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Dereplication of a methanolic extract of the marine sponge Ianthella flabelliformis using FTICR-MS accurate mass
determination and MSn techniques enabled rapid and unambiguous detection of a new compound among a plethora of
known compounds. Isolation of this compound and the known 19-deoxy analogue using the hyphenated technique
LC-UV/MS-SPE-NMR was undertaken, and the structures were confirmed, from a single chromatographic run, as 19-
hydroxyaraplysillin-I N20-sulfamate (1) and araplysillin-I N20-sulfamate (2).

In our continued search for new herbicides from marine
organisms that selectively inhibit the rate-limiting enzyme of the
C4 acid cycle, pyruvate phosphate dikinase (PPDK),1 attention was
focused on the methanolic extract of Ianthella flabelliformis from
Queensland, Australia. Ianthella is a well-researched genus, with
over 50 compounds recorded in MarinLit by 2008.2 With this in
mind it is important to rapidly identify, early in the discovery
process, those components within the extract that are known. This
process is referred to as dereplication.

Large-scale collection of marine organisms for the discovery
process may lead to possible adverse ecological effects.3 Several
methods are now available that enable detailed structural informa-
tion to be obtained directly from small quantities of crude extract,
making them useful for dereplication while minimizing ecological
impacts. FTICR-MS is a powerful method for structural charac-
terization of compounds within crude extracts. It is capable of
obtaining accurate exact mass measurements for elemental formula
determination and ultrahigh resolution over a large mass range (m/z
200-2000) for component separation at multiple stages of MS
(MSn). All this can be achieved on nanogram quantities in a single
mass spectrum without any LC separation and in a fraction of the
time usually required for large-scale isolation.4-7

The relatively new hyphenated technique LC-UV/MS-SPE-NMR
has also been successfully employed in the dereplication of crude
extracts and enables the rapid isolation and structure elucidation
of novel compounds from crude extracts in a single step. Solid-
phase extraction (SPE) is used as an interface between chroma-
tography, UV, MS, and NMR analysis.8 The main advantages of
this technique are that a single analyte eluted from the HPLC
column can be concentrated in the NMR flow cell and that
automated trappings to the same SPE cartridge from multiple
chromatographic runs are possible, enabling a substantial increase
in the amount of material available for the automated 1D and 2D
NMR measurements.9 Sample requirement is minimal (sub mil-
ligram), and no fractionation of the extract is required prior to
analysis.

In this paper we report the accelerated dereplication of the PPDK
active methanolic extract of the marine sponge I. flabelliformis using
a combination of FTICR-MS techniques10 and the subsequent
isolation of two compounds, 19-hydroxyaraplysillin-I N20-sulfamate
(1) and the known araplysillin-I N20-sulfamate (2),11 using LC-
UV/MS-SPE-NMR.12

ESI FTICR-MS of the methanolic extract using negative ion
detection showed a series of signals between m/z 1000 and 1200
with isotope envelopes indicative of brominated compounds.

Comparison of exact mass measurements with literature data
indicated the presence of bastadins 5, 6, 9, 10, and 11, or
corresponding isomers, in the crude extract (Table S1, Supporting
Information).13 Two signals were also detected at lower mass, a
1:4:6:4:1 quintet centered at m/z 811.7772 [M - H]- and a second
1:4:6:4:1 quintet centered at m/z 795.7817 [M - H]- (Figure 1).
The observed mass difference between the monoisotopic peak
(79Br4) and the +2 peak (79Br3:81Br) of ∆ ) 1.9976 and 1.9988
Da, respectively, and the fact that the isotope envelopes were
quintets were indicative of the presence of four bromine atoms in
both molecules. The observed mass difference between the two
isotope envelopes of 15.9955 Da suggested that the heavier of the
two molecules was an oxygenated analogue of the lighter one.

While accurate mass measurement can indicate the molecular
formula, it does not provide structural information; hence multiple
stage ESI FTICR-MS experiments were undertaken on the crude
extract. The most abundant ion from each isotope distribution (m/z
796 and 812) was isolated for tandem (MSn) analysis. Isolation of
the single ion from the isotope envelope means that each of the
isolated parent ions represents a compound with four bromines with
the precise distribution 79Br2:81Br2. Both isolated ions were subjected
to sustained off-resonance irradiation (SORI) collision-induced
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dissociation (CID), resulting in preserved singlets (79Br2:81Br2) at
m/z 716 and 732, respectively (Figure 2).5 This indicated that the
loss of 80 was not a result of a loss of bromine (as the neutral loss
of HBr, a typical MS fragment of brominated metabolites), which
would have caused a change in the isotope distribution from a
singlet (79Br2:81Br2) to a symmetrical doublet (79Br2:81Br and

79Br:81Br2), since the loss of HBr could include either 79Br or 81Br
with equal probability. Each parent ion also produced a triplet
fragment centered at m/z 294 and 310, respectively (Figure 2),
representative of fragments with only two bromine atoms (79Br2,
79Br:81Br, and 81Br2) and an overall formula corresponding to
C8H8O(1 or 2)NBr2

- (fragment c).

Figure 1. Accurate mass determination of the two brominated isotope envelopes for 1 (m/z 807.7813) and 2 (m/z 791.7852) observed in the
methanolic extract of I. flabelliformis.

Figure 2. Sustained off-resonance irradiation (SORI) collision-induced dissociation (CID) of the isolated most abundant signals (79Br2:
81Br2) m/z 796 and 812.
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On-resonance CID of both the 796 and 812 isotope envelopes
in the crude extract preserved the isotopic distribution of any
fragment ions generated and enabled accurate mass measurement
of the daughter ions. In both instances the isotopic distribution did
not change after an initial loss of 80 Da was observed, further
supporting the notion that there was no loss of bromine (Figure 3).
The other typical neutral loss fragment with m/z 80 is SO3,
a facile loss from compounds containing sulfate or sulfamate groups.
The expected mass difference resulting from a loss of HBr is
79.9262 Da, and that for a loss of SO3 is 79.9574 Da. The observed
mass difference was 79.9510 Da, providing further evidence that
the fragment lost was indeed SO3.

14 Three stages of MS using on-
resonance CID on the fragment ion 716 produced a triplet at 294
(fragment c) and at 421 (fragment b, formula C13H13O4N2Br2

-),
both fragments containing only two bromines. This, and the pattern
of the isotopic distributions, confirms that the two compounds each
have four bromine atoms and one SO3 group and that the extra
oxygen in the heavier molecule is definitely in fragment c.

With the knowledge that both compounds contain four bromines
and one SO3, the monoisotopic mass of 807.7813 ([M - H]-)
supported a molecular formula of C21H22Br4N3O9S-, while the
monoisotopic mass of 791.7852 ([M - H]-) supported a molecular
formula of C21H22Br4N3O8S-.

The higher mass compound was found to be new after searching
MarinLit,2 while the molecular formula of the lower mass com-
pound corresponded to araplysillin-I N20-sulfamate (2) on the basis
of the ESI FTICR-MS data. An off-line HPLC method was
developed, and one fraction (tR 11.0-15.0 min) was found to be
active in the PPDK assay with 10.1% of control based on equivalent
dose. Subsequent fractionation of 400 µg of the crude methanolic
extract using the automated LC-UV/MS-SPE-NMR technique was
undertaken.

The 1H NMR spectrum obtained for peak 1 (tR 11.5 min), trapped
using MS as the detection mode and triggers set at m/z 796 and
812 ([M - H]-), revealed the presence of a single compound, 1,

with a corresponding m/z 812 isotope envelope. The 1H NMR
spectrum obtained for peak 2 (tR 12.5 min) showed signals
corresponding to two compounds, 1 (m/z 812) and 2 (m/z 796), in
a ratio of 1:4. On the basis of the integration of these two relatively
minor peaks at λ 220 nm and the assumption that they have similar
extinction coefficients, 1 represented approximately 6% and 2
approximately 4% of the UV-active components, corresponding to
approximately 24 and 16 µg, respectively.

The 1H NMR data of 1 (in CD3CN) closely aligned with those
of the known compound araplysillin-I (3).15 The 1H NMR (Table
1) showed the following signals: δH 6.43 (s, 1H, ethylenic proton),
δH 4.15 (m, 1H, H-C-OH), δH 3.72 (s, 3H, OMe), and an AB system
δH 3.71 (d, 1H, J ) 18.3 Hz) and δH 3.08 (d, 1H, J ) 18.3 Hz)
characteristic of the spirocyclic oxazoline ring in araplysillin-I (3).15

A second set of signals, δH 7.60 (s, 2H), were attributable to the
equivalent aromatic protons on the dibromophenoxy chain. There
were, however, some differences between the 1H NMR spectra of
1 and 3, in particular, the chemical shifts for H-19 and H-20 (Table
1). We observed downfield shifts of the signals for H-19 (δH 2.74
[t, CD3OD] in 3 to δH 4.71 [m, 1H, CD3CN] in 1) and for H-20
(δH 2.95 [bt, CD3OD] in 3 to δH 3.07 and 3.20 [dd, 2H, J ) 14.3
and 2.9 Hz, CD3CN] in 1), indicating the presence of a hydroxyl
group at C-19 in 1.

The 1H NMR spectrum of 2 showed the characteristic signals of
a spirocyclo oxazoline ring.15 The upfield shift of H-19, δH 2.87
(t, 2H, J ) 7.0 Hz), compares well with that observed in 3 (δH

2.74, CD3OD) and clearly indicates C-19 is not hydroxylated.
The 1D NMR data obtained for 1 and 2 confirmed the usefulness

of the LC-UV/MS-SPE-NMR experiments for analysis of the crude
extract and the accelerated identification of two of its constituents.
Although the resolution of the HPLC peaks was not complete, the
1D NMR and LRMS data obtained on a single trapping and (-)-
ESI FTICR-MS of the crude extract were sufficient for preliminary
assignment of the first peak as 1 and the second peak as 2 based
on comparisons with literature values for 3.

Figure 3. On-resonance CID of the isotope envelope centered at m/z 812.
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2D NMR spectra of 1 in DMSO-d6 were obtained off-line and
confirmed all structural assignments made from 1D 1H NMR
spectra. The 1H-1H COSY spectrum of 1 revealed the presence of
a 1,3-disubstituted propane moiety (cross-peaks of H-10/H-11 and
H-11/H-12) and a 1,2-disubstituted ethane moiety (cross-peaks of
H-19/H-20 and H-19/19-OH). The AB system at δH 3.08/3.71 (d,
2H, J ) 18.3 Hz) was assigned as an isolated methylene group
adjacent to a π-electron system. The H-C correlations obtained
by the HSQC and HMBC experiments for 1 are summarized in
Table 1, revealing the presence of a 1,2,3,5,5,6-hexasubstituted 1,3-
cyclohexadiene and a 1,2,3,5-tetrasubstituted phenyl group. The
positions of the oxygen substituents were determined to be δC 73.5
(CH, C-1), 147.0 (qC, C-3), 90.4 (qC, C-6), 71.1 (CH2, C-12), 151.1
(qC, C-13), 70.6 (CH, C-19), and 59.7 (CH3, OMe).

The relatively upfield shifts of the quaternary sp2 carbons of δC

121.2 (C-2), 113.3 (C-4), and 117.5 (C-14/C-18) indicated the
location of the four bromine atoms at these carbons in 1.16

The HMBC correlations of OMe/C-3 and H-12/C-13 indicated the
connectivity between C-3 and OMe and between C-12 and C-13
via ether bonds. The HMBC correlations of H-10/C-9 revealed the
connectivity between C-9 and C-10 via a nitrogen atom, which was
confirmed by a N-HMBC correlation observed between 9-N/H-10
and H-11. The presence of a spiroisoxazoline structure was
confirmed by the observation of a N-HMBC correlation between
8-N/H-7a and H-7b.

Although no correlations were observed from the 20-NH proton
into the rest of the molecule and from the fact that this signal
integrated for only one proton and that the signals due to 1-OH,
9-NH, and 19-OH were confirmed, it was deduced that the SO3

group must be attached to the amine at C-20.
The geometry of the vicinal oxygens in the spiroisoxazoline

moiety of 1 was established as trans by comparison with data for
aerothionin (4),17 in particular, the resonances of δH 4.15 (H-1),
6.43 (H-5), and 3.71/3.08 (H-7a/b) (acquired in DMSO-d6), which
are agreeable with those of δH 4.12, 6.34, and 3.80/3.03 in 4.17 A
selective gradient ROESY experiment established a dipolar coupling
between δH 6.38 (1-OH) and 3.62 (H-7a), as was reported for 2,
confirming the assigned geometry.11,17 The geometry of 2 was
assigned as depicted on the basis of the chemical shifts of H-1,
H-5, and H-7a/b and the observed ROESY correlation between δH

6.38 (1-OH) and 3.62 (H-7a).

The measured optical rotation for 2 of -72 is suggestive that it
is the enantiomer of the reported 2 (+100).11 The peak containing
2 was, however, not entirely pure, and as only a very small amount
was available for measurement of the optical rotation, the 1S*,6R*
configuration for 2 is a tentative assignment at this time. Likewise,
the measured optical rotation for 1 of -69 is suggestive that 1 has
the same configuration as 2 isolated in this study, so the 1S*,6R*
configuration for 1 is again only a tentative assignment. The limited
amount of sample obtained for 1 also meant the configuration at
C-19 was not determined.

Both 1 and 2 were found to be nonselective inhibitors of the
pyruvate phosphate dikinase (PPDK) coupled enzyme assay1a (13%
and 2.3% of control at 435 µg/mL, respectively). Given our interest
in finding selective inhibitors of PPDK, no further assessment was
carried out.

The ESI FTICR-MS techniques described here allow rapid and
unambiguous detailed structural information about individual
constituents to be derived from a complex crude extract without
prior fractionation. The high-resolution and routine accurate mass
capabilities of the ESI FTICR-MS instrument adds another dimen-
sion to the dereplication of crude extracts, where known and new
compounds in the extracts can be readily identified by assignment
of ion formulas and the observation of MS/MS fragments that can
be rationalized from the structure of known compounds.

Subsequent application of the hyphenated LC-UV/MS-SPE-NMR
technique resulted in the mass-targeted trapping of two chromato-
graphic peaks and their preliminary identification by 1D NMR in
CD3CN. The structures were fully elucidated using off-line 1D and
2D NMR in DMSO-d6. The advantage of using both FTMS and
LC-UV/MS-SPE-NMR methods in the early stages of the discovery
process is that they can interrogate crude extracts with minimal
preparation or fractionation, providing detailed information of the
individual components and identifying those that may be of interest
in terms of novel structures, making them valuable tools in
biodiscovery research programs.

Experimental Section

General Experimental Procedures. Solvents were HPLC grade
Omnisolv methanol (MeOH), Burdick and Jackson dichloromethane
(DCM), J. T. Baker acetonitrile (CH3CN), and milli-Q filtered water.

Table 1. NMR Spectroscopic Data (600 MHz) for 19-Hydroxyaraplysillin-I N20-Sulfamate (1)

posa δC, mult.c δH (J in Hz)b δH (J in Hz)c COSYc HMBCc

1 73.5, CH 4.15, m 3.92, dd (8.1, 0.9) 1-OH, 5 1-OH, 5, 7a, 7b
2 121.2, qC 1, 5
3 147.0, qC 1, 5, OMe
4 113.3, qC 1-OH, 1, 5, 7b
5 131.4, CH 6.43, s 6.59, d (0.9) 1 1, 7a, 7b
6 90.4, qC 1-OH, 1, 5, 7a, 7b
7 39.4, CH2 3.71, d (18.3) 3.62, d (18.4) 7b 1, 5

3.08, d (18.3) 3.22, d (18.4) 7a
8 154.8, qC 7a, 7b,
9-CO 159.0, qC 7a, 7b, 9-NH, 10
9-NH 8.58, t (5.8) 10
10 36.2, CH2 3.55, t (6.8) 3.40, m 9-NH, 11 9-NH, 11, 12
11 29.5, CH2 2.12, m 1.99, p (6.8) 10, 12 10, 12
12 71.1, CH2 4.07, t (6.2) 3.96, t (6.6) 11 H10, H11
13 151.1, qC 12, 15, 17
14, 18 117.5, qC 15, 17
15, 17 130.5, CH 7.60, s 7.56, s 19 17, 19
16 144.0, qC 15, 17, 19-OH, 19, 20
19 70.6, CH 4.71, m 4.66, m 19-OH, 15, 17, 20 15, 17, 20
20 51.6, CH2 3.20, dd (14.3, 2.9) 2.90, m 19 19-OH, 19

3.07, dd (14.3, 2.9)
OMe 59.7, CH3 3.72, s 3.64, s
1-OH 6.38, d (8.1) 1
19-OH 5.76, d (4.3) 19
20-NH 6.97, br

a Numbering for the structure of 1 is similar to that used for 4.11 b Spectra were recorded in CD3CN using a flow cell. c Spectra were recorded in
DMSO-d6 using a 1.7 mm tube.
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Deuterated solvents CD3CN (D 99.96%) and DMSO-d6 (D 99.9%) were
sourced from Cambridge Isotope Laboratories.

Optical rotations were measured using a Jasco P-1020 spectropo-
larimeter, light source Na, λ 589 nm, and cell length 100 mm.

Sponge Material. The sponge was collected, by dredging at a depth
of 30-42 m, from Shelburne Bay, Queensland, Australia (11.42.04′
S, 143.39.05′ E) in 1994 under GBRMPA Permit G88/354 and
identified as Ianthella flabelliformis (phylum Porifera, class Demo-
spongiae, order Verongida, family Ianthellidae). A voucher specimen
(AIMS-16704) is stored at AIMS, Townsville, Queensland, Australia.

Freeze-dried I. flabelliformis (∼1 g) was exhaustively extracted with
DCM followed by MeOH. After filtration and evaporation of solvents
the extract was redissolved in MeOH for LC-MS (10 mg/mL) and ESI
FTICR-MS (0.2 mg/mL in MeOH) analyses.

FTICR-MS Instrumentation. FTICR-MS measurements were
performed on an unmodified Bruker BioAPEX 47e mass spectrometer
equipped with an Analytica model 103426 (Branford, CT) electrospray
ionization (ESI) source in negative mode. Direct infusion of the sample
(0.2 mg/mL in MeOH) was carried out using a Cole Palmer 74900
syringe pump at a rate of 100 µL/h. The instrument was calibrated
using a methanolic solution of CF3COONa (0.1 mg/mL MeOH).

The ESI FTICR-MS2 experiments were performed by initially
isolating either the entire isotope envelope or the most abundant ion
within the isotope envelope with correlated sweeps. The selected parent
ions were selectively activated using either on-resonance excitation
collision-induced dissociation (CID) or sustained off-resonance irradia-
tion (SORI) excitation CID.5

LC-UV/MS-SPE-NMR Instrumentation. Separation was achieved
using an Agilent 1100 liquid chromatograph equipped a quaternary
solvent delivery pump, degasser, column oven (25 °C), and autosampler,
an Agilent PDA UV detector connected to a Knauer K120 Wellchrom
pump for post column water delivery, a Bruker Esquire3000 ion trap
mass spectrometer with an Apollo ESI ion source operating in negative
mode, and a Spark Prospekt 2 solid-phase extraction (SPE) device.

A solution of the methanolic extract (10 mg/mL MeOH) was injected
(40 µL, 400 µg), without further purification, onto a Phenomenex Luna
phenyl hexyl HPLC column (5 µm, 250 mm × 4.60 mm i.d.) and eluted
with CH3CN in H2O (10% at 0 min rising linearly to 100% at 30 min)
at a flow rate of 1 mL/min. The chromatography was monitored at λ
200 and 254 nm and m/z 796 and 812 (negative ion detection). The
intensity of the m/z values was used to define the thresholds to trigger
SPE trapping. The SPE cartridges were dried and the analytes eluted
with CD3CN directly into the 1 mm flow cell. CD3CN was chosen
because it has become a standard solvent for HPLC-SPE-NMR
experiments owing to its low viscosity, good solubility properties, and
minimal effects resulting from solvent suppression.18

1H NMR spectra in LC-UV/MS-SPE-NMR mode were obtained with
a Bruker Avance 600 MHz spectrometer equipped with a 5 mm CPTXI
inverse 1H-13C/15N Z-gradient cryogenically cooled probe (at 600 MHz
for 1H detected experiments and at 150 MHz for 13C spectra) and a 60
µL active volume 3 mm flow cell, operated at 300 K with 1H chemical
shifts referenced to the solvent signal of CD3CD at 1.96 ppm. 1H NMR
spectra were recorded using a multiple presaturation 1D NOESY pulse
sequence.

1D and 2D NMR spectra were obtained off-line in a 1.7 mm NMR
tube, operating at 300 K, and the 1H and 13C chemical shifts were
referenced to the solvent signals of DMSO-d6, 2.50 and 39.5 ppm,
respectively. COSY and HSQC spectra were acquired in phase-sensitive
mode; HMBC spectra (optimized for JCH, 8 Hz or JNH, 10 Hz) were
acquired with gradient selection. Selective gradient 1D ROESY spectra
were acquired with a continuous wave spinlock pulse length of
500 ms.

Assay. Inhibition of PPDK by HPLC fractions and by compounds
1 and 2 was performed as described previously.1

19-Hydroxyaraplysillin-I N20-sulfamate (1): solid; [R]D
23.7 -69 (c

0.0024, MeOH); UV (CH3CN/H2O) λmax nm 206, 222(sh), 283; 1H and
13C NMR (DMSO-d6 and CD3CN) data, see Table 1; (-)-ESI FTICR-
MS m/z 807.7813 (calcd for C21H22 Br4 N3O9S-, 807.7816).

Araplysillin-I N20-sulfamate (2):11 solid; [R]D
23.7 -72 (c 0.0016,

MeOH); UV (CH3CN:H2O) λmax nm 206, 222(sh), 283; 1H and 13C
NMR (DMSO-d6 and CD3CN) data, see Table S2 Supporting Informa-
tion; (-)-ESI FTICR-MS m/z 791.7886 (calcd for C21H22 Br4 N3O8S-,
791.7866).
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