the
product as a red foam (1.4 g, 47%). 'TH NMR (500 MHz, DMSO-dg)
6 7.94—7.90 (m, 2H), 7.79 (t, ] = 7.0 Hz, 2H), 7.72—7.68 (m, 1H),
7.57—7.54 (m, 2H), 7.30—7.18 (m, 2H), 6.83 (d, J = 7.9 Hz, 1H), 5.42
(dd,J = 12.9, 7.7 Hz, 1H), 3.70 (s, 3H), 3.38 (t, ] = 7.1 Hz, 2H), 1.56 (s,
9H) ppm; APT NMR (125 MHz, DMSO-dg) 6 182.3,175.8,171.9, 149.2,
135.5, 135.3, 135.1, 1334, 131.7, 130.4, 130.3, 126.9, 126.2, 125.4,
124.9, 123.1, 119.4, 115.5, 115.1, 84.1, 56.8, 52.9, 28.3, 28.1 ppm. Mp.
80 °C. HRMS (DUIS): (M + H)™ caled. for C27H2606N2Cl, 509.1473;
found, 509.1454.

5.14. N*-(Tert-butoxycarbonyl)-N“-(3-chloro-1,4-dioxo-1,4-
dihydronaphthalen-2-yl)tryptophan

[0}

l I Cl
N
|

[¢] Boc
7

HN:

COOH

In a round bottom flask methyl N*~(tert-butoxycarbonyl)-N*-(3-
chloro-1,4-dioxo-1,4-dihydronaphthalen-2-yl)tryptophanate
(170 mg, 0.33 mmol) was dissolved in 20 mL tetrahydrofuran, and
LiOH hydrate (42 mg, 1 mmol, 3 equiv.) was added. The reaction
mixture was stirred at RT for 5 days, then the solvent was evapo-
rated. 10 mL 1 M acetic acid was added with 20 mL dichloro-
methane and 2 mL MeOH. The organic phase was dried (MgSO4)
and evaporated in vacuo resulting in the product as a dark brown
oil (139 mg, 85%). 'H NMR (500 MHz, DMSO-dg) 6 7.95—7.73 (m,
4H), 7.64 (s, 1H), 7.51 (s, 2H), 7.27 (s, 1H), 7.18 (s, 1H), 7.06 (s, 1H),
5.00 (s, 1H), 3.17 (s, 2H), 1.48 (s, 9H) ppm; APT NMR (125 MHz,
DMSO0-dg) 6 183.5,175.6,170.0, 147.5,135.3,133.1,132.9,126.7,126.3,
125.3, 124.5, 122.7, 119.9, 114.9, 110.0, 83.7, 60.2, 28.0 ppm. Mp.
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159—160 °C. HRMS (DUIS): (M + H)*' calcd. for CygHp406N2ClT,
495.1323; found, 495.1376.

5.1.5. Tert-butyl (3-(1H-indol-3-yl)-1-o0xo-1-(prop-2-yn-1-
ylamino )propan-2-yl)(3-chloro-1,4-dioxo-1,4-dihydronaphthalen-
2-yl)carbamate

2-Propyn-1-amine (18 pL, 0.29 mmol, 1.6 equiv.) was added to
an ice bath cooled solution of N*-(tert-butoxycarbonyl)-N*-(3-
chloro-1,4-dioxo-1,4-dihydronaphthalen-2-yl)tryptophan (89 mg,
0.18 mmol) in 10 mL dichloromethane. Anhydrous HOBt (23 mg,
0.17 mmol, 95%) and N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (35 mg, 0.18 mmol) were added at RT.
The reaction mixture was stirred for 90 min, then the solvent was
evaporated, and the crude product was purified by flash column
chromatography resulting in the product as a red solid (88 mg,
92%). '"H NMR (300 MHz, DMSO-dg) 6 8.94 (s, 1H), 7.97—7.75 (m, 3H),
7.75—7.59 (m, 3H), 7.42 (s, 1H), 7.32—7.17 (m, 2H), 6.77 (s, 1H), 5.41
(dd,J = 13.6, 6.9 Hz, 1H), 3.94 (s, 2H), 3.22 (d, ] = 22.4 Hz, 2H), 3.18
(s, 1H), 1.54 (s, 8H) ppm. '3C NMR (126 MHz, CDCls) ¢ 180.0, 176.6,
170.4, 149.3, 144.0, 139.6, 135.6, 134.9, 132.8, 132.0, 129.9, 129.7,
126.9, 126.8, 125.1, 124.9, 123.0, 119.0, 115.4, 114.3, 83.9, 78.4, 72.0,
57.5, 30.5, 29.7, 29.3, 28.2 ppm. Mp. 109—111 °C. HRMS (DUIS):
(M + H)" calcd. for Co9H»705N3CI™, 532.1639; found, 532.1599.

5.1.6. 2-((3-Chloro-1,4-dioxo-1,4-dihydronaphthalen-2-yl)amino)-
3-(1H-indol-3-yl)-N-(prop-2-yn-1-yl)propanamide

In a round bottom flask tert-butyl (3-(1H-indol-3-yl)-1-0x0-1-
(prop-2-yn-1-ylamino)propan-2-yl)(3-chloro-1,4-dioxo-1,4-
dihydronaphthalen-2-yl)carbamate (100 mg, 0.2 mmol) was dis-
solved in 5 mL dichloromethane, and 1 mL trifluoroacetic acid was
added, and the reaction mixture was stirred at RT. After 1 h 1 mL
trifluoroacetic acid was added, and the mixture was stirred for 1 h
at room temperature. The solvent was evaporated resulting in the
product as a red foam (79 mg, 99%). 'H NMR (300 MHz, CDCl3)
68.16 (s, 1H), 8.12 (d, J = 7.7 Hz, 1H), 7.98 (d, ] = 7.7 Hz, 1H), 7.72 (t,
J=75Hz,1H),7.67 (d,] = 7.7 Hz,1H), 7.63 (t,] = 7.3 Hz, 1H), 7.34 (d,
J = 8.4 Hz, 1H), 7.21-7.13 (m, 3H), 6.52—6.50 (m, 1H), 5.79—5.77 (m,
1H), 3.97 (dd, ] = 5.4, 2.5 Hz, 2H), 3.47 (dd, ] = 14.6, 6.1 Hz, 1H), 3.33
(dd, J = 14.5, 7.2 Hz, 1H), 2.14 (t, ] = 2.5 Hz, 1H) ppm. 3C NMR
(126 MHz, CDCl3) ¢ 180.0, 176.8, 170.3, 149.1, 144.0, 139.9, 135.6,
135.0, 132.8, 132.2, 129.9, 129.7, 126.9, 126.8, 125.1, 124.9, 123.0,
119.0, 115.4,114.3, 78.5, 72.0, 57.5, 30.4, 29.7, 29.2 ppm. Mp. 123 °C.
HRMS (DUIS): (M + H)" calcd. for Co4H1903N3Cl™, 432.1109; found,
432.1103.



L. Petri, P. Abrdnyi—Balogh, D. Vagrys et al.

5.1.7. 4-(vinylsulfonamido )benzoic acid

4-Aminobenzoic acid (414 mg, 3 mmol), and triethylamine
(0.57 mL, 3.6 mmol, 1.2 equiv.) was added to 20 mL dichloro-
methane and 10 mL THF at 0 °C. 2-Chloroethanesulfonyl chloride
(0.35 mL, 3.3 mmol, 1.1 equiv.) was slowly added, and then the
reaction mixture was stirred at O °C for 1 h. Triethylamine (0.77 mL,
4.5 mmol, 1.5 equiv.) was added, the reaction was stirred overnight,
and then quenched with 10 mL 1 M HCl. After separation, the
organic phase was dried over MgSQOy4, and the solvent was evapo-
rated. The crude product was purified by flash column chroma-
tography resulting in a pale-yellow solid (110 mg, 16%). 'TH NMR
(300 MHz, DMSO-dg) 6 7.87 (d, ] = 8.5 Hz, 2H), 7.22 (d, ] = 8.5 Hz,
2H), 6.85 (dd, ] = 16.4, 9.9 Hz, 1H), 6.21 (d, ] = 16.4 Hz, 1H), 6.10 (d,
J=9.9 Hz, 1H) ppm. 13C NMR (126 MHz, CDCl3) 6 167.4, 141.7, 136.6,
130.6, 129.7, 119.9, 118.5 ppm. Mp. 189 °C (lit. 195 °C) [66]. HRMS
(DUIS): (M + H)' caled. for CgHq9O4NS™, 228.0331; found,
228.0322.

6. Synthesis of peptides

With Fmoc chemistry, the peptide chain was elongated on
TentaGel R RAM resin (0.18 mmol g-1). First, 3 equivalents of Fmoc-
protected amino acid, 2.5 equivalents of the coupling agent ethyl
cyanoglyoxylate-2-oxime (OxymaPure) and 3 equivalents of N,N-
dicyclohexylcarbodiimide @ (DCC) were used in  N,N-
dimethylformamide (DMF) as solvent with shaking for 2 h. After
the coupling step, the resin was washed 3 times with dichloro-
methane, once with MeOH and 3 times with dichloromethane. No
truncated sequences were observed under these coupling condi-
tions. Deprotection was performed with 2% 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) and 2% piperidine in DMF in two steps, with
reaction times of 5 and 15 min. The resin was washed with the same
solvents as described previously. The cleavage was performed with
TFA/water/TIS (95:2.5:2.5) at 0 °C for 2 h.

The purification of peptides was carried out by RP-HPLC, using a
Phenomenex Luna C18 100 A 10 um column (10 mm x 250 mm).
The HPLC apparatus was made by JASCO. The solvent system used
was as follows: 0.1% TFA in water; 0.1% TFA in 80% acetonitrile in
water; a linear gradient was used during 60 min, at a flow rate of
4.0 mL min-1, with detection at 206 nm. The purities of the frac-
tions were determined by analytical RP-HPLC using a JASCO HPLC
system with a Phenomenex Luna C18 100 A 5 pm column
(4.6 mm x 250 mm) and the pure fractions were pooled and
lyophilized. The purified peptides were characterized by HPLC-MS
measurements, on a Bruker HCT Ultra ETD Il mass spectrometer
equipped with an Agilent 1260 HPLC.
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