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@ Total Synthesis and Bioactivity Mapping of Geodiamolide H

Veselin Nasufovi¢, Florian Killmer,™ Johanna BoBneck,” Hans-Martin Dahse,®
Helmar Gorls,@ Peter Bellstedt,' Pierre Stallforth,”™ and Hans-Dieter Arndt*®

Abstract: The first total synthesis of the actin-stabilizing
marine natural product geodiamolide H was achieved. Solid-
phase based peptide assembly paired with scalable stereo-
selective syntheses of polyketide building blocks and an
optimized esterification set the stage for investigating the key
ring-closing metathesis. Geodiamolide H and synthetic ana-
logues were characterized for their toxicity and for antiproli-

~

ferative effects in cellulo, by characterising actin polymer-
ization induction in vitro, and by docking on the F-actin target
and property computation in silico, for a better understanding
of structure-activity relationships (SAR). A non-natural ana-
logue of geodiamolide H was discovered to be most potent
in the series, suggesting significant potential for tool com-
ound design.
p 9 )

Introduction

The geodiamolides are a collection of very closely related
cyclodepsipeptide natural products isolated from marine Geodia
sponges of the Caribbean sea. Geodiamolide H (1) and | (2)
were isolated in 1998 from Geodia corticostyliferia, collected
near the island of Barbados (Figure 1)." For both compounds,
considerable anticancer potential was derived from their
remarkable and selective cytotoxic activity against a panel of
cancer-derived cell lines when compared with non-tumorigenic
epithelial cells. Structurally, 1 and 2 are 19-membered ring
macrolactones that feature a S-Tyr residue as the C-terminal
amino acid. They display high similarity to the better-known
jasplakinolide (3, JASP)® from which they only differ by a Trp—
Tyr exchange for the second residue. All other geodiamolides
(A-G, J-T) are 18-membered ring macrolactones that contain an
aliphatic a-amino acid as the C-terminal residue, along with
variations in the halogenation X of Tyr and the aliphatic amino
acid residue (Gly or Ala, see Supporting Information, Figure S1).
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The biosynthesis of geodiamolides has not been studied in
detail. However, due to their high similarity to myxobacterial
chondramides, they are likely produced by symbiotic bacteria of
the Geodia sponges via related PKS/NRPS machinery.B*

The geodiamolides bind and stabilize actin fibers (F-actin),
thereby influencing cellular functions that are mainly connected
to cell movement and transport.”’ Rules in substitution patterns
can be derived from the structural motifs of isolated actin
stabilizing macrocycles.* The stereochemistry of the polyke-
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Figure 1. Cytotoxic F-actin-binding natural products and retrosynthetic
simplification of 19-membered cyclodepsipeptides. Key positions of the
geodiamolide H structure are indicated. Complete numbering can be found
in the Supporting Information (Table S1).
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tide stretch of the macrocycle is highly conserved throughout
the family of natural products, whereas the tripeptide displays
some variations whilst keeping affinity for the F-actin target."”

The actin-binding natural products phalloidin and jasplaki-
nolide (3) played an essential role in studying actin-related
processes and the F-actin structure itself, and are a relevant
source of tool compounds."'™" Jasplakinolide is cell-permeable,
and fluorescently labelled derivatives found broad
applications."*'”  However, F-actin-stabilizing molecules as
drugs, e.g., for cancer therapy as “migrastatics”,"® have been
difficult to develop due to their non-specific toxicity and
potential absorption to abundant F-actin in muscles and vital
organs. For further analyses, reliable and scalable syntheses of
candidate molecules are necessary, as well as biological
profiling and structure-activity relationship (SAR) data for
mapping the accessible structure-function space./®"

Although 19 geodiamolides have been described, only
syntheses of geodiamolides A, B, and D have been reported to
date.”>*" However, very promising data regarding activity in 2D
and 3D cancer models has been obtained in particular for
geodiamolide H,”* making this compound a highly interesting
target for synthesis. Herein, we report the first total synthesis of
geodiamolide H by streamlining our synthesis platform for F-
actin-stabilizing ligands. We have furthermore synthesized and
investigated simplified analogues of geodiamolide H, in order
to locate key structural motives in compound SAR, in compar-
ison to jasplakinolide and jasplakinolide H.?”

Results and Discussion
Building block synthesis and assembly

In synthesis planning (Figure 1, bottom), geodiamolide H was
simplified by a ring-closing metathesis to diene 5 that can easily
be accessed from peptide acids 11 or 12 by esterification with
an appropriate alcohol."°??* These peptides should be swiftly
accessible by solid-phase peptide synthesis (SPPS) from the
respective building blocks 7-12 (Figure 1). Syntheses of com-
pounds 10 and 7 have been reported."” However, the
previously described synthesis of alcohol 11, harbouring the
stereogenic methyl groups C-20 and C-21 (geodiamolide H
numbering, Figure 1), featured a cumbersome alkylation of
propanoylated pseudoephedrine auxiliary with propylene oxide,

providing only 600mg of product per 10g of
pseudoephedrine."” Moderate diastereoselectivity (84% d.r.)
and access restrictions to pseudoephedrine were further

reasons for developing an alternative route.

Our initial attempts of synthesizing alcohol 11 by alkylation
of propanoylated prolinol and propanoylated Evans'-type
auxiliaries remained unsuccessful, despite a screening of differ-
ent electrophiles (Supporting Information, Scheme 51).52
Enolates of Evans'-like imides are known to be only moderately
reactive.’¥ To circumvent sterically encumbered, weakly reac-
tive electrophiles (Supporting Information, Scheme S1), we
investigated Evans-like imide 15, which upon methylation
would provide the envisioned 1,3-dimethyl substituted building

Chem. Eur. J. 2021, 27, 1163311642 www.chemeurj.org

block by predictable auxiliary control (Scheme 1). A stereo-
chemical mismatch, such as described earlier for chiral
electrophiles,"” cannot result from this planning.

Imide 15 was synthesized starting from (S)-propylene oxide,
which was opened using allylmagnesium bromide to give
alcohol 12 (84% yield).* TIPS protection, dihydroxylation, and
oxidative cleavage of alcohol 12 produced aldehyde 14 in 64%
yield (3 steps). Phl(OAc),-mediated oxidative esterification in the
presence of N-hydroxysuccinimide®> gave the respective O-Su
ester (14-1) in 73 % yield, which was used to acylate Seebach’s
diphenyl oxazolidinone to provide the desired imide 15 in 83%
yield (Scheme 1).

Deprotonation of imide 15 with LDA is expected to produce
a (2)-configured lithium enolate rigidified by chelation.™
Gratifyingly, treatment of the such obtained Li-enolate with Mel
gave the branched imide 16 in excellent yield (89%) and
diastereoselectivity (d.r. >99:1). This transformation was easily
conducted on a larger (10 g) scale without any loss in yield or
stereoselectivity. The configuration of imide 16 was unequiv-
ocally confirmed by single-crystal X-ray diffraction (Figure 2 and
Supporting Information).

The primary alcohol 17 was liberated in excellent yield
(98%) from imide 16 by treatment with LiBH,. The Seebach
auxiliary could be retrieved from this transformation for further
use without chromatography by crystallization (70% recovery).
Parikh-Doering oxidation of 17, Wittig methylenation, and
desilylation then gave the desired alcohol 11 in excellent yields
each (83% over three steps).
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Scheme 1. Diastereoselective synthesis of (25,4R)-4-methylhex-5-en-2-ol (11).
Conditions and reagents: (a) Allylmagnesium bromide (1.3 equiv.), Et,0,
—78°C, 2 h, 84%; (b) NaH (3.0 equiv.), TIPS-Cl (1.2 equiv.), THF, 0°C to 25°C,
16 h, 78 %; (c) NMO (1.5 equiv.), 2,6-Lutidine (2 equiv.), OsO, (3 mol %),
acetone/water (c=0.1 M), 25°C, 3 h, then PhI(OAc), (1.5 equiv.), 3 h, 83%; (d)
N-Hydroxysuccinimide (1.05 equiv.), 0°C then PhI(OAc), (1.05 equiv.), MeCN,
—5°C, 1 h, 73%; (e) Seebach’s oxazolidinone (1.1 equiv.), n-BuLi (1.1 equiv.,
2.35 M), THF, —78°C, 10 min, then active ester from d (1.0 equiv.) in THF
added, —78°C to 25°C, 16 h, 82%; (f) LDA (1.5 equiv.), THF, —=78°C 1 h, then
Mel (12 equiv.), —40°C, 4 h, 89%; (g) LiBH, (1.1 equiv.), H,0 (1.1 equiv.), THF,
0°C, 3 h, 98%; (h) SO,/Py (2.0 equiv.), DMSO (9 equiv.), DIPEA (4.0 equiv.),
DCM -30°C to 25°C, 5 h, 94%; (i) 1i. Ph;PMeBr (2.2 equiv.), THF, —78°C, Buli
(2.0 equiv.), 1 h then 30 min at 0°C, 2i. aldehyde from h (2.0 equiv.), —78°C,
1 h, 92%, (j) TBAF (2.2 equiv.), THF, 25°C, 6 h, 96 %.
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Figure 2. The solid-state structure of key intermediate 16 determined by
single-crystal X-ray diffraction.
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Scheme 2. Synthesis of N-Me-Tyrosine derivatives. Conditions and reagents:
(@) I, in ag. NH; 30% (1.0 equiv.), 0°C, 3 h, 83% (only for synthesis of 8); (b)
Boc,O (1.1 equiv.), TEA (1.5 equiv.), 1,4-dioxane/H,0 (1:1), 0°C, 8 h, quant; (c)
1c. DCE (1.05 equiv.) 0°C, 30 min, DCM then TIPS-CI (1.1 equiv.), 2 h, 2c.
Imidazole (2.0 equiv.), DMAP (0.2 equiv.), TIPS-CI (1.1 equiv.), 16 h, 25°C; 3c.
K,CO; (2.0 equiv.), MeOH/THF/H,0, 30 min, 25 °C; (d) NaH (2.1 equiv.), Mel
(8.0 equiv.), THF, 0°C to 25°C, 16 h; (e) 20% TFA/DCM, 0°C, 4 h, (f) Fmoc-
OSu, 1,4-dioxane/H,0, NaHCO;, 0°C to 25°C, 16 h; for detailed procedures
see Supporting Information.

The D-3-iodotyrosine building block 8 was synthesized by
selective mono-iodination of D-tyrosine in an aqueous ammonia
solution (Scheme 2).*” Boc- and TIPS-protection delivered
amino acid 18 in an overall yield of 68 %. Double deprotonation
of 18 with NaH, followed by alkylation with Mel and protection
group exchange, provided the desired carbamate 8 for SPPS.
The described route proved to be reliable as well for the
synthesis of 9 (Scheme 2). Having these building blocks
available, regular solid-phase peptide synthesis (SPPS) using 2-
Cl-trityl chloride resin as solid support and COMU/Oxyma, as
coupling reagents gave N-acylated tripeptides 21 and 22 in
good yields, 77% and 84%, respectively.?** HATU/HOAt as
coupling reagent provided peptide 21 in 82% yield (see
Supporting Information for details of SPPS).

Next, the esterification of peptide acids 21 and 22 was
investigated. Esterification of amino acids and peptides with
sterically demanding alcohol fragments can be problematic,
especially when the availability of alcohol is limited or no excess
can be used. Problems arise from the low nucleophilicity of the
alcohol and the moderate reactivity of the activated carboxylic
acid, which can undergo unwanted side reactions upon
activation. Furthermore, the size of the activating reagent often
additionally impairs reaction outcome 4"

Efforts for establishing an efficient esterification under near-
to stoichiometric conditions began by studying carbodiimide-
mediated condensation under Steglich-type conditions (EDCI/
DMAP).*>#1 Unfortunately, the reaction of tripeptide 21 (Ta-
ble 1) with 12 (2 equiv.) gave only 22% of diene 25. When
alcohol 12 (1.3 equiv.) was reacted with 21 activated as acyl
fluoride (TFFH),“ as acyl chloride (Ghosez's reagent),*” or with
the MSNT reagent” no product or minimal amount with

Table 1. Screening of esterification conditions and synthesis of linear ester-dienes.”’

TIPSO.

NO,
24:R"=Me, X =1
25:R'=H,X=1
23: MNBA (Shiina's reagent) 26:R! = Me, X = H

27:R'=H,X=H

Entry Peptide Alcohol (equiv.) Conditions Product Yield
(equiv.)

1 21 12 (2.0) a EDCI (1.0) 25 22%
2 21 12 (1.3) b TFFH (1.0) 25 n.c.”
3 21 12 (1.3) c Ghosez's reag. (2.0) 25 nc®
4 21 12 (1.3) d MSNT (2.0) 25 <10%
5 21 12 (1.3) e Yamaguchi reag. (1.0) 25 46%
6 21 12 (1.3) f Shiina’s reagent (1.0) 25 82%
7 21 11(1.3) f Shiina’s reagent (1.0) 24 74%
8 22 11 (1.3) f Shiina’s reagent (1.0) 26 58%
9 22 12 (1.3) f Shiina’s reagent (1.0) 27 77 %

n.c.= no conversion.

[a] Conditions and reagents: (a) EDCI, 12, DMAP (0.2 equiv.), DCM 0°C to 25°C, 16 h; (b) TFFH, Et;N (6.0 equiv.), DCM, 0°C, 30 min at 25°C then 12, DMAP
(0.2 equiv.), DCM 25°C, 16 h; (c) Ghosez's reagent, DCM, 0°C, 1 h, removal of volatiles, then: 12, DMAP (0.2 equiv.), DCM 0°C to 25°C, 13 h; (d) MSNT, 1-
Methylimidazole (2.0 equiv.), 12, DCM, 0°C to 25°C, 16 h; (e) Yamaguchi reagent, THF, Et;N (2.0 equiv.), 0°C to 25°C, 1 h, removal of volatiles, then: 12,
DMAP (1.2 equiv), toluene, 70°C, 13 h; (f) Shiina’s reagent, DIPEA (2.0 equiv), DCM, 25°C, 30 min, then 11 or 12, DMAP (1.0 equiv), DCM, reflux, 16 h. [b]
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multiple side products was obtained. Notably, esterification by
using the Yamaguchi reagent gave diene 25 in 46% vyield."”
Gratifyingly, by using the anhydride of 2-methyl-6-nitrobenzoic
acid (MNBA, Shiina’s reagent),*® esters 24-27 were obtained in
good yields (58-82%) using only a slight excess of alcohols 11
or 12 (1.3 equiv.), as a significant improvement compared to
previous results."”

Ring closing metathesis

Ring-closing metathesis has been used before as a key macro-
cyclization step for the synthesis of jasplakinolide-type
cyclodpesipeptides.'®®*) For the synthesis of the geodiamo-
lides, large amounts of Grubbs 2™ generation catalyst 28
(35 mol%) in toluene had to be used with a constant purge of
argon, in order to cyclize diene 24 to an almost equimolar
mixture of configurational isomers E-29/Z-30 in moderate yield
(53% combined, Table 2) that was difficult to quantify exactly
due to impurities. At lower catalyst loadings, conversion
dropped strongly, in line with earlier findings for jasplakinolide-
like polyketide segments."**® Simultaneous TIPS deprotection
by using 30% HF/pyridine, followed by separation of the alkene
isomers by prep. HPLC gave the E-configured natural product
geodiamolide H, as well as the non-naturally Z-configured
geodiamolide H isomer 35, both in good yield (42% and 36 %,
Table 2). Configurations of the final products were assigned by
selective 1D NOE experiments. Spectral properties of synthetic
1 matched the data of isolated material (Supporting Informa-
tion, Table S1),!" thus indicating completion of the total syn-
thesis of geodiamolide H.

Likewise, processing of the halogen-free diene 26 resulted
in a similar outcome, again giving a mixture of configurational
isomers E-32 and Z-33 (Table 2) in almost equal amounts. The
diene precursors 25 and 27, each devoid of the allylic C-20
methyl group, cyclized much more efficiently. Macrocycles 31
and 34 were obtained by using only 7 mol% of the catalyst

over 2 h, exclusively as E-isomers, as confirmed by selective 1D
NOE experiments. Deprotection of TIPS groups and HPLC
purification provided the geodiamolide analogues 35-39 in
very good yield (Table 2).

The strong variation in yields, stereoselectivity, and turnover
observed for the different macrocyclization reactions prompted
a more detailed study. Alkene metathesis may be kinetically or
thermodynamically controlled, depending on the kinetics of
individual steps.®™ As a general rule, the rate of Ru-carbene-
mediated metathesis significantly drops with the increased
steric encumbrance of the alkene substrates, and with their
electron deficiency.®" For jasplakinolide-type macrocycles, pre-
vious data had suggested that ring closure and E/Z ratio are
kinetically controlled.* However, in the case of diene 24, which
showed particularly retarded turnover, a major side product
was isolated in 25% yield, accounting for the bulk of the
missing mass balance. This side product was indistinguishable
from starting diene 24 in HPLC retention time, TLC R; value, and
exact mass (HRMS/TOF). Careful monitoring by NMR revealed
the disappearance and shift of one vinylic proton (Supporting
Information, Figure S2 and S3), indicative of an isomerization of
the terminal double bond to the even less reactive trisubsti-
tuted alkene isomers 40 (Scheme 3). Olefin isomerization during
metathesis using Ru catalysts has been described before and
has been attributed to catalyst decomposition and/or the
presence of Ru hydride intermediates.®>*® In the case of dienes
25 and 27, a comparable isomerization was not observed. These
reactions proceeded stereoselectively to full conversion in a
much shorter time (Scheme 3, E-31). The substitution pattern
bearing an allylic methyl group (in case of 24 and 26) is
apparently more prone to isomerization or catalyst decomposi-
tion, likely due to delayed turnover by steric encumbrance of
the macrocyclization’s transition state. Supporting this notion,
adding benzoquinone to the mixture for suppressing catalyst to
suppress the formation of Ru hydride intermediates, as
described,” did not change the result, indicating a substrate
mediated side reaction, leading to catalyst degradation. This

Table 2. Macrocyclization and completion of synthesis.”

©)
Mes~NSIN~Mes

aJo TIPSO. HO.
arR=
! Ph X . X S
PPh3 H H i
28 N N
a - Me\rko o Me
49-82% N. _O HN
Me Me
me™ X VR! Me™
29-34 1, 35-39
Entry R' RCM products (yield) Final products (yield)
1 24 | Me E-29/Z-30 (53 %)" E-1 (42%)" and Z-35 (36 %)"Y
2 25 I H E-31 (74%)" E-36 (74%)"
3 26 H Me E-32/Z-33 (49%)™ E-37 (39%)" and Z-38 (32%)"
4 27 H H E-34 (82%)" E-39 (84%)™

[a] Conditions and reagents: (a) Grubbs catalyst 2nd generation 28 (7 mol % for 25 and 27, 35 mol % for 24 and 26), toluene, 0.1 mM concentration, reflux
with constant purge of Ar, 2 h (for 25 and 27), 4 h (for 24 and 26); (b) 70% HF/Pyridine, THF, 25°C, 24 h, N,, prep. HPLC. [b] Combined, roughly equimolar £/
Z-ratio as estimated by 'H NMR spectroscopy. [c] Isolated yield after purification.
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Scheme 3. Competitive pathways of product formation during ring-closing metathesis.

qualitatively accounts for the elevated amounts of catalyst
needed in this case. It may be speculated that Ru methylene
complexes are involved, as active purging of the mixture with
Ar in order to remove traces of ethylene was found indispen-
sable to observe reasonable product formation.

For further insight, the bis-TIPS protected macrocycles E-29
and Z-30 were separated and independently studied
(Scheme 3). Repeated exposure of E-29 and Z-30 to the reaction
conditions with NMR monitoring suggested that these com-
pounds were completely stable to treatment with Grubs 2™
generation catalyst. Neither isomerization nor ring fission or
polymerization were observed, suggesting that both geomet-
rical isomers are independently formed during initial ring
closure (Supporting Information, Figure S4). Variation of catalyst
amount or reaction time did not produce different results.
Collectively, the available data strongly suggests that these
macrocyclization reactions are fully under kinetic control, and
that the observed, substrate-dependent E/Z ratios are a result of
RCM intermediate conformer accessibility.

Biological activity on target

We then turned our attention to the biological activity of the
geodiamolides. To assess the potency of the geodiamolides on
target, we studied actin polymerization induction in vitro in
comparison to jasplakinolide (Figure 3, Table 3). We compared
the apparent polymerization rates that were normalized to
jasplakinolide at a similar concentration (K., see Supporting
Information for details)."” Geodiamolide performs as strongly as
jasplakinolide H (K., = 1.04, Figure 3, Table 3). The unnatural Z-
isomer of geodiamolide H (35) shows slightly reduced potency

Chem. Eur. J. 2021, 27, 1163311642 www.chemeurj.org
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Figure 3. In vitro actin polymerization induced by cyclodepsipeptides. Geo-
diamolides and jasplakinolide (each 20 uM) were incubated with pyrene-
labelled actin (5 uM) under low salt non-polymerizing conditions. k: slopes of
linearly fitted curves given in RFU/s; see Supporting Information for details.

(K..y=0.84), but is still significantly inducing polymerization, as
is the E-configured des-iodo-geodiamolide H analogue 37 (K., =
0.71).

However, for the Z-configured des-iodo-analogue 38 a
significant drop in activity was found (K, =0.12), suggesting
that olefin geometry and tyrosine halogenation are synergistic.
As suggested before, the olefin in the polyketide might serve as
a hinge for the positioning of the tripeptide towards the F-actin
target."”

Des-methyl geodiamolide H 36 showed high activity in vitro
(K,e;=1.21), but even higher activity is found for the des-methyl-
des-iodo analogue 39 (K, =1.59). Jasplakinolide analogues

11637 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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devoid of the C-20 methyl group have been previously found to
be equally cytotoxic to jasplakinolide."” What surprises is the
elevated activity of the dehalogenated compound 39, which
may be attributed to the higher flexibility of des-methyl
analogues that suffer less from syn-pentane interactions (C20
«—C21) or allylic strain (C19+C20, jasplakinolide numbering).
Apparently, ligand binding appreciably benefits from the higher
conformational flexibility of the macrocycles 36 and 39. This
flexibility is also indicated by '"H NMR data of the simplified
analogue 39 that showed more than one conformational
population in solution (see Supporting Information).

Cytotoxicity

Prolonged blocking of cytoskeletal dynamics by small molecules
leads to cellular toxicity. Synthetic geodiamolide H and its
variants were hence subjected to methylene blue assays with
Hela cell cultures to estimate their general cytotoxicity, using
jasplakinolide (1) as control.>® Geodiamolide H shows a CC, of
410 nM in Hela cells, comparable to the results reported by the
isolation group for a different cell line." Interestingly, the in
cellulo cytotoxicity data did mirror the results on induction of F-
actin polymerization in vitro only loosely (Table 3). The Z-isomer
of geodiamolide H 35 was one order of magnitude less
cytotoxic than 1, which was also found for the activity of the
geometrical isomers of jasplakinolide.”® The highest toxicity
was observed for the des-methyl analogue 36 (130 nM),
comparable to jasplakinolide (81 nM). However, the compound
most active in vitro, geodiamolide analogue 39, displayed only
modest toxicity (2.3 uM). We speculate that differential cell
permeability of the macrocycle may be the reason for this
difference, as this property may be dependent on substitution
pattern and even conformation. However, other factors such as
compound stability and/or solubility differences may be
involved, t0o.*”

To study antiproliferative effects, we have tested geo-
diamolide H and analogues were tested using human umbilical
vein endothelial cells HUVEC (ATCC CRL-1730) and human
chronic myeloid leukaemia cells K-562 (DSM ACC 10). All
compounds, except for 38, show high activity (Gls,) toward
HUVEC cells. Similar to the toxicity pattern in the Hela cell line,

the simplified analogue 36 showed higher activity than
jasplakinolide (1, Table 3).

Computational studies

In order to gain a deeper understanding of the in vitro and in
cellulo SAR results, and to collect data for designing actin
ligands with desired properties, in silico structural modelling
was performed using the ExtraPrecision (XP) Docking Mode as
implemented in the Glide software package (Schroedinger
Inc)."® Specifically, jasplakinolide-bound, aged F-actin was used
as an input for ligand docking in its ligand-depleted form (PDB
6T23).°” The docking procedure was verified by re-establishing
the binding pose of jasplakinolide Q, which resulted in an in
silico pose with < 1.0 A RMSD of all heavy atom positions (See
Supporting Information). Docking of geodiamolide was per-
formed similarly, leading to a pose with <1.6 A RMSD when
compared to jasplakinolide. While it cannot be excluded that
the F-actin target structure may minimally adapt to the
exchanged small molecule ligand,***? this similarity is much
higher than the experimental resolution of Cryo-EM (2.9-4 A)
and hence allowing SAR comparison.

To estimate binding affinity, a docking score was calculated
for each geodiamolide ligand and for jasplakinolide, using the
same ligand-depleted jasplakinolide-bound F-actin structure as
an input.®” The data obtained were congruent with the in vitro
F-actin polymerization data, rendering simplified analogue 39
as the best binding compound, followed by natural products
geodiamolide H and jasplakinolide (Table 4). The relative bind-
ing energies were also estimated based on the commonly
employed MM-GBSA rescoring approach before and after short
molecular dynamics simulations. We found, however, the XP
docking score to be the parameter fitting best to the in vitro
data for geodiamolide congeners (see Supporting Information,
Table 52).150¢"

As the cellular activity was neither in full agreement with
the in vitro data nor with the docking scores, we also scrutinized
in silico ADME data as available from the QikProp module of
Schroedinger’s Drug Discovery Suite. The aqueous solubility
parameter such predicted (QPlogS, Table 4) correlated signifi-
cantly with the observed in cellulo activity of geodiamolides
and jasplakinolide. Furthermore, permeability by passive trans-

Table 3. Activity of geodiamolide H and analogues in cellulo and on target:®!
Entry ~ Compound R X  E/Z  Cytotoxicity™  Antiproliferative activity™ Activity on target
Hela HUVEC K-562 relative slope K"
CCooluM] Glgo[uM] Glgo[pM] (RFU/s)?
1 JASP (3) E 0.08 (+£0.01) 0.010 (£ 0.002) 2.4 (+£1.0) 237 1.00
2 geod. H (1) CH; | E 0.4 (+£0.01) 0.27 (+£0.08) 8.2 (+3.1) 247 1.04
3 35 CH; | V4 6.5 (£0.3) 4.8 (+£0.8) 14 (+£2) 1.99 0.84
4 36 H | E 0.13 (+0.10) 0.008 (+0.001) 56 (£1.1) 2.87 1.21
5 37 CH; H E 1.0 (£0.7) 1.0 (£0.1) >82 1.69 0.71
6 38 CH; H Z 78 (£ 4) 57 (£3) 48 (+5) 0.28 0.12
7 39 H H E 24 (£0.2) 1.7 (£0.3) > 84 3.78 1.59
[a] Comments: [i] K.relative change in fluorescence intensity of pyrene-labelled actin over time relative to the same change induced by jasplakinolide
(both in the linear part of the curve after applying linear fit); [ii] data rounded to meaningful digits.
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Table 4. In silico calculated parameters for geodiamolide H and analogues:*
Entry Compound In cellulo In vitro In silico
Binding ADME

R X E/z Ho Ko™ docking score!™ QPlogs™ QPPMDCKY
1 JASP (3) E 1 1 —6.13 —6.08 329.80
2 geod. H (1) CH,4 | E 0.2 1.04 —6.21 —5.11 189.31
3 35 CH; | V4 0.01 0.84 —4.31 —4.26 171.01
4 36 H | E 0.62 1.21 —5.82 —5.88 227.66
5 37 CH; H E 0.08 0.71 —5.50 —4.11 125.46
6 38 CH,4 H V4 0.001 0.12 —5.20 —4.05 63.55 1. 35.39
7 39 H H E 0.03 1.59 —7.12 —3.33 58.47 !
[a] Comments: [i] H,relative cytotoxicity to jasplakinolide in HelLa cell line; [ii] K,..relative change in fluorescence intensity of pyrene-labelled actin over
time relative to the same change induced by jasplakinolide (both in the linear part of the curve after applying linear fit); [iiil Docking score units are kcal/
mol; [iv] Predicted aqueous solubility — log S; S (in moldm™); [v] predicted apparent MDCK cell permeability (in nm/sec).

b Halogenated
analogs -
more active derivatization - complete

loss of activity

long linkers allowed

On a structural level, recently reported cryo-EM structures of
a polar jasplakinolide analogue'” and of jasplakinolide and
phalloidin bound to the F-actin fibre,***% as well as of target-
bound photoswitchable jasplakinolide derivatives
(optojasps),®**™ all show a highly similar orientation of the
macrocycle in the binding region on F-actin. A very similar
binding pose was found for geodiamolide H by docking
(Figure 4a, and Supporting Information, Figures S7-S9). The
signature tryptophan residue of jasplakinolides and of phalloi-
din is buried deeply inside a cleft present in F-actin, which in
case of geodiamolide H (1) accommodates the iodo-tyrosine
moiety. The amino acid residues on F-actin proximal to the (-
tyrosine residue are highly hydrophobic (marked red in Fig-
ure 4a), as are these in the proximity of the polyketide. While
these hydrophobic interactions seem to play the most signifi-
cant role in ligand binding and F-actin fibre stabilization, and
specific interactions were not experimentally resolved by cryo-

(E) - analogs
< more active EM, the docking procedure indicated key H-bonds of ligand
configuration is HN backbone amides to F-actin ('’Gly, '**Ser), and of the phenolic
sesentl OH of iodotyrosi Il (oL s ing Informati
e NAvye . removal leads to of iodotyrosine as well ('"°Leu, see Supporting Information,

increase in activity

(Eor 2

Figure 4. The binding site of cyclodepsipeptides on F-actin and SAR; (a)
Geodiamolide H docked in the binding cleft of F-actin (PDB 6T23), amino
acids on the surface of the protein are marked according to

hydrophobicity;***® (b) Compiled SAR features of geodiamolides.

port through MDCK cells was computed as well (QPPMDCK,
Table 4). These in silico data rank the tested compounds
accordingly, such as to suggest the most active compound
in vitro (39, K,,;=1.59) being the least permeable, congruent to
its impaired activity in cellular models. By contrast, jasplakino-
lide, which induces F-actin polymerization similar to geo-
diamolide H, is predicted to be highly cell-permeable in silico,
which could explain the high, acute toxicity of this natural
product. While certainly being only a rough estimate, qualita-
tively, these data suggest that solubility and permeability may
significantly change by halogenation status and polyketide
methylation of the cyclodepsipeptide scaffold, contributing to
overall compound activity and - possibly - cell-type
specificity.%

Chem. Eur. J. 2021, 27, 11633 - 11642 www.chemeurj.org

Figure S10). Interestingly, the key iodotyrosine (geodiamolides)
or indole residue (jasplakinolides, phalloidin) seems to benefit
from a cation-m interaction with ’Arg on F-actin,®® qualita-
tively in line with the necessity for featuring a polarizable arene
at this position.®”

Conclusions

On the molecular level, jasplakinolide and the geodiamolides
stabilize a protein-protein interaction,®’® a property recently
generally also attributed to “molecular glues”.”™ The SAR data
of this study and of previous reports on similar compounds are
summarized in Figure 4b."%* Interestingly, while the removal of
the C-20 methyl group from jasplakinolide is known to be
tolerated,"” for geodiamolide H it even leads to an increase in
cytotoxicity. On the other hand, side chain dehalogenation
leads to reduced cellular activity for geodiamolide H, but not
for jasplakinolide. This feature is likely connected to modulated
cellular permeability, as the activity on target was barely
affected in vitro. Not tested in this study, but shown before on
several examples, the L-alanine moiety may be extended by

11639 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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long linkers and bulky substituents. F-Actin stabilizing cyclo-
depsipeptides with the “native” E-geometry of the double bond
show higher toxicity. Since geodiamolides share the binding
site with jasplakinolide, derivatization of the f-tyrosine phenol
moiety can be expected to lead to inactive compounds.

In summary, we have developed a reliable synthesis of
geodiamolide H and demonstrated its scope by the synthesis of
a focussed set of geodiamolide H analogues. An improved
stereoselective route for the synthesis of chiral alcohol 11 and
an optimized esterification of tripeptides streamlined the syn-
thesis of the jasplakinolide-type cyclodepsipeptides. The pitfalls
of the key ring-closing metathesis for the macrocyclization were
mended. These insights will be beneficial for the synthesis of
other members of this natural product family, as well as for
optimal synthesis design of chemical biology probes. All
synthetic geodiamolide H analogues were tested in cellulo and
in vitro, which allowed creating an initial SAR model. Additional
in silico data supported compound solubility and cell perme-
ability to be significantly modulated by structural modification.
Collectively, these data should inspire the design of new
chemical probes for studying actin function, assist in quantifica-
tion of cellular functions, or become instrumental for actin
targeting therapeutics.

Experimental Section

General

All general procedures, materials, methods, and abbreviations can
be found in the Supporting Information.

Scalable procedure for peptide esterification

The peptide acid (0.1 mmol, 1equiv.) was mixed with MNBA
(0.1 mmol, 1equiv.) and EtN(i-Pr), (0.2 mmol, 2 equiv.) in CH,Cl,
(7 mL) at 25°C and stirred for 30 min. DMAP (0.1 mmol, 1 equiv.)
was added, followed by the addition of the corresponding alcohol
(0.13 mmol, 1.3 equiv.). The mixture was heated to reflux for 16 h,
cooled to 25°C, diluted with CH,Cl, (30 mL) and washed with water
(10 mL). The organic layer was dehydrated (Na,SO,), the solvent
was evaporated under reduced pressure, and the product was
purified by flash column chromatography.

Scalable procedure for ring closing metathesis

Toluene (80 mL) was added to a two-neck flask, and degassed by
heating to reflux and active purging with argon for 30 min. The
linear diene precursor (0.1 mmol, 1 equiv.) was dissolved in a small
amount of degassed CH,Cl, and added to the degassed toluene.
The solution was heated to reflux with a continuous purge of argon
for 30 min, and Grubbs 2™ generation catalyst was added (6.2 mg,
7.5 mol % for (S)-hex-5-en-2-ol esters; 28.8 mg, 35 mol % for (25,4R)-
4-methylhex-5-en-2-ol esters). Refluxing was continued for several
hours with a constant purge of argon and TLC monitoring. After
conversion was complete, the solvent was evaporated under
reduced pressure and the residue was purified by flash column
chromatography.

Chem. Eur. J. 2021, 27, 1163311642 www.chemeurj.org

Scalable procedure for final deprotection

The silylated macrocycle (0.1 mmol) was dissolved in THF (700 pL)
in a 15 mL PP Falcon tube. 70% HF/pyridine complex (50 pL) was
added and the mixture was stirred for 16 h at 25°C under N,.
Volatiles were evaporated in a stream of N, under a ventilated
hood. The residue was dissolved in 5 mL of CH,Cl,, passed through
a pad of silica gel (1 cm), concentrated under reduced pressure,
and purified using preparative HPLC.

Geodiamolide H

Final deprotection was conducted with a mixture of cyclodepsipep-
tides E-29 and Z-30 (16 mg). 4.7 mg of Geodiamolide H (1, 42%
yield) and 3.9 mg (36 % yield) of its unnatural Z-isomer Z-35 were
obtained after prep. HPLC, each as colourless solids.

E-lsomer (Geodiamolide H, 1): m.p. 137°C, TLC R,=0.18 (hexanes/
EtOAc=3:7); [a]p** = +22.6 (c=0.1, CHCl;;MeOH=1:1); IR (ATR):
v =3014 (w), 2970 (w), 2922 (w), 2717 (w), 2607 (w), 2375 (w), 2311
(w), 2161 (w), 2106 (w), 1944 (w), 1868 (w), 1736 (m), 1654 (w), 1508
(m), 1457 (w), 1419 (w), 1364 (m), 1216 (m), 1132 (w), 1097 (w),
1025 (w), 901 (w), 816 (w), 669 (w), 615 (w) cm; 'TH NMR (600 MHz,
DMSO-d,, 297 K): d=10.08 (s, 1H), 9.31 (s, 1H), 8.24 (d, /=8.8 Hz,
1H), 7.72 (d, J=7.7Hz, 1H), 7.49 (d, J=2.0Hz, 1H), 7.06 (d, J=
8.5 Hz, 2H), 7.00 (dd, J=8.3, 2.0 Hz, 1H), 6.72 (d, J=8.2 Hz, 1H), 6.68
(d, J=8.5 Hz, 2H), 5.30 (dd, J/=10.7, 5.5 Hz, 1H), 5.13 (d, J=4.0 Hz,
1H), 4.82 (d, J=8.5Hz, 1H), 4.61 (dd, J=14.1, 7.3 Hz, 2H), 2.94 (s,
3H), 2.88 - 2.72 (m, 2H), 2.70-2.52 (m, 4H), 2.29 (m, 2H), 2.18 - 2.10
(m, TH), 1.82-1.73 (m, 1H), 1.68-1.54 (m, 1H), 1.52 (s, 3H), 1.32 -
1.22 (m, TH), 1.06 (d, J=6.2 Hz, 3H), 0.96 (d, J=6.8 Hz, 3H), 0.84 (d,
J=6.6 Hz, 3H), 0.81 (d, J=6.8 Hz, 3H) ppm; "*C{'H} NMR (125 MHz,
DMSO-dg, 297 K): 6=174.0, 173.0, 169.9, 169.1, 166.5, 158.6, 156.4,
156.3, 1554, 138.3, 132.8, 132.2, 131.5, 130.4, 129.9, 129.2, 127.0,
125.8, 115.1, 114.5, 113.6, 74.8, 70.4, 70.1, 63.8, 62.9, 55.0, 54.9, 48.5,
44.1,43.6,42.9, 41.6, 38.2, 37.2,33.3, 30.6, 28.7, 22.7, 22.1, 21.2, 20.1,
19.6, 17.6, 16.5, 15.6, 13.7 ppm; HRMS (ESI—TOF) m/Z: [M+H]",
calculated for C;,H,5IN;O, " 734.2297; found 734.2295.

Z-Isomer (35): m.p. 132°C; TLC R;=0.25 (hexanes/EtOAc=3:7);
[l = +14 (c=0.1, CHCl/MeOH=1:1); IR (ATR): v"=3031 (w),
2970 (w), 2653 (w), 2421 (w), 2373 (w), 2347 (w), 2321 (w), 2259 (w),
2220 (w), 1986 (w), 1868 (w), 1734 (m), 1654 (m), 1541 (m), 1508
(m), 1457 (m), 1419 (m), 1374 (m), 1272 (w), 1025 (w), 830 (w), 800
(w), 763 (w), 720 (w), 669 (m) cm™; 'H NMR (600 MHz, DMSO-dj,
297 K): 6=10.06 (s, 1H), 9.30 (s, 1H), 8.27 (d, J=8.8 Hz, 1H), 7.98 (d,
J=7.4Hz 1H), 7.48 (d, J=1.9 Hz, TH), 7.10-6.95 (m, 4H), 6.76-6.62
(m, 4H), 5.24 (dd, J=10.9, 5.1 Hz, 1H), 5.15 (d, J=6.3 Hz, 1H), 5.02
(d, J=9.1 Hz, 1H), 4.59-4.49 (m, 1H), 4.46-4.35 (m, 1H), 2.97 (s, 3H),
2.82 (d, J=9.2 Hz, 4H), 2.63-2.54 (m, 1H), 2.42-2.26 (m, 3H), 1.88 (d,
J=7.1Hz, 1H), 1.66 (s, 3H), 1.56-1.46 (m, 2H), 1.40 — 1.22 (m, 3H),
1.13-1.04 (m, 1H), 1.01 (d, J=6.2 Hz, 3H), 0.91 (d, J=6.8 Hz, 3H),
0.83 (dd, J=9.8, 6.9 Hz, 6H) ppm; C{'H} NMR (125 MHz, DMSO-d,,
297 K): 6=174.8, 173.3, 1704, 169.4, 161.2, 156.8, 155.5, 139.1,
133.4, 132.7, 131.2, 130.6, 130.5, 127.7, 115.4, 1154, 114.9, 84.6,
71.8, 60.6, 58.9, 56.2, 54.2, 52.9, 48.6, 45.3, 44.8, 44.3, 41.7, 37.2, 36.3,
33.2, 30.9, 29.5, 23.1, 22.6, 22.4, 20.0, 17.9, 17.7 ppm; HRMS (ESI—
TOF) m/Z: [M+H]", calculated for C;,H,sIN;O," 734.2297; found
734.2301.

Desmethyl geodiamolide H analogue 36

Final deprotection was conducted with 18 mg of compound 31.
Purification by using prep. HPLC gave 11 mg of geodiamolide
analogue 36 (74% yield) as a colourless amorphous resin. TLC R,=
0.20 (hexanes/EtOAc=3:7); [0]p**= +22.4 (c=0.1, CHCl;/MeOH=
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1:1); IR (ATR): v"=2930.4 (w), 2581.3 (w), 2453.5 (w), 2376.8 (w),
2313 (w), 2028.6 (w), 1920 (w), 1869.1 (w), 1718.7 (m), 1635.6 (m),
1508.7 (m), 1416.8 (m), 1373.8 (m), 1216.8 (m), 1096 (m), 1036.2 (M),
95448 (w), 828.95 (m), 731.79 (w), 66848 (m) cm™; 'H NMR
(400 MHz, DMSO-d,, 297 K): 6=9.56 (m, TH), 8.95 (m, 1H); 8.56 (d,
J=89Hz, 1H), 7.79 (d, J=8.2 Hz, 1H), 7.10 (dd, J=8.7, 2.2 Hz, 2H),
6.99 (d, J=8.4Hz, 2H), 6.69 (d, J=8.5 Hz, 2H), 6.64-6.56 (m, 2H),
5.41 (dd, J=11.6, 49 Hz, 1H), 5.15 (d, J=8.5Hz, 1H), 494 (t, J=
6.3 Hz, 1H), 4.78-4.53 (m, 2H), 2.98 (d, J=4.9 Hz, 3H), 2.92-2.54 (m,
5H), 2.25-2.08 (m, 1H), 1.94 - 1.66 (m, 3H), 1.56-1.48 (m, 4H), 1.46-
1.31 (m, 1H), 1.17 (d, J=6.3 Hz, 3H), 0.94 (d, J=6.8 Hz, 3H), 0.60 (dd,
J=11.6, 44 Hz, 3H) ppm; C{'"H} NMR (101 MHz, DMSO-d,, 297 K):
0=174.5,173.7,170.7, 170.0, 170.0, 156.8, 155.5, 138.8, 133.4, 130.5,
130.2, 127.5, 127.4, 123.6, 115.6, 114.8, 84.7, 71.4, 55.5, 55.4, 49.6,
49.1,44.1,43.2, 42.4,37.9, 35.3, 34.1,31.2, 24.2, 19.9, 19.9, 19.7, 17.9,
17.4 ppm; HRMS (ESI-TOF) m/Z: [M+H]*, calculated for
C33H43IN;0, 1 720.2140; found 720.2139.

Deposition Numbers 1938340 (for S3c) and 1938341 (for 16c¢)
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service.
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