Open Access Article. Published on 07 September 2022. Downloaded on 5/1/2026 1:45:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC

Chemical Biology

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: RSC Chem. Biol., 2022,
3,1216

Received 30th June 2022,
Accepted 2nd September 2022

DOI: 10.1039/d2cb00161f

rsc.li/rsc-chembio

The covalent reactivity of functionalized
5-hydroxy-butyrolactams is the basis for targeting
of fatty acid binding protein 5 (FABPS) by the
neurotrophic agent MT-217
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Covalently acting compounds experience a strong interest within chemical biology both as molecular
probes in studies of fundamental biological mechanisms and/or as novel drug candidates. In this
context, the identification of new classes of reactive groups is particularly important as these can expose
novel reactivity modes and, consequently, expand the ligandable proteome. Here, we investigated the
electrophilic reactivity of the 3-acyl-5-hydroxy-1,5-dihydro-2H-pyrrole-2-one (AHPO) scaffold, a
heterocyclic motif that is e.g. present in various bioactive natural products. Our investigations were
focused on the compound MT-21 — a simplified structural analogue of the natural product epolactaene
— which is known to have both neurotrophic activity and ability to trigger apoptotic cell death. We found
that the central N-acyl hemiaminal group of MT-21 can function as an electrophilic centre enabling
divergent reactivity with both amine- and thiol-based nucleophiles, which furthermore translated to
reactivity with proteins in both cell lysates and live cells. We found that in live cells MT-21 strongly
engaged the lipid transport protein fatty acid-binding protein 5 (FABP5) by direct binding to a cysteine
residue in the bottom of the ligand binding pocket. Through preparation of a series of MT-21
derivatives, we probed the specificity of this interaction which was found to be strongly dependent on
subtle structural changes. Our study suggests that MT-21 may be employed as a tool compound in
future studies of the biology of FABP5, which remains incompletely understood. Furthermore, our study
has also made clear that other natural products containing the AHPO-motif may likewise possess
covalent reactivity and that this property may underlie their biological activity.

Introduction

The rapid expansion of covalent drug discovery”* holds sub-
stantial promise for the identification of small molecule modu-
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lators of an increasingly broad suite of cellular processes
and targets, even those previously considered undruggable.’
Additionally, covalent reactivity enables new technologies
for the functionalization of native proteins,”® e.g. to prepare
advanced biopharmaceuticals. Thereby, covalent chemistry
effectively bridges two major areas within chemical biology:
bioconjugation and chemical genetics. Several innovative and
instructive examples of covalent chemical biology have emerged
recently, including covalent molecular glues”™® and covalent
fragment screening."'™* These discoveries are enabled in large
part by a combination of advances in chemical proteomics,"*™*°
and an increasing knowledge of the biological performance
and characteristics of different classes of reactive groups.’”2°
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Structural motifs which are non-conventional, or which possess
unusual selectivity, are particularly interesting as entry points for
new covalent modulator design. Towards that end, natural pro-
ducts provide a valuable resource for continued discovery of novel
electrophilic motifs,*>” but synthetic compounds,*** designed
or serendipitously discovered,’® are also advancing this area.

The 5-hydroxy-butyrolactam core structure®* is prevalent in
bioactive compounds and natural products (>100 distinct
compounds registered in Natural Product Atlas) and occurs in
diverse constellations of peripheral substituents and oxidation
states. Within this super-family, the 3-acyl-5-hydroxy-1,5-dihydro-
2H-pyrrole-2-one (AHPO) scaffold (Fig. 1a, green highlight) is
present in compounds with various bioactivities, such as the
platelet aggregation inhibitor PI-091,***® the endothelin recep-
tor antagonist oteromycin®’ and the potent antibiotic®® and
apoptosis inducer®® pyrrocidine A. Despite their enzymatic
origin, these natural products are often isolated as diastereo-
meric mixtures at the N-acyl hemiaminal carbon stereocenter or
as mixtures with hydroxy and methoxy substituents. Although
these observations can in principle be explained by stereo-
chemical instability during extraction and purification, e.g.
using acidic methanol,®> we speculated that this apparent
instability might actually be a proxy for latent electrophilic
reactivity contained within the AHPO-scaffold. Furthermore,
we speculated that such reactivity might, at least in part,
determine the biological activities of AHPO-containing com-
pounds. Specifically, we envisioned that reversible iminium ion
formation could directly mediate reaction with biological
nucleophiles*®*! or, alternatively, the iminium intermediate
could undergo tautomerization in situ to form an extended
Michael acceptor®” (Fig. 1b). Curiously, we could not find prior
studies documenting such reactivity. Consequently, we set out
to investigate both the fundamental electrophilic reactivity of
the AHPO-scaffold as well as its broader potential in covalent
chemical biology. In this manuscript, we report our first studies
towards this end.

We decided to focus our study on the compound MT-21
which contains the central AHPO-scaffold but has the C4-position
blocked by a methyl group, effectively hindering another potential
electrophilic reaction pathway: 1,4-addition (Fig. 1a). MT-21 was
originally developed as a synthetic analogue®® of the neurotrophic
natural product epolactaene.** SH-SY5Y neuroblastoma cells were
observed to extend more neurites when treated with the natural
product or analogs, including MT-21. Paradoxically, MT-21 has
also been shown to induce apoptosis by direct cytochrome C
release from mitochondria.*>™*” Due to the known involvement of
the inner mitochondrial membrane protein ADP/ATP translocase
1 (adenine nucleotide translocase, ANT1) in the permeability
transition pore observed in early intrinsic apoptosis, it was
speculated whether MT-21 interacted with ANT1. Cytochrome ¢
release mediated by MT-21 was found to be independent of
mitochondrial swelling, indicating a permeability transition pore
independent mechanism mediated by ANT1 binding. Indeed
it was found that MT-21 inhibited ADP uptake in isolated mito-
chondria and inhibited the interaction between cyclophilin D and
ANT1, proposedly through a non-covalent mechanism.*” All in all,
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the rather divergent observations concerning the biological effects
of MT-21 and the absence of a known, common mechanism-of-
action - including any indications of involvement of covalent
reactivity — makes this compound an interesting AHPO-candidate
to study.

Results and discussion
Compound synthesis

We started out our studies by synthesizing MT-21 (see ESIT) for
use in reactivity studies. To facilitate later studies in cellular
systems or lysates we also prepared an alkyne-tagged analogue,
MT-21 alk (Fig. 1a and Fig. 2a) as well as a broader range of
alkyne-tagged AHPOs using different synthetic approaches
(AHPO-2-8, Fig. 2b and c). Specifically, we employed an alkyne
zipper reaction®® to transform oct-3-yn-1-ol (1) to oct-7-yn-1-ol
(2) in 96% yield, followed by an Appel reaction and subsequent
amine formation by the Gabriel amine synthesis to afford
the oct-7-yn-1-amine (4). Next, 4 was coupled with trimethyl-
dioxinone, a source of acetylketene,’® to form B-ketoamide 5
before finally undergoing a Knoevenagel-type aldol condensa-
tion with butane-2,3-dione and spontaneous cyclization to form
the N-acyl hemiaminal motif in MT-21 alk. In a slightly modi-
fied approach, we employed aza-enolate formation from imine
10 to generate the unsymmetric a-diketone 11, which under-
went divergent condensation with 3-oxobutanamide to afford
AHPO-3 alk and AHPO-4 alk, which could be separated by
chromatography. AHPO-derivative AHPO-2 alk, which has the
lipid-alkyne chain as part of the acyl functionality attached at
C3, was also prepared (Fig. 2c and ESIf). Collectively, the
constitutional isomers MT-21 alk, AHPO-2 alk, AHPO-3 alk,
and AHPO-4 alk feature subtle differences in the relative
attachment of the alkyne-lipid chain and the AHPO-core struc-
ture, which we suspected would be of interest in cell-based
experiments. Finally, we also prepared a series of MT-21 alk
derivatives designed to probe either the effect of minor (Me —
Et) substitutions at the putative reactive positions (C4: AHPO-5
alk; C5: AHPO-6 alk) of the AHPO-scaffold or the effect of
altering the electron-withdrawing group (CN: AHPO-8 alk;
CO,Me: AHPO-7 alk) at C3 (Fig. 2c and ESIt).

Studies of the reactivity of AHPO core towards thiols and
amines

To provide the first fundamental information on the intrinsic
reactivity of the AHPO-scaffold, we incubated MT-21 with thiol
and amine based nucleophiles (Fig. 3a). For the thiol nucleo-
phile, we chose methyl thioglycolate as mimic for proteinogenic
cysteine side chains. Initial experiments were performed with
2.5 and 25 equivalents of thiol, in 1:1 PBS:DMSO at either
acidic (pH 4), neutral (pH 7) or basic (pH 10) conditions for
four hours and evaluated by HPLC analysis. We observed
formation of a single product only at pH 4 (Fig. 3b). Analysis
by LC-HRMS revealed a m/z of 370.2047, corresponding to
condensation of methyl thioglycolate with MT-21 with loss of
one molecule of H,O, which would be consistent with addition
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Fig. 1 (a) Examples of natural products that contain the AHPO-scaffold and structure of the synthetic compound MT-21 and its associated alkyne-
tagged version MT-21 alk. (b) Within the AHPO-scaffold, racemization of the N-acyl hemiaminal stereocenter at C5 may occur either via N-acyl
hemiaminal reversal or through iminium ion formation, the latter can further tautomerize to form an extended Michael acceptor. With an AHPO-scaffold
sterically blocked at C4, nucleophiles may react at C6 (via 1,6-addition) or at C5 through either 1,2-addition to the iminium ion or by direct substitution.
The latter would not compromise stereochemical integrity, unless the nucleophile is water.

at the hemiaminal carbon. To fully elucidate the structure of scale in CH,Cl, acidified with TFA. Under these conditions,
this compound, the reaction was performed on a preparative several products were isolated and - through rigorous NMR
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Fig. 2 Syntheses of MT-21 alk and various, structurally related AHPO-derivatives. Coloured circles designate the placement of the aliphatic chain
(compare to Fig. 1). Other structural modifications compared to MT-21 alk are also indicated by colour-coding on the specific positions that are

modified. See ESIt for all details.

spectroscopic analyses (see ESIf) - we identified the major
product as conjugate S-Conj1 (Fig. 3a) resulting from apparent
thiol-addition to the iminium ion and confirmed its identity
with the product formed under aqueous conditions. Additionally,
two rather surprising derivatives (S-Conj2 and S-Conj3), in which
methyl thioglycolate was connected to C6 were also characterized,
with a second thiol unit also being attached at C5 in the case of
S-Conj3. The formation of these compounds can be rationa-
lized via an initial 1,6-addition to the enamide derivative
(an extended Michael acceptor), followed by oxidation of the
resulting enolate®® to reform the AHPO-core (S-Conj2), which
can then undergo another addition to form S-Conj3 (Fig. 3b).
Interestingly, a related oxidation has been previously reported”"

© 2022 The Author(s). Published by the Royal Society of Chemistry

and was recently observed for colibactin.>" Although we did not
observe these distinct compounds under aqueous conditions,
their formation suggests that the AHPO-scaffold in fact has a
rich thiol-reactivity profile. The results also suggest that the
AHPO-scaffold is not highly reactive towards thiols (compared
with other electrophiles) and that acidic activation/catalysis is
required to unlock electrophilic reactivity.

We tested the stability of the conjugate S-Conjl at acidic,
neutral and basic condition. These experiments showed that
S-Conj1 has poor stability at basic pH, with concomittant
observation of small amounts of parent MT-21 within 30 minutes
thereby suggesting that alternative decomposition pathways
besides hydrolytic reversal of the conjugation may be operative

RSC Chem. Biol., 2022, 3,1216-1229 | 1219
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Fig. 3 The AHPO-scaffold represented by MT-21 is a dichotomous electrophile. (a) Different conjugation products are formed upon reaction of MT-21
with methyl thioglycolate or n-butylamine acting as simple mimics of biological thiols and amines respectively. (b and c) HPLC-chromatograms show
formation of S-Conjl upon incubation with methyl thioglycolate under acidic conditions (pH = 4) and formation of N-Conj upon incubation with
n-butylamine under neutral conditions (pH = 7) in DMSO : PBS 1:1. (d) Studies of the stereochemical stability of MT-21 alk in agueous conditions. The
enantiomers of MT-21 alk were preparatively separated and the stereochemical stability of one of these enantiomers (arbitrarily designated Ent2) was

evaluated under the same conditions where conjugation to thiols/amines are
chromatography with sCO,/MeCN as mobile phase.

(Fig. S1, ESIT). At neutral pH the stability was higher, with
approximately half of the conjugate lost after 1.5 hours of incuba-
tion, while almost full stability was observed at pH 4.

Next, we investigated the reactivity of the scaffold towards
simple amine nucleophiles, using butylamine, diethylamine
and triethylamine under the same conditions. Interestingly,
only butylamine reacted and exclusively at neutral (pH 7) or
basic pH (pH 10) (Fig. 3c), forming very minor amounts of a
product with m/z 335.2677, which does not match any expected

1220 | RSC Chem. Biol., 2022, 3,1216-1229

observed as shown in (b and c). The stability was evaluated by UPCC chiral

products. The reaction was scaled up in 1:1 PBS: DMSO, pH 7,
and the product was purified by reverse phase column chro-
matography. Despite obtaining full NMR-characterisation (*H-
NMR, *C-NMR, HMBC, HSQC and COSY) we were unable to
unequivocally resolve the structure of the product (N-Conj). The
NMR-data is available in the ESIL.{

Overall, these initial experiments demonstrate that the
AHPO-scaffold possesses a range of different electrophilic
properties, particularly towards thiols. Nevertheless, they also

© 2022 The Author(s). Published by the Royal Society of Chemistry
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show rather low reactivity and, therefore, suggests that specific
conditions, such as relative positioning of a nucleophilic
side chain and other residues, that can act e.g. as general acid
catalysts, may be required to favor covalent reactivity of this
scaffold. In a similar manner, the resulting thiol-conjugate(s)
may also exhibit context-dependent (in)stability.

Stereochemical stability at C5 of the AHPO-scaffold

Our first experiments suggested that an N-acyl iminium-ion
may be mediating the reactivity of the AHPO-group towards
biological nucleophiles, in particular thiols. In order to study
the potential formation of this intermediate under various
conditions, we next attempted preparative separation of the
two enantiomers of MT-21 alk by chiral HPLC purification
using a gradient of hexane/isopropanol on a CHIRALPAK
IC column (see Fig. S2, ESIt for HPLC chromatograms and
CD spectroscopy). Despite the - potentially - labile nature of the
stereocenter at C5 (Fig. 1b), the two enantiomers (Entl and
Ent2) could be preparatively separated and then subjected
to similar conditions as during the conjugation reactions
(Fig. 3d). Our rationale for this experiment was as follows: if a
rapid equilibrium between the N-acyl hemiaminal and the
N-acyliminium-ion exists under the conditions, at which elec-
trophilic reactivity is observed, racemization of the stereocenter
should occur. To our surprise, we observed complete stability of
the stereocenter both at pH 4 and under incubation with excess
butylamine at neutral pH (Fig. 3d), indicating that neither
of these conditions lead to rapid imminium-ion formation or,
as an alternative racemization pathway, reversible opening of
the y-lactam ring (Fig. 1b). Rather, the results indicate that, at
least in the case of the thiol-conjugation product, the reaction
occurs through a direct substitution at C5, presumably facili-
tated by prior or concomittant protonation of the departing
hydroxyl group.

To test whether the AHPO-scaffold could also be expected to
be stereochemically stable during more complex biological
experiments (vide infra), we performed a 24 h incubation of
one of the purified enantiomers under low-DMSO (2%) condi-
tions in PBS or cell media, in which various Lewis acids are
present. In PBS, only very slight racemization (4%) was
observed, whereas 14% of the compound racemized in cell
media, as indicated by the formation of 7% of the opposite
enantiomer (Fig. S2, ESIT).

These findings indicate that a reactive iminium-ion does
not rapidly and reversibly form under biologically relevant
conditions as might otherwise be expected a priori. Rather,
the data suggests that in the complexity of e.g., a proteome, the
specific microenvironment surrounding reactive side chains
(e.g. cysteines or lysines) may facilitate activation of the
AHPO-scaffold with a resulting bias towards certain target sites
as the outcome.

MT-21 alk covalently binds proteins in biological contexts

To investigate whether the observed reactivity with thiols and
amines could be reconstituted in biological systems we used
the alkyne functionalized analog MT-21 alk to probe covalent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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binding partners in cell lysates and whole cells. The probe was
first incubated with the lysates from HCT-116 and MCF-7 cells
for 2 hours and the proteins were precipitated with MeOH to
remove excess compound. The redissolved proteins were con-
jugated to TAMRA-N; by copper catalyzed azide-alkyne cycload-
dition (CuAAC) and the proteins were separated by SDS-PAGE.
In-gel fluorescence scanning revealed a dose-dependent, but
promiscuous, labelling pattern in lysates from both cell lines
(Fig. 4a). This experiment clearly demonstrates that the AHPO-
group can be expected to act as an covalent modifer in
biological systems. In stark contrast to the behaviour in cell
lysate, when MT-21 alk was instead incubated in live HCT-116
cells only a few bands were visible (Fig. 4b), most notably an
apparent single band around 15 kDa was dose-dependently
labelled. We next focussed on the identification of the 15 kDa
band that occurred upon labelling with MT-21 alk in cells.
Importantly, the labelling could be competed by preincubation
with non-functionalized MT-21. In addition to this apparent
major binding target of MT-21, other less intense bands could
also be discerned. To identify the band at 15 kDa, we treated
live HCT-116 cells with MT-21 alk followed by CuAAC with
biotin-azide and enrichment on streptavidin beads. The
enriched proteins were eluted from the beads by boiling in
reducing sample buffer and separated by SDS-PAGE. A single
band was visible by Coomassie stain at 15 kDa (Fig. 4c) which
was excised from the gel followed by in-gel trypsination and
LC-MS/MS analysis of the eluted peptides. This confirmed
strong enrichment of fatty acid binding protein 5 (FABP5)
and in addition modification of cysteine 120 was observed by
MS?-analysis (Fig. S3, ESIt). To confirm the enrichment, we
repeated the pulldown experiment and evaluated by western
blot, which indeed confirmed that MT-21 alk could covalently
bind FABP5 in a MT-21 competitive manner (Fig. 4d).

To provide a broader overview of binding proteins, we also
performed an isoTOP-ABPP experiment'*'>"* (Fig. 4e) using
iodoacetamide alkyne (IAyne) to probe for cysteine reactivity of
MT-21. Live HCT-116 cells were with MT-21 treated for 6 hours
before lysis and subsequent labelling of free cysteines with
IAyne. Isotopically labelled biotin-azide tags bearing a TEV-
protease cleavage site'®> were then appended (light isotope-tag
for DMSO, heavy for MT-21) via CuAAC. The samples were
mixed and the competition was quantified using proteomics. In
total we quantified 4128 cysteine-containing peptides distrib-
uted over 2058 proteins (raw data availble on OSF, see ESIT)
from this experiment. We identified 22 significantly competed
(light to heavy ratio > 2 and p-value < 0.05) peptides (Fig. 4f).
For FABP5 we observed a light to heavy ratio of 2.1 (p-value =
0.015), indicating approximately 50% occupation at the condi-
tions used in this experiment. The low occupation could be due
to reversibility of the adduct. Nonetheless, we decided to look
closer at the interaction between MT-21 and FABP5.

MT-21 covalently binds fatty acid binding protein 5 (FABP5) at
cysteine 120

FABP5 (also named E-FABP, PA-FABP, K-FABP, C-FABP or mal1)
is a lipid chaperone protein in the intracellular lipid-binding

RSC Chem. Biol., 2022, 3,1216-1229 | 1221
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Fig. 4 Proteomic reactivity of MT-21 alk. (a) Labelling with MT-21 alk in cell lysates from HCT-116 and MCF-7 cancer cell lines. The probe was incubated
with lysate for 2 hours before CuAAC (click) reaction with TAMRA-N3z and SDS-PAGE followed by in gel fluorescence scanning. (b) Labelling with MT-21
alk in live HCT-116 cancer cells and competition with non-alkyne probe (MT-21). Cells were pre-treated with MT-21 or DMSO for 6 hours before addition
of MT-21 alk for 12 hours, lysed and subjected to CUAAC with TAMRA-N3 and analyzed as in (a). (c) Identification of FABP5 as the 15 kDa protein by
pulldown of covalently bound proteins. The 15 kDa band was excised from the gel and analyzed by LC-MS/MS. The strong, lower MW band is streptavidin
from the beads (d) Confirmation of protein identification by pulldown followed by probing with an antibody against FABP5. The strong, lower MW band is
an unspecific band from the beads, possibly released streptavidin. (e) Workflow for competitive cysteinome profiling by isoTOP-ABPP.X** (f) Profiling of
the cysteinome reactivity of MT-21 by isoTOP-ABPP. Live cells were treated with 50 pM MT-21 or DMSO for 6 hours and then harvested and lysed. Free
cysteines were labelled with iodoacetamide alkyne and clicked to isotopically differentiated TEV-protease-cleavable biotin-linked tags (heavy = MT-21,
light = DMSO) and enriched for LC-MS/MS analysis. Significantly competed (log(R) > 1, p-value < 0.05) peptides are shown as green dots. CBB =
Coomassie Brilliant Blue. See ESIf for uncropped gels and for all experimental and analytical details.

protein (iLBP) family, responsible for transporting fatty acids in
cells.>® Besides its role in lipid transport, FAPB5 is important in
lipid mediated signalling, where upon binding specific lipids, a
conformational change takes place, which reveals a nuclear
translocation signal. Upon nuclear translocation, FABP5 deli-
vers its ligand and activates the nuclear receptors PPARY>**’ or
PPARP/5.%® FABP5 is not usually expressed in prostate cancer,
but becomes highly expressed in metastatic prostate cancer.””
The protein has a total of six cysteines residues. The cysteine
pair C120 and C127, located closely to the binding site of the

1222 | RSC Chem. Biol., 2022, 3,1216-1229

carboxylate head group of fatty acids (Fig. S4, ESIt) shows
interesting redox chemistry. In an early crystallographic study
these two cysteines were found to form a disulphide bridge.>®
However, in a more recent study, it was found that co-crystals
with fatty acid ligands bound exclusively contained the free
cysteines, while the apo-protein was found as a mixture.*®
Furthermore, C127 oxidizes to the sulphenic acid upon treatment
of RKO cells with H,0,.*° Contrary, C120 was found to lose
reactivity upon treatment of A431 cells with EGF, which induces
production of H,0,, indicative of oxidation.®* C120 is also reactive

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 MT-21 covalently binds fatty acid-binding protein 5. (a) The known FABP5/7 ligand SBFI-26 competes the labelling of FABP5 by MT-21 alk.
Labeling was visualized following CUAAC coupling of TAMRA-N3 and in-gel fluorescence scanning. (b) Validation of C120 as the target cysteine on
FABPS5. FLAG-tagged FABP5 was expressed in MCF-7 cells and treated with 100 uM MT-21 alk followed by TAMRA-Nz CuAAC and in-gel fluorescence.
Only FABPS5 variants bearing C120 could be covalently bound by MT-21 alk. (c—e) SAR of MT-21 alk on FABPS5 in live HCT-116 cells with varying lipid-tail
position (c), increased steric bulk at 4- and 5-position (d) and different electron withdrawing groups at position 3 (e). (f) Molecular dynamics modelling of
FABP5 with covalently bound MT-21 through the hemiaminal carbon (g) lipid uptake assay with BODIPY-dodecanoic acid. PC-3 cells were transfected
with control siRNA or siRNA targeting FABP5. After 48 hours the cells were seeded into a 96-well plate. The next day the cells were treated with SBFI-26,
MT-21 and MT-21 5-Et alk for 2 hours in serum-free media followed by incubation with BODIPY-dodecanoic acid for 3 hours. The cells were then fixed,
the nuclei were stained with DAPI and the cells were imaged. Scale bar = 20 um. (h) Western blot confirms knock-down of FABPS5. (i and j) Quantification
of lipid droplets by image analysis. (i) Lipid droplet mean intensity. No significant difference is observed between control siRNA and siRNA targeting
FABPS5. Both MT-21 and SBFI-26 significantly increases the lipid droplet intensities compared to DMSO. See Fig. S10 (ESI1) for dose-response. Statistical
analysis was performed with two-way ANOVA in GraphPad Prism 9. (j) Lipid droplet counts from, normalized to cell counts. Both MT-21 and SBFI-26
significantly increases the lipid droplet counts compared to DMSO. See Fig. S10 (ESIt) for dose-response. FL = Fluorescence, CBB = Coomassie Brilliant
Blue. See ESI¥ for uncropped gels and membranes.

towards the broadly reactive metabolite 4-hydroxynonenal
(4-HNE)®® possibly corroborating the finding in A431 cells.
It is unknown if the redox chemistry between the C120-C127
pair can modulate ligand binding potency/selectivity, function

© 2022 The Author(s). Published by the Royal Society of Chemistry

as a regulatory element for FABP5-PPARf/S or PPARY signalling or
if the role is to scavenge reactive lipids as previously proposed.®>

To validate that MT-21 indeed binds in the established
pocket of FABP5, we used the known FABP5/7 ligand SBFI-26%
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to compete binding. Indeed, SBFI-26 was able to efficiently com-
pete binding of MT-21 alk (Fig. 5a). The tryptic peptide identified
in the mass spectrometry analysis contains cysteine-127 (C127) in
addition to the putative target cysteine-120 (C120). To confirm
modification of C120 by MT-21 alk, we expressed FLAG-tagged
FABP5 with individual alanine-mutations of C120 and C127 as
well as the double (C120A, C127A) mutant. We indeed observed
covalent binding of MT-21 alk only when C120 was present
(Fig. 5b) validating this as the binding site.

MT-21 was originally synthesized along with a range of
analogs with various N- and O-substitutions, all centered
around the hemiaminal to mimic the natural product epo-
lactaene.*® The analogs were initially evaluated as neurotrophic
agents. Here, MT-21 scored particularly high. With this in
mind, we next investigated how changes to the AHPO scaffold
impact FABP5-binding. All compounds were evaluated in live
HCT-116 cells (Fig. 5c-e, see also Fig. 2 for structures), and a
selected subset of compounds also in a broader panel of cancer
cell lines (Fig. S5, ESIt). Specifically, we envisioned that MT-21
would incorporate into or be associated with lipid membranes
and that FABP5 extracts it from here followed by covalent
conjugation in the bottom of the binding pocket, potentially
assisted by a residue acting as a general acid catalyst. Such a
mechanistic scenario could potentially explain the reduction in
binding targets observed in live cells vs. cell lysate (Fig. 4a and b).
Changing the relative position of the lipid/alkyne-tail and
the AHPO-headgroup (AHPO-2 alk, AHPO-3 alk, AHPO-4 alk,
see Fig. 2 for structures) would thus be expected to alter the
reactivity and selectivity of protein binding, which would be
reflected as changes to the observed labelling pattern. Towards
this end, substitution on the ketone (AHPO-2 alk) gave a
markedly loss of reactivity towards FABP5 and placing the
lipid/alkyne-tail at the hemiaminal carbon C5 (AHPO-4 alk)
completely abrogated labelling (Fig. 5c). In contrast, position-
ing of the lipid/alkyne-tail in position 4 (AHPO-3 alk) only
afforded a small reduction in reactivity (Fig. 5¢). We then tested
the effect of minor changes to the steric bulk at C4 (and C5) by
exchanging the methyl groups for ethyl groups, while main-
taining the N-linked lipid chain present in MT-21 alk. Again,
complete abrogation was observed upon increasing steric bulk
at C5 (AHPO-6 alk) (Fig. 5d), but, curiously, we also observed
significant loss of FABP5-reactivity with AHPO-5 alk (ethyl at
C4). These results suggest that MT-21 has a near optimum
geometry/reactivity for C120-modification and that only very
minor tolerance exist for additional steric bulk. We finally
tested whether the electron withdrawing group (EWG) at C3
had any impact on the reactivity: the methyl ketone of MT-21
alk was substituted for a methyl ester (AHPO-7 alk) or nitrile
(AHPO-8 alk). In both cases, to our surprise, we saw complete
loss of reactivity both in live cells (Fig. 5e), cell lysates and with
methyl thioglycolate (Fig. S6, ESIt). This clearly indicates the
privileged role of the C2 ketone group to unlock covalent
reactivity of the AHPO-scaffold. Finally, to determine whether
the stereocenter at C5 would have any effect on the labelling of
FABP5, or other proteins, we incubated the previously purified
enantiomers of MT-21 alk in live cells and cell lysates. However,

1224 | RSC Chem. Biol., 2022, 3, 1216-1229

View Article Online

Paper

we observed no differences in labelling intensity or kinetics of
neither FABP5 nor the broad range of proteins bound in cell
lysate (Fig. S2, ESIT) which suggest that racemization either
occurs fast in these settings or concomitant with labelling.

Given the observed strong structural constraints for covalent
binding between MT-21 and FABP5 in cells, we sought to obtain
structural information on the conjugate. Specifically, we inves-
tigated the feasibility of co-crystallization of FABP5 and MT-21.
We did this by incubating FABP5 with the probes MT-21 alk and
AHPO-2 alk, the latter which does not bind FABP5 in whole cells
(Fig. 5f), with recombinant FABP5 and assessed binding via
in-gel fluorescence. Unlike the observation in cells, we observed
similar labelling intensities with the two compounds (Fig. S7,
ESIt) indicating unselective binding. We next heat-denatured
FABP5, as previously described for CRABP2,* but this also had
no effect on labelling (Fig. S7, ESIT). These experiments again
strongly indicate the importance of the cellular context for
specific binding between MT-21 and FABP5, which discouraged
co-crystallization studies, for which the complex would need to
be formed in vitro with the recombinant protein. We instead
conducted a molecular dynamics simulation (Fig. 5f and
Fig. S8, ESIT). We modelled both the direct substitution on
the hemiaminal carbon and the 1,6-addition followed by oxida-
tion (mimicing the observed products with methyl thioglyco-
late) in both stereoisomeric outcomes, and performed explicit
solvent all-atom molecular dynamics (MD) simulations. For the
direct substitution product we observed instability of the “R”-
product during the MD simulations (Fig. S8, ESIf). Contrary,
the “S”-product was more stable. From the MD simulations we
also observed stabilizing interactions between the dicarbonyl
system of MT-21 and R129 and Y131, similar to what is
observed in the crystal structure of linoleic acid bound to
FABP5.”° The lipid tail of MT-21 exits the binding pocket in
the same direction as linoleic acid, although it is not long
enough to extend all the way to the solvent, through hydro-
phobic interactions with e.g. F19, M23 and V28.

Puzzled by the stark difference between the seemingly
selective binding in whole cells and the promiscuous labelling
pattern in cell lysates that we observed initially (Fig. 4a and b),
we decided to take another look at the latter. Towards this end,
pretreatment with iodoacetamide - to block reactive cysteines -
only minimally diminished the engagement of MT-21 alk with
proteins in cell lysates (Fig. S9, ESIt), indicating that these are
either not cysteine targets (see Fig. 3c) or, alternatively, cysteine
targets that are not efficiently engaged by iodoacetamide.?*”
To more directly probe the apparent loss in FABP5-reactivity in
lysates, we first attempted pre-treatment with dithiotreitol
(DTT) or TCEP, to reduce the potential C120-C127 disulphide
bond but generally observed nearly complete loss of labelling
(Fig. S9, ESIT). This could possibly be attributed by incompat-
ibility of MT-21 alk with DTT/TCEP (Fig. S9, ESIt). We next
labelled cell lysate from HCT-116 cells expressing FLAG-
FABP5°'?7A| which cannot form a disulphide bond and is
efficiently labeled by MT-21 alk in cells, but again observed
no change in labelling pattern (Fig. S9, ESIT). An explanation
for the observed lack of FABP5 reactivity could be occupation of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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FABP5 by an excess of liberated fatty acids present in lysate or,
alternatively, that FABP5 needs interaction with a lipid bilayer
to efficiently extract MT-21 alk.

MT-21 modulates cellular fatty acid-uptake in a FABP5-
independent manner

We then investigated whether MT-21 caused any functional
perturbation of lipid uptake/homeostasis and probed the invol-
vement of the observed interaction with FABP5. We measured
fatty acid uptake via a BODIPY-tagged dodecanoic acid analog
in PC-3 cells and evaluated it by fluorescence microscopy
in wild-type and FABP5 knock-down cells. We saw a strong
increase in BODIPY intensity when treating with SBFI-26 and
MT-21, while no increase was observed with AHPO-6 alk
(Fig. 5g). No apparent visual difference between control siRNA
and siRNA targeting FABP5 was, however, seen for SBFI-26 or
MT-21. To obtain quantitative data, we analyzed the images in
CellProfiler. On average, we quantified around 2700 cells for
each condition, identifying around 22 lipid droplets per cell,
totalling 54 000 cells and 1.2 x 10° lipid droplets across the
experiment. Confirming the qualitative, visual analysis, SBFI-26
and MT-21 significantly increased the mean intensity (Fig. 5i)
and number of lipid droplets (Fig. 5j) in a dose-dependent
manner (Fig. S10, ESI{) with no significant difference between
control siRNA and siRNA targeting FABP5 (Fig. 5i and j)
indicating that this phenotype is not dependent on FABP5.
Previous reports indicate that FABP5 knockdown® or inhibi-
tion by SBFI-26°® decrease fatty acid uptake, although others
noted that fatty acid uptake is not perturbed by FABP5
knockdown.®® We cannot easily reconcile these differences in
experimental observations, but our data indicates that SBFI-26
and MT-21 induce the observed phenotype (increase in fatty
acid uptake) via a FABP5-independent mechanism, possibly by
interaction with a related protein.

Conclusion

In summary, we show, through the use of a simplified model
compound, MT-21, that the AHPO scaffold, which is present in
various natural products, can be a biologically relevant electro-
phile. Specifically, our experiments demonstrate that the N-acyl-
hemiaminal group can be activated under acidic conditions
to — primarily - facilitate thiol reactivity. By separating the
enantiomers of MT-21 alk we could investigate the activation
mechanism in further detail, but curiously found no evidence of
stereochemical instability under the acidic conditions used for
thiol conjugation, indicating a direct substitution on the
hemiaminal-carbon. Interestingly, no difference in proteome
labelling was observed between the two enantiomers, possibly
indicating that a fast racemization mechanism is operating in
cells. When evaluated in biological settings, through the use of
the alkyne-tagged analog, we initially observed a promiscuous
labelling pattern in cell lysates. This, however, differed drasti-
cally from equivalent experiments conducted in live cells where a
much more specific labelling pattern was observed with an

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

apparent single protein preferentially labelled in gel-based
experiments and only a few cysteines competed in the isoTOP-
ABPP experiments. These experiments indicate that MT-21,
possibly through membrane association, is exposed to a limited
portion of the proteome in live cells. The single band observed in
gel-based experiments was identified as the lipid chaperone
FABP5 and we confirmed binding to cysteine 120, and not the
neighbouring cysteine 127, through expression of FLAG-tagged
mutants of FABP5. This cysteine pair, which is known to undergo
reversible disulfide formation, may have a direct role in the
cellular functions of FABP5 and our results suggest that MT-21
might be useful as a molecular probe to study this potential
regulatory element. Considering the role of FABP5 in transport-
ing arachidonic acid,®” a precurser of the endocannabinoid
neurotransmitter anandamide, and retinoic acid,*®*® a vitamin
A1 metabolite involved in neurogenesis,”®”" the obsetrved neuro-
trophic effects of the epolactene derivatives,*’ including MT-21,
might be explained by their modulation of this protein and this
represent one interesting future research direction. We cannot
refute that MT-21 engages ANT-1 as originally reported by Osada
and co-workers.”” However, our studies clearly show that the
compound also engages other targets, some covalently, and we
therefore discourage the use of MT-21 as a selective ANT-1
modulator.*’

Data availability

Raw data, including gel images and western blot membranes,
and scripts for data analysis are available at OSF (DOL
10.17605/0OSF.I0/U5S4C). Raw images for fluorescence micro-
scopy is available at Zenodo (see ESIf). Raw proteomics data
and MaxQuant parameter file for isoTOP-ABPP is available at
OSF (DOI: 10.17605/0SF.I0/U5S4C).
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