View Article Online

View Journal

M) Cneck tor updates

Organic &
Biomolecular
Chemistry

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: L. K. Jennings, N.
Kaur, C. Ramos, M. de la Cruz, M. M. Reddy, F. Reyes and O. P. Thomas, Org. Biomol. Chem., 2025, DOI:
10.1039/D50B01206F.

; This is an Accepted Manuscript, which has been through the
Organic & o Royal Society of Chemistry peer review process and has been
Biomolecular accepted for publication.

Chemistry

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
~ oo shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

#® LOYAL SOCIETY rsc.li/obc
ap OF CHEMISTRY


http://rsc.li/obc
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5ob01206f
https://pubs.rsc.org/en/journals/journal/OB
http://crossmark.crossref.org/dialog/?doi=10.1039/D5OB01206F&domain=pdf&date_stamp=2025-08-08

Page 1 of 9

Open Access Article. Published on 08 August 2025. Downloaded on 8/15/2025 9:30:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Organic-& Biomolecular Chemistry

View Article Online
DOI: 10.1039/D50B01206F

Ascidiolides, nitrogenous phthalides from the solitary ascidian
Ascidia virginea from the Northeastern Atlantic, and structure
revision of the closely related ascidines.

Laurence K. Jennings?, Navdeep Kaur?, Maria C. Ramos ?, Mercedes de la Cruz ®, Maggie M. Reddy
a Fernando Reyes ®, Olivier P. Thomas ®*

As part of our investigation into the chemical diversity of Irish marine invertebrates, we identified the solitary ascidian
Ascidia virginea as a promising organism. A fractionated extract from this organism displayed toxicity in a brine shrimp assay
and its chemical profiling indicated the presence of an unknown family of highly unsaturated nitrogenous metabolites. The
targeted isolation and NMR based structure elucidation of members of this family led to the identification of four new
phthalide derivatives, named ascidiolides A-D (1-4). The presence of a furanone ring was indicative of their similarity with
both previously described polyaromatic butenolides from other ascidian species and isoquinolinediones isolated from the
same species. Sixteen additional derivatives were characterised using only LC-MS/MS, HSQC NMR analysis, and analogy with
major metabolites due to the minute amounts present in the extract. The unique structures of the ascidiolides allowed us
to propose a biosynthetic pathway from anthranilic acid. Their structures also led to the revision of the structures of the
ascidines A-C, related metabolites previously isolated from A. virginea collected in Norway. The isolated compounds 1-4
exhibited no cytotoxicity against a panel of tumour cell lines nor antimicrobial activity against several human pathogens,

while the antioxidant activity measured for ascidiolide D (4) was comparable to that of the ascorbic acid positive control.

Introduction

Over the last half a century, ascidians also referred to as sea
squirts (Class Ascidiacea) have been found to produce diverse
and a unique range of natural products with interesting
bioactivities.! Importantly, two colonial ascidian natural
products have been developed into medically approved
treatments for cancer, Trabectedin from Ecteinascidia turbinata
and Plitidepsin from Aplidium albicans.? An interesting class of
metabolites produced by ascidians are the polyaromatic
furanones. A considerable number of derivatives have
previously been identified including the rubrolides, cadiolides,
prunolides and the procerolides.3® These compounds often
exhibit potent bioactivities and are considered interesting
scaffolds for drug development. They are characterised by a
central branched furanone ring formed by the condensation of
two tyrosine derived hydroxyphenylpyruvic acid units, with at
least one unit halogenated. With the proliferation of some
solitary ascidian species in shallow marine waters this chemical
diversity is becoming readily available and could serve as
scaffolds for drug development due to the large amount of
biomaterial sometimes available.”
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As part of our ongoing Marine Biodiscovery programme on Irish
marine invertebrates,® the methanol fractions derived from an
organic extract prepared from the common species Ascidia
virginea displayed activity in an Artemia lethality assay.
Additionally, LC-MS screening indicated the presence of a large
number of unknown nitrogenous and halogenated metabolites
with a high degree of unsaturation.? This indicated similarity
with the ascidines, a small group of halogenated nitrogenous
metabolites previously reported from a specimen of A. virginea
collected in Norway. These metabolites featured a unique
isoquinolinedione unit not previously identified in other
organisms.1® However, using LC-MS we could not annotate any
of the reported ascidines in our specimen collected from
Ireland. Herein, we describe the isolation and structure
elucidation of four new phthalide metabolites from the Irish
specimen of A. virginea. Following classical natural product
isolation, a mixture analysis with MS/MS and NMR of the
derived fractions enabled the characterisation of minor
analogues.
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Fig. 1 Structures of the ascidiolides 1 - disolated in this study,. .
DOI: 10.1039/D50B01206F

Table 1. NMR Spectroscopic Data for ascidiolides A - D (1 - 4) in CD30D.

ascidiolide A (1) ascidiolide B (2)

ascidiolide C (3) ascidiolide D (4)

Pos. &, type Oy (Jin Hz) b¢, type Oy (Jin Hz) b¢, type Oy (Jin Hz) b¢, type Oy (Jin Hz)
1 174.2,C 172.0,C 173.33,C 171.8,C

3 84.4, CH 6.25, brs 89.5,C 83.1,CH 6.22, brs 88.4,C

3a 142.4,C 138.7,C 141.9, C 138.7,C

4 110.4,CH  6.30,dd (7.6,0.9) 112.4,CH  6.76,d (7.8) 110.1,CH  6.32,dd (7.8,0.9) 112.2,CH  6.75,d (7.8)
5 121.0,CH  6.92,d(7.6) 120.3,CH  6.99,d (7.8) 121.0,CH  6.93,d(7.8) 120.4,CH  7.01,d(7.8)
6 145.0,C 146.2,C 145.2,C 146.5, C

7 138.0,C 138.4,C 137.73, C 137.8,C

7a 109.4, C 108.5, C 108.73, C 108.2, C

8 129.9,C 129.2,C 132.0,C 129.3,C

9 130.0,CH  7.07,d(8.5) 129.3,CH  7.19,d(8.8) 139.5,CH  7.56,d (2.1) 138.9,CH  7.64,d(2.2)
10 116.5, CH 6.77,d (8.5) 116.3, CH 6.76,d (8.8) 84.0%, C 85.0,C

11 159.4,C 159.5,C 158.5?, C 159.8, C

12 116.5,CH  6.77,d (8.5) 116.3,CH  6.76,d (8.8) 115.8,CH  6.81,d(8.3) 115.7,CH  6.79,d (8.5)
13 130.0,CH  7.07,d(8.5) 129.3,CH  7.19,d(8.8) 129.8,CH  7.07,dd (8.3,2.1) 129.3,CH  7.22,dd (8.4,2.2)
co 171.4,C 171.0,C

OCH; 53.8, CHs 3.76, s 53.9, CHs 3.77,s

IH NMR was measured at 600 MHz and 3C NMR was measured 150 MHz. 2 6. resonance taken from HMBC data.

Results and discussion

The freeze-dried biomass of A. virginea (3.8 g) was exhaustively
extracted with a mixture of MeOH/CH,Cl, (1:1 v:v). The
resulting extract was then fractionated on Cyg-silica gel with a
stepwise gradient from H,0 to MeOH to CH,Cl,. The fraction
that eluted with a 1:3 mixture of H,0/MeOH was subject to
successive reverse phase HPLC purification yielding four new
nitrogenated phthalide natural products named ascidiolide A-D
(1-4) (Fig. 1).

Ascidiolide A (1) was isolated as a pale red amorphous solid and
displayed a protonated adduct [M+H]* in the (+)HRESIMS at m/z
258.0765, consistent with the molecular formula Ci4H11NO;,.
This mass indicated there were 10 degrees of unsaturation to
be accounted for within the molecule. The 'H NMR data
contained resonances associated with six aromatic protons at
6, 7.07 (d, J = 8.5 Hz, 2H), 6.92 (d, J = 7.6 Hz), 6.77 (d, J = 8.5 Hz,
2H) and 6.30 (dd, J = 7.6, 0.9 Hz), and one deshielded
oxygenated methine at &y 6.25 (br s). The 3C NMR data
displayed 12 resonances associated with one carbonyl (¢
174.2), six non-protonated aromatic carbons (6¢ 159.4, 145.0,
142.4, 138.0, 129.9 and 109.4), six aromatic methine carbons
(6¢130.0,121.0,116.5 and 110.4) and one oxygenated methine
carbon (6¢ 84.4). The symmetry of the two doublets at 6, 7.07
(H-9/13) and 6.77 (H-10/12) and their HMBC correlations to &

2| J. Name., 2012, 00, 1-3

159.4 (C-11) and &¢ 129.9 (C-8), respectively, indicated the
presence of a 4-hydroxyphenyl moiety. Another HMBC
correlation from H-9/13 to 6 84.4 (C-3) indicated the linkage of
this moiety to the oxygenated methine. The two aromatic
doublets at 64 6.92 (H-5) and 6.30 (H-4) and their HMBC
correlations to four other non-protonated aromatic carbons
indicated the presence of a 1,2,3,4-tetrasubstituted aromatic
ring. The H-4/C-3 and H-3/C-3a and C-4 HMBC correlations in
conjunction with a small 0.9 Hz %Jyy coupling between H-4 and
H-3 also established the direct link of the new tetrasubstituted
ring to the oxygenated methine. A final HMBC correlation from
H-3 to the 6. 174.2 (C-1) carbonyl indicated C-3 was connected
to an ester oxygen. Based on the molecular formula
determined, only an amine, a hydroxy and a final degree of
unsaturation were left to be assigned, suggesting that the three
remaining substituents on the 1,2,3,4-tetrasubstituted
aromatic ring were the C-1 carbonyl, a hydroxy group and an
amine. Large 3Jcy HMBC correlations were observed from H-4 to
6c 145.0 (C-6) and 109.4 (C-7a), as well as from H-5 to C-3a and
6c 138.0 (C-7), establishing the resonances in meta positions to
each proton. The significant shielding of the C-7a resonance
indicated it must be the carbonyl substituted position allowing
a 1(3H)-phthalide ring to be assigned. The moderately
deshielded resonances of C-6 and C-7 indicated vicinal
heteroatom substitution with the remaining amine and
hydroxyl groups. The hydroxyl group was placed at the more
deshielded C-6 position and the amine was located in the more

This journal is © The Royal Society of Chemistry 20xx
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shielded C-7 position. This heteroatom assignment was
confirmed through the calculation of 33C NMR data (Fig. 2). With
the two-dimensional structure assigned, the absolute
configuration of the C-3 stereogenic centre was assigned as a
racemic mixture of the two enantiomers due to the lack of
Cotton effects in the ECD spectrum and optical rotation. We
propose that this is likely due to tautomerism under basic
conditions that leads to the opening of the lactone and
racemization of C-3. This also occurs in other phthalide based
compounds including the dye phenolphthalein which
undergoes the same tautomeric shift under basic pH conditions.
This tautomerism and racemization has also been previously
reported for a number of other compounds containing more
similarly substituted phthalides.''13 The presence of a new UV
maxima at ~¥360 nm under basic conditions is likely associated
with the bathochromic shift of the keto form of the molecule.

X=NH, X=0OH
(a) (b) pos. Exp.5, Y=OH Y=NH,

o) 3 1094 1105 1126

o 4 1380 1373 1484

A 1420 1418 1353

\ 6 1210 1218 1218

Y 7 1104 1116 1153

HO™ N> </ 8 1424 1443 1381

1 Prel 100% 0%
MAE 1.51 3.75

(©) o/:fa " 0._0
poass
p |

o O, (0]
N NH,
=

NOREGM™ e
HO (0] OH
Fig. 2 (a) Key HMBC correlations for the elucidation of 1. (b)
Comparison of calculated and experimental 13C NMR shifts for
two possible isomers of 1. (c) Proposed tautomeric
racemization of 1.

NH,

|

Ascidiolide B (2) was isolated as a yellow amorphous solid and
displayed a protonated adduct [M+H]* at m/z 316.0816 in the
(+)HRESIMS spectrum, consistent with the molecular formula
C16H13NOg. A comparison of the 'H and 13C NMR data between
1 and 2 indicated the absence of the C-3 proton signal and the
presence of an additional carbonyl at 6 171.4 and an O-methyl
at 6y 3.76/ 6 53.8 (s, OCH3). HMBC correlations identified this
as an O-methyl ester that was located at C-3. This assignment
was also supported by the deshielded shift of H-4 (64 6.76, d, J
= 7.8 Hz) and H-9/13 (6, 7.19, d, J = 8.8 Hz, 2H). As with 1, the
molecule was identified as a racemic mixture due to the lack of
Cotton effects in the ECD spectrum.

Ascidiolide C (3) was isolated as a yellow amorphous solid and
was assigned the molecular formula Cy4H10INO4 based on the
protonated adduct [M+H]* detected by (+)HRESIMS at m/z
383.9727. The comparison of the 'H NMR data between 1 and

This journal is © The Royal Society of Chemistry 20xx
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3 indicated the presence of a 1,3,4-trisubstituted argmaticring
in place of the para-disubstituted BRe10THE/FigRiFiéank
deshielding of H-9 (6y 7.56, d, J = 2.1 Hz) and shielding of C-10
(6¢ 84.0) along with the mass increase of 126.9 Da indicated
unequivocally that the third substituent at C-10 was an iodine
atom. Again compound 3 was assigned as racemic from the ECD.

Ascidiolide D (4) was isolated as a yellow amorphous solid and
displayed an intense molecular ion in the (+)HRESIMS data for
[M+H]* at m/z 441.9782, consistent with the molecular formula
C16H12INOg. The 1H and '3C NMR data of 4 displayed similarities
with both, compounds 2 and 3. The presence of an O-methyl
ester at 6y 3.77 indicated the same core structure present in 2.
Furthermore, the loss of symmetry in the aromatic ring and
additional non-protonated carbon at 6 85.0 indicated the
presence in the molecule of same iodinated aromatic ring
identified in 3.

A LC-MS/MS profile of the initial extract indicated the presence
of a number of other related metabolites (Fig. S6).° A
combination of MS/MS and 2D NMR experiments were
conducted on the fraction of A. virginea to investigate the
structures of these minor derivatives. The MS? data of 1-4 were
first analysed to identify common fragmentation patterns
within the family (Fig. S5). This assignment then allowed the
annotation of eight further derivatives 5-12 with different
halogenation patterns (Fig. S7-1 to S7-12). The isotope pattern
of the MS? and the fragmentation pattern in the MS? indicated
the presence of different iodine or bromine substitutions
around the phenol ring. The MS? of 5-8 shared close similarities
with 1 and 3 allowing the protonated stereocentre to be
assigned and 9-12 showed the typical fragment ions associated
with the loss of the methyl ester and other related fragments.
Particular signals present in the HSQC of the mixture allowed
further confirmation of the halogenation positions with typical
NMR shifts associated with either brominated or iodinated 4-
hydroxyphenyl rings.14

A number of other peaks in the LC-MS chromatogram were also
observed with similar fragmentation patterns. These had the
same fragments associated with the methyl ester cleavage in
compounds 2 and 4, though they had differing precursor masses
indicating the presence of a differing C-3 substitution. Five
derivatives 13-17 were identified with a mass loss of m/z
32.0272 (Fig. S7-13 to S7-17), indicating the substitution of a
methoxy at C-3, and three derivatives 18-20 were identified
with a C-3 hydroxyl substitution due to losses of m/z 18.0104
(see supplementary information). The C-3 hydroxyl substituted
ascidiolides 18-20 are similar to other y-hydroxyfuranones
commonly found in ascidians.* > 16 However, we suspect that
the methoxy derivatives 13-17 are artefacts derived from 18-20
as products of the methanolysis of certain y-hydroxyfuranones
has previously been described.'” To confirm this assumption,
the LC-MS was rerun on a sample diluted in MeOH and left for
48 h. This led to the decrease in hydroxylated metabolites
compared to the methoxylated derivatives which is consistent
with the assumed solvolysis (Fig. S12).

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 a.

marine ascidians.3® We assume compounds 1-4 are, related, to

Ascidine A (21): Ry =
Ascidine B (22): Ry =1,R, =H

Ry=H

Ascidine C (23): Ry =R, = |
(C) 3y 8.69
Oy Nop OH ™ cosy Oy O~
X OH 5,893 P
O ‘/ Revision O ‘/
—_—
HO o HO [0)
Reported Revised
(d) Pos. Exp. &¢ Cale. & Calc. &¢

1 162.3 164.9 163.1
3 161.3 165.7 160.9
4 126.6 143.5 128.6
4a 136.9 127.8 139.1
5 138.9 143.1 143.1
6 129.6 121.4 126.9
7 179.8 1726 178.8
8 148.6 148.9 149.2
8a 92.5 101.3 92.4

Prel - 0% 100%
MAE 5.71 1.55

Proposed biosynthetic pathway of the ascidiolides and ascidines from 4-hydroxyphenylglyoxylic acid and 3-

hydroxyanthranilic acid. b. The proposed revision of the reported structures for the ascidines based on the proposed biosynthesis.
c. 2D NMR correlations of ascidine A (21) in red that do not support the published structure but instead support the proposed
revision. d. Comparison of the experimental 3C NMR shifts with the calculated *3C NMR shifts for the reported and revised
structures. Relative probability (Prel) and mean absolute error (MAE) are presented for an overall statistical comparison.

Most phthalide derivatives have been isolated from microbial
and plant sources and typically originate from polyketides or
terpenes. Ascidiolides A-D (1-4) represent the first phthalides
isolated from tunicates and are unique due to the aniline
substitution absent in polyketide or terpenoid derivatives. The
ascidiolides are closely related to the previously reported
iodinated isoquinolinediones, ascidines 21-23, previously
isolated from A. virginea collected in Norway (Fig. 3b).10
However, while these two related families of natural products
share the same halogenated hydroxyphenyl moiety, the core
structures differ significantly. We assume that the ascidines and
the new ascidiolides are likely derived from similar precursors,
though the cyclization would differ leading to either an
isoquinolinedione or a phthalide core, respectively. On review
of the literature only one family of metabolites, the
dermacozines, were found to be related to both the ascidines
and ascidiolide structures. The dermacozines are phenozine
derivatives from deep sea actinomycetes.!® Both the phthalide
containing dermacozine D and the isoquinolinedione containing
dermacozine E were isolated from the same culture. These were
suggested to be formed from the condensation of dermacozine
A with a hydroxyphenylglyoxylic acid precursor. Also of interest
was the presence of dermacozine F containing a cyclic
anhydride ring instead of the cyclic imide. Interestingly, unlike
dermacozine D, E and F (Fig. S11) which were isolated together,
in our investigation of the Irish specimen of A. virginea, the
ascidiolides were the only derivatives present and were not
reported from the Norwegian specimen. The furanone moiety
of the ascidiolides is also very similar to polyaromatic furanone
derivatives, such as the rubrolides that are common among

4| J. Name., 2012, 00, 1-3

other ascidian furanone derivatives similar
biosynthetic
precursors. However, unlike ascidian furanone derivatives that
are produced from the dimerization of two of the same
precursors, the ascidiolides are likely derived from two
completely different precursors. The hypothetical biosynthesis
proposed for previous ascidian furanone derivatives® '° and the
dermacozines?® inspired our biosynthetic hypothesis for the
new ascidiolides and we suggest these are produced from the
cyclic condensation of 4-hydroxyphenylglyoxylic acid and 3-

hydroxyanthranilic acid (Fig. 3a).

through a

condensation of two amino acid derived

Unexpectedly, the position of the nitrogen in the ascidines
suggests their biosynthesis starts from an unusual 2,3-
dihydroxybenzamide precursor, while the more common 3-
hydroxyanthranilic acid is proposed to be the same precursor
responsible for the production of the ascidiolides. 3-
hydroxyanthranilic acid is typically derived from tryptophan
through the kynurenine biosynthetic pathway and it would be
unlikely that 2,3-dihydroxybenzamide would be derived from
the same pathway. Therefore, we reinvestigated the structures
proposed for the ascidines using the supplementary data
provided in their original report and additional calculations. On
evaluation of the supplemental NMR data reported for the
ascidines, some data did not correlate with the proposed
structures. These include the unusual °Jcy HMBC correlation
from the hydroxy proton at &4 8.69 (1-OH) to the quinone
carbon (C-7) and the strong €Jy, COSY correlation between the
two hydroxy protons at 64 8.69 (1-OH) and &4 8.93 (8-OH).
Additionally, the hydroxy proton chemical shifts were not

This journal is © The Royal Society of Chemistry 20xx
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consistent with a shift expected for phenolic protons that would
form hydrogen bonds (>10 ppm).?-23 Furthermore, the cyclic
imide type structure that is proposed based on IR bands would
exist as a stable zwitterion with an NH proton instead of the
phenolic proton proposed.?* The only structure consistent with
the NMR data would be with a cyclic anhydride, and the two
protons at &4 8.69 and 8.93 being amine protons at the C-8
position (Fig. 3c). Not only would the proton chemical shifts be
more appropriate for this group?® but this would also explain
the COSY and HMBC correlations observed. The calculation of
NMR shifts with Gauge-Independent Atomic Orbital (GIAO) DFT
has become a useful way to assign the correct structural
isomers of natural products.?® Therefore, to further confirm this
revision the 3C NMR shifts of three different isomers for
ascidine A (21) were calculated. The isotropic shielding tensors
were calculated with a B3LYP-D3(BJ)/TZVP//wB97X-D/6-31G*
functional/basis set combinations. A PCM model with DMSO
was used for the NMR calculations. The shielding tensors were
then converted to chemical shifts and compared to the
published experimental data run in DMSO-dg using the Sorted
Training Sets published for DMSO.%” The calculated shifts for the
revised structure displayed a significantly closer match to the
experimental shifts (Fig. 3d) and this revised structure had a
relative probability of 100%. We suggest the structures of the
reported ascidines A-C (21-23) should be revised to 8-amino-
isochromene-1,3,7-trione derivatives.

A number of phthalides from plants and microbes have been
described with several bioactivities including central nervous
system modulation, anti-cancer, anti-inflammation and
antioxidant activity.'®> 18 28 Furthermore, polyaromatic
butenolides from ascidians have previously been shown to be
weakly cytotoxic® and antibacterial, as well as inhibit the
aggregation of neurodegenerative disease associated
proteins.? 2° The related ascidian, Ascidia nigra also produces
the polyphenolic tunichromes that are important antioxidant
blood reducing agents.3® We therefore conducted a broad
screening on the isolated ascidiolides (1-4) for antimicrobial,
antitumoral and antioxidant activity. Due to the initial brine
shrimp toxicity of the fractionated extract, compounds 1-4 were
first screened for their cytotoxic activity against a panel of
tumour cell lines. None of the compounds displayed a decrease
of cell growth higher than 50% at concentrations up to 40
ug/mL. Ascidiolide D (4) displayed the highest activity,
decreasing cell viability of the A549 cell line by 31% at 40 ug/mL.
The compounds were also tested for antimicrobial activity
against a wide panel of pathogens. Only ascidiolide D (4) at the
highest concentration (128 ug/mL) inhibited 50% of MRSA
growth. The lack of activity from the isolated compounds
compared with the initial extract could be due to a number of
reasons. Further screening of the unpurified fraction displayed
greater activity against both tumour cells and microbial
pathogens than 1-4. This could indicate that some of the minor
derivatives not isolated in this study 5-20 may have greater
bioactivity or that a significant synergistic effect takes place
between these compounds.

This journal is © The Royal Society of Chemistry 20xx

Organic& Biomolecular Chemistry

We also screened 1-4 for their antioxidative \potential. by
evaluating their radical scavenging activity@gainststapleB DPPES.
Ascidiolide D (4) showed the strongest radical scavenging
activity with an I1Csg of 9.5 uM, followed by 3 (1Csq 72 uM), 2 (1Csg
140 uM) and 1 (ICsg 220 uM). The activity of ascidiolide D (4)
was comparable to that of ascorbic acid (IC5o 11 uM). These
results indicate that both, the iodine substitution and C-3
methyl ester, separately led to greater radical scavenging
activity. Given the tautomerism proposed within these
phthalides we evaluated the effect of iodine and C-3 methyl
ester substitution on the pK, of the phenol protons in silico. This
indicated a significant decrease in the pK, of the phenol protons
with iodine substitution. It is assumed that the radical
scavenging activity is highly dependent on this tautomeric
pathway and therefore the diiodinated derivatives would
potentially have even greater radical scavenging activity. This
antioxidant activity may indicate that the ascidiolides may be
important reducing agents within the organism similar to the
tunichromes.

Conclusions

Ascidiolides are a new family of phthalides isolated from the
solitary ascidian Ascidia virginea from the North Atlantic. This
study led to the isolation of four analogues and the proposal of
a further 16 derivatives based on LC-MS/MS data. The structure
of the ascidiolides led to the investigation and revision of the
structure of the ascidines, the only other metabolites previously
isolated from A. virginea. A notable geographic metabolite
difference was observed for A. virginea with the ascidiolides
identified from a north eastern Atlantic specimen and the
ascidines from a North Sea specimen. Ascidiolide D (4) exhibited
the greatest activity with weak cytotoxicity and radical
scavenging activity comparable to that of ascorbic acid.

Experimental

General Experimental procedures

Optical rotations were recorded at the sodium D-line (589.3 nm)
on a Rudolph Research Analytical Autopol IV polarimeter with a
5 x 100 mm cell at 20 °C (Rudolph Research Analytical, NJ, USA).
UV and ECD were recorded in acetonitrile on a Chirascan V100
with a 1.0 cm quartz cuvette (Applied Photophysics,
Leatherhead, UK). IR data was recorded on a PerkinElmer
spectrum 100 FT-IR spectrometer (Massachusetts, USA). NMR
experiments were performed on a 600 MHz Agilent Premium
Compact spectrometer with a 5 mm CryoProbe (Agilent, Santa
Clara, USA). The chemical shifts (6 in ppm) are referenced to the
carbon (6¢ 49.00 of CD30D) and proton (64 3.31 of CHD,OD)
signals of residual non-deuterated solvent. Liquid
chromatography high-resolution electrospray ionisation mass
spectrometry (HRESIMS) and tandem mass spectrometry was
performed on an Agilent 6540 Q-Tof mass spectrometer
equipped with an Agilent 1290 UHPLC and auto-sampler
(Agilent). RP-SPE fractionation was performed using polygoprep
Cig-bonded silica 50 um, 100 A (Labquip, Dublin, Ireland).
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Semipreparative HPLC was carried out on an Agilent 1260 HPLC
system equipped with a DAD detector. Analytical HPLC was
carried out on a Shimadzu HPLC system equipped with two LC-
20AD pumps, a SIL-20AC auto-sampler, SPD-M20A PDA
detector and a FRC-10A fraction collector (Mason Tech., Dublin,
Ireland). All solvents used for extraction and separation were
HPLC grade. Trifluoroacetic acid (TFA) used for HPLC separation
was spectroscopy grade from Alfa Aesar.

Biological Material

The marine ascidian, Ascidia virginea, was collected by SCUBA
on the 16 of April 2018 from Croaghan Island, Co. Donegal,
Ireland. This sample was identified based on morphology by
Bernard Picton. A voucher specimen of this sample ‘BDV10101’
is stored at the Marine Biodiscovery Laboratory, School of
Biological and Chemical Sciences, University of Galway (Co.
Galway, Ireland).

Extraction and Isolation

The freeze-dried Ascidian material (3.8 g) was extracted with a
1:1 (v/v) mixture of MeOH/CH,Cl, under sonication. The
resulting extract (0.86 g) was then fractionated on C;3 bonded
silica, eluting with a stepwise gradient from H,0 to CH,Cl,.
Fractions were eluted with 100% H,0, 50% H,0/50% MeOH
(265.0 mg), 25% H,0/75% MeOH (30.6 mg), 100% MeOH (49.6
mg), 50% MeOH/50% CH,Cl, (71.7 mg). The 25% H,0/75%
MeOH fraction was further separated using reversed-phase
semipreparative HPLC purification on a Waters symmetry Cyg
prep, 7 um, 7.8 x 250 mm column. The column was first eluted
with 70% H,O (0.1%TFA)/30% MeCN (0.1%TFA) for 5 min,
followed by a linear gradient to 63% H,0 (0.1%TFA)/36% MeCN
(0.1%TFA) over 18 min. Finally, a linear gradient to 100% MeCN
(0.1%TFA) over 2 min was performed and the column was then
further eluted with these conditions for 10 min all at a flow rate
of 2.2 mL/min. This yielded the new compounds ascidiolide A
(1, 0.8 mg, 2.1 x 10* % dry wt.), impure ascidiolide B (2.5 mg),
ascidiolide C (3, 0.6 mg, 1.6 x 10* % dry wt.), and impure
ascidiolide D (2.6 mg). The impure ascidiolide D and B samples
were further purified with the same reversed-phase analytical
HPLC purification method on a Macherey-Nagel nucleodur Cig
column, 5 um, 4.6 x 250 mm. The column was first eluted with
90% H,0 (0.1%TFA)/10% MeCN (0.1%TFA) for 5 min, followed
by a linear gradient to 40% H,0O (0.1%TFA)/60% MeCN
(0.1%TFA) over 20 min. Finally, a linear gradient to 100% MeCN
(0.1%TFA) over 5 min was performed and the column was
further eluted with 100% MeCN (0.1%TFA) for 7 min, all at a
flow rate of 1.0 mL/min. This yielded pure ascidiolide B (2, 1.0
mg, 2.6 x 10 % dry wt.) and ascidiolide D (4, 1.3 mg, 3.4 x 10*
% dry wt.).

Ascidiolide A (1). light red amorphous solid; [a],o° 0 (¢ 0.02,
MeOH); UV/Vis (c 0.25 mM, H,0) Ay (log €) 190 (3.63) nm; H
NMR and 3C NMR data see table 1; (+)HRESIMS m/z 258.0765
[M+H]* (calcd. for C14H9N40,*, 258.0761, A -1.5 ppm).
Ascidiolide B (2). yellow amorphous solid; [a],® O (¢ 0.08,
MeOH); UV/Vis (c 0.14 mM, H;0) Apmay (log €) 192 (4.24) nm; H
NMR and 3C NMR data see table 1; (+)HRESIMS m/z 316.0818
[M+H]* (calcd. for C14H9N40,*, 316.0816, A +0.6 ppm).
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Ascidiolide C (3). yellow amorphous solid; [a]x2,0.{G.©,08,
MeOH); UV/Vis (¢ 0.13 mM, H,0) Amax (108%) PIOIH28YHHROH
NMR and 3C NMR data see table 1; (+)HRESIMS m/z 383.9726
[M+H]* (calcd. for Ci4H9N40,*, 383.9727, A -0.3 ppm).
Ascidiolide D (4). reddish yellow amorphous solid; [a],° O (¢
0.08, MeOH); UV/Vis (c 0.19 M, H,0) Ay (log €) 190 (4.14) nm;
IR (film) vmax 3331, 2952, 1690, 1154, 1111, 980 cm™%; 'H NMR
and 13C NMR data see table 1; (+)HRESIMS m/z 441.9783 [M+H]*
(calcd. for Ci4H9N4O,*, 441.9782, A +0.2 ppm).

Further LC-MS analysis was performed on an Agilent QTOF 6540
equipped with a Dual Agilent Jet Stream electrospray ionization
source (Dual-AlJS). The mass spectrometer was coupled to an
Agilent UPLC 1290 Infinity. The chromatographic separation
was performed on a Waters equity UHPLC BEH Cy5, 1.7 um, 2.1
mm x 100 mm column. Multiple different LC methods were
tested and the selected one eluted samples with 0.5 mL/min of
90% H,0 (0.1% FA)/10% MeCN (0.1% FA) for 2 min, followed by
a linear gradient to 50% MeCN (0.1% FA) over 6 min, and further
elution at this percentage for 4 min. Mass spectra were
acquired in +ESI mode with parameters set to a VCap of 3.5 kV,
a nozzle voltage of 1.0 kV, a gas temperature of 300 °C at a flow
of 11 L/min, sheath gas temperature of 325 °C at a flow of 8
L/min, and a nebulizer at 35 psig. The mass range was fixed at
100-1700 Da for the MS* and MS? acquisition. The acquisition
rates were set at 3 spectra/s for both the MS! and MS2. The
collision energy was fixed at 35 V. Both untargeted and targeted
MS/MS were used to obtain clear MS? of potential derivatives.
In untargeted runs the same mass was excluded for 0.3 min
after 4 spectra were acquired and no exclusion was set for
targeted runs. Data was analysed and spectra were produced
using MassHunter Qualitative software (Agilent).

Computational Methods

A conformational analysis of two isomers of ascidiolide A (1) and
three isomers of ascidine A (21) were performed with
Schrodinger MacroModel. This conformer generation was
performed using the OPLS3 force field with an energy window
of 5.0 kcal/mol. The conformers generated were further
optimized using DFT, at the B3LYP-D3(BJ)/TZVP level in Gaussian
16, and at the same time, the free energy of each conformer
was calculated.3! The isotropic shielding tensors for each
conformer was then calculated by using GIAO in Gaussian 16 at
the wB97X-D/6-31G* level. A polarizable continuum solvation
model was used with DMSO as a solvent for the NMR
calculations.3?2 The shielding tensors were then extracted,
converted to chemical shifts and compared with the
experimental shifts using the reported Sorted Training Sets
method in DMS0.?7

Biological Assays

Antimicrobial growth inhibition assays were conducted against
methicillin-resistant S. aureus (MB53963), E. coli (ATCC25922),
C. albicans (ATCC64124), A. baumannii (MB5973), P. aeruginosa
(PAO-1) and A. fumigatus (ATCC46645) following previously
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published procedures.3® Compounds were assayed at 2-fold
dose response curves starting at 128 ug/mL.

Cell viability assay using an MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) were conducted against five
different human cancer cell lines A549 (lung carcinoma, CRM-
CCL-185TM, ATCC), A2058 (metastatic melanoma, CRL-3601TM,
ATCC), MCF7 (breast adenocarcinoma, HTB-22, ATCC), MIA
PaCa-2 (pancreatic carcinoma, CRL-1420, ATCC), and Hep G2
(hepatocyte carcinoma, HB-8065, ATCC).3* Compounds were
assayed at 2-fold dose response curves starting at 40 ug/mL.

A quantitative spectrophotometric radical scavenging assay
using stable DPPH (2,2-diphenyl-2-picrylhydrazyl hydrate, Alfa
Aesar) was carried out in 96-well plates.3> The ascidiolides (1-4)
were prepared at a range of concentrations (1-256 uM) in 100
uL of MeOH. These samples were then added to 100 ulL of a 100
UM solution of DPPH in MeOH and mixed in a microwell. The
plate was placed at room temperature for 30 min in the dark
before measuring the absorption at 495 nm on a UV-Vis 96-well
microplate spectrometer (BioTek EL808, Mason Technology,
Ireland). All experiments were performed in triplicate, using
ascorbic acid as a positive control. The percentage reduction
was calculated using the absorption of a stable DPPH blank and
a test compound blank.
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