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Abstract: Mutasynthesis of pyrichalasin H from Magnapor-
the grisea N1980 yielded a series of unprecedented 4'-sub-
stituted cytochalasin analogues in titres as high as the
wild-type system (=60 mgL™'). Halogenated, O-alkyl, O-
allyl and O-propargyl examples were formed, as well as a
4’-azido analogue. 4'-O-Propargyl and 4’-azido analogues
reacted smoothly in Huisgen cycloaddition reactions,
whereas p-Br and p-l compounds reacted in Pd-catalysed
cross-coupling reactions. A series of examples of biotin-
linked, dye-linked and dimeric cytochalasins was rapidly
created. In vitro and in vivo bioassays of these compounds
showed that the 4'-halogenated and azido derivatives re-
tained their cytotoxicity and antifungal activities; but a
unique 4-amino analogue was inactive. Attachment of
larger substituents attenuated the bioactivities. In vivo
actin-binding studies with adherent mammalian cells
showed that actin remains the likely intracellular target.
Dye-linked compounds revealed visualisation of intracellu-
lar actin structures even in the absence of phalloidin, thus
constituting a potential new class of actin-visualisation
tools with filament-barbed end-binding specificity. D

Cytochalasans are a family of fungal secondary metabolites
that bind to actin and modify its polymerisation in eukaryotic
cells." In particular, cytochalasans™ selectively bind the barbed
ends of filamentous (F) actin.®¥ Many of the biological roles of
the cytochalasans can be traced to this function, but antiviral®™
and antibiofilm™ properties point to the likelihood of other tar-
gets in eukaryotes and prokaryotes, and characterisation of the
inhibition of glucose transport in eukaryotes” suggests that

their targets may be more diverse. Cytochalasans are generally
produced by fermentation, and although hundreds of individu-
al structures have been reported,”® relatively few are available
commercially. Total syntheses of several cytochalasans have
been reported, but their scope and practicality are limited, and
the syntheses have not been extended to the production of
functionalised analogues. Surprisingly, almost no investigations
have been reported on the chemical modification of cytochala-
sans, or attempts to functionalise them for more targeted use
in chemical biology. Here, we reveal a simple and effective
series of methods for the functionalisation of cytochalasans
based on the manipulation of the biosynthesis of pyrichala-
sin H (1a).

Pyrichalasin H (1a) is produced by the fungus Magnaporthe
grisea NI980™ and is the 4-OMe substituted analogue of the
better-known cytochalasin H (1, X=H, Scheme 1).'" We re-
cently reported the discovery and characterisation of the bio-
synthetic gene cluster (BGC) encoding the biosynthesis of
1a."" Knockout experiments showed that the biosynthesis
starts with the O-methylation of L-tyrosine 2 to give 3a
(Scheme 1), which is the substrate for a hybrid polyketide syn-
thase non-ribosomal peptide synthetase (PKS-NRPS, PyiS) that,
in association with auxiliary proteins,"® produces the cytocha-
lasin skeleton 4a. This undergoes various oxygenation™ and
acylation reactions to give 1a. Crucially, KO of pyiA, which enc-
odes the construction of O-methyl tyrosine 3a, prevents bio-
synthesis of 1a. Mutasynthesis experiments™ with 4'-fluoro,
4'-chloro and 4’-bromo phenylalanines (3b-3d) then gave the
corresponding 4'-halo-cytochalasins (1b-d) in titres similar to
that of 1a production in wild-type (WT) strains (ca 60 mgL™").
This indicates that the adenylation (A) domain of the NRPS
component of PyiS is relatively unselective.
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Scheme 1. Biosynthesis of pyrichalasin H (1a) and production of 4’-substitut-
ed cytochalasins 1b-1h by mutasynthesis. Abbreviations: O-MeT = O-meth-
yltransferase, MFS = major facilitator superfamily (transporter), P450 = cyto-
chrome P450 oxygenase, ER = trans-acting enoyl reductase, pDA = putative
Diels Alderase, TF =transcription factor, OAT = O-acetyl transferase, OXR = ox-
idoreductase, PKS-NRPS = polyketide synthase-nonribosomal peptide synthe-
tase.

We next investigated the substrate tolerance of the PyiS A
domain by feeding a wider range of substituted phenylala-
nines to the M. grisea ApyiA strain. These experiments showed
that 4’-iodo (3e), 4-O-allyl (3f), 4-O-propargyl (3g) and 4'-
azido (3 h) phenylalanines are all good substrates, with feeding
experiments producing the corresponding 4'-functionalised
cytochalasins 1e-1h in purified titres of 30-60 mgL™'
(Scheme 1). All compounds were fully characterised.

These functionalised cytochalasins were then used as start-
ing materials for further derivatisation. Reduction of 4’-azidocy-
tochalasin (1h) by using triscarboxyethylphosphine (TCEP) led
to the expected but unprecedented 4’-aminocytochalasin (1)
in good yield (Scheme 2). 4-Azidocytochalasin (1h) was also a
good substrate for azide-alkyne Huisgen cycloaddition®
(click)™ reactions with a series of acetylenes giving the expect-
ed triazole adducts 5a-5c in good yields (Scheme 2). Having
shown the success of these reactions we also tested biotin-
propargyl esters 6a, biotin-homopropargyl ester 6b and
biotin-(4-pentynyl) ester 6c and showed that the expected cy-
tochalasin-biotin adducts 7a-7 ¢ were formed as expected.

Similar chemistry was achieved by coupling the biotin-PEG-
azide (PEG=polyethylene glycol) 8 with 4-O-propargylcyto-
chalasin (1g) to create 9 featuring a longer and more hydro-
philic linker. We also experimented with the production of
hybrid metabolites. For example, the propargyl ester of penicil-
lin G 10 reacted smoothly with Th to give 11. All compounds
were synthesised in 5-10 mg scale using standard procedures,
purified and fully characterised.

(a) 70%
A

H,N

5a R = Me 76%
5b R = Ph 62%
5¢ R = pBr-Ph 61%

N=N  7an=156% A0
i 7bn=262%
N H 7cn=364%

10 (b) 87%
N 1
o 0/\

0
N=N 1 AcO &

Scheme 2. Synthesis of functionalised cytochalasins. Reagents and condi-
tions: a) dioxane, H,0, tris(2-carboxyethyl)phosphine (TCEP), RT, 1 h; b) N,N-
diisopropylethylamine (DIPEA), DMF, Cul (0.05 equiv), RT, 12 h.

Fluorescent tags were also easily added to the cytochalasin
skeleton by using click chemistry (Scheme 3). For example, 4'-
azidocytochalasin (1h) was reacted with the perylene-linked
acetylene 12 to give the expected adduct 13 in high yield.
Likewise, the acetylene-linked coumarin dye 14 also couples
smoothly to give the expected 15. Texas Red-16 and AF488-18
based dyes were also linked using the same methodology to
afford 17 and 19, respectively. Finally, the benzoxadiazole dye
20"® was added to 1h to form the expected 21.

The 4-bromo (1d) and 4-iodo (1e) cytochalasins were
tested for their ability to act as substrates in Pd-catalysed
cross-coupling reactions. In initial experiments, the brominated
derivative 1d did not react smoothly in attempted Sonoga-
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O O We also attempted the synthesis of dimeric cytochalasins
(Scheme 5). 4'-Bromocytochalasin (1d) reacted with bis(pinaco-

lato)diboron in the presence of [Pd(dppf)Cl,] (dppf=bis(diphe-
nylphosphino)ferrocene) to form the expected 4'-borolated cy-
tochalasin 23. Subsequent reaction with 1d in a separate reac-
tion catalysed by [Pd(PPh,),], in the presence of the X-phos
ligand," then yielded the unprecedented 4'-4"-cytochalasin H

N . . . .
1h N symmetrical dimer 24. In a simpler reaction sequence, 1g and
(2) 78% 1h were directly coupled via Huisgen chemistry to form the
? 44 0 B unsymmetrical dimer 25 with a simple hydroxymethyl triazole
Pz S
o) .

linker. Finally, a dimer featuring a longer and more polar linker
o) was formed by dual Huisgen coupling between the bis-prop-
15 _ argyl-PEG linker 26 and 1h to give 27.

The synthetic compounds were tested for their antifungal
activities and for cytotoxicity (see the Supporting Information,
section3 for full results). Compounds 1a-1i, 5a-5c¢,
7a-7¢, 9, 11, 13, 15, 17, 19, 21-25 and 27 were tested in a
17 ) standard dilution assay (minimum inhibitory concentration,

MIC) for their activity towards Schizosaccharomyces pombe,

(a) 39% Pichia anomala, Mucor hiemalis, Candida albicans, and Rhodo-

1h torula glutinis. Most of the compounds did not show significant
antifungal activity. However, moderate activity was observed
for 1a versus S. pombe, M. hiemalis and R. glutinis (30-60 um).
Notably, the 4-iodo (1e) and 4’-azido (1h) compounds were
5-10 times more potent versus S. pombe and R. glutinis than

(¢] O/\\\ o) O/\%\N

N=N
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Texas Red 16 . . .
/ O 1a, but the 4-amino analogue 1i showed no observable activi-
1h *HaN o NH; ty versus any of the organisms. Likewise, compounds 5, 7, 9,

(a) 29% =0giel SER 11 and 13 were also inactive. Coumarin-linked 15 displayed
AF488 18

among the best activity of any compound with an ICy, of ap-
proximately 5 um versus the opportunistic pathogen C. albi-
cans, but moderate or weak activity against the other organ-
isms.
it O Standard cytotoxicity assays were performed versus mouse
P (L929) and human (KB3.1, PC3, A549, MCF-7, A431 and SKOV-3)
® ‘ O cell lines (see the Supporting Information for details). Com-
HeN ° ke pounds 1e-1h showed similar cytotoxicity to 1a itself (e.g.
ca. 30-1000 nm). However, 4’-aminocytochalasin (11i) was signif-
icantly less cytotoxic (400-6000 nm). Larger substituents at the
4'-position (e.g., 5a-5¢) also showed attenuated cytotoxicity
(1200-10000 nm). Compounds with yet-larger modifications,
such as biotins (7a-7c), penicillin (11) and perylene (12) were
also much less cytotoxic. Surprisingly, dimeric compounds 24
Scheme 3. Synthesis of dye-lvinked cytochalasins. Reagents and conditions: and 25 showed better than expected cytotoxicity (e.g., 120 nm
2) DIPEA, DMF, Cul (0.05 equiv), RT, 12 h. for 25 vs. KB3.1 cells) whereas acetylene (22) and borate (23)
also had relatively good potency (e.g., 300 nm for 23 vs. KB3.1

S0, SOzH
1S}

O,N O,N
1h
N7 N 61% N7
0-N
20

H (a) ) NH
b’N V\
\\\ N

(¢}
N=N 21 AcO

shira cross-coupling reactions. However, the unprotected 4-  cells). However, Texas-red dyed compound 17 showed the
iodo substrate 1e reacted cleanly, for example to give the 4  most potent cytotoxicity of all with ICs, values as low as 20 nm
acetylene 22 (Scheme 4). versus the KB3.1 cell line.

Selected compounds were investigated for their
actin disruption properties in vivo. Here, osteosarco-
ma U20S cells were fixed and stained with 4',6-diami-
dino-2-phenylindole (DAPI),*® to highlight the nu-
cleus, and phalloidin-atto-594,2" which selectively

Cul, Pd(PPh3)4

—_—

Et3N, toluene, A

P 8% stains filamentous actin. The well-characterized and

2 commercially available compound cytochalasin B

Scheme 4. Sonogashira reaction of 4-iodocytochalasin (1e). Reagents and conditions: clearly causes the collapse of actin structures at
Cul (0.05 equiv), [Pd(PPh,),] (0.009 equiv). 10 uigmL~" versus DMSO control after one hour of
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(c) 82%

Scheme 5. Synthesis of dimeric cytochalasins. Reagents and conditions:

a) [Pd(dppf)Cl,] (0.1 equiv) CH;CO,K, dioxane, 110°C, 8 h; b) 1d, [Pd(PPh;),]
(0.1 equiv), X-Phos (0.2 equiv), dioxane, H,0, 110°C, 2 h; c) DIPEA, DMF, Cul
(0.05 equiv), RT, 12 h.

treatment (Figure 1A). Pyrichalasin H (1a) shows the same ac-
tivity at this concentration (Figure 1).

Azidocytochalasin (1h) and the 4'/4” dimer 24 (Supporting
Information, Table 3.2) also show similar activity at 5 ugmL™",
but perylene 13 and biotin-linked 7a compounds show limited
or no activity towards intracellular actin at this concentration,
consistent with their previously determined lower cytotoxici-
ties (Supporting Information, Table 3.2). However, the biotiny-
lated compound 7a does cause collapse of actin structures at
higher (>10 ugmL™") concentrations (Supporting Information,
Table 3.2).

Compounds 13 and 15 feature fluorescent dyes, which
allows the exploration of their interaction sites with the cyto-
skeleton while simultaneously exerting their inhibitory func-
tions. For instance, the coumarin-linked 15 induces collapse of
the actin cytoskeleton at 10 ugmL™', causing the formation of

Chem. Eur. J. 2020, 26, 13578 - 13583 www.chemeurj.org
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large, phalloidin-stainable actin aggregates (Figure 1B, phalloi-
din red channel). The response at lower concentrations
(2 uigmL™") was slightly less pronounced, but already reflected
by the formation of unusual, rod-shaped structures. Fluores-
cence in the coumarin-channel reveals compound 15 to promi-
nently co-localize with actin aggregates induced with both
concentrations (Figure 1B). Moreover, the perylene-linked com-
pound 13 showed a much more diffuse localization within
cells, and thus less prominent co-localization with F-actin (see
Supplementary Information, Figures 3.2-3.3). We hypothesize
that this relates to the increased hydrophobicity of the pery-
lene unit itself, mediating pronounced association with mem-
branes.

Due to both the specific association of some of these actin-
inhibitory compounds with actin aggregates during or follow-
ing cell treatment and their co-localization with phalloidin, as
exemplified by compound 15 in Figure 1B, we wondered
whether such derivatives might also be employed as a simple
staining tool of fixed, non-treated cells. Indeed, this was ob-
servable, as exemplified, for instance, for the hydrophilic Texas
red-linked 17, which showed highly selective F-actin binding,
revealing key structures of the actin cytoskeleton at sub-micro-
meter resolution.

To our surprise, staining with 17 revealed prominent sub-
compartments of the actin cytoskeleton such as microspikes,
stress fibres and lamellipodia® (Figure 1C), and the staining
patterns within these structures were equally continuous to
the patterns obtained with phalloidin (see the Supporting In-
formation, Figures 3.2-3.3). These results suggest the continu-
ous distribution of actin filament barbed ends throughout
those structures composed of filaments with variable length,
at least if assuming barbed end specificity of actin filament
binding of this novel compound. This will be characterized in
further detail in future studies.

Thus, mutasynthesis followed by chemical derivatisation of
unprotected intermediates rapidly yields a range of new cyto-
chalasins with interesting and useful properties. This signifi-
cantly extends limited previous studies where precursor-direct-
ed biosynthesis was used to produce halogenated chaetoglo-
bosins in the 1.4-104mgL™" range.”” In our experiments,
modification of cytochalasins at the 4’-position appears not to
significantly impede actin binding in many cases and thus
allows functional modifications such as fluorescence-tagging.
Compounds such as the biotin-linked adducts 7 and 9 should
therefore prove useful in combination with streptavidin-linked
molecular tools for target discovery. Fluorescently tagged com-
pounds such as 17 should find significant utility in the study
of actin structure and dynamics where its ability to selectively
bind to barbed ends of actin differs to the ability of current
tools such as phalloidin and jasplakinolide, which bind along
the entire length of F-actin structures.” Likewise, dimeric cyto-
chalasins such as 24, 25 and 27 may induce formation of new
types of actin structure in vivo. Future work will involve the de-
tailed study of these new compounds and possibilities. We
have also recently developed methods, which result in the en-
gineering of the tailoring steps involved in cytochalasin biosyn-
thesis"™ and methods for the directed reprogramming of the

© 2020 The Authors. Published by Wiley-VCH GmbH
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Pyrichalasin H 1a Cytochalasin B Azido 1h Amino 1i DMSO control
10 ug-mL* red channel 5 ng-mL-" red channel 10 pg'mL-* red channel 5 ng-mL-" red channel red channel

15 at 2 pg-mL-" 15 at 2 pg-mL-" 15 at 10 pg-mL-* 15 at 10 pg-mL-! DMSO control
red channel green channel red channel green channel green channel

Figure 1. Cell treatment and staining assays with cytochalasin derivatives. A) Actin disruption assay with selected compounds (or DMSO as control), treated at
concentrations as indicated and for 1 h, followed by cell fixation and staining of the actin cytoskeleton with fluorescently labelled phalloidin (red) and DAPI
for cell nuclei (blue). B) Actin cytoskeleton disruption with the coumarin-tagged cytochalasin derivative (compound 15) at different concentrations, as indicat-
ed. Panels show coumarin fluorescence (pseudo-coloured in green) and phalloidin (red) as well as DAPI in blue. Note significant co-localization of the coumar-
in derivative with phalloidin-stained actin aggregates. C) Single-staining experiment with 17 after fixation of non-treated U20S cells. The left panel shows an
overview image of several cells, whereas the middle and right panels display close-ups of parts of a selected cell in the left panel. Stress fibres (middle panel)
and microspike bundles embedded into lamellipodia (right) are highlighted with arrows and arrowheads, respectively. All scale bars in A)-C) correspond to
20 um.

polyketide moiety of fungal polyketide-peptide hybrids. For  Conflict of interest
example, we demonstrated the rational manipulation of poly-

ketide chain length in related PKS-NRPS systems.”” The combi-  The authors declare no conflict of interest.
nation of these methods is expected to yield unprecedented

diversity of available cytochalasins and related molecular tools. . .
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