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Abstract

The trichophycin family of compounds are chlorinated polyketides first discovered from
environmental collections of a bloom-forming 7richodesmium sp. cyanobacterium. In an effort to
fully capture the chemical space of this group of metabolites, the utilization of MS/MS-based
molecular networking of a Trichodesmium thiebautii extract revealed a metabolome replete with
halogenated compounds. Subsequent MS-guided isolation resulted in the characterization of
isotrichophycin C and trichophycins G-1 (1-4). These new metabolites had intriguing structural
variations from those trichophycins previously characterized, which allowed for a comparative
study to examine structural features that are associated with toxicity to murine neuroblastoma
cells. Additionally, we propose the absolute configuration of the previously characterized
trichophycin A (5). Overall, the metabolome of the 7richodesmium bloom is hallmarked by an
unprecedented amount of chlorinated molecules, many of which remain to be structurally
characterized.
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Studies on the ecological role of members of the cyanobacterial genus 7richodesmium have
been predominantly centered on the capacity for nitrogen fixation in this group,12 and their
substantial role in productivity and biogeochemistry in the oceans.34 The specialized
metabolite composition of these cyanobacteria has been less well studied. However, recent
efforts from our group and others have shown that environmental collections of
Trichodesmium sp. contain many specialized metabolites, especially chlorinated polyketides
and hybrid polyketide-peptide metabolites.>~9 The trichophycins are a new group of
chlorinated polyketides, with six described members, that have shown intriguing structural
differences, and some members have shown moderately potent cytotoxicity against neuronal
cells lines.”® These metabolites are related by structure to the trichotoxins, 1% and a
stereoisomer of trichophycin B has recently been characterized from a marine sponge and
given the name smenolactone C.11 As this group of molecules continues to grow in number,
we are interested in determining the full suite of trichophycin analogs, and determining their
biological activities for their potential for use in therapeutically-relevant areas. For instance,
trichophycin B showed sub-micromolar anti-proliferative activity against the MCF7 breast
cancer cell line.1! There are many examples of families of molecules isolated from
cyanobacteria comprised of dozens of individual members. One such example, the
malyngamides, are a group of well-known cyanobacterial metabolites predominantly
isolated from Moorea producens with over 30 members.12 These metabolites have shown
diverse biological activities such as cytotoxicity, inhibition of quorum sensing, and anti-
inflammatory activity.13:14 Trichodesmium blooms are noteworthy for the diversity of
organisms present during the course of a bloom event, such as diatoms, dinoflagellates, and
heterotrophic bacteria.1>-17 Extracts and chromatography fractions from environmental
collections of bloom material are very complex with respect to metabolite composition
making a comprehensive characterization of all metabolites present challenging.®

MS/MS-based molecular networking provides an approach to aid in chemical space
assessments of extracts, and recent workflows have been developed to target geometric
isomers and chlorinated metabolites.!! In the current report, we utilized MS/MS-based
molecular networking to capture the halogenated chemical space present in 7richodesmium
extracts. Further isolation efforts resulted in the structure characterization of four new
trichophycin compounds. These new metabolites (1-4) add new chemical diversity to the
trichophycin family (Figure S1) and cytotoxicity assays with members of this group
identified trichophycin G as a moderately potent cytotoxin, and additionally identified
structural features of the trichophycins that are associated with cytotoxicity.

RESULTS AND DISCUSSION

The metabolites in the current report, and the previously characterized trichophycins were
isolated from the lipophilic extracts of an environmentally collected cyanobacterial sample,
which was identified as a 7richodesmium species according to morphological characters.
Phylogenetic analysis supported identification as a strain of Trichodesmium thiebautii
(Figure S35). As trichophycins are hallmarked by a chlorovinylidene functionality, MS/MS-
based molecular networking of the original 7richodesmium extract was focused on
analyzing only compounds that contained at least one chlorine atom. Halogenation patterns
of individual compounds were color-coded in the networking analysis, and it was clear that
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there were over 100 metabolites possessing at least a single chlorine in their chemical
structure (Figure 1). We focused isolation efforts on molecules that HRMS analysis
indicated did not contain any nitrogen atoms and contained at least one chlorine atom. Using
this mass spectrometry-guided isolation approach, four new metabolites in the trichophycin
family were isolated and characterized (1-4).

HRESIMS analysis of 1 gave an [M+H]* of /7/7399.1855, suggesting an identical
molecular formula to that of the previously characterized trichophycin C, CooH3,CI20,.8
Comparison of the TH NMR (Figure S2) and 13C NMR spectra of 1 indicated that the
metabolite was nearly identical in structure to trichophycin C. Additionally, this metabolite
was clustered with trichophycin C in the molecular network (Figure 1, TphyC-ItphC
cluster). NMR signals in 1 from C-9 to C-13 showed the greatest divergence in chemical
shift from those of the previously characterized metabolite. NOE correlations between H-20
(64 6.00) and H-15 (84 7.17) and H»-13 (&4 3.46) supported a Z configuration of the
chlorovinylidene group at C-12, unlike that of the C-12 chlorovinylidene of trichophycin C,
which has an £ configuration. The C-1-C-2 olefin in 1 was determined to be £from the
large vicinal IH-1H coupling constant (13.2 Hz). Our initial speculation based on NMR data
was that 1 was simply a cis-trans isomer of trichophycin C (Table 1). Examination of the 13C
NMR chemical shifts at the C-4, C-5 and C-7 stereogenic centers showed no deviation in
shifts from those of trichophycin C. However, examination of the specific rotation of 1
(-9.5) showed the opposite sign to that of trichophycin C (+26.8). Examination of 1H
chemical shifts of diastereomeric bis-MTPA esters of 1 indicated that the absolute
configurations of C-10 and C-4 were Rand S, respectively (Figure S31), identical to that of
trichophycin C. ECD analysis showed nearly superimposable spectra (Figure S11). The large
difference in the chemical shifts between the diastereotopic protons attached to C-6 in 1
supported a syn relationship between the two methyl groups (H-6a, 64 1.38; H-6b, &4 0.98),
18 and the 5.3 Hz coupling constant measured for H-4 and H-5 was identical to that of
trichophycin C and supported an anti relationship between these two substituents.8 Careful
inspection of the spectroscopic data, strongly supported 1 as a cis-trans isomer of
trichophycin C, garnering 1 the name isotrichophycin C.

Having prepared bis-MTPA esters of trichophycin C previously and bis-MTPA esters of
isotrichophycin C in the current report, we attempted to generate tris-MTPA esters of the
previously reported trichophycin A (5). The absolute and relative configurations of the
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metabolite were not addressed in the initial publication.” Examination of 1H chemical shifts
of diastereomeric tris-MTPA esters of trichophycin A indicated that the absolute
configurations of C-16, C-10, and C-4 were all R (Figure S32). The large difference in
chemical shift between H-12a (84 1.38) and H-12b (&4 1.00) strongly supported a sy 1,3
methyl system.18 The absolute configurations of C-11 and C-5 were relayed from C-10 and
C-4, respectively by virtue of £coupling analysis. The coupling constants between H-4 and
H-5 and between H-10 and H-11 in trichophycin A were both 4.0 Hz (determined following
interpretation of DQF-COSY). This was very similar to the coupling constant between H-5
and H-6 of the previously reported trichophycin B (3.9 Hz).8 A syn relationship was
determined between these substituents in trichophycin B by means of Jcoupling analysis
and DFT calculations.8 An anti relationship was determined for H-5 and H-6 in
smenolactone C (a stereoisomer of trichophycin B) and the Jy5_g Was determined to be 5.8
Hz.11 The relationship between H-4 and H-5 in trichophycin C and isotrichophycin C was
determined to be 5.3 Hz in each metabolite and ant/ relationships were assigned. This was
strongly supported by DFT calculations (M06-2X/6-31G(d,p) level of theory), which
showed that theoretically calculated fcoupling constants between H-4 and H-5 were 4.2 Hz
for 4”55 (syn) and 6.3 Hz for 4R5 R (anti) for trichophycin C.8 In the analysis of
trichophycin A configurations, Jcoupling analysis strongly supported syn relationships
between H-4 and H-5 and H-10 and H-11, which established an absolute configuration of
4R5RI0RL1RI3R1I6 R for this compound (5).

HRESIMS analysis of 2 gave an [M+Na]* of /m/z387.2071, suggesting a molecular formula
of CoH33CI0O,. Inspection of the HRESIMS data and the intensity ratio in the isotopic
pattern of 2 indicated that this molecule contained a single chlorine atom (Figure S14). The
1H NMR spectra of 1 and 2 were very similar (cf. Tables 1 and S1). However in 2,
resonances at &y 5.17 and 5.14 (H-1a and H-1b, respectively) were correlated to H-2 (64
5.84) following interpretation of the COSY spectrum, and showed that 2 possessed a
terminal alkene instead of the terminal vinyl chloride of 1. We did not isolate enough of 2
for further derivative formation experiments and only propose the planar structure at this
time. We named this molecule trichophycin G, adding it to the series of trichophycins.

HRESIMS analysis of 3 gave an [M+Na]* of m/z477.3107, suggesting a molecular formula
of C»7H47CI03 and a requirement of four degrees of unsaturation. Comparison of the 1H
NMR spectrum of 3 and that of the previously reported trichophycin A indicated that these
metabolites were very similar, except that the TH NMR spectrum of 3 showed no resonances
consistent with the presence of a benzene ring (Figure S15). Additionally, the M+H™ of this
metabolite (/m/z 455, TphyH) clustered with trichophycin A (TphyA) in the molecular
network (Figure 1). Examining the IH NMR spectrum, a resonance in 3 (84 1.98, H-23) was
not present in the IH NMR spectrum of trichophycin A (Table S2, Figure S16). H-23
showed a correlation to Hy-21 following interpretation of the COSY spectrum. COSY
analysis showed that H,-21 was correlated to H»-20 (& 1.68), which itself was correlated to
the deshielded methylene Hy-19 (84 2.28). Ho-19 was correlated to C-18 (5¢ 139.0)
following interpretation of the HMBC spectrum of 3. Analysis of HMBC data showed
correlations between H»-20, H,-21 and C-22 (6¢ 83.5), which firmly established an alkyne
group and the planar structure of 3, which was named trichophycin H. The configuration of
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the chlorovinylidene in 3 was assigned following analysis of 13C NMR shift values of an
adjacent methylene group in Z-configured and £-configured chlorovinylidenes in the
trichophycins and other metabolites.”811.19 |n Zconfigured molecules, the methylene
carbon adjacent to the chlorovinylidene (C-17 in 3) is shielded compared to the same carbon
in E-configured molecules (Table S4). The chemical shift of C-17 in 3 (¢ 38.2) is
consistent with a Z~configured chlorovinylidene. The absolute configuration of 3 is proposed
to be identical to that of trichophycin A following analysis of tris-MTPA esters of 3
(4R,10R 16 R). Additionally, the coupling constants between H-4 and H-5 and between H-10
and H-11 were identical to trichophycin A, and the large difference in the chemical shifts of
the diastereotopic protons attached to C-12 (A = 0.39 ppm) supported this configuration
assignment (cf. Table S2 and Figure S33).

HRESIMS analysis of 4 gave an [M+Na]* of m/z 343.1454, suggesting a molecular formula
of C19H25CIO, and a requirement of seven degrees of unsaturation. Examination of NMR
data showed the presence of the monosubstituted benzene ring, deshielded methylene and
chlorovinylidene (C-8 to C-16) consistent with the trichophycin family (Table S3). NOE
correlations between H-16 (&4 5.84) and H-9 (&4 3.36) supported a Z configuration of the
vinyl chloride group. Moderately deshielded methylene protons (H,-7, 64 2.14) showed an
HMBC correlation to C-8 (8¢ 141.9) and a COSY correlation to H»-6 (H-6a, 64 1.50; H-6b,
64 1.17). The H-6 methylene group was correlated by COSY to the H-5 methine (& 1.67),
which itself was correlated by COSY to H3-17 (&4 0.90) and the H-4 oxymethine (64 4.80).
The H,-3 methylene group showed COSY correlations to the oxymethine and H-2 (&4 5.71).
H-2 was correlated by COSY to H,-1 (H-1a, &4 5.07; H-1b, &4 5.03), and established a
terminal alkene group in 4. The H-4 oxymethine in 4 was considerably deshielded (&4 4.80)
compared to other trichophycins. An HMBC correlation from a deshielded methyl group
(H3-19, 84 2.02) to a carbonyl (C-18, &¢c 170.7) supported the presence of an acetyl group
and satisfied the remaining degree of unsaturation. Compound 4 was named trichophycin I.
We were not able to determine the absolute configuration of 4 due to limited quantities
isolated. However, the coupling constant of 5.9 Hz between H-4 and H-5 strongly supported
an antfrelative configuration with respect to these stereocenters.

Isotrichophycin C (1) did show a lower EC5 value (ECsg: 13 + 1 uM) against neuro-2A
cells than trichophycin C (ECs: 24 + 4 uM).8 However, neither metabolite is considered
cytotoxic. Trichophycin G (2) showed modest cytotoxicity (ECgp: 8.4 + 3.0 uM) and was
close to the potency of trichophycin A (ECso: 6.5 + 1.4 uM).” Only trichophycin A and
isotrichophycin C are cytotoxic. However, there are some interesting insights when
examining the cell cytotoxicity data of a panel of trichophycins as we now have data for 12
out of the 15 trichophycin/trichotoxin metabolites including tricholactone, which does not
contain a chlorovinylidene group and is not toxic. (Table 2). Trichophycin A and 1 both have
a terminal alkene while most of the trichophycins have a terminal vinyl chloride or lactone.
Although, trichotoxins A and B both contain a terminal alkene and are not active. It may be
that longer polyketide chains or the presence of more hydroxyl groups increase potency. In
an intriguing result, the ability to donate hydrogen bonds may play a role, as acetylated
versions of isotrichophycin C and trichophycin A lost potency. This also may be due to
added steric bulk of the acetyl groups. While we have provided some initial observations, a
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comprehensive structure-activity relationship study will need to be carried out to explore
these relationships further.

The molecular network generated in this study showed an abundance of halogenated
molecules, especially chlorinated metabolites, and displayed several compounds that have
been previously characterized from Trichodesmium (Figure 1). Additionally, we have
detected known metabolites characterized from a marine sponge that are present in the
bloom material, such as smenothiazole B,2° conulothiazole B,2! and smenamide F.22 Thus
far, all of the metabolites we have isolated from 7richodesmium that are chlorinated contain
the Cl atom as part of a chlorovinylidene functional group. Furthermore, we will be able to
use the network as a target guide for additional isolations, and for comparisons with future
collections of Trichodesmium. The network had certain advantages for isolating new
trichophycins in this current report, especially isotrichophycin C and trichophycin H, which
clustered with related metabolites that had previously been characterized. However, due to a
lack of informative MS/MS fragments, or possibly low abundance, certain trichophycins
were observed as single nodes in the network (trichophycin G), and some were not observed
in the network at all (trichophycin I). These metabolites were isolated as a result of polarity
and serendipity, eluting near other compounds of interest during chromatographic
procedures. The current work was an improvement in chemical space coverage from
previous efforts to examine the 7richodesmium metabolome,? and its similarity to that of
marine sponges,t! and should be useful in longitudinal studies of bloom metabolite
composition.

In the current report, we have isolated and characterized four new members of the
trichophycin compound family. Additionally, we have shown that MS/MS-based profiling
and analysis techniques continue to be useful in describing the chemical space of a sample
and providing potential targets for isolation and evaluation. We have provided some initial
insights about how structure affects cytotoxicity in this compound class, and we remain
interested in testing these molecules against other biological endpoints. Future work will
determine if the trichophycins and other metabolites are found repeatedly from colonies of
Trichodesmium collected over time (we have completed a 2019 collecting trip of
Trichodesmium colonies in the Gulf of Mexico), and we will continue to search for potential
therapeutic lead molecules from this rich source of new chemistry. If 7Trichodesmium
thiebautii is unequivocally shown to be the true producer of these network metabolites, the
genetic architecture responsible for the abundance of these halogenated compounds will be
of extreme interest.

EXPERIMENTAL SECTION

General Experimental Procedures.

Optical rotations were measured using a Jasco P-2000 polarimeter. UV spectra were
measured using a Beckman Coulter DU-800 spectrophotometer. ECD spectra were recorded
using a Jasco J-1100 CD spectrometer, and IR spectra were recorded using a Thermo
Scientific Nicolet 380 FT-IR spectrometer. NMR spectra were collected using both a Bruker
800 MHz NMR instrument equipped with a cryoprobe and a Varian 500 MHz instrument.
The chemical shifts reported were referenced to the residual solvent peaks of CDCl3 (&4
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7.26 and &¢ 77.2). HRESIMS analysis was performed using an AB SCIEX TripleTOF 4600
mass spectrometer with Analyst TF software. LC-HRESIMS experiments for molecular
networking were performed using a Thermo LTQ Orbitrap XL high-resolution ESI mass
spectrometer coupled to Thermo U3000 HPLC system, equipped with a solvent reservoir, in-
line degasser, binary pump and refrigerated autosampler. Low resolution LC-MS was
performed using a Thermo Fisher Scientific ISQ mass spectrometer with an electrospray
ionization (ESI) source. Semi-preparative HPLC was carried out using a Dionex UltiMate
3000 HPLC system equipped with a micro vacuum degasser, an autosampler, and a diode-
array detector.

Collection of Biological Material.

Biomass from a localized bloom of 7richodesmium sp. was collected at the water’s surface
as previously described.10 The individual filaments of the bloom were identified as
Trichodesmium following the examination of morphological characteristics using light
microscopy. Biomass was frozen for further chemical analysis.

DNA Extraction, Amplification, Sequencing, and Phylogenetic Analysis.

DNA was extracted from cyanobacterial filaments stored in RNA /afer using the Qiagen
DNeasy Plant Mini Kit following the manufacturer’s specifications. A Mini-Beadbeater-96
(BioSpec Products Inc.) was used for 2 min to facilitate cell lysis using 0.5 mm and 0.1 mm
beads. The integrity and purity of the extracted DNA was measured using a NanoDrop
2000c (Thermo Scientific). Lineage-specific primers were designed using IDT primer quest
tool to amplify the SSU rRNA gene. The primer set used was: Forward 5’- GTA GCG GTG
AAA TGC GTA GA -3’ and Reverse 5’- CTC CCT TTC GGG TTA GAG TAA TG -3,
The PCR reaction components consisted of 3 uL of DNA (36 ng), 7 uL of PCR grade H,O
(ThermoFisher), 1.25 pL of forward and reverse primers (10 uM), and 12.5 pL of 2X
Platinum SuperFi PCR Master Mix (ThermoFisher) totaling 25 pL. The PCR reaction was
performed using an Eppendorf Mastercycler X50a using the following method. Denaturation
occurred for 30 seconds at 98 °C followed by 33 cycles of 10 seconds at 98 °C, 30 seconds
at 47 °C, 30 seconds at 72 °C, and a final elongation for 5 min at 72 °C. PCR product
purification was performed using a QIAquick PCR purification Kit following the
manufacturers specifications. Sanger sequencing of the PCR product was carried out using
the same primers used for amplification. Partial 16S rRNA sequences from relevant
cyanobacterial strains were collected from GenBank, aligned using ClustalW, and trimmed.
A phylogenetic tree was generated using the maximum likelihood method and Tamura-Nei
model in MEGA X.23 The final tree used for phylogenetic inference was created from 1000
bootstrap replicates. The partial 16S sequence has been deposited in GenBank under the
accession number MT478931.

Data-dependent LC-HRMS/MS Analysis.

The CH,Cl»:MeOH extract of 7richodesmium was dissolved in MeOH (10 mg/mL) for LC-
HRMS/MS analysis. A 5-um Kinetex C18 column (50 x 2.10 mm) was used and a method
with a flow rate of 200 pL-min~1 and a mobile phase of 0.1% formic acid in H,O (eluent A)
and CH3CN (eluent B). The gradient program was as follows: 45% B for 1 min, 30%—80%
B over 30 min, 80%—100% B over 1 min, 100% B for 9 min.
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Acquisition-time selection of halogenated compounds was used to avoid that abundant, but
uninteresting non-halogenated compound are selected for fragmentation. This was achieved
using the data-dependent acquisition mode of the Orbitrap spectrometer software. Based on
known metabolites from Trichodesmium, the halogenation patterns Cl, Cly, BrCl, and BrCl,
were considered of interest, and a separate run was performed for each pattern.
Fragmentation was triggered by an M+2 isotope peak with intensity 34+10% to select CI
ions, an M+2 isotope peak with intensity 60+10% to select Cl, ions, an M+4 isotope peak
with intensity 32+10% to select BrCl ions, and an M+4 isotope with intensity 72+10% to
select BrCls, ions. For each full scan, the 5 most intense ions with the required isotopic ratio
were subjected to fragmentation. The spectrometer software did not allow data-dependent
acquisition to be triggered by an accurate mass difference. Therefore, some non-halogenated
ions were also selected when they showed the required M+2 or M+4 isotope peak ratios
because of other co-eluting compounds. These were filtered out by the subsequent data
processing.

MZmine Processing and Molecular Networking.

Processing of LC-HRMS/MS data was performed using MZmine 2.51.24 The LC-MS .raw
files generated by the Orbitrap mass spectrometer are supported by MZmine and were used
with no conversion. After standard preliminary data treatment (data crop between 18-37 min
and m/z 70-700, mass detection, ADAP chromatogram building, smoothing, and
deconvolution using the local minimum search algorithm), the Adduct Search module was
used to identify Na*, NH,*, and K* adducts and 13C isotope peaks (mass_difference =
1.0033) and annotate them for subsequent filtering. The four .raw files from the four runs
selecting different halogenation patterns (see above) were aligned using the Join Aligner
module, and peaks annotated as adducts were filtered out using the Feature List Rows Filter
module. Known compounds were identified using the Custom Database Search module and
a list of mass and retention times in our standard chromatographic conditions.

Automatic identification of isotope patterns is not implemented in MZmine, but could be
achieved using the Adduct Search module repeatedly with the following parameters (in this
order): for BrCl,, mass_difference = —3.995, Max relative adduct peak height < 160%; for
BrClI, mass_difference = —3.995, Max relative adduct peak height < 400%; for Cl»,
mass_difference = —1.997, Max relative adduct peak height < 180%; for Cl, mass_difference
=-1.997, Max relative adduct peak height < 400% (because negative mass differences are
used, the M peak is seen by the software as an “adduct” of the M+2 or M+4 peaks).
Therefore, those M peaks which showed M+2 or M+4 isotope peaks with the required mass
and intensity were annotated as BrCl,, BrCl, Cl,, or Cl. After this, the peaks with no
annotation and the peaks with no associated MS2 data were filtered out using the Feature
List Rows Filter module. Finally, very minor compounds (peak area < 2.0E+7) were also
filtered out, and MS data were exported to a MGF file, while quantitative data, along with
the annotated isotope pattern and identification, were exported to a CSV file.

The molecular network was then generated using the GNPS platform.25> Although we were
undoubtedly performing Feature Based Molecular Networking (FBMN),26 we used the
Metabolomics workflow because the FBMN workflow on GNPS was not able to propagate
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our isotope pattern annotations. The following parameters were used: parent mass tolerance
0.02 Da, MS/MS fragment ion tolerance 0.02 Da, the cosine score > 0.6, matched peaks > 6,
and maximum neighbor number (topK) = 12. Quantitative data and annotations in the CSV
file were mapped to the relevant nodes of the network (https://gnps.ucsd.edu/ProteoSAFe/
status.jsp?task=416bebdcdeb1468ch39610db0aab871f) using Cytoscape 3.7.2,27 which was
also used for network visualization and analysis.

Isolation of 1-4.

The frozen biomass was thawed and repeatedly extracted with 2:1 CH,Cl,:MeOH, and the
organic extract was subjected to vacuum liquid chromatography as previously described
resulting in nine VLC fractions (A-1).” Fraction C (80% hexanes in EtOAc, 144.2 mg) was
subjected to SPE fractionation using a 2 g C18 SPE column eluting with 100% MeOH to
generate an HPLC pre-fraction C-1. The same sample preparation procedure was used for
fraction D (60% hexanes in EtOAc, 293.4 mg) resulting in the D-1 HPLC pre-fraction (53.3
mg). Fraction | (100% MeOH, 2,090.0 mg) was separated over a 10 g C18 SPE eluting with
50% CH3CN in H,0, 100% CH3CN, 100% MeOH, and 100% EtOAC. The 100% CH3CN
fraction (1-2, 273.3 mg) was used for further purifications. Fraction D-1 did not contain
many metabolites (determined by analytical HPLC-DAD analysis) and was subjected to
semi-preparative RP-HPLC using a YMC 5 pm ODS column (250 x 10 mm) with an mobile
phase of 75% CH3CN in H,O with 0.05% formic acid added, and a flow rate of 3 mL/min.
Isotrichophycin C (1) (5.0 mg, tr: 13.65 min) was isolated from this fraction. Fraction C-1
was also subjected to RP-HPLC using the same YMC column and flow rate with a mobile
phase of 65% CH3CN in H,O with 0.05% formic acid added. Trichophycin | (4) (2 mg, tg:
20.25 min) was isolated from this fraction. Fraction I-2 was much more complex with
respect to metabolite composition and was subjected to RP-HPLC using the YMC column, a
3 mL/min flow rate, and a gradient HPLC method and time-based collection (5 min
increments). The mobile phase consisted of H,O (eluent A) and CH3CN (eluent B) each
amended with 0.05% formic acid. The gradient program was as follows: 50% B for 5 min,
50%—100% B over 25 min, 100% B over 5 min, and a return to initial conditions for 10
min. Time-based collection of peaks from 20-25 min was designated as fraction E and
solvent was evaporated under reduced pressure leaving a clear oily residue (57.9 mg). The
residue was further processed using a Kinetex 5 um C18 column (250 x 10 mm); mobile
phase: 75% CH3CN in H,0 with 0.05% formic acid added to each solvent, flow rate 3 mL/
min, and 2.2 mg and 4.7 mg of impure fractions were collected (tg, 10-11 min for fraction
E-3, and 11-12 min for fraction E-4). Fraction E-3 was subjected to a final purification using
the same Kinetex column and flow rate with a mobile phase of 65% CH3CN in H,O with
0.05% formic acid added to each solvent and 2 was isolated (1.4 mg, tg: 23.75 min).
Fraction E-4 was also subjected to a final purification using the Kinetex 5 um C18 column
(250 x 10 mm), a flow rate of 3 mL/min and a mobile phase of 75% CH3CN in H,0 with
0.05% formic acid added to each solvent. 1.1 mg of 3 was isolated (tg: 9.30 min).

Isotrichophycin C (1): colorless oil; [a]?3p =9.5 (¢0.20, MeOH); UV (MeOH) Ay (log

£) 208 (4.2) nm; ECD (¢ 1.0 mM, CH3CN) Aax (Ae) 228 (0.68) nm; IR (ZnSe) vimax 3400
(br), 2917, 2849, 1743, 1733, 1183 cm™L; 1H NMR (800 MHz, CDCl5), and 13C NMR (200
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MHz, CDClIs), Table 1; HRESIMS /2 399.1855 [M+H]* (calcd for C5,H33Cl,05,
399.1858).

Trichophycin G (2): colorless oil; [a]?3p =21 (¢0.06, MeOH); UV (MeOH) Anax (log &)
203 (3.6); 1H NMR (500 MHz, CDCl3) Table S1; HRESIMS m/z387.2071 [M+Na]* (calcd
for Co,H33CIO,Na, 387.2067).

Trichophycin H (3): colorless oil; [a]?3p +23 (¢0.07, MeOH); UV (MeOH) A (log &)
201 (3.6) nm; IR (ZnSe) vimax 3420 (br), 2920, 2313, 1646 cm™1; 1H NMR (500 MHz,
CDCls), and 13C NMR (125 MHz, CDCls), Table S2; HRESIMS m/z477.3107 [M+Na]*
(calcd for Co7H47CIO3Na, 477.3111).

Trichophycin | (4)—colorless oil; a??p =6.2 (¢0.1, MeOH); UV (MeOH) Amax (log &)
202 (3.8) nm; IH NMR (500 MHz, CDCls) and 13C NMR (125 MHz, CDCl3), Table S4;
HRESIMS /m/z 343.1454 [M+Na]* (calcd for C19Ho5ClIOoNa, 343.1441).

Preparation of 1 and Trichophycin A Peracetylation Products.

In separate reaction vials, 1 mg of 1 and a sample of impure trichophycin A were stirred for
24 hin a 1:1 mixture of pyridine and acetic anhydride. The reaction mixtures were dried
under a stream of Ny, and the residues were subjected to RP-HPLC using a Kinetex 5 pm
C18 column (250 x 10 mm), a flow rate of 3 mL/min, and a mobile phase of 95% CH3CN in
H,0 with 0.05% formic acid added to each solvent. Isotrichophycin C diacetate (1.0 mg, tg:
7.25 min) and trichophycin A triacetate (1.5 mg, tgr: 7.65 min) were isolated.

Isotrichophycin C diacetate: 1H NMR (500 MHz, CDCl3) §7.31 (2H, t, J= 7.4 Hz,
H-16, H-18), 7.23 (1H, m, H-17), 7.17 (2H, d, /= 7.4 Hz, H-15, H-19), 6.01 (1H, d, /= 13.4
Hz, H-1), 5.93 (1H, s, H-20), 5.84 (1H, m, H-2), 5.09 (1H, m, H-10), 4.78 (1H, dt, J= 7.6,
5.1 Hz, H-4), 3.43 (2H, d, J= 3.7 Hz, H-13), 2.54 (1H, dd, J=13.7, 8.5 Hz, H-11a), 2.28
(1H, m, H-11b), 2.27 (2H, m, H-3), 2.05 (6H, s, 2-Ac groups), 1.79 (1H, m, H-5), 1.61 (2H,
m, H-9), 1.45 (1H, m, H-7), 1.31 (1H, m, H-8a), 1.25 (1H, m, H-6a), 1.05 (1H, m, H-8b),
0.97 (1H, m, H-6b), 0.89 (3H, d, /= 6.7 Hz, H-21), 0.87 (3H, d, /= 6.8 Hz, H-22);
HRESIMS /2505.1889 [M+Na]* (calcd for CogH36Cl>04, 505.1888).

Trichophycin A triacetate: 'H NMR (500 MHz, CDCl3) §7.30 (2H, d, J= 7.6 Hz, H-22,
H-24), 7.23 (1H, m, H-23), 7.17 (2H, d, J= 7.6 Hz, H-21, H-25), 5.91 (1H, s, H-26), 5.73
(1H, m, H-2), 5.09 (1H, m, H-16), 5.05 (1H, m, H-1a), 5.02 (1H, m, H-1b); 4.88 (1H, m,
H-4), 4.81 (1H, m, H-10), 3.43 (2H, d, /= 4.2 Hz, H-19), 2.53 (1H, dd, J=13.7, 8.5 Hz,
H-17a), 2.29 (2H, m, H-3), 2.27 (1H, dd, J= 13.7, 4.6 Hz, H-17b), 2.03-2.04 (9H, ovlp, 3-
Ac groups), 1.70 (1H, m, H-11), 1.65 (1H, m, H-5), 1.58 (1H, m, H-15a), 1.48 (1H, ovlp,
H-13), 1.46 (1H, ovlp, H-15b), 1.46 (2H, ovip, H-9), 1.31 (1H, m, H-7a), 1.26 (1H, ovlp,
H-7b), 1.26 (2H, ovip, H-14), 1.25 (1H, ovlp, H-12a), 1.25 (1H, ovlp, H-6a), 1.23 (2H, ovlp,
H-8), 1.04 (1H, m, H-6b), 0.92 (1H, m, H-12b), 0.90 (3H, d, /= 6.8 Hz, H-29), 0.86 (3H,
ovlp, H-28), 0.85 (3H, ovlp, H-27); HRESIMS /2 627.3437 [M+Na]* (calcd for
C35H53CI06Na, 627.3428).
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Preparation and Analysis of MTPA Esters.

The procedure was carried out according to Hoye et al. with minor modification.28 1.5 mg of
isotrichophycin C (1) was dissolved in dry CDCl3 and separated into two equal portions in 4
mL vials. Dry pyridine (10 pL) and (S)-(+)-a-methoxy-a-(trifluoromethyl)phenylacetyl
chloride (15 pL) were added to the first vial. The vial was capped and the reaction mixture
was stirred for 24 h. The identical procedure was repeated with an equal amount of 1 and
(R)-(-)-a-methoxy-a-(trifluoromethyl)phenylacetyl chloride. After 24 h, the contents of the
vials were immediately transferred to NMR tubes for 1TH NMR analysis to determine the
progress of the esterification by examining the presence of deshielded oxymethine signals at
5.29 and 4.99 ppm. Following NMR analysis, each sample was separated between CH,Cl,
and H,0, and the CH,Cl, layers were dried under a stream of N,. The residues were
subjected to RP-HPLC using a Kinetex 5 um C18 column (250 x 10 mm) with a mobile
phase of 100% CH3CN and a flow rate of 3 mL/min and both bis-MTPA esters were isolated
(tr, 7.80 min). The same procedure was performed using 1.5 mg of trichophycin A for each
reaction and identical reaction procedures were followed. The tris-MTPA esters were
isolated using the identical HPLC method (tg,12.0). The procedure was also carried out with
0.6 mg of 3 separated into two equal portion of 0.3 mg. However, we replaced CH»,Cl, with
CDCl; and analyzed the reaction products directly via 1H NMR, COSY, and TOCSY
(Figure S33).

Isotrichophycin C bis-MTPA: S-ester (partial) 1H NMR (500 MHz, CDCl3) §7.28 (2H,
t, J= 7.4 Hz, H-16, H-18), 7.23 (1H, m, H-17), 7.11 (2H, d, /= 7.4 Hz, H-15, H-19), 5.87
(1H, s, H-20), 5.91 (1H, s, H-1), 5.71 (1H, m, H-2), 5.29 (1H, m, H-10), 5.02 (1H, m, H-4),
3.26 (1H, d, m, H-13), 2.40 (2H, m, H-11), 2.27 (2H, m, H-3), 1.93 (1H, m, H-5), 1.64 (1H,
m, H-9), 1.55 (2H, m, H-8), 1.47 (1H, m, H-7), 1.25 (1H, m, H-6), 0.90 (3H, d, /= 6.6 Hz,
H-21), 0.88 (3H, d, J= 6.6 Hz, H-22); HRESIMS m/z 853.2498 [M+Na]* (calcd for
Ca2Ha6CloFg0gNa, 853.2473); R-ester (partial) 1H NMR (500 MHz, CDCl3) §7.28 (2H, d,
J=7.4 Hz, H-16, H-18), 7.23 (1H, m, H-17), 7.13 (2H, d, /= 7.4 Hz, H-15, H-19), 5.96
(1H, s, H-20), 5.99 (1H, s, H-1), 5.81 (1H, m, H-2), 5.29 (1H, m, H-10), 4.99 (1H, m, H-4),
3.36 (1H, m, H-13), 2.54 (2H, m, H-11), 2.28 (2H, m, H-3), 1.83 (1H, m, H-5), 1.56 (1H, m,
H-9), 1.47 (1H, m, H-8), 1.38 (1H, m, H-7), 1.13 (1H, m, H-6), 0.79 (3H, d, J= 6.6 Hz,
H-21), 0.75 (3H, d, J= 6.8 Hz, H-22); HRESIMS m/z 853.2464 [M+Na]™ (calcd for
C42H46CI2F606Na, 853.2473).

Trichophycin A tris-MTPA: S-ester (partial) 1H NMR (500 MHz, CDCl3) §7.29 (2H, d,
J=7.4 Hz, H-22, H-24), 7.23 (1H, m, H-23), 7.10 (2H, d, /= 7.4 Hz, H-21, H-25) 5.85 (1H,
s, H-26), 5.73 (1H, m, H-2), 5.28 (1H, m, H-16), 5.10 (1H, m, H-4), 5.11 (1H, m, H-1a),
5.08 (1H, m, H-1b) 5.00 (1H, m, H-10), 3.24 (2H, d, /= 3.9 Hz), 2.41 (2H, m, H-3), 2.34
(2H, m, H-17), 1.72 (1H, m, H-11), 1.67 (2H, ovlp, H-15), 1.67 (1H, m, H-5), 1.63 (2H, m,
H-9), 1.52 (2H, ovip, H-14), 1.51 (2H, ovip, H-8), 1.40 (1H, m, H-13), 1.23 (2H, m, H-6),
1.19 (2H, m, H-7), 1.14 (2H, m, H-12), 0.85 (3H, d, /= 6.8, H-29), 0.81 (3H, d, /= 6.8 Hz,
H-28), 0.78 (3H, d, J= 6.6 Hz, H-27); HRESIMS m/z1149.4317 [M+Na]* (calcd for
Cs9HgsCIF9OgNa, 1149.4306); R-ester (partial) 1H NMR (500 MHz, CDCl3) §7.28, (2H,
d, J=7.4 Hz, H-22, H-24), 7.23 (1H, m, H-23), 7.13 (2H, d, J= 7.4 Hz, H-21, H-25), 5.95
(1H, s, H-26), 5.65 (1H, m, H-2), 5.29 (1H, m, H-16), 5.09 (1H, m, H-4), 5.03 (1H, m,

J Nat Prod. Author manuscript; available in PMC 2021 September 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McManus et al.

Page 12

H-1a), 5.00 (1H, m, H-1b), 5.00 (1H, m, H-10), 3.37 (2H, s, H-19), 2.53 (2H, dd, J= 14.0,
7.9, H-17), 2.35 (2H, m, H-3), 1.71 (1H, m, H-11), 1.70 (1H, m, H-5), 1.59 (2H, m, H-9),
1.53 (2H, m, H-15), 1.47 (2H, m, H-14), 1.45 (2H, m, H-8), 1.39 (1H, m, H-13), 1.27 (2H,
m, H-6), 1.16 (2H, ovlp, H-12), 1.15 (2H, ovlp, H-7), 0.89 (3H, d, /= 6.7 Hz, H-29), 0.83
(3H, d, J=6.7 Hz, H-28), 0.74 (3H, d, J= 6.7 Hz, H-27); HRESIMS m/z 1149.4316 [M
+Na]* (calcd for C5gHggCIFgOgNa, 1149.4306).

Biological assays.

Cytotoxicity assays using murine neuroblastoma cells (neuro-2A) were conducted as
previously described.” Four technical replicates were prepared for each concentration of 1-3
tested, and each assay was performed in triplicate to determine ECsg values. Doxorubicin
was used as a positive control (ECgg: 127 pM). Four technical replicates were prepared for
each concentration of isotrichophycin C diacetate and trichophycin A triacetate and viability
values were determined. ECsg curves were generated and statistical procedures were
performed using GraphPad Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Molecular network of the 7richodesmium bloom extract. Only halogenated molecules are

shown in the network. Color-coding of halogenation pattern is as follows: green = ClI, cyan =
2 x Cl, and pink = CIBr. Node size is proportional to LC-MS peak area. Previously reported
compounds and newly reported molecules (1-4) are shown as square nodes and abbreviated
by name (Cotz, conulothiazole; Ictz, isoconulothiazole; Samd, smenamide; Tphy,
trichophycin; Itph, isotrichophycin; Slac, smenolactone; Smtz, smenothiazole). Circular
nodes are currently uncharacterized metabolites.
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COSY (TOCSY for 2)

Figure 2.
Key 2D NMR correlations for 1-4.
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Table 1.
NMR Data for Isotrichophycin C (1).
pos  é&c, type &4 (Jin Hz) HMBC COSsy
1 1192,CH 6.05,d(13.2) 2,3 2
2 1307,CH 595m 1,34 1,3a,3b
3a  350,CH, 224,dddd (144,7.1,3.3,15 1,2,4,5 2,3b, 4
3b 2.13,dddd (14.4,9.2,86,12) 1,2,4,5 2,38, 4
4 748,CH  3.46,ddd (87,53, 3.4) 2,3,5,6,22 3a,3b,5
5 358CH 166,m 3,4,6,7,22 4, 6a, 6b, 22
6a  39.8,CH, 1.38,ddd (13.4,8.5,4.6) 4,5,7,8,21,22 5,6b
6b 0.98, ddd (13.6, 9.1, 5.5) 4,5,7,8,21,22 5,6a
7 30LCH 151 ovip? 6,8,9,21 8a, 8b, 21
8a 317,CH, 137, ovip 6,7,9,10,2L  7,8b
8b 1.17,m 6,7,9,10,21 7,8
9a 34.7,CH,; 150, ovlp 7,8,10,11 8b, 9b
% 141, m 7,8,10,11 8b
10 705,CH 378 m 8,9,11,12 9a, 9b, 11a, 11b
11a 38.2,CH, 2.39,dd (135,8.8) 9,10,12,13,20 10,11b
11b 2.28,dd (135, 4.2) 9,10,12,13,20 10, 1la
12 1395,C
13 420,CH, 3.46,0vip 11,12, 14,20
14 1380,C
15 129.0,CH 7.17,d(7.6) 13,17 16
16 1286,CH 7.30,t(7.6) 14 17
17 126.7,CH  7.24,t(7.6) 15/19
18 1286,CH  7.30,t(7.6) 14
19 129.0,CH 7.17,d(7.6) 13,17 18
20 1162,CH 6.00,s 11, 12,13
21 20.7,CH; 0.90,d(6.6) 6,7,8 7
22 157,CH; 0.89,d (6.8) 4,5,6 5

a R
overlapping signals
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Cytotoxicity comparison of trichophycins, trichotoxins, and tricholactone against neuro-2a cells.

Table 2.

Compound Name

Structure  ECgo [mean = SE (UM)]

Trichophycin A 6.5+ 1.47
Trichophycin G (2) 84+30
Trichophycin H (3) 12+1
Isotrichophycin C (1) g 13+1
Trichophycin F 14 + 28
Trichophycin B A 15+ 28
Trichophycin C . 24 + 48
Trichophycin D 40 £ 48
Trichophycin E >1008
Trichotoxin A ‘”f'\l”\TT““ >5010
Trichotoxin B St >5010
Trichophycin A tri Ac >100
Isotrichophycin C di Ac ‘ >100
Y
Tricholactone e >100
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