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Abstract

We report an efficient ten-step (longest linearusege) synthesis of antiviral natural
product cavinafungin B in 37% overall yield. By &raging a one-pot chemoenzymatic synthesis
of (2S54R)-4-methylproline and oxazolidine-tethered (AT(BGeRink resin) SPPS
methodology, the assembly of our molecular targetict be conducted in an efficient manner.
This general strategy could prove amenable to dmsteuction of other natural and unnatural
linear lipopeptides. The value of incorporatingdaitalytic steps in complex molecule synthesis

is highlighted by this work.
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1. Introduction

The aldehyde lipopeptides cavinafungin A &nd B @) were originally isolated in 2015
as minor constituents of crude extracts frGolispora cavincolacollectedduring a bioactivity
guided screen for potentiation of antifungal ageaspofungirt Although the sought-after
potentiation activity was eventually attributed tbe depsipeptide colisporifungin, the
cavinafungins demonstrated broad-spectrum antifuorggerties (MIC of 0.4—41g/mL against
Candidaspecies and Bg/mL againstA. fumigatuy Cavinafungin A and B are nearly identical
lipopentapeptide aldehydes, differing only by alztgn at L-homoserine (Figure 1). The
cavinafungins contain three noncanonical aminosaiélaninal,L.-homoserine, and @4R)-4-
methylproline [(Z,4R)-4-MePro]), as well as an N-terminal oleamidedipail. A related family
of C-terminal peptide aldehydes called the fellutles A-D 3-6) (Figure 1) display a range of
activities, including proteasome inhibition andweegrowth factor synthesis inductién.
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cavinafungin A (1): R=COMe
cavinafungin B (2): R=H

Rj

fellutamide A (3): R1=’Bu, R,=0H, R3=Me
fellutamide B (4): Ry=Bu, Ry=H, R;=Me
fellutamide C (5): Ry="Pr, R,=OH, Rg=Pr
fellutamide D (6): R,=Bu, R,=OH, Rg=Pr

Figure 1. The cavinafungins and related aldehyde lipopeptides

More recently, cavinafungin AlJ was identified to be potently active againstfalir
dengue virus serotypes @&1-5 nM, >100-fold selectivity over uninfected sgland the Zika
virus (IGs;=150 nM, ca. 30-fold selectivity over uninfected celfS)Aldehyde reduction to
alcohol (cavinafungol) neutralized both antifungaid antiviral properties, suggesting the
aldehyde is structurally important for biologicattigity.>* A novel CRISPR/Cas9 protocol for
genome-wide profiling in HCT116 cells identifiedetendoplasmic-reticulum-associated signal
peptidase (ER-associated SPase) as the efficaggttaf1.* SPase is an essential membrane-
bound serine protease involved in cleaving sigrgtides of secretory and membrane proteins
in the ER. Mechanisticallyl is proposed to anchor to the ER membrane throisglipophilic
tail, followed by subsequent binding of the oligppée motif to the SEC11A peptide binding
cleft of SPase. A proximal catalytic serine residikely attacks the C-terminal aldehyde of
cavinafungin A, resulting in the formation of a hHaoetal intermediate and covalent inhibition
of SPase activity. This proposed mechanism draws parallels to thssidal serine protease
inhibition mechanism. Cavinafungin A was subsequently used to confir@t ttleavage by
SPase is essential for dengue virus protein prowgssdicating that cavinafungin A would
likely inhibit other homologous flavivirus possessi similar infection mechanist.As
cavinafungin A 1) and B @) share identical antifungal activity, it is plabi& that they also
display identical antiviral properties. Hypothetigacavinafungin A may give rise to B vivo
upon acetyl hydrolysis, explaining their identieadtifungal activities. Dengue and Zika viruses



have no FDA-approved vaccination or specific argivireatment and cavinafungin is the only
known selective eukaryotic SPase inhibitor. Thustaming ample quantities of material for
further study and application is of significantwaf® The establishment of a robust synthetic
strategy would also enable “Hit-to-Lead” optimizatistarting from cavinafungin B.

Recently, peptide-based drugs (~2-50 amino acilg) Bxperienced a renaissance in the
pharmaceutical industry due to their ability todge the beneficial properties of biological and
small molecule therapeutiés. Advances in high-throughput sequencing technofgie
bioinformatics-based genome mining, and combinaltdsiosynthesis have catalyzed their re-
entry into drug discovery prograrffs® Although peptides modulate a suite of useful ljial
activities, they routinely display poor pharmacatio/dynamic properties, such as membrane
impermeability and lability to peptidases, restin biological instability. In contrast, natural
and artificial lipopeptides can remedy some of ¢hesdesired propertiés. Examples of FDA-
approved lipopeptides for medical use include theftmgal micafungin and the antibiotics
polymyxin B and daptomyciff:**°

To attenuate the current supply demand for flaglvprobes and drug candidates, we
targeted synthetic access to the cavinafungins gtimmunication documents our synthesis of
cavinafungin B in 10 steps from known intermediat€$ note, we developed a one-pot
chemoenzymatic synthesis of S2R)-4-MePro which expedites the assembly 2f*
Furthermore, our strategy delineates a protocol donstructing linear lipopeptides using
fluorenylmethyloxycarbonyl (Fmoc) based solid-phasptide synthesis (SPPS), opening the
door towards analogs derived from cavinafungin'se&ructure.

2. Results and discussion

At the outset of our synthetic planning, we ideatf the C-terminal aldehyde, the
(2S4R)-4-MePro residue, and the oleamide motif as keyhsstic challenges. Peptide aldehydes
have diverse applications in chemical ligation, hkilgroughput protein profiling, peptide
macrocyclization, and protease inhibititn.Several methods are known for introducing
aldehydes into a peptide of interest, includingoltd oxidation, reduction of activated
amides/esters/semicarbazones, and aldehyde pootectvia oxazolidine/thiazolidine
heterocycle$®® Unfortunately, peptide aldehydes are prone to epimation on isolatiof,
though this feature appears substrate dependensy@thetic approach was inspired by a recent
report published by Baran and co-workers on a gérsmiid-phase peptide synthesis (SPPS)
strategy towards peptide aldehyde synthesis andromgdization, which resulted in the
synthesis of 28 natural and unnatural peptide giileh (Figure 2J°° Briefly, the strategy
involved atert-butoxycarbonyl (Boc) protected oxazolidine tetlbenstructed from a suitable
Fmoc-amino aldehyde and threonine—glycine (TG){ionalized Rink amide resitf After



iterative amide couplings and a final Fmoc deprode¢ the resulting peptide could be easily
cleaved from the TG-Rink amide resin, affording thesired peptide aldehyde after HPLC
purification. Subsequently, suitable nucleophilesrevused to capture the transient iminium
species to yield the corresponding macrocyclicigept
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Figure 2. Previous application okT(Boc)G-Rink resin SPPS in peptide aldehyde sysithend
subsequent macrocyclization.

This protocol proved applicable to cavinafungin(B, starting from known Boc-—
alaninal—-oxazolidine—threonine—glycine Rink amidsim (AT(Boc)G-Rink resin) (Figure 3).
Taking notes from the previously reported proto€y)AOP and NMM were selected for amide
coupling steps, and a solution of 20% piperidineMas used for Fmoc deprotection steps
(Figure 3)'?° Although fragmentd1, 14, and16 are commercially availabl® and9 required
preparation. The first fragmer&, was initially targeted as th@-trityl ether, but due to synthetic
difficulties, the primary alcohol was instead putesl as théert-butyldimethylsilyl (TBS) ether.
Although (S 4R)-4-MePro is present in a suite of biologicallyenednt natural peptides, it has
proven nontrivial to construct in the literatdre.Previous reports require the use of
dangerous/expensive reagents (MeOTf/LIHMDS or Cesd Catalyst), directing groups,
several protecting groups/functional group intexasions, and do not display complete
stereocontrot>*® Recently, we reported a step efficient and higteldjinlg one-pot
chemoenzymatic synthesis of§2R)-4-MePro fromL-leucine {).** Our protocol leverages the
iron- anda-ketoglutarate dependent dioxygenasedR€) GriE to perform C—H-oxygenation at
the 3-position of7 (Figure 3)'* The resulting aminoaldehyde spontaneously cyclizes imine,
and can be efficiently reduced to the secondarynampon addition of NkiBH3, resulting in
yields as high as 88%8.Fmoc protection of 84R)-4-MePro yielded in 57% over two steps.
Here, this sequence was carried out on 100 mg scgdeovide adequate supply of material for
SPPS. According to previous reports, peptide lijgpsiavia SPPS is commonly performed,
although a general procedure for coupling oleid ata SPPS could not be foufftiin turn we



adjusted known conditions (EDC/HOBt/DIPEA) reported Zenget al for solution phase

oleamide synthesi$” Following global deprotection and cleavage from thsin, cavinafungin

B was isolated in 37% overall yield after HPLC figgtion.
A. One-Pot Chemoenzymatic Synthesis of 8
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Figure 3. Chemoenzymatic synthesis®#&nd cavinafungin B2).



3. Conclusions

This work describes the first synthesis of antiviigopetide cavinafungin B, completed
in 10 steps from known intermediates. Of note, Wezad a one-pot chemoenzymatic synthesis
of (2S4R)-4-MePro to expedite the assembly of cavinafunBinFurthermore, our strategy
delineates a method for linear lipopeptide consimacusing Fmoc-based SPPS. With an
established synthesis of cavinafungin B, this wopens the door towards further studies
involving this useful family of lipopeptides. Ouyrghetic strategy highlights the value of
incorporating chemoenzymatic steps in complex miéesynthesis’

4. Experimental

4.1. General materials and methods

Unless otherwise noted, all chemicals and reagentshemical reactions were purchased at the
highest commercial quality and used without furtparification. SPPS reaction vessels were
purchased from Torvig. SPPS was performed using2ZD@0mesh Rink Amide-Am Resin (0.55
mmol/g) purchased from Creosalus (SA6061). A KIJBIDbrbital shaker or New Brunswitk
Innovd 42/42R incubator shaker was used for the geneibdhgnand agitation of solid-phase
reactions. Reactions were monitored by thin lay@romatography (TLC) and liquid
chromatography/mass spectrometry (LC/MS). TLC wasgomed with 0.25 mm E. Merck silica
plates (60F-254) using short-wave UV light as tieai@lizing agent, and ninhydrin, KMnQor
phosphomolybdic acid and heat as developing age@¥d4S was performed with Agilent 1260
Infinity System equipped with Poroshell 120 EC-GHBumn (3.0 x 50 mm, 2.7 micron). Flash
column chromatography was performed using an B&tdsplera One automated purification
system loaded with Zip KP-Sil cartridges filled iSilicaFlasfi P60 silica gel (230-400 mesh).
Preparative HPLC was performed on Shimadzu LC-8esy equipped with SunFire C18 OBD
column (30 x 250 mm, 10 micron). NMR spectra wexeorded on a Bruker spetrometer and
calibrated using residual undeuterated solventic@lptotations were measured on Autopol 1V
polarimeter (Rudolph Research Analytical). Enzyr(Bpnl, Q5 polymerase) were purchased
from New England Biolabs (NEB, Ipswich, MA). Expsgsn and purification of GriE were

performed by following previously reported protceof



4.2. Synthesis of N-(((9H-fluoren-9-yl)methoxy)cenyd)-O-(tert-butyldimethylsilyl)-
homosering9)

Fmoc+-homoserine (1.00 g, 2.93 mmol, 1.0 eq) and imi&a#8O9 mg, 5.86 mmol, 2.0
eq) were dissolved in anhydrous DMF (3.0 mL, 1.0tdit-Butyldimethylsilyl chloride (883 mg,
5.86 mmol, 2.0 eq) was then added portionwise a@3The reaction was stirred for 9 hours,
then diluted with HO (~20 mL) and EtOAc (~20 mL). The aqueous layes waparated and
extracted with EtOAc (3 x 20 mL). The combined argdayers were washed with sat. aq. NaCl
(30 mL), dried over MgS% and concentratedn vacuo Purification by silica gel
chromatography (1:9 EtOAc:hexanes to EtOAc via igratcklution) afforded TBS ethér(0.609
g, 46% yield) as a slightly tan foarlH NMR spectra of9 matches those reported in the

literature®

4.3. Synthesis of (2S,4R)-1-(((9H-fluoren-9-yl)ragyhcarbonyl)-4-methylpyrrolidine-2-
carboxylic acid 8)

A 100-mL beaker was charged witHeucine (105 mg, 0.800 mmol, 1.0 equiv, 20 mM
final concentration),L-ascorbic acid (70.4 mg, 0.400 mmol, 0.5 equirketoglutaric acid
(disodium salt dihydrate, 542 mg, 2.40 mmol, 3.0igy followed by 40.0 mL of 50 mM kPi
buffer (pH 7.0). After addition of 200 pL of 200 mMSQ solution (0.0400 mmol, 0.05 equiv),
the reaction was started by the addition of Grit€lstsolution (final concentration = 0.030 mM,
0.0015 equiv). The mixture was shaken at 20 °C,rps@ After 2 h, solid NsBH;3 (61.5 mg,
2.00 mmol, 2.5 equiv) was added and the reactiaskiaken for 4 h. The reaction was acidifed
with 1 M HCI (1.0 mL), and centrifuged at 15,000rrfor 5 min. The supernatant was collected,
lyophilized, and used for the next step withoutHar purification.

The crude material from the previous step was sudgzein 8.0 mL of sat. ag. NaHG.O
A solution of Fmoc-OSu (675 mg, 2.00 mmol, 2.5 gjjin MeCN (4.0 mL) was added, and the
reaction was stirred at rt overnight. The reacti@s acidified with 1 M HCI until pH = 2-3. The
aqueous layer was extracted with EtOAc (3 x 10 nalnd the combined organic layers were
washed with sat. aq. NaCl, dried over MgSénd concentrateith vacuo Purification by silica
gel chromatography (1:2 EtOAc:hexanes to 1:0.054€tAcOH via gradient elution) affordegl
as a white foam (161 mg, 57% vyield over 2 steft$)NMR spectra oB match those reported in

literature?®



4.4. Synthesis of cavinafungin B (

AT(Boc)G-Rink resin was prepared as previouslyortgrl and stored at 0 °C after
lyophilization!?*?* AT(Boc)G-Rink resin (100 mg, 0.0282 mmol, subsiitn = 0.282 mmol/g,
1.0 eq) was placed in a 2-mL reaction vessel arallewwith anhydrous DMF (3.0 mL) for 0.5
h. A solution of Fmo®@-TBS-L-homoserineq) (51.5 mg, 0.113 mmol, 4.0 eq), PyAOP (58.9
mg, 0.113 mmol, 4.0 eq), aridkmethylmorpholine (NMM) (24.8 puL, 0.226 mmol, 8.9)an
anhydrous DMF (0.30 mL, ~ 0.1M) was pre-mixed fOrrin in a scintillation vial. The reaction
vessel was purged of DMF, filled with the pre-mix@ution, and agitated on an orbital shaker
at 23 °C for 5 hours. The resin was washed with D@k 3.0 mL), DCM (3 x 3.0 mL), and
DMF (3 x 3.0 mL) and capped with a solution of acenhydride/pyridine (1.0 mL, 1:9 v/v) for
10 min. The resin was washed with DMF (3 x 3.0 nREM (3 x 3.0 mL), and DMF (3 x 3.0
mL), then treated with 20% piperidine/DMF (3.0 nfLx 10 min) to effect Fmoc deprotection
and washed with DMF (3 x 3.0 mL), DCM (3 x 3.0 maphd DMF (3 x 3.0 mL). This procedure
was repeated for three subsequent amide couplimj$moc-deprotections with Fmaevaline
(11) (38.3 mg, 0.113 mmol, 4.0 eq — agitated 24 h)o&@@S4R)-Me-L-Pro @) (39.7 mg, 0.113
mmol, 4.0 eq — agitated 24 h), and Fn@&Bu-L-threonine {4) (44.9 mg, 0.113 mmol, 4.0 eq —
agitated 24 h). A solution of oleic acid6j (0.0370 mL, 0.116 mmol, 3.9 eq), EDC (21.9 mg,
0.141 mmol, 5.0 eq), HOBt (21.6 mg, 0.141 mmol, &), and DIPEA (24.6 pL, 0.141 mmol,
5.0 eq) in anhydrous DMF (0.30 mL, 0.1 M) was priead for 10 min in a scintillation vial. The
reaction vessel was filled with the pre-mixed solut and agitated on an orbital shaker at 23 °C
for 24 h. The resin was washed with DMF (3 x 3.0)iRCM (3 x 3.0 mL), and DMF (3 x 3.0
mL), and capped with a solution of acetic anhydpgadine (1.0 mL, 1:9 v/v) for 10 min. The
resin was washed with DMF (3 x 3.0 mL), DCM (3 0 3nL), and DMF (3 x 3.0 mL). A
mixture of TFA/HO (95:5 v/v) was added to the resin and agitate@ fo (take caution, as the
solution experiences a strong exotherm). The c@awlution was collected in a scintillation
vial and the resin washed with TFA (3 x 2.0 mL) &@M (3 x 2.0 mL). The resulting solution
was dried under stream of air. The resulting fileswdissolved in fD:MeCN (~1:1 v/v, 4.0 mL)
and purified by HPLC (5-100%2:MeCN for 35 min then 100% MeCN for 5 min, flowea=
50 mL/min) yielding cavinafungin B2} (7.7 mg, 37% vyield) as a white powdet € 32.1 min).
NMR spectra of2 match those reported in literatdrfu]p = — 39.0 ¢ 0.4, MeOH);'H NMR



(700 MHz, DMSO€) 6 9.35 (d,J = 3.2, 1H), 8.26 (d]) = 6.6 Hz, 1H), 7.90 — 7.78 (m, 3H), 5.32
(m, 2H), 4.70 — 4.65 (m, 1H), 4.49 — 4.44 (m, 14414 — 4.39 (m, 1H), 4.38 — 4.27 (m, 1H),
4.20 — 4.03 (m, 2H), 3.83 — 3.76 (m, 2H), 3.44353(m, 1H), 3.29 — 3.24 (m, 1H), 2.41 — 2.29
(m, 1H), 2.17 — 2.07 (m, 2H), 2.00 — 1.95 (m, 4HB4 — 1.73 (m, 1H), 1.73 — 1.61 (m, 2H),
1.48 — 1.41 (m, 2H), 1.30 — 1.20 (m, 20H), 1.15, @d 7.2, 5.2 Hz, 1H), 1.08 (d,= 6.3 Hz,
1H), 0.98 — 0.94 (m, 3H), 0.89 — 0.79 (m, 9HC NMR (176 MHz, DMSOdg) § 201.1, 172.2,
171.9, 171.5, 170.8, 169.4, 129.6, 69.8, 66.9,,39( B, 57.5, 56.2, 53.9, 53.8, 49.8, 36.5, 34.8,
32.0, 31.2, 30.3, 29.1, 29.1, 29.0, 28.8, 28.76,28%.6, 25.2, 22.1, 19.3, 19.1, 18.0, 17.1, 13.9,
13.5; HRMS (ESI): calc for £gH72NsOg: 750.5381; found 750.5146.
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