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Biocompatible covalent reactive groups (CRGs) play pivotal roles in several areas of chemical biology and
the life sciences, including targeted covalent inhibitor design and preparation of advanced biologic
drugs, such as antibody—drug conjugates. In this study, we present the discovery that the small,
chlorinated polyketide natural product cyclohelminthiol Il (CHM-I1I) acts as a new type of cysteine/thiol-
targeting CRG incorporating both reversible and irreversible reactivity. We devise the first syntheses of
four simple cyclohelminthols, (+)-cyclohelminthol |-1V, with selective chlorinations (at C, and Cs) and
a Ni-catalyzed reductive cross coupling between an enone, a vinyl bromide and triethylsilyl chloride as
the key steps. Unbiased biological profiling (cell painting) was used to discover a putative covalent
mechanism for CHM-II in cells with subsequent validation experiments demonstrating mechanistic
similarity to dimethyl fumarate (DMF) — a known (covalent) drug used in the treatment of multiple
sclerosis. Focused biochemical experiments revealed divergent thiol-reactivity inherent to the CHM-II

scaffold and through further chemical derivatization of CHM-II we applied activity-based protein
Recelved 23rd December 2024 filing (ABPP)-workflows to sh lusive cysteine-labelling in cell lysate. Overall, this study provid
Accepted 6th January 2025 profiling workflows to show exclusive cysteine-labelling in cell lysate. Overall, this study provides

both efficient synthetic access to the CHM-II chemotype — and neighboring chemical space — and

DOI: 10.1035/d4sc08667h proof-of-concept for several potential applications of this new privileged CRG-class within covalent
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Introduction

Covalent protein modification by synthetic ligands is re-
emerging as a foundational area in the life sciences. This
paradigm enables diverse applications and innovative technol-
ogies for chemical biology and drug discovery, ranging from
precision in vitro protein functionalization,® e.g. to tune the
properties of biologic drugs, to the discovery of new avenues for
pharmacological modulation of previously untenable disease-
mediating proteins.?

A vital component of any reagent for covalent protein
modification is the electrophilic motif, also referred to as the
covalent reactive group (CRG) or warhead,? that directly medi-
ates binding to specific amino acid side chains. We, along with
many others, have taken interest in continued innovation of
CRG-chemistry due to the potential impact on a series of
specific areas, including bioconjugation,*® selective protein in
situ labelling,>'® targeted covalent inhibitor design,'"** (re)-
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activity based protein profiling (ABPP) methods,
PROTACs"" and covalent fragments for screening.>>** Natural
products have traditionally served as a rich source of inspiration
for specific CRGs and how these can be embedded within -
often complex — molecular scaffolds.?>>* The penicillins (B-lac-
tam CRG) and epoximicin (epoxide CRG) are classic examples
with direct medical perspectives. Within this area, halogenated
natural products occupy an inherently interesting position, due
to the strong polarity of the carbon-halogen bond, which may
directly confer covalent reactivity, or, alternatively, may tune the
overall electronics of other types of reactive functionalities.

On this background, we became interested in the cyclo-
helminthols, which are a group of fungal polyketides, related to
terrein,” produced by Helminthosporium velutinum yoneo6,
a strain collected from a dead woody plant in Kagoshima, Japan.
The Hashimoto group has been successful in isolating
a number of secondary metabolites from the fungus with the
first being cyclohelminthol I-IV reported in 2016 (Fig. 1, 1-4).°
These are the simplest members of their family, and they vary in
the oxidation state at C; as well as by the number of chlorine
atoms in the structure. In terms of known biological activity,
cyclohelminthol II (2) was shown to be cytotoxic to human colon
adenocarcinoma cells (COLO 201, ICsy: 58 pM) and human
promyelocytic leukemia cells (HL60, IC5y: 11.5 pM), while the
other three members showed only weak or no cytotoxicity in the
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Cyclohelminthols I-IV (Hashimoto 2016)
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Fig. 1 Cyclohelminthol -1V and related natural products. Name and
year refer to isolation study.

same cell lines.”® Albeit scarcely characterized, these initial
studies indicate that the a-chloroenone motif may be particu-
larly important for biological activity.

In addition to 1-4, a series of structurally related halogenated
fungal polyketides have also been reported. These include cryp-
totriol, which was shown to have broad-spectrum antibiotic
activity?” and the bicolorins, where congener A and F were found
to have antifungal activity.”® At a further level of structural
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complexity, cryptosporiopsin and
compounds, which display diverse activities, are also known.

Despite the ubiquitous presence of potentially reactive sites
in these compounds, and their apparent differing biological
activity resulting from seemingly small changes in structure, no
studies of their covalent reactivity have, to the best of our
knowledge, been reported. Especially the simple members of
the family appear interesting as they possess the size of the
standard CRGs used in covalent chemical biology. In this paper,
we report the first syntheses of cyclohelminthols I-IV and
employ unbiased biological profiling experiments to discover
the cellular activities of cyclohelminthol II (shortened CHM-II)
to resemble those of dimethyl fumarate and sulforaphane,
suggesting covalent reactivity. Detailed studies revealed that
CHM-II indeed is a new class of CRG, which possesses unique,
cysteine-focused reactivity, that may enable several different
applications within covalent chemical biology.

related C,-quaternary
29-31

Results and discussion
Syntheses of (+)-cyclohelminthol I-IV

The synthesis commenced from furfuryl alcohol (5), which was
transformed into TBS protected alcohol 7 following the proce-
dure of Curran et al.** in a yield of 28% over two steps (Scheme
1A). Following experimentation with various unsuccessful
chlorination procedures (Scheme 1B), it was found that when 7
was treated with Mioskowski's reagent (Et,NCl;),** the enone
was rapidly chlorinated. To ensure full elimination of the
resulting dichloride to give the desired a-chloroenone 8, it was
necessary to treat the reaction mixture with Et;N once full
conversion of 7 was obtained. Following aqueous workup, 8 was
obtained in near quantitative yield and further purification was
unnecessary.

A
O PHkn,po { B
E/)_/ #» TBSCI, EtaN DMAP Ji} Entry Failed chlorination conditions
H20, THF i, 16h 1 PhSeCl, pyr, DCM, 40 °C, 21 h
5 reflux, 40h  HO (28% over 2 steps) 1850 2 PhSeCl, NCS, MeCN, rt, 24 h
3 m-CPBA, HCl-dioxane, rt, 30 min
4 Pyr-HCI, bisacetoxyiodobenzene, DCM, rt, 24 h
Et,NCl; DCM, 0 °C, 30 min
then Et;N, 0 °C, 30 min
MgB &
OTMS Me” - MaBr Entry Conditions for oxidation of 9 10 s1
CuBr-Me,S o 1 IBX,DMSO, 1, 1h 10%  20%
TMSCI, TMEDA 2 IBX-MPO,DMSO, t, 1 h 3%  15%
TBSO DCM n . TBSO' THF,-78°C—1t,1h (¢] 3 IBX-NMO, DMSO, t, 1 h 5%  30%
(approx. 70%)  TBSO 4 Pd(OAc), BQ, MeCN, t, 24 h 0%  60%
(20% °Ve' el 5  Pd(OAc), DMSO, Oy tt, 25 h 0%  40%
3 steps) 6  Pd(OAc), AMC, MeCN, reflux, 22h 0%  50%
I, DCM, 1it, 1h 7 DDQ,DCM,t, 16 h 30%  30%
(Quant.) 8  DDQ, benzene, it, 16 h 15%  45%
9  DDQ,MeCN,t, 16 h 15%  55%
O OTES 10  DDQ, 2,4,6-collidine, DCM, 1t, 16 h 10%  40%
Me y, 2~ 11 DDQ, HMDS, tt, 16 h 10%  60%
Cl DDQ al " Br, TESCI 12 DDQ,BSA it, 16 h 3%  60%
TBSO _ Ni(acac), neocuproine, Mn - — -
DCM, TBSO DMA 40 °C. 3 h o] Yields are only for the oxidation reaction
/ t, 18 h J ’ and are based on 70% in the conjugate
(33% over d d g?:fmin‘ inone; AMC = allyl methyl
Me = benzoquinone; = allyl methy|
3 steps) Me TBSO ) carbonate
11 12 Me

Scheme 1
optimization of the oxidation of 9.
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(A) Preparation of intermediate 11 common for (4)-cyclohelminthol I1-1V, (B) failed conditions for the chlorination of 7 and (C)
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Our initial approach for introduction of the (E)-propenyl
sidechain was conjugate addition to chloroenone 8 with trapping
of the resulting enolate as a silyl enol ether.* In turn, the silyl
enol ether would be oxidized to afford the corresponding a,f,Y,5-
unsaturated ketone. While the conjugate addition of 1-prope-
nylmagnesium bromide proceeded well (70% yield by "H NMR),
all oxidation conditions attempted led to a significant amount of
hydrolysis product S1 (Scheme 1C). The most promising was
oxidation using DDQ (DCM, rt, 16 h) which gave the desired
enone 10 in 30% yield along with 30% of S1. This sequence could
be carried out in 20% overall yield from 7 without purification of
8 or 9. Interestingly, the conjugate addition led exclusively to the
undesired (Z)-configuration of the olefin, however, following the
oxidation, equilibration to the desired (E)-configuration
(compound 11) could be performed in quantitative yield by
treatment with catalytic iodine. The strong tendency of
compound 9 for hydrolysis indicated that a more stable silyl enol
ether could be beneficial, however, attempts at conducting the
conjugate addition using TESCI, TESOT{, TBSCl and TBSOT{ did
not yield the desired silyl enol ethers even at elevated tempera-
tures, possibly due to the activating role of TMSCI in the conju-
gate addition.***® It was ultimately found that a reductive cross
coupling, as reported by Weix and coworkers, provided a conve-
nient alternative.’” Despite only a single vinyl bromide being
included in the original substrate scope, we found that 1-bro-
mopropene (purchased as a mixture of (E)/(Z)-isomers) reacted
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with chloroenone 8 and triethylsilyl chloride to give the desired
silyl enol ether 12. While the copper-catalyzed conjugate addition
delivered the (Z)-isomer, this reductive cross coupling gave
predominantly (>19: 1) the desired (E)-configuration of the pro-
penyl group, meaning that the iodine isomerization was unnec-
essary. Following column chromatography on silica gel, TES enol
ether 12 was isolated in 55% yield. Oxidation of 12 using DDQ led
to formation of the desired enone 11 in 59% yield after column
chromatography. More conveniently, the oxidation was carried
out without purification of 12, yielding the «,B,y,d-unsaturated
ketone 11 in 33% yield over three steps from 7.

Using the same reductive cross coupling and DDQ oxidation
sequence from 7, TBS-protected (+)-cyclohelminthol I (13)
could be obtained with yields of 65% and 54% respectively as
seen in Scheme 2A. Deprotection of the secondary alcohol was
achieved using TBAF buffered with acetic acid, delivering
(£)-cyclohelminthol I (1) in 70% yield. Likewise, deprotection of
chloroenone 11 would give (+)-cyclohelminthol II (2) but
surprisingly, treatment with TBAF led only to decomposition of
the starting material. Following screening of conditions, it was
found that treatment of 11 with in situ generated HCI in
methanol gave clean deprotection yielding (+)-cyclohelminthol
II (CHM-II, 2) in 81% yield (Scheme 2B).

To gain access to (£)-cyclohelminthol III, the ketone of 11
would have to be reduced in a diastereoselective fashion.
Reduction under Luche conditions led to a mixture of

1) Me =
A - WM ae tesci o o
Ni{acac), neocuproine, Mn
/li} DMA, 40 °C, 5 h, 65% TBAF, AcOH
2) DDQ, DCM, t, 17 h, 54% T8SO THF, ., 2h HO
TBSO 70%
74 74
7
Me Me
13 (£)-Cyclohelminthol I (1)
B LIHMDS, THF, 2
-78 *C, 30 min AcCl, MeOH
then TCI “ =
en TICI, 0°C—mt, 1h
78°C—1t,1h 1850 81% e
73% 4 74
Me Me
(2)-Cyclohelminthol Il
- (CHMAI, 2)
Red-Al,
PhMe/TBME AcCl, MeOH__
eo 'c 4h -c 30 min
91 %
> 20.1 d.r.
NEBH‘V CeCI;-,H;O
MeOH, 0 *C, 15 min 14 (£)-Cyclohelminthol Iil
56% (o] (3)
0
O/K > a% o, L
ON c 1) AcCI, MeOH, o
DIAD, PPh, G na4n70%
TBSO' —  HO
THE, t, 2h 2) KoCO4, MeOH, Y
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4)

Scheme 2 Completion of syntheses of (A) (+)-cyclohelminthol | and (B) (+)-cyclohelminthol II1-1V.
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diastereoisomers (2:1 cis/trans, total yield 66%). Satisfyingly,
reduction with Red-Al at —30 °C selectively afforded the desired
stereoisomer 14 in 55% yield (>20:1 d.r.).>* The obtained cis-
alcohol 14 could be deprotected using HCI in MeOH yielding
(£)-cyclohelminthol III (3) in 91% yield.

Having secured access to cyclohelminthol I-III, we finally
pursued cyclohelminthol IV. Towards that end, we first attemp-
ted a-chlorination of 11 under acidic conditions (thionyl chloride
or NCS/TsOH), but no reactivity was observed. Switching instead
to basic conditions, deprotonation using LiHMDS, followed by
treatment with NCS led to clean monochlorination, yielding the
desired a-chloroenone 15 in 70% yield on small scale (10 mg of
11).*® However, when this reaction was attempted at a slightly
larger scale (100 mg of 11) the yield dropped to 40% and, inter-
estingly, a significant amount of dimer 16 - resulting from aldol
reaction of the enolate from 11 and the generated 15 - was iso-
lated. Exchanging the chlorinating reagent for the more reactive
trifluoromethanesulfonyl chloride, however, resolved the
problem of dimer formation®* and the desired product 15 could
be isolated in 73% yield (scale: 220 mg of 11).

Reduction of a-chloroenone 15 was investigated with several
different reducing agents, with the best result being obtained
using Luche conditions, which yielded the alcohol 17 as a single
diastereoisomer in 56% yield. However, upon deprotection it
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was clear that 17 was the undesired 1,5-cis-4,5-trans-isomer, as
the resulting diol (S4 in ESIT) did not match cyclohelminthol IV
for which the crystal structure has been solved leaving no
ambiguity of its configuration.”® The diastereoisomer 17 was
formed exclusively, even with bulky reducing agents such as
DIBAL-H, suggesting that the diastereoselectivity of ketone
reduction is controlled by the chloride substituent and,
surprisingly, not the OTBS group. Fortunately, inversion of the
newly generated stereocenter could be achieved through a Mit-
sunobu strategy, where 17 was first treated with 4-nitrobenzoic
acid, diisopropyl azodicarboxylate (DIAD) and triphenylphos-
phine in THF, to obtain ester 18 in 74% yield. Deprotection of
the silyl ether with HCI in methanol proceeded in 70% yield and
was followed by cleavage of the 4-nitrobenzoate group in basic
methanol to yield (+)-cyclohelminthol IV (4) in 69% yield. This
thereby completed the first total syntheses of (=£)-cyclo-
helminthol I-IV. The spectroscopic data of all four natural
products match those reported with their isolation.*

Unbiased morphological profiling identifies cyclohelminthol
II as a putative covalent modifier

To gain insights into the biological activities of 1-4, we initially
investigated their cytotoxicity in a panel of human cell lines

A B Cc 1 CHM-II (2)
. 150 CHM-II, 48 h . 130 U-20S,48 h 20
X ® 100490000 -| pbO-a----
51001 §1oo- g8 g8 85§, 50D d 6de B
3 3 9 o o e
g % g %01 = Or ..._._1 it § mp-value
3 o 3 o Z 05 10 15 2005 10 15 20 & C.)mp<oA01
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50 © 7860 @ HepG2 5 10304 S R 208 @mp>005
9 B 7 b 5 4 3 9 B 7 b 5 4 3 1070000y 0006y o
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__Color Key Or e .-.-.—1 r e 0
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Fig.2 The cellular activities of cyclohelminthol Il (CHM-II, 2) resemble those of dimethyl fumarate. (A) Representative cell viability curves after 48
hours of treatment with CHM-II in four different cell lines. Data points are mean =+ sd (N = 3) and curves were fitted through 4-parameter
nonlinear regression in GraphPad Prism 10.2.3. ICsg-values (see text) are means of three biological replicates (four for the BJ cell line). (B)
Representative viability plot after 48 hours of treatment of U-20S cells with 1, 3, or 4. (C) Dose—-response curves of cell viability (left axis) and
activity score as represented by the Mahalanobis distance (right y-axis) and the mp-value from the cell painting assay. Concentrations for which
the mp-value <0.01 (multiple perturbation value) were considered active. (D) Heatmap of morphological profiles showing strong similarity
between CHM-II and the covalent modifiers dimethyl fumarate (DMF) and sulforaphane (SFN) in U-20S cells. Clustering was performed by
hierarchical clustering and compound treatment duration was 24 hours. (E) Representative western blot utilizing a heme oxygenase 1 (HO-1)
specific antibody after 21 hours of treatment with various HO-1 inducers in U-20S cells. CHM-II (2) (50 uM): cyclohelminthol I, DMF (125 pM):
dimethyl fumarate, Bard (500 nM): bardoxolone methyl ester, SFN (15 uM): sulforaphane, 4-0OlI (125 pM): 4-octyl itaconate. B-Actin was used as
loading control. (F) Dose-response of the HO-1 induction after 24 hours of treatment in U-20S cells with western blotting as readout.
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containing osteosarcoma (U-20S), renal carcinoma (786-O),
hepatoblastoma (HepG2), and non-cancerous fibroblast cells
(B]). In accordance with reports from the isolation studies,*® we
found cyclohelminthol II (CHM-II, 2) to be the only compound
displaying any noteworthy cytotoxicity. Interestingly, highest
activity was observed in the U-20S cell line (ICs¢: 24.3 uM + 3.9
uM), followed by the 786-O (IC5q: 41.8 uM =+ 3.9 uM) and HepG2
(ICs0: 46.9 uM £ 10.7 puM) cell lines. In comparison, the non-
cancerous BJ cell line (IC5y: 93.6 uM £ 13.1 uM) displayed
a slightly increased tolerance towards CHM-II. To obtain
a much broader coverage of the compounds' cellular activities,
we next employed morphological profiling via cell painting (CP).
CP is an image-based, high-throughput bioactivity-profiling
method, developed by the Carpenter lab,* that can detect
compound-induced cellular perturbations through morpho-
logical alterations to the cellular ultrastructure as visualized by
fluorescence microscopy.** Several recent studies have demon-
strated that CP is a highly sensitive method for detecting bio-
logical activity per se,*>** which can be employed to generate
(broad) mechanistic hypotheses of novel compounds through
statistical correlations of their bioactivity fingerprints to that of
mechanistically-annotated reference compounds.***>*** We
employed our optimized CP-workflow** in U-20S osteosarcoma
cells and evaluated 1-4 in a range of different doses.

In accordance with the cytotoxicity studies, only CHM-II (2)
displayed significant activity in the CP assay (defined as mp-
value <0.01. The mp-value is a multiple perturbation value
described by Hutz et al. as a measure of statistical significance
in multivariate data)*>*® at concentrations below 100 uM (from
25 uM, Fig. 2C). Upon subsequent comparison of the
morphological profiles with our in-house profile library -
containing profiles of 532 compounds at multiple concentra-
tions - CHM-II (2) was found to correlate strongly (Pearson
coefficient > 0.7, Fig. S17) to sulforaphane (SFN) and dimethyl
fumarate (DMF), two covalently acting compounds**® of
which the latter has been used in the treatment of multiple
sclerosis since 2013 (Tecfidera®).* Interestingly, the profiles
were found to further sub-cluster with the highest concen-
tration of CHM-II correlating more strongly with DMF, while
the profiles obtained at lower concentration have slightly
higher correlations with SFN (Fig. 2D and S2}). DMF and SFN
are well-known to have multiple (covalent) biological targets
through cysteine-alkylation,*”** and the observed correlations
strongly suggest that CHM-II also acts through a covalent
mechanism.

As DMF and SFN are both known inducers of heme oxy-
genase 1 (HO-1, HMOX1), albeit to very different extent,”>* we
subsequently investigated if CHM-II (2) shared this activity
through western-blotting experiments with a HO-1-specific
antibody. Indeed, CHM-II was found to induce HO-1 to
similar levels as DMF when used at less than half the concen-
tration (50 puM vs. 125 uM) and significant induction was
observed already at 10 pM CHM-I In comparison, HO-1
induction by CHM-II was significantly higher than with SFN
and 4-octyl itaconate (4-OI) (Fig. 2E, F and S3f). 4-OI has
multiple immunomodulatory effects and is a KEAP1 binder and
NRF2-activator®® which is known to induce HO-1 expression in
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several cell lines, such as 786-O cells (Fig. S4t). The lack of
notable HO-1 induction observed for 4-OI in U-20S cells - in the
light of the strong HO-1 induction triggered by CHM-II - suggest
that CHM-II, interestingly, is acting through a different mech-
anism than 4-OI. While HO-1 has been linked to several thera-
peutically relevant mechanisms in recent years much still
remains unknown.’* Therefore, new modalities and tools
modulating HO-1 expression remain of interest from both
a basic science and a therapeutic point of view.

Cyclohelminthol II reacts both reversibly and irreversibly with
thiol nucleophiles

With these insights from the CP-experiments, we next studied
the reactivity of CHM-II (2) towards thiols under preparative
conditions and in aqueous buffers. For these experiments, we
employed methyl thioglycolate (MTG) as a model thiol. Under
preparative conditions using 3 equivalents of MTG and 2
equivalents of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in
dichloromethane, we could isolate the 1,6-addition product 19
(41%), and, surprisingly, the double addition adduct 20 (40%)
where another equivalent of MTG had substituted the chloride
at C, (Fig. 3A). We next studied the properties and reactivity of
CHM-II (2) in aqueous buffers (Fig. 3B and C). The compound
was stable for at least 21 h under aqueous conditions (phos-
phate buffer, pH 8.1, 10% MeCN), but converted rapidly in the
presence of MTG to afford 19 and a very minor amount of 20
(Fig. 3B, C and S6-S8.1 A half-life of 46.6 minutes was deter-
mined through fitting to a one-phase decay function). Inter-
estingly, an unknown compound (21, R, = 3.54 min) was also
formed in these experiments which, by LC-MS/MS-analysis,
matched a product corresponding to direct substitution of the
o-chloride of CHM-II (2) by the thiol (Fig. S91). While
compounds 19 and 20 clearly proved stable to purification
under preparative conditions, thio-Michael additions are well-
known to be reversible depending on the conditions.’*** We
therefore studied the behavior of purified 19 and 20 in aqueous
buffers and indeed observed that 19 reverted back to CHM-II (2)
whereas 20 generated the aforementioned compound 21
(Fig. S10 and S11f). Performing this last reaction under
preparative conditions allowed the unambiguous assignment of
the structure of 21 (Fig. 3D and S12f). Mechanistically, this
rather surprising spectrum of reactivity of CHM-II (2) might be
rationalized as illustrated in Fig. 3E: following initial, reversible,
1,6-addition, an additional thiolate could reversibly add to the
B-carbon of the enone to afford an a-chloroketone intermediate
(INT-1). This compound is activated towards irreversible
displacement of the chloride by a third thiolate forming INT-2
and subsequent B-elimination then affords the observed
compound 20. An alternative possibility involves the formation
of a thiiranium ion (INT-3) by expulsion of the chloride by the
proximal sulfide formed from 1,4-addition, again followed by B-
elimination. From 20, compound 21 can be formed by final
thiol-elimination (Fig. 3E). Overall, these in vitro experiments
demonstrate that CHM-II (2) possesses biologically relevant
reactivity towards thiols, including both reversible 1,6-addition
and, irreversible substitution of the a-chloride.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Examination of the thiol reactivity of CHM-II (2) under preparative conditions and in aqueous buffers. (A) Preparative synthesis of mono-
and diconjugated species 19 and 20 (mixture of diastereomers) through reaction of CHM-II (2) with methyl thioglycolate (MTG). (B) Stability of
CHM-I1I in aqueous phosphate buffer (pH 8.1, 10% MeCN) with and without the presence of MTG (1 mM). The half-life of CHM-II in the presence
of MTG, 46.6 minutes, was determined through fitting to a one-phase decay function in GraphPad Prism version 10.2.3 for Windows. (C) HPLC
chromatograms of the control sample of CHM-II in phosphate buffer (top) and the reaction mixture containing both CHM-II and MTG after 5
hours (bottom) at 260 nm. 19 and 19’ refer to the two diastereomers of the 1,6-addition product. Full chromatograms in ESI.+ Note that CHM-II
and the conjugation products display notably different UV-absorbance (Fig. S131). (D) Reaction scheme for the preparative synthesis of
compound 21. (E) Potential mechanisms for formation of compounds 19-21.

Functionalized cyclohelminthol II derivatives as covalent
probes

We also investigated derivatization of CHM-II to unlock
potential broader application as a covalent handle/probe. While
several different functionalization strategies of CHM-II can be
envisioned, we were particularly interested in modification at
the C,-hydroxyl group as this provides a minimal perturbation
of the overall structure of the reactive functional group(s).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Towards this end, we found that alkylation of the C,-hydroxyl
could be performed using trichloroacetimidates®® (see ESIT)
allowing e.g. for the preparation of the ‘minimal’ alkyne-tagged
derivative CHM-II-alk (22) (Fig. 4A). CHM-II-alk was found to
induce expression of HO-1 to similar levels as CHM-II in U-20S
cells (Fig. S141), indicating that the modification on the C4-
hydroxyl was tolerated without apparent loss of biological
activity. Alternatively, the C,-hydroxyl group can also be
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functionalized via an isocyanate-PFP-ester glycine unit to form
an intermediate carbamate-linked PFP-ester S6 (see ESI,
Fig. S151). The PFP-ester then enables smooth amide bond
formation using e.g. an exemplary amine equipped with both
a diazirine and an alkyne to afford S7 in high yield. This
example showcases that CHM-II can be introduced as a new
CRG through standard amide formation (Fig. S157).

To directly explore whether the covalent reactivity observed
in the preparative and buffer-based settings was translatable to
biological systems, we next incubated U-20S cells overnight
with varying concentrations of CHM-II-alk (22). By subsequently
employing a gel-based ABPP workflow involving conjugation of
CHM-II-alk-bound proteins to a fluorophore (5-TAMRA-azide)
via copper-catalyzed azide-alkyne cycloaddition (CuAAC) and
separation of the proteins by SDS-PAGE, we were able to visu-
alize covalent targets of CHM-II-alk in the U-20S proteome
(Fig. 4B). Indeed, concentration-dependent labelling of several
proteins were observed in live U-20S cells (Fig. 4C) as well as in

View Article Online
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lysate (Fig. S167), which, considering the harsh conditions of
the SDS-PAGE (boiling in denaturing and reducing conditions),
confirmed the ability of CHM-II-alk to form stable, non-
reversible covalent bonds with proteins under biological
conditions. This further highlights the potential use of CHM-1I
and its derivatives as a CRG.

Based on the thiol-reactivity observed in buffer and under
preparative conditions, we hypothesized that the covalent
reactivity observed in live cells and lysate was primarily cysteine-
mediated. To test this hypothesis, we initially conducted
a competitive gel-based ABPP experiment, in which U-20S lysate
samples were pre-treated with iodoacetamide (IA), a well-
established broadly cysteine-reactive reagent, at various
concentrations prior to treatment with CHM-II-alk. In accor-
dance with our hypothesis, IA pre-treatment effectively abated
labelling by CHM-II-alk in a concentration-dependent manner
(Fig. 4D), strongly suggesting that the main reactivity of CHM-II-
alk is, indeed, cysteine-oriented. To further confirm the
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Fig. 4 Gel-based profiling of the protein targets of an alkyne-tagged cyclohelminthol Il derivative. (A) The structure of alkyne-tagged derivative
of cyclohelminthol Il (CHM-II-alk, 22). (B) Graphical representation of the gel-based ABPP workflow. (C) In-gel fluorescence observed following
overnight (18 h) treatment of U-20S cells with CHM-II-alk. (D) Competitive protein profiling in U-20S cell lysate. Samples were pre-treated with
iodoacetamide (IA) at varying concentrations for one hour (IA pt.), followed by treatment with 50 pM CHM-I1I-alk for two hours. ABPP: activity-
based protein profiling, FL: fluorescence, CBB: Coomassie brilliant blue (general protein stain).
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Fig.5 Residue selectivity of CHM-II-alk and HPLC-based GSH reactivity assay. (A) Residue selectivity (98.8%) observed for CHM-Il-alk based on
248 modification sites observed in three of four samples. (B) Compound (200 uM) reactivity towards reduced GSH (1 mM) in potassium
phosphate buffer (100 mM, pH 8.1) containing 10% MeCN, as measured by the reduction of the compound peak integrals (at 260 nM) over time.
Half-lives were determined through fitting to a one-phase decay equation in GraphPad Prism version 10.2.3 for Windows. (C) Structures of the
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new.enaminestore.com/. (D) The half-lives determined in the HPLC-based GSH reactivity assay. GSH: glutathione.

apparent cysteine selectivity, we next utilized CHM-II-alk in the
unbiased, proteome-wide amino acid selectivity chemo-
proteomics workflow developed by Zanon et al.'’” (workflow in
ESIY), which relies on open- and offset-search analyses using the
MSFagger-based FragPipe computational platform.*”* Inter-
estingly, while the main modification observed in the open-
search analysis was found to match the mass expected for
mono-addition without the loss of Cl, significant loss of Cl was
also observed (Fig. S171), suggesting that both types of conju-
gation products might hold biological relevance. Using the
main observed modification masses for the subsequent offset-
search analysis, CHM-II-alk was found to be 98.8% cysteine
selective (based on 248 modification sites observed in three out
of four samples, Fig. 5A), while 1121 cysteine residues from 733
proteins could be quantified in a closed search analysis
(Fig. 5187).

It should be noted that while the selectivity experiment does
yield a list of protein targets obtained through the closed search
(available on OSF), the experimental setup does not allow for
determination of the degree of modification or target affinity,
and as such care should be taken when drawing conclusions
based on the observed targets - especially since the experiment
was conducted in cell lysate using 300 pM CHM-II-alk.

With the apparent cysteine reactivity in mind, we next sought
to obtain quantitative information of the reactivity of CHM-II
compared to other known thiol-targeting compounds using two
different approaches. Specifically, we first employed the reac-
tivity assay reported by Resnick and co-workers involving
reduced Ellman's reagent (5-dithio-bis-2-nitrobenzoic acid,
DTNB) (Fig. S191)* but found that the reactivity of CHM-II was

© 2025 The Author(s). Published by the Royal Society of Chemistry

below the minimal threshold detected by this specific assay.
However, as the DTNB-based assay may underestimate the
reactivity of a,B-unsaturated carbonyl systems we therefore
sought to compare the glutathione (GSH) reactivity of CHM-II to
that of three chloroacetamide-containing covalent fragments
(Fig. 5C) in an HPLC-based experiment. Through incubation of
each compound (200 uM) with reduced GSH (1 mM) in aqueous
buffer solution (potassium phosphate containing 10% MeCN,
pH 8.1), half-lives were determined as a relative measure of
reactivity (Fig. 5B, D, and S12-5237). Based on the observed half-
lives, it is clear that the DTNB-based assay did indeed under-
estimate the reactivity of CHM-II, which the HPLC-based assay
showed to be comparable to the investigated chloroacetamides.
Although chloroacetamides are usually considered among the
more reactive cysteine reactive groups used in covalent inhibi-
tors, their reactivity has been shown to be well-suited for cova-
lent fragment-based drug discovery (FBDD).**** Taken together,
these data support that CHM-II, being a natural product and
thus a privileged scaffold, represents a novel cysteine-targeted
CRG in the chemical biology toolbox.

Conclusions

In this study, we have identified the natural product cyclo-
helminthol II (CHM-II, 2) as a new type of covalent reactive
group (CRG) which we believe enables a series of different
applications within chemical biology. In addition to providing
access to CHM-II (2), our synthesis also allowed for the first
preparation of cyclohelminthol I, III, and IV and the overall
strategy is flexible and can likely support further exploration of
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the chemical space around 1-4 in the future. We also demon-
strate how CHM-II can be functionalized to enable appendage
to other building blocks via CuAAC or amide couplings. We
employed several different experiments to first identify and
then study in detail the covalent reactivity of CHM-II. Interest-
ingly, CHM-II was found to undergo divergent reactions with
thiols, including both reversible (1,6-addition) and irreversible
(formal a-chloride-substitution) conjugations as well as poten-
tially addition to proximal bis-thiol sites. The gel-based and
chemoproteomic ABPP experiments further support the obser-
vation that CHM-II can irreversibly ligand cysteine-sites within
the proteome and future experiments will explore these targets
in high detail. Prompted by the strong mechanistic correlation
between CHM-II and DMF identified by the CP assay, further
exploration of the potential immunomodulatory activities of
CHM-II in relevant cellular models is also of interest.
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