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Diatom Sex Inducing Pheromone SIP*

ABSTRACT: The peptide Sex Inducing Pheromone SIP* (1) bearing an unusual sulfated aspartic acid residue induces sexual repro-
duction in diatom populations. Herein, we report the first total synthesis of SIP* using both a sulfated building block approach and a
SPPS compatible late-stage sulfation strategy to assemble the natural product. The modular approaches provide concise routes to
useful quantities of the natural product for future SAR investigations examining the role of SIP” in diatom biology.

Diatoms are a class of single celled algae that contain a charac-
teristic silica (SiO,) cell wall and are the second most common
life form on earth after bacteria. As a critical primary producer
in marine and freshwater environments, diatoms form the foun-
dations of the ecological food chain, and their photosynthetic
outputs are responsible for sequestration of approximately 20%
of the world’s atmospheric CO,.! This equates to approximately
10-20 billion tons of CO, per year, and is equivalent to the car-
bon capture of all of the world’s rainforests combined.' Moreo-
ver, diatoms are of critical importance to industrial processes
including their use as feedstocks and water quality management
in aquaculture? as well as utilization of their fossilized remains
(diatomaceous earth, SiO) as filtration media, insecticides, and
in healthcare.® The broad spectrum of ecological impact and in-
dustrial applications emphasizes the critical importance of dia-
toms, particularly in a climate with increasing concentrations of
atmospheric CO,* and a growing human population.

Despite such a central role in ecological and industrial pro-
cesses, there is still a limited understating of the diatom repro-
duction cycle, which is characterized by asexual population
growth with periods of sexual replication. Interestingly, the sex-
ual reproduction cycle of diatoms is controlled by peptidic at-
tractant pheromones that include diproline® and the sex induc-
ing pheromone SIP* (1), characterized from populations of
Seminavis robusta.® Specifically, SIP* has been shown to initi-
ate reproduction signaling at low femtomolar concentrations
and has potential to synchronize entire algal communities.®

The structure of SIP* (1, Scheme 1) was characterized by Poh-
nert and coworkers in 2023° and revealed a surprisingly

complex peptide, bearing a macrocyclic disulfide linkage and
an unusual sulfated B-hydroxylated aspartic acid residue at the
C-terminus. Not only is this sulfated residue unique to diatom
pheromones, but to our knowledge, there are no alternative ex-
amples of natural products bearing this sulfated aspartic acid
motif from any other organisms, despite the broader prevalence
of sulfopeptides, particularly those bearing tyrosine O-sul-
fation.” Given its structural novelty, limited isolable quantities
and important ecological context, SIP* presents a prime target
for total synthesis which we endeavored to explore.

To synthesize SIP", we first devised a synthetic strategy to ac-
cess a solid phase peptide synthesis (SPPS) compatible 3-OH-
aspartic acid building block (7) to provide the basis for the ex-
ploration of sulfation and peptide elongation on solid support.
There are a few examples of natural products containing -OH-
aspartic acid derivatives and thus strategies to access these
building blocks using varied methods have been reported.® Our
efforts focused on obtaining the desired (25,3S) B-OH-aspartic
acid, and we envisaged a regio- and diastereoselective hydrox-
ylation at the B-position (C-3), following enolization of an ap-
propriately protected Asp side-chain carboxylate. Work re-
ported by Li® on the total synthesis of malacidin A demonstrated
such a strategy using Davis’ (+)-camphorylsulfonyl oxaziridine
((+)-CSO)' to access, diastereoselectively, Fmoc-(25,3S) p-
OH-aspartic acid derivatives and accordingly provided us with
a robust starting point for our synthetic endeavors.

With this strategy in mind, we utilized the readily available
starting material Fmoc-L-Asp(O'Bu)-OH to prepare the benzyl
carbamate (Cbz) and benzyl protected (Bn) building block 2. In
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Scheme 1. (A) Structure and synthetic strategy to access SIP*; (B) Preparation of f-hydroxy aspartic acid SPPS building

blocks.
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contrast to the literature,” we selected the Cbz protection strat-
egy as our investigations found that bulky a-amine protecting
groups (e.g. Trt) limited B-alkylation of aspartic acid-derived
enolates. Accordingly, enolization of building block 2 with
LiHMDS followed by treatment with (+)-CSO afforded the di-
astereomers 3 and 4 in a ratio of 7:4, respectively. The diastere-
omers were separable by flash column chromatography and
were individually subjected to a palladium on carbon catalyzed
hydrogenolysis to afford the deprotected amino acids 5 and 6.
Crystallization, followed by single-crystal X-ray diffraction
analyses determined unequivocally, their configurations to be
(28,35)-5 and (25,3R)-6 as depicted in Scheme 1.!! Pleasingly,
the configuration of the major diastereomer (2S5,35)-5 corre-
sponded to that assigned to the B-OH-aspartic acid residue of
SIp*.¢

Our initial efforts to access SIP* focused on devising a sulfated
building block that could be incorporated into the Fmoc-SPPS
pipeline. Accordingly, compound 5 was Fmoc-protected under
standard conditions to afford 7. Reports have shown that O-sul-
fated Fmoc-amino acids (Ser or Thr) can be prepared with sul-
fate counterions for improved stability (e.g. tetrabutylammo-
nium (TBA) or tributylammonium)'? and TBA stabilized amino
acids have been shown to withstand Fmoc-SPPS conditions.'?*
13 With this in mind, we exposed 7 to the highly reactive sulfat-
ing agent SO3-DMF, prepared freshly in house,'* and subse-
quently introduced TBA in the work-up to provide 8, primed
for SPPS incorporation.

To synthesize SIP” using our sulfated building block, 8 was first
loaded onto 2-chlorotrityl chloride resin (2CTC) using stoichi-
ometric amounts to limit wastage of the custom-building block.
However, initial loading attempts resulted in poor attachment to
the resin (~12% loading efficiency), presumably due to the ste-
rically crowded B-substituent and the corresponding TBA coun-
terion. Given the poor loading efficiency and our desire to pre-
serve the precious building block, we revised our strategy with
the aim to incorporate the sulfated building block as a late-stage
C-terminal modification (Scheme 2, Route A). To achieve this,
we first synthesized a C-terminally truncated, protected SIP*
precursor on resin, bearing a Boc-protected N-terminus. Fol-
lowing HFIP cleavage and purification, the C-terminal acid was
activated with N-hydroxysuccinimide to yield 9 and the Fmoc
deprotected AspOSO;~ building block 10 (see SI for prepara-
tion) was directly added to the crude peptide mixture to obtain

the full-length linear peptide 11. Pleasingly, this peptide was
stable to global deprotection under acidic conditions (TFA) and
the final disulfide oxidation with ammonium bicarbonate
yielded the natural product 1, albeit in modest yield (8% from
resin cleavage).

Despite successfully establishing a route to SIP*, the low yields
associated with route A prompted exploration of a second strat-
egy incorporating sulfation at a late-stage in the synthesis, after
cleavage of the peptide from the resin (Scheme 2, Route B).
Prior work has demonstrated that resin-bound protected pep-
tides bearing free alcohols (Ser and Thr) can be sulfated,'® sug-
gesting that a selective peptide sulfation strategy could be a vi-
able approach to access SIP*. To this end, the unsulfated Fmoc-
B-OH-Asp building block 7 was loaded onto 2CTC resin using
stoichiometric amounts to conserve the custom-building block.
Unlike the sulfated variant 8, the loading of 7 proceeded with
64% incorporation onto the resin (see SI for further details). We
then proceeded with standard SPPS conditions to obtain the
full-length protected peptide 12 that was subject to HFIP-medi-
ated resin cleavage to retain the orthogonal protecting groups.
The crude peptide was then sulfated with SO3-DMF! to obtain
13 with excellent conversion as judged by UPLC-MS analysis.
In this instance the TBA counterion was not employed follow-
ing sulfation, rather retaining the peptide as the sodium sulfate
salt, where the sodiated ion was introduced through work up of
the sulfation reaction with sodium hydrogen carbonate. In our
hands, the sodiated form was found to be stable to TFA-medi-
ated side-chain deprotection, as well as disulfide formation,
without any notable degradation of the sulfate moiety. This
strategy provided SIP* (1) in excellent yield via an efficient,
stepwise pathway (41% yield based on initial resin loading, 26
mg).

To further exemplify the synthetic efficiency of the late-stage
sulfation strategy and to support the structural assignment of
SIP*,® we decided to synthesize a peptide diastereomer capital-
izing on the availability of the (2S,3R)-B-OH-Asp building
block 6. Following Fmoc protection, the building block was in-
corporated into a peptide synthesis workflow analogous to
Route B (Scheme 2, see SI for full synthetic details). The strat-
egy successfully yielded SIP* epimer 14 in excellent yield
(24 mg and 50% yield based on resin loading). Considering the
challenges associated with characterization of the natural prod-
uct on very small scale,® access to 14 provided another tool to
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Scheme 2. Synthesis of SIP* established by two synthetic routes A and B.
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support the original structural assignment. Moreover, peptide
14 provides an opportunity to begin to establish structure activ-
ity relationships around the peculiar sulfated residue.

With significant quantities of synthetic SIP* (1) in hand, a com-
prehensive set of NMR experiments was performed in D,0 to
confirm alignment with the data reported for the natural prod-
uct.® Well resolved sets of signals were observed in both the 'H
and '3C NMR spectra (see SI for spectra), however upon chem-
ical shift assignment, it was evident that there was a significant
disparity in the observed NMR shifts relative to those reported
for naturally occurring 1. Closer inspection of the chemical shift
differences (Table S2) showed that the ’Cys and 'AspOSOs;~
resonances differed considerably to the reported data set, while
the remaining resonances closely matched the reported natural
product. The mismatch of NMR data led us to consider the pos-
sibility of an epimerization event during chemical synthesis or
a misassignment in the original characterization. To further ex-
plore these ideas, we assigned the NMR chemical shifts of pep-
tide diastereomer 14, which also showed significant differences
to the natural product data (Table S4), including some minor
changes around the 'AspOSO; residue.

We noted that the major chemical shift differences between the
natural and synthetic data sets were in the ionizable residues
"Cys and 'AspOSO;~ of 1, so we shifted our focus to the proto-
nation state of the peptide. Studies have shown that the proto-
nation of ionizable residues in random coil peptides can cause
significant differences in chemical shifts, varying up to 0.6 ppm
and 8.5 ppm in the 'H and "*C spectra, respectively.'> As the
reported data did not specify a pH for NMR data acquisition,
we decided to conduct an NMR titration to explore this variable
for SIP™. The initial pH of 1 in D,0, was found to be 2.97, where
presumably all ionizable sites would be expected to be proto-
nated, with the exception of the sulfate group (predicted pK.
<—1).' The pH of the NMR sample was slowly adjusted using
DCI and/or NaOD and NMR spectra were acquired at intervals
between pH 2 — 11 (Figure 1). Interestingly, the signals ob-
served in the "H spectrum which corresponded to the B-oxyme-
thine and a-hydrogen of the 'AspOSOs™ residue showed signif-
icant changes in their chemical shifts between pH 2 — 5. Addi-
tionally, a- and B-hydrogens corresponding to the ’Cys residue,
moved considerably between pH 5 — 10. At a pH >9 the 'H
NMR presented sharp, well-defined signals, and thus a second

set of 2D experiments was acquired for both 1 and diastereomer
14 at this basic pH (see SI).

Pleasingly, assignment of the 'H and '3C chemical shifts of 1
and 14 at pH ~9.5 yielded data that closely resembled the re-
ported natural product (Table 1, S3, S4, S7 and S8) and the sub-
stantial differences in NMR data observed at pH 2 were no
longer apparent. The only appreciable chemical shift differ-
ences were observed at 'AspOSOs~ for 14, where there was di-
vergence at the site of stereochemical inversion. Specifically,
the B-Asp oxymethine signal of 14 was shifted 0.15 ppm upfield
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Figure 1. A selected region of "H NMR spectra (3.0 — 5.6 ppm, 800
MHz) of SIP* (1) at varying pH 2.0 — 9.7. Tracked in grey are the
'H signals of the ionizable residues of SIP* (!AspOSOs~ and "Cys),
which demonstrate the chemical shift variances observed at differ-
ent pH levels. *At pH 3.5, the a-'AspOSOs~ signal is obscured by
the water suppression within the 'H NMR pulse sequence.
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Table. 1. "H NMR chemical shift comparison of synthetic
SIP* and natural SIP*

'H Chemical Shifts 3H [ppm]

Residue Position Natural 1* Synthetic 1 Difference
(pH 9.86)°
"AspOSO;~ a(CH) 4.6 4.60 0.00
B (CH) 5.00 4.99 -0.01
2Hyp a(CH) 4.65 4.65 0.00
B1(CH) 2.4 2.42 0.02
B2 (CH) 2.2 2.19 -0.01
y (CH) 4.64 4.63 -0.01
31 (CH) 3.9 3.89 -0.01
52 (CH) 3.8 3.89 0.09
*Hyp a (CH) 4.9 4.89 -0.01
B1(CH) 2.4 2.43 0.03
B2 (CH) 2.1 2.12 0.02
Y (CHs) 4.64 4.66 0.02
31 (CH) 3.9 3.94 0.04
52 (CH) 3.9 3.81 -0.09
“Cys a (CH) 4.87 4.87 0.00
B1(CH) 3.17 3.20 0.03
B2 (CH) 3.07 3.04 -0.03
SLeu a (CH) 4.45 4.47 0.02
B (CH.) 1.7 1.72 0.02
y (CH) 1.6 1.61 0.01
51 (CHs) 0.95 0.94 -0.01
52 (CHs) 0.9 0.89 -0.01
°Ala a (CH) 4.3 4.27 -0.03
B (CHs) 1.45 1.45 0.00
'Cys a(CH) 3.7 3.61 -0.09
B1(CH) 3.35 3.32 -0.03
B2 (CH) 3.15 3.13 -0.02

3Chemical shifts of natural SIP* as reported in reference,® data
acquired on 600 MHz spectrometer in D20, at 297 K. "Data ac-
quired on a 800 MHz spectrometer in D20, sample pH 9.86 at
298 K and the °Ala CHs was referenced to 8H 1.45 ppm and 8C
18.8 ppm for alignment with the reported data.

compared to 1, suggesting that the (25,35) 'AspOSO;~ configu-
ration of 1 is the correct configuration as reported in the initial
characterization of SIP*. Synthetic 1 also displayed comprehen-
sive agreement across all other 'H NMR chemical shifts (Table
1). The '3C chemical shifts were in accord with those of the nat-
ural isolate, save for minor variations (< 1.1 ppm), likely due to
differences in the precise pH of the acquired data sets. The
broad agreement in chemical shift comparisons confirms that
synthetic 1 is consistent with the assigned structure of SIP™.

In conclusion, this work has established the first synthetic strat-
egy to access the diatom sex inducing pheromone SIP*. A Davis
oxidation in combination with two distinct SO3- DMF-mediated
sulfation strategies—a building block approach and a late-stage
peptide modification strategy—provided efficient access to the
unusual AspOSOs residue. The modular synthetic strategy is a
salient feature of this approach. Analogues can conceivably be
prepared for SAR studies, and the approach can be readily
adapted to access new members of this natural product class as
they arise. Importantly, this work provides appreciable quanti-
ties of SIP", not readily obtained from its natural source, and in
doing so will advance the understanding of the sexual signaling
pheromone and its role in diatom biology.
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