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Macrocyclic peptides, including depsipeptides, are an emerging new modality in drug discovery research.
Tetraselide, an antifungal cyclic peptide isolated from a marine-derived filamentous fungus, possesses

a unigue amphiphilic structural feature consisting of five consecutive B-hydroxy-amino acid residues and

fatty acid moieties. Because the structure elucidation of the naturally occurring product left six
stereocenters ambiguous, we implemented bioinformatic analyses, chemical degradation studies and
chiral pool fragment synthesis to identify two of the undetermined stereocenters. Convergent total
synthesis of the four remaining plausible isomers of tetraselide was accomplished via liquid-phase
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peptide synthesis (LPPS) using soluble hydrophobic tag auxiliaries. The key advances involve fragment

coupling by the serine/threonine ligation (STL) reaction and head-to-tail macrolactamization of the
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Introduction

Over the last decade, cyclic peptides have drawn much attention
in drug discovery efforts as an attractive modality due to their
unique properties such as high binding affinity and selectivity
targeting protein-protein interactions (PPIs) with low toxicity.*
Thus, cyclic peptides can potentially serve as advantageous
therapeutics complementary to antibodies and small drug
molecules.” Although cell permeability and oral bioavailability
are generally considered to be challenging,® there is emerging
research that N-methyl amides* and/or depsipeptides® enhance
membrane permeation.® Despite chemical accessibility of this
class of peptide molecules, the vast majority of therapeutic
cyclic peptides have been developed based on the structures of
natural products. Therefore, exploration of new cyclic peptides
and depsipeptides from natural sources plays an important role
as a foundation of drug leads in medicinal chemistry.

Our research group has been on a quest for novel secondary
metabolites of microorganisms from underexplored natural
sources.” During the course of our screening program to explore
antifungal natural products,® we isolated a macrocyclic dep-
sipeptide, tetraselide (1, Fig. 1A), from a culture broth of
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carrier-supported precursors that enabled systematic elaboration of the amphiphilic cyclic peptides.
Ultimately, we determined the absolute structure of this natural product.

Trichoderma sp. FKJ-0225, a marine-derived filamentous fungus.
As a result of NMR spectroscopic and LC-MS/MS analyses (see
the ESIt), we identified six polar amino acids, Orn, Thr, Ser, Ser,
Ser, Ser, two hydrophobic Ala and Gly residues, and a f-hydroxy-
y-methyl fatty acid in the structure of 1.° The five consecutive -
hydroxy-amino acid residues represent a unique structural
feature that has rarely been seen in natural products.’® The
advanced Marfey method to analyze the absolute configura-
tion of amino acids revealed the presence of 1-Ala, L-Orn, and p-
allo-Thr. The four consecutive Ser moieties were found to be
a 3:1 mixture of - and p-isomers, although the position of the
p-Ser residue in the sequence remained ambiguous. Conse-
quently, because six stereocenters of 1 including the C3 and C4
positions of the B-hydroxy-y-methyl fatty acid moiety could not
be determined, chemical synthesis was required to fully char-
acterize the absolute structure of the natural product 1.

Since the invention of the Merrifield resin,'* solid-phase
peptide synthesis (SPPS) has become one of the most
common methods to elaborate peptide compounds (Fig. 1B).*?
Although SPPS serves as a robust and reliable method, excess
amounts of reagents and coupling partners are often required
to achieve sufficient reactivity due to the heterogeneous nature
of the reaction. As such, the convergent synthetic approach,
which requires the preparation of peptide fragments through
their isolation/purification over several steps, is generally
considered to be less efficient than the more commonly
employed SPPS strategies.” Despite this, several scalable
approaches for peptide fragment coupling in solution have

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

been developed.* Additionally, head-to-tail macrocyclization on
the solid-phase requires side chain anchoring strategies or
removal from the solid-phase carrier necessitates a solution
phase cyclization.’® The solubility and polarity of peptides
without the carrier support sometimes result in troublesome
handling, particularly with amphiphilic and zwitterionic
peptides.”

As an alternative approach to SPPS, our group has been
interested in liquid-phase peptide synthesis (LPPS)" using
soluble hydrophobic tags.” We applied this method to the total
syntheses of argifin,* kozupeptin,** verticilide,” and emodep-
side derivatives.” Recently, we also developed a carbonate-type
tag reagent TCbz-OAry (2) that enabled attachment of the tag-
carrier to the amine group of amino acids (Fig. 1C).** Orthog-
onal to the typical approach that relies on installation of the
carrier molecule to the C-terminus, we thought to develop a de
novo synthetic strategy using the tag-reagent 2. Herein, we
report the convergent total synthesis and structure determina-
tion of tetraselide (1) via LPPS utilizing two tag-carrier mole-
cules. The homogeneous reaction conditions of LPPS enabled
convergent fragment coupling of two carrier-supported peptides
in equimolar amounts. Because the TCbz group was installed
on the amine group of the Orn side chain, we successfully
synthesized head-to-tail macrocyclic peptides supported on
a carrier molecule. This strategy facilitated systematic conver-
gent syntheses of all plausible isomers of the four structurally

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

ambiguous consecutive Ser moieties and allowed us to deter-
mine the structure of 1.

Results and discussion

Biosynthetic analysis, chemical degradation and chiral pool
synthesis to elucidate stereochemistry

As described earlier, our preliminary efforts for the structural
elucidation of tetraselide (1) suggested that there were 16
possible diastereomers—four of the consecutive Ser moieties
and four of the fatty acid moiety. Our failure to clarify the
structure of 1 using Edman degradation® and X-ray crystallo-
graphic analysis led us to implement biosynthetic analysis to
narrow down the structural candidates of 1. First, from the draft
genome sequence of the FKJ-0225 strain, we found five genes
(¢tsA to ttsE, ESI Fig. S12A,1 accession number: LC847109)
associated with the biosynthesis of 1 by mining a candidate
biosynthetic gene cluster using antiSMASH 7.0 (ref. 26) and
2ndfind.” This indicated that the B-hydroxy-y-methyl fatty acid
moiety produced by the polyketide synthase (PKS; ttsA) is
transferred to the non-ribosomal peptide synthase (NRPS; t¢sE).
Subsequent peptide elongation from r-Ala to Gly, followed by
macrolactonization at the C-terminus of Gly with the hydroxy
group at C3, furnishes tetraselide (ESI Fig. S12Bf). To predict
the position of the p-Ser residue, Clabofold*® and AutoDock*
were used to conduct docking simulations of the adenylation (A)
domains in the modules that construct the consecutive Ser

Chem. Sci., 2025, 16, 6060-6069 | 6061
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Scheme 1
product. (B) Chiral pool synthesis of fatty acids.

moiety. Consequently, all A domains are likely responsible for
the recognition of only 1-Ser (ESI Fig. S13t1) and the corre-
sponding epimerization (E) domains are not involved, sug-
gesting that 1-Ser might be epimerized at a condensation (C)
domain in the modules.?® As a result of phylogenic analysis of
the C domains (ESI Fig. S141), we speculated that the Ser
residue next to Thr might be the p-form, although the mecha-
nism of epimerization is unclear at this stage (see the ESI{ for
details).

We expected that the stereocenters of the B-hydroxy-y-methyl
fatty acid moiety in 1 would be predictable because the absolute
stereochemistry of compounds produced by PKSs relies on the
amino acid sequence of each PKS domain. As a result of the
bioinformatic analysis (ESI Fig. S151), we found that the keto
reductase (KR) domain in the PKS was classified as the B-type,
which generally reduces the ketone group to a p-hydroxy
group.*" In addition, we identified that the Tyr residue—one of
the proton donors in the enoyl reductase (ER) domain—is
substituted with Leu, suggesting that the methyl group would
likely be in the p-configuration.?® These results indicated that
the B-hydroxy-y-methyl fatty acid moiety in 1 could be in the
(3S)-hydroxy and (4R)-methyl configurations. To support this
hypothesis, we next attempted a chemical degradation study of
the naturally occurring 1 and synthesis of the degraded frag-
ment using a chiral pool approach.

6062 | Chem. Sci., 2025, 16, 6060-6069

14a
(14a:14b = 1.2:1, separable)

14b

Initial experimentations to support our hypothesis through bioinformatic analysis. (A) Chemical degradation of the naturally occurring

Our degradation experiments of 1 began with hydrolysis of
the ester moiety by treatment with 2 M NaOH, yielding linear
peptide 3 (Scheme 1A). Peptide 3 was subjected to 6 M HCI at
100 °C to hydrolyze the amide bonds, affording fatty acid 4 as
the major component after acid extraction. In order to facilitate
UV detection for purification by reverse-phase HPLC, selective
benzylation of the acid moiety in 4 provided ester 5 in 10%
overall yield over four steps from 1. With successfully degraded
alcohol 5 in hand, we next chemically synthesized fatty acid
derivatives to confirm the absolute stereochemistry.

In order to implement enantiospecific synthesis for the
structural determination of 5, we employed a chiral pool start-
ing material. We began our investigation with Roche ester (R)-6
because the (S)-enantiomer is more expensive and less available
(Scheme 1B). Following the known three-step sequence to
produce aldehyde 7,** Julia-Kocienski olefination®** of 7 using
PT-sulfone 8 afforded alkene 9 in 71% yield as a single isomer.
Hydrogenation of the double bond and simultaneous hydro-
genolysis of the benzyl group in 9, which was followed by Dess-
Martin oxidation, produced aldehyde 10. Reformatsky reaction
of 10 using bromoacetate 11 gave rise to an inseparable 1:1
mixture of diastereomers (12a and 12b) in 89% yield over three
steps. Fortunately, during our investigation to achieve a dia-
stereoselective aldol reaction, we found that treatment of 10
with chiral auxiliary 13 using TiCl, in the presence of 'Pr,NEt*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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afforded the desired adducts 14a and 14b, which were easily
separable by column chromatography. After separating the
diastereomers, benzyl esterification of 14a and 14b using BnOH
and DMAP provided alcohols 12a (42% yield) and 12b (30%
yield), respectively. The stereochemistry of the hydroxy groups
in 12a and 12b was determined by the modified Mosher method
(ESI Fig. $18%).%

A comparison of the '"H NMR spectra for the synthesized
alcohols 12a and 12b with degraded 5 revealed that the methyl
and hydroxy groups in the natural form are in the anti-
configuration. Because the optical rotation of 12a was oppo-
site to that of 5, we assigned the absolute configuration of the -
hydroxy-y-methyl fatty acid moiety in tetraselide (1) as (35, 4R).
This result is consistent with our bioinformatic analysis of the
PKS of 1. Nevertheless, we narrowed down the plausible struc-
ture of natural product 1 to four isomers in the consecutive Ser
residues. With this invaluable information, we commenced the
total synthesis of all four isomers.

Synthetic strategy

To determine the structure of tetraselide (1), we envisioned
a convergent route that could efficiently synthesize all four
plausible isomers that differed in the position of the p-isomer in
the four consecutive Ser moieties (Scheme 2). In this regard,
natural product 1 could be divided into two carrier-supported
peptide fragments (17 and 18) by disconnection at the C-
terminus of Orn and the N-terminus of Thr. In the forward

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

sense, head-to-tail macrolactamization of 16 at the Thr-Ser
moiety after cleavage of the C-terminal tag would forge the 28-
membered macrocycle in 15. We expected that the side chain
bound TCbz group would allow us to assemble the macrocyclic
peptides in a concise fashion by solidification, followed by
global deprotection to furnish tetraselide and its constitutional
isomers.

To suppress problematic epimerization via oxazolone
formation at the C-terminus for convergent fragment coupling®
and to promote facile macrocyclization, we thought to synthe-
size the macrocyclization precursor 16 using the serine/
threonine ligation (STL) reaction®® between the N-terminus of
the four consecutive Ser fragment 17 and salicylaldehyde ester
18. In this way, Ser fragment 17 could be prepared without
protection of the hydroxy group at the N-terminal side chain
through one-pot LPPS* using tag-supported Ser 19. The western
fragment 18 could be synthesized by peptide elongation from
TCbz-supported Orn 20, which we developed previously.**

Western fragment synthesis

The western fragment synthesis commenced with diaster-
eoselective elaboration of the fatty acid moiety in the desired
enantioenriched form (Scheme 3A). The aldol reaction of the
known ketone 22,* prepared from (R)-lactate 21 over three
steps, with aldehyde 23 under the conditions reported by
Paterson® gave rise to the desired anti-diastereomer 24 in
excellent yield and selectivity (d.r. = 20:1). Protecting group

Chem. Sci., 2025, 16, 6060-6069 | 6063
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manipulations and oxidative cleavage afforded aldehyde 25,
which was subjected to the Julia-Kocienski olefination condi-
tion using PT-sulfone 8, providing alkene 26 in 80% yield as

6064 | Chem. Sci,, 2025, 16, 6060-6069

a single isomer. Simultaneous hydrogenation of the double
bond and hydrogenolysis of the benzyl group in 26 gave diol 27
in 89% yield, followed by selective oxidation of the primary

© 2025 The Author(s). Published by the Royal Society of Chemistry
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alcohol in 27 to the corresponding carboxylic acid, affording 28
in >99% yield. In this way, the desired fatty acid 28 was prepared
in 10 steps from commercially available 21.

With fatty acid 28 in hand, we then undertook peptide
elongation by investigation of the protecting group at the C-
terminus of Fmoc-Orn(TCbz)-OH (20) (see the ESI} for
details). Consequently, the 9-phenylfluorenyl (Fl) group was
installed on the acid moiety of 20 in 71% yield, followed by
removal of the Fmoc group, to provide amine 29 quantitatively
(Scheme 3B). Condensation of 29 with Fmoc-Ala-OH and
subsequent removal of the Fmoc group produced 30 in quan-
titative yield over two steps. Dipeptide 30 was condensed with
fatty acid 28 (94% yield), followed by esterification of alcohol 31
with Fmoc-Gly-OH using MNBA (2-methyl-6-nitrobenzoic
anhydride) and deprotection of the amine group, providing 32
in 96% yield over two steps. Subjection of 32 to the condensa-
tion conditions with Fmoc-p-allo-Thr-OH to produce 33 (80%
yield) and subsequent deprotection of the acid group under
mild conditions provided 34 in 85% yield. Finally,

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

salicylaldehyde ester 18 was synthesized by esterification of 34
with phenol 35 (68% yield) and oxidative cleavage of the cor-
responding unsaturated ester (89% yield). Thus, the western
fragment 18 was prepared in a total of 11 steps from Fmoc-
Orn(TCbz)-OH (20).

Consecutive Ser fragment synthesis

We began our investigation of the Ser fragment synthesis with
a one-pot protocol similar to that we previously developed in the
total synthesis of emodepsides.*® Considering the orthogonality to
the TCbz group in the downstream deprotection step, we chose
tag-carrier 36 reported by Chiba and coworkers* which could be
selectively removed at the late-stage under mild conditions.
Esterification of 36 with Fmoc-p-Ser(‘Bu)-OH using DCC and
DMAP, followed by trapping of the excess activated ester reagent
residue with propylamine and cleavage of the Fmoc group using
DBU, furnished the corresponding amine b-19.

Unexpectedly, the typical purification procedure of LPPS
using the tag-carrier by solidification with MeOH led to gelation

Chem. Sci., 2025, 16, 6060-6069 | 6065
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Scheme 5 Fragment coupling using the STL reaction, and complete synthesis of tetraselide and its constitutional isomers through systematic

elaboration of the carrier-supported cyclic peptides.

of the mixture and diminished the yield (Scheme 4A). To our
delight, we found that solidification using MeOH containing
HOBt as a moderately acidic additive, which we previously
employed to prevent the undesired cross condensation in the
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total synthesis of argifin,” successfully suppressed the prob-

lematic gelation. The addition of HOBt may affect the inter-
molecular hydrogen bonding network of the carrier-supported
Ser derivative in the MeOH solution.
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With this simple and practical procedure to handle the carrier-
supported polar peptide, we attempted the one-pot synthesis of
the consecutive Ser fragment (Scheme 4B). Carrier-supported Ser
p-19 was subjected to the condensation conditions using COMU
with Fmoc-Ser(“Bu)-OH. Subsequent treatment with propylamine
and DBU removed the Fmoc group. A solution of HOBt in MeCN
was used for solidification, in which the precipitate was washed
once with MeCN containing HOBY, followed by addition of pure
MeCN twice to provide dipeptide 37a. This procedure was iterated
using 37a and Fmoc-Ser(‘Bu)-OH to afford tripeptide 38a, and
then analogously with Fmoc-Ser-OH to lead to tetrapeptide 39a
without incident. Similarly, all four plausible isomers of the Ser
fragments (39b-d) were synthesized in a range of 92-97% yield.
This method could be performed on a 0.4 mmol scale, demon-
strating a one-pot parallel synthesis to rapidly access the four
fragments at scale.

Total synthesis and the absolute structure determination of
the natural product

With both fragments in hand, we investigated fragment
coupling by the STL reaction (Scheme 5). After a survey of
buffered reaction conditions that could promote imine forma-
tion while maintaining the solubility of the carrier-supported
peptide fragments,” we found that treatment of 18 and 39a
with 5% AcOH/pyridine (1:1 mol mol ™) in DCM (0.03 M) gave
rise to the desired coupled product 40a in quantitative yield as
a diastereomeric mixture of the N,0-acetal moiety.*> Remark-
ably, the STL reaction proceeded efficiently with only a slight
excess (1.05 eq.) of 39a without epimerization of the peptide
backbone. This highlights the power of convergent LPPS
strategy under the homogeneous reaction conditions.

After cleavage of the Fmoc group in 40a under basic condi-
tions, the carrier molecule at the C-terminus in 41a was selec-
tively removed under mild conditions using HFIP to furnish
amino acid 42a. Macrolactamization of 42a using HATU in the
presence of 'Pr,NEt afforded head-to-tail macrocyclic peptide
43a. Finally, global deprotection of the amino acids in 43a
including the TCbz group was accomplished by treatment with
TFA in HFIP/CHCI;. At this stage, the solid residue derived from
the carrier molecules was removed by filtration and washed
with MeCN. The crude filtrate was purified by reverse-phase
HPLC, affording the desired peptide 44a in 39% yield over
four steps. Analogously, we prepared the other three isomers
44b-d in four steps (17-23% yield). All spectral data of synthe-
sized 44a were consistent with those of naturally occurring
tetraselide (1), thus determining the order of the four consec-
utive Ser moieties in the natural product 1 as r-i-L-p. Conse-
quently, our rapid systematic syntheses of all plausible isomers
of tetraselide through the assembly of the carrier-supported
macrocyclic peptides allowed us to reveal the absolute struc-
ture of the natural product.

Conclusions

We achieved the first total synthesis of tetraselide to determine
its absolute structure. Motivated by our group's long-standing
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interest in exploring new natural products, this macrocyclic
depsipeptide was isolated as a potent antifungal compound
from a marine-derived filamentous fungus. We implemented
bioinformatic analysis to predict two ambiguous stereocenters
in the fatty acid moiety, as well as chemical degradation and
chiral pool synthesis to elucidate the stereochemistry. With this
information, a convergent synthetic strategy using two carrier-
supported peptide fragments was developed to synthesize the
four plausible isomers of the natural product.

The western fragment was synthesized via unconventional
LPPS based on our previous work using the TCbz group. We also
established the one-pot parallel synthesis of the four Ser frag-
ments. The challenging peptide fragment coupling was
accomplished utilizing the serine/threonine ligation reaction.
Head-to-tail macrocyclization of the carrier-supported precur-
sors using the TCbz auxiliary allowed us to handle the macro-
cyclic peptides in a systematic way.

Overall, our work highlights the power of LPPS to enable
practical convergent syntheses of macrocyclic peptides. The
synthesized isomers were evaluated for in vitro antifungal
activities that were used for our screening method to explore the
natural product (see the ESI} for details). Further investigations
for antifungal properties as well as structure-activity relation-
ship studies are currently underway at our institute.
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