Scalable Total Synthesis of Portimine A and B Reveals the Basis of
Their Potent and Selective Anti-cancer Activity
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ABSTRACT: Marine derived cyclic imine toxins, portimine A and B, have attracted extensive attention
owing to their intriguing chemical structure and promising anti-cancer therapeutic potential. However,
access to large quantities is currently unfeasible and the molecular mechanism behind their potent activity
is unknown. To address this, a scalable 15-step total synthesis of portimines is presented, which benefits
from the logic used in two-phase terpenoid synthesis along with unique tactics such as exploiting ring-
chain tautomerization and skeletal reorganization to minimize protecting group chemistry through “self-
protection”. Critically, this total synthesis enabled a structural reassignment of portimine B and an in-
depth functional evaluation of portimine A, revealing that it induces apoptosis selectively in human cancer
cell lines with high potency. Finally, practical access to the portimines and analogs thereof simplified the
development of photoaffinity analogs, which were used in chemical proteomic experiments to identify a
primary target of portimine A as the 60S ribosomal export protein NMD3.

For decades, cyclic imine (CI) toxins have stimulated extensive interest from the broad scientific commu-
nity based on their unique and potent bioactivity coupled with their captivating chemical structures (/,2).
The therapeutic potentials of larger members in this family, such as pinnatoxins (3), spirolides (4), and
gymnodimines (5), have been thwarted by their high neurotoxicity in vivo. More compact members of this
family were isolated from benthic dinoflagellate Vulcanodinium rugosum in 2013 and 2018, portimine A
(PA, 1) and B (PB, 2) respectively (Fig. 1, absolute configuration confirmed in 2019) (6-8). In sharp
contrast to classic CI toxins, preliminary reports indicate that 1 is highly cytotoxic (~3 nM) and induces
apoptosis in several cancer cell lines, while also displaying lower acute toxicity in mice relative to other
shellfish toxins, highlighting its potential as a therapeutic agent (6, 9-12). However, the mechanism of
action (MoA) behind its potent activity is unknown. The Achilles heel of such a compound is of course
scalable access to its complex architecture. As it is derived from a dinoflagellate in low yield (6), chemical
synthesis appears to be the only means of realistically procuring such molecules. Even if a bioengineered
synthesis could be achieved, semi-synthetic analogs with deep-seated modifications would be unworkable.
Featuring a spiro-fused five-membered cyclic imine embedded in a highly oxidized all-carbon tricyclic
macrocyclic core, 1 and 2 are formidable targets for synthesis. The unusual peripheral oxidations such as
that adjacent to imine carbon (C-5) and neighboring labile medium-sized cyclic ketal add to this challenge.
In this work, the first total synthesis of 1 and 2 is presented, which features a carefully choreographed
sequence to rapidly build up a minimally oxidized carbon framework followed by strategic oxidations
and ring-chain isomerizations that minimize concession steps. In addition, this practical synthesis enabled
elaborated in situ investigations as well as illumination of the cellular targets of 1 via chemical proteomics,
revealing that 1 targets the 60S ribosomal export protein NMD3 and blocks polysome formation.

Historically, CI toxins have been constructed by patterning the retrosynthetic analysis on the presumed
biogenesis (/3—15), wherein an acyclic structure with maximum functionality is subjected to macrocy-
clization (/6—20). This pioneering approach was first accomplished by Kishi et al. in the 1998 total syn-
thesis of pinnatoxin A (/6). In the case of the portimines, approaches thus far have followed this dogma
(21-24). Thus, Brimble et al. (22, 23) and Harran et al. (24) aimed for a bio-inspired synthesis that mimics



the polyketide synthases (PKSs), featuring bold intramolecular cyclizations of densely functionalized
polyketides 3 and 4 respectively (Fig 1A). The former approach demonstrated that the ketalization of
linear 3 was not facile, even with the well-functionalized skeleton. The latter cycloaddition-based ap-
proach resulted in undesired regioselectivity in the pivotal cyclization of 4 to 6. The difficulty encountered
in these routes points to the challenge of forging key bonds in such a densely functionalized polycyclic
alkaloid from an acyclic precursor. From a high level, this scenario is not unlike that encountered in the
synthesis of densely functionalized, highly oxidized terpene natural products. In those cases, it has been
shown that a two-phase approach to synthesis can be beneficial by building up a minimally oxidized
carbon framework followed by strategic late-stage oxidations (25, 26).

By analogy to the logic of two-phase synthesis, a minimally oxidized macrocyclic intermediate to the
portimines was targeted with the assumption that a proper choreography of oxidation events would solve
both connectivity and stereochemical issues. The only C—O bonds to be installed at the outset were those
residing at C-4 (imine carbon) and C-10 (secondary alcohol). A triple bond on C-7/8 would be a surrogate
for the eventual C-7 oxidation and, critically, offer a strategic disconnection to the macrocycle using ring-
closing alkyne metathesis (RCAM) (27). Such a tactic would thereby minimize unstable functional groups
and redundant redox manipulations since four key oxidations (C-5, C-13, C-14, C-15) would occur post-
macrocyclization. To minimize protecting groups (PGs), the innate reactivity and conformational prefer-
ences are utilized via ring-chain reorganization/reconstitution steps. Upon unraveling the macrocycle, the
dialkynated precursor (7) traces back to accessible building blocks (Fig. 1B). Finally, in order to maxim-
ize access to useful analogs, a vinyl triflate was selected as a key functionality to be carried through the
entire synthesis.

The synthesis is outlined in Fig. 2 and commences with a scalable, asymmetric Diels-Alder cycloaddition
(28), which established the C-3 chirality. Reduction of C-4, followed by removing the carbamate auxiliary
with TBAF, afforded 10 in 88% yield, and 94% ee on 50-gram scale. The requisite methyl-capped alkyne
side chain can be installed via a sequence including Grignard addition and two oxidations, delivering 11 as
the final product in 60% yield after a single purification. Treatment of 11 with TFA in CH2Cl, afforded
spirocyclic imine 12 in 72% yield on gram scale.

The synthesis of fragment 13 was carried out from inexpensive (S)-solketal (ca. $1.1/g, see the SI for
details). To affix this subunit onto the established chiral spirocyclic core 12, a stereoselective Cu-mediated
conjugate addition was applied. The choice of copper (I) reagent (29) was crucial since switching to other
common copper (I) salts, such as Cul, CuCN, and CuBr, showed little to no observable conversion (Table
S2). The stereochemical outcome in this step is controlled by the intrinsic configuration of the spiro-cycle,
wherein the side chain blocked the top face. Direct treatment of the in situ generated enolate with Comins’
reagent ensured the correct regiochemical olefin outcome and smoothly delivered vinyl triflate 7 as a sin-
gle product (6.5-g scale), which possessed all skeletal carbon atoms required for 1 and 2.

Attention was then turned to constructing the 14-membered macrocycle in portimines’ skeleton through
RCAM, a maneuver that might be derailed by the imine, olefins, or vinyl triflate. Fiirstner’s extremely
efficient, canopy-shaped catalyst, [Mo] was chosen at this point due to its outstanding functional compat-
ibility and demonstrated robustness (30). The pivotal RCAM step could indeed be achieved in 53-65%
yield when heated 7 with [Mo] in toluene. However, a relatively high catalyst loading (12.5 mol %) was
required, presumably due to the basic imine nitrogen. To lower the catalyst loading, the imine was masked
with a Troc group, followed by exposing the formed enamide to 2.0 mol % [Mo]. In this case, formation
of macrocycle 14 was completed in one hour. Treating crude 14 with acidic wet methanol liberated the
C-4 ketone and deprotected the TBS ether on C-10, affording 15 as a white powder (68% overall isolated
yield over 2 steps, multigram-scale).



Arrival at macrocycle 15 (the end of the “cyclase phase”) was a milestone since all requisite core C—C
bonds were in place to arrive at 1 and 2. All that remained was installation of five oxygen atoms at C-5,
C-7, C-13, C-14, and C-15. The “oxidase-phase” commenced with oxidation of C-14/15 since olefin-
oxidations are well-known to be compatible with alkynes. Initial attempts using oxidants (i.e., OsO4, m-
CPBA, etc.) delivered undesired stereochemical outcome at C-15 in all cases (Fig. S2). Therefore, a net
six-electron oxidation catalyzed by ruthenium was chosen to arrive at a diketone (37), with an eventual
strategic reduction to set the desired stereochemistry. Stronger oxidants of this type, however, will not
tolerate the presence of an alkyne. For this purpose, an internal protection strategy was designed and
achieved upon skeletal reorganization by refluxing 15 and XPhosAuNTf, (0.8 mol %) in CH2Clz. The
newly-formed tricyclic system reorganized all potentially sensitive sites (nitrogen on C-1, C-4 ketone, C-
7-C-8 alkyne, and C-10 alcohol) into their inactive states. Subsequent six-electron oxidation under Ru-
catalysis led to diketone 16 in a 53% isolated yield (gram-scale) thereby minimizing reliance on PGs.

With this newly constructed rigid polycyclic system in place, the correct oxidation state and stereochem-
istry on C-14 and C-15 were installed. Site-specific reduction of C-14 was accomplished using L-selec-
tride, followed by treating the crude material with NaBH4 to afford diol 32 (see the SI), which possessed
the desired stereochemistry on C-15. Subsequently, C-14 was selectively returned to the ketone oxidation
state with TEMPO/NaOC]l. Other oxidants tested for this step showed poor selectivity (Table S3). Re-
markably, upon heating crude 17 with zinc powder in acetic acid, the Troc group was dismantled and the
polycyclic ring system spontaneously unraveled through ring-chain tautomerization (presumably via 18)
to liberate the deoxyportimine triflate 19 in 74% yield on gram-scale.

Only two oxygen atoms, at C-13 and C-5, remained to be installed to complete the synthesis. Both oxida-
tions could be achieved in a single step by treating the crude silyl enol ether of 19 with DMDO to afford
a nitrone 20 (73% overall yield). Subsequent heating of 20 in the presence of Ac2O and TEA presumably
triggers a Boekelheide type rearrangement (32) to deliver a diacetate (compound 39, see the SI) as a single
diastereomer, followed by regioselective hydrolysis of the C-5 acetate using LiOH to yield monoacetate
21 (64%) on 330-mg scale. At this point, the vinyl triflate which had remained a silent observer throughout
the synthesis was now called upon to append the final two carbon atoms of 1 and 2. Thus, a Suzuki
coupling was chosen to install the exocyclic vinyl group, delivering diene 22 in 75% yield. To complete
the synthesis, 22 was oxidized with DMP, followed by hydrolysis, affording portimine B (PB, 2) in 88%
yield. During these studies we suspected that the originally assigned structure of 2 as a ring-opened tau-
tomer was incorrect and this was now confirmed to be the same ring-closed tautomer expressed in 1. To
complete the synthesis of portimine A (PA, 1), crude 2 in methanol could be stereoselectively reduced by
NaBH3CN in high isolated yield (80%).

With this scalable synthesis in hand, we next turned to determining the mechanism of action (MoA) of
PA (1). First, we sought to identify sites that could accommodate a “fully functionalized” retrieval tag to
facilitate chemical proteomic target identification while not interfering with the biological activity of the
parent structure (33—38). Here, an evaluation of portimine A analogs with modifications at multiple sites
(Fig. S4A) in Jurkat (human T lymphocyte) and HCC1806 (human breast cancer) cells confirmed that
fully-synthetic PB (2) showed significantly less toxicity in both cancer cell lines compared to PA (1) (7),
as did epi-portimine A (ePA, 38), the C-5 epimer of PA (1). Taken together, these results suggests that
the anti-proliferative activity of PA (1) is dependent on the stereochemistry of C-5, and that ePA (38)
could be employed as an inactive control compound for further studies. We also noted that phenyl-deriv-
ative Ph-PA (36) showed similar activity to PA (1) in both cell lines, indicating the terminal vinyl group
(C-21/22) is not essential for the observed biological activity. Based on these results, we pursued the
assembly of a diazirine-alkyne (DA) containing photoaffinity tag at the C-18 position of PA (1) through
Suzuki coupling with the key intermediate (compound 21, for detailed synthesis steps, see SI). Encourag-
ingly, we observed both the epimeric photoaffinity probes PA-DA (35-2) and ePA-DA (35-1) retained



identical activities as their parent analogs, suggesting that they could serve as target ID tools (Fig. 3A-
3B).

It had previously been reported that isolated PA (1) induces cellular apoptosis (6, 7). Indeed, we observe
that fully synthetic PA (1) also induces apoptosis, as does Ph-DA (36) and PA-DA (35-2), at low nano-
molar concentrations, as determined by caspase-3 activation in Jurkat cells, however controls ePA (38)
and ePA-DA (35-1) do not (Fig. 3C and Fig. S4B). Further investigation also revealed that PA (1) and
PA-DA (35-2) markedly increased the proportion of Jurkat cells in G1 phases (Fig. 3D and Fig. SSA-5B),
but not in ePA (38) and ePA-DA (35-1) treated cells. Notably, we observe that PA (1) and Ph-PA (36)
display minimal effects on cell viability in freshly isolated human peripheral blood mononuclear cells
(PBMCs) as well as no obvious effects on caspase activation (Fig. 3E and Fig. S6A-6B), suggesting that
their toxicity mechanisms are selective to rapidly proliferating cells.

We next pursued identification of the protein targets of PA (1) in cells by tandem mass tags (TMT)-based
proteomics (33, 39, 40). Specifically, we aimed to identify proteins that were substantially enriched (>2-
fold) by PA-DA over ePA-DA and competed (>5-fold) by PA (1) but not the inactive epimer ePA (38)
(Fig. 4A-B and Fig. S7TA-7F, Table S6-S7) in both Jurkat and HCC1806 cells. We identified only one
protein, 60s ribosomal export protein NMD?3 in both cell lines that fulfilled these criteria. We verified this
interaction by chemoprecipitation (ChP), where the labeling of endogenous NMD3 by PA-DA (35-2)
could be blocked by excess PA (1), but not excess ePA (38), and little to no labeling was observed in the
absence of UV irradiation or with ePA (38) (Fig. 4C and Fig. S7G), suggesting that PA (1) selectively
and non-covalently binds to NMD3 in cells. NMD3 is an adaptor of 60S ribosomal subunit nuclear export
and is released upon pre-60S maturation in the cytosol and subsequent polysome formation, though the
precise mechanism of this regulation is not fully elucidated (4/—43). Notably, we observed that NMD3-
deficient Jurkat and HeLa cells were less prone to the cytotoxic effects of PA (1), compared to control
cells (Fig. 4D-4E, Fig. S8A-8C), suggesting that NMD3 is necessary for its activity. As NMD3 is required
for nascent 60S ribosome maturation (4/), we next examined whether PA (1) affects ribosome assembly.
Here, we observed that in Jurkat cells treated with PA (1), but not inactive ePA (38), led the accumulation
of 80S monosomes and disomes as well as the blockade of polysome formation (Fig. 4F, Fig. S8D).
Further, we observed that eukaryotic translation initiation factor 6 (elF6), an essential factor of 60S mat-
uration and 80S assembly which is reported to be modulated by NMD3 (44-46), is localized in the 60S
fraction and decreased in RNA-free fractions in cells treated with PA (1) (Fig. 4F, Fig. S8E). Together,
these data suggest that PA (1) engages NMD?3, which results in increased 60S associated elF6, stabiliza-
tion of 80S, and subsequent impairment of polysome formation (Fig. 4F), likely leading to cell cycle arrest
and apoptosis (47—49).

The scalable total synthesis of portimine A (1) and B (2) presented herein benefits from a strategy that is
distinct from both biosynthesis and prior approaches. Driven by a desire to avoid an abundance of func-
tional group manipulations, non-strategic redox fluctuations, and PGs, a plan was forged to forego the
installation of oxygenation until a late stage. By analogy to two-phase terpenoid synthesis, this required
the construction of a minimally decorated carbon skeleton followed by sequential oxidations. In this way,
the innate reactivity of a macrocycle could be leveraged to install both the correct oxygenation pattern as
well as the stereochemistry. Certain intermediates served to “self-protect” key functional groups and en-
able the final sequence by strategically timed ring-chain tautomerization events. Finally, an unusually
stable vinyl triflate was carried through the majority of the synthesis allowing for flexible diversification
of this biologically promising lead compound, enabling the construction of photoaffinity probes for target
identification studies. With sizable quantities of PA (1) in hand, we have shown that PA (1) potently
induces G1 cell cycle arrest and apoptosis in multiple human cancer cell lines, but not in human PBMC:s.
Further, chemical proteomic studies revealed NMD3 to be the primary target of PA (1), and to our
knowledge, is the first reported small molecule ligand of NMD3. Engagement of NMD3 by PA results in
a buildup of 80S ribosome and blockade of polysome formation. Further, the observation that decreasing
NMD3 expression reduces PA potency is suggestive of a gain-of-function or neo-function mechanism,



however, the molecular details of how binding of PA (1) to NMD3 induces this cascade are not yet clear
and will be subject of future studies. Overall, this study demonstrates the utility of totally synthetic routes
designed with ideality criterion combined with powerful chemical proteomic methods to reveal new po-
tential therapeutic targets (50).
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acid; TrocCl, 2,2,2-trichloroethoxycarbonyl chloride; TBHP, tert-butyl hydroperoxide; TBSOTT, tert-bu-
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(A) Structure of portimine related analogs: phenyl-portimine A (Ph-PA, 36) and epi-portimine A (ePA,
38), portimine A-diazirine-alkyne (PA-DA, 35-2) and epi-portimine A-diazirine-alkyne (ePA-DA, 35-1).

(B) Effects of portimine A and analogs on Jurkat cell viability (24 hrs). All presented data as mean of
biological replicated experiments (n = 3). (C) Immunoblot of caspase 3 cleavage of Jurkat cells treated
with PA, PA-DA, Ph-PA, ePA, ePA-DA and PB (1 nM, 12 hrs). (D) PA induce G1-phase arrest. Jurkat

cells were treated with portimine A or analogs for 12 hours at 1 nM (n = 3 for each condition). Statistical
analysis was performed for G1 phase distribution using multiple unpaired Student t-test, n.s. not signifi-

cant, *** p < 0.001. (E) PA displays minimal toxicity in freshly isolated human PBMCs (36 hrs). Data

presented as mean * SD.
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Fig. 4. Portimine A targets NMD3 and prevents polysome formation.

Chemoproteomic profiling of Portimine A in Jurkat (A) and HCC1806 cells (B). The x-axis shows protein
competition in cells treated with active photoaffinity probe PA-DA (500 nM) and DMSO or the active
competitor portimine A (PA, 4 uM), while the y-axis shows protein enrichment by active probe PA-DA
over inactive photoaffinity probe ePA-DA (500 nM). Proteins designated as PA-specific targets are high-
lighted in red (competed by active competitor > 5-fold; enriched by PA-DA > 2-fold; and a difference
between active and inactive competitors of > 4-fold; all p-values < 0.05). Dotted lines indicate active
competition (x-axis) and enrichment (y-axis) thresholds. All other points are colored grey. All data pre-
sented as mean of biological replicated experiments (n = 2). (C) Confirmation of PA-DA and PA engage-
ment of endogenous NMD3 in Jurkat cells. (D, E) PA has reduced viability effects in Jurkat cells trans-
duced with shRNA targeting NMD3 (shNMD3) compared to control cells (shCtrl). (D) Immunoblot
showing reduced NMD3 levels in shNMD3 Jurkat cells. (E) shCtrl and shANMD?3 Jurkat cells were treated
with 10 nM of PA for 24 hours. (F) Representative polysome profiling of Jurkat cells treated with porti-
mine A (6 hr, 50 nM). Cell lysates were fractionated by sucrose gradient and each fraction analyzed by
immunoblot. elF6 levels increase in 60S subunit fraction and polysome marker RPS6 is decreased in
polysome fractions after PA treatment. Results are representative of three independent experiments. Sta-
tistical analysis was performed using multiple unpaired Student t-test, **** p <0.0001.
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