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Abstract: The CH2CI2-MeOH extract of the Mediterranean sponge Crambe crambe was investigated
via UHPLC-HRMS/MS employing manual dereplication and in silico mass spectrometry tools. A
deconvolution approach was implemented toward the extensive metabolic characterization of the
sample, resulting in the annotation of 53 compounds. The analysis of data-dependent HRMS/MS
scans was conducted to establish fragmentation patterns characteristic of each crambescin A, B and
C sub-families. Among the 39 compounds identified from these groups, 22 analogues were reported
for the first time including 4 new homologous series that differed by the ratio of methylene units in
the upper (n+2) and lower (m+2) alkyl side chains. More specifically, crambesins presenting m=5 or
6 and n=5 (compounds 7, 11, 22 and 24) as well as m=5 or 6 and n=4 (compounds 5, 6, 8, 9, 12 and
14) were characterized. Additionally, 4 new crambescidin analogues (compounds 13, 15, 35 and 39)
were also reported. The identity of the dereplicated features was further validated by studying
crambescins spectral similarities through feature-based molecular networking approach. Overall,
this study suggests UHPLC-HRMS/MS—through integration of manual and computational
dereplication approaches—as a valuable tool for the investigation and high-throughput
characterization of C. crambe metabolome.

Keywords: Crambe crambe; UHPLC-HRMS/MS; dereplication; computational mass spectrometry;
molecular networking; guanidine alkaloids; crambescin analogues

1. Introduction

Crambe crambe is a red encrusting sponge of the order Poecilosclerida widespread along the
sublittoral of the western Mediterranean sea and the Macaronesian archipelagos [1]. Extensive
studies have been carried out in this model sponge with regard to its ecology and chemical content
[2-4].

The species is well known for the accumulation of a large diversity of guanidine-bearing
alkaloids, a group of secondary metabolites that might have a microbial origin [5,6]. Although many
years it was believed that C. crambe is virtually free of microsymbionts [7], recent studies of the
microbiome of the species have reported the presence of a low number of bacteria and fungi, along
with a group of Betaproteobacteria which dominates its microbial community and may be involved
in biosynthesis of guanidine alkaloids [6,8,9]. However, C. crambe is a low microbial abundance
sponge harboring much smaller bacterial communities with a lower bacterial diversity comparing to
other sponges [10].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The complex guanidine alkaloids derived from the sponge are distributed in two main chemical
families, crambescins and crambescidins. The crambescins can be divided into three sub-families
crambescins A, B and C. The structure of all crambescins A includes 5,6-fused bicyclic ring system
linked to one aliphatic side chain at the C-13 position and a guanidinoalkyl side-chain at the C-7
position. The second type is of a crambescin B skeleton, which is characterized by a [4,5] decane spiro-
ring system with similar side chains as crambescin A. Crambescins C represent the third sub-family
featured by a monocyclic guanidine ring connected to a linear 3-hydroxypropyl chain and two side
chains [11,12] (Figure 1). The members of crambescidin family have a pentacyclic guanidine core and
are named according to their molecular weight [13-15].
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Figure 1. Structures of crambescin sub-families described in the literature.

These specialized metabolites biosynthesized in C. crambe are chemotaxonomic markers for
Crambeidae family and exhibit an outstanding range of biological activities. Several studies have
demonstrated the antifungal, antimalarial, antiviral and cytotoxic activity against a diverse panel of
human tumor cell lines from members of crambescidin family, while crambescins present a more
specific activity on ion channels [14,16-23]. Being one of the strongest organic bases, guanidine might
be responsible for the biological activity of these molecules, due to the ionic pocket in the guanidine
nucleus, which can interact with biopolymers through hydrogen bonds and/or electrostatic
interactions [24]. The unique chemical architectures of polycyclic guanidine alkaloids, along with the
broad spectrum of their biological activities make them particularly attractive as starting points for
drug development.

The complexity of C. crambe metabolic profile lies in the presence of multiple crambescin
homologous series constituting a mixture of compounds that display a high degree of structural
similarity. In that context, UHPLC-HRMS/MS associated with dereplication approach represents a
valuable tool for the high-throughput characterization of the sponge’s metabolome. Molecular
networking and computational processing contributes on further analysis of MS/MS data. Molecular
networking was first introduced as a dereplication strategy over a decade ago, with a key publication
in 2013 demonstrating its ability to organize mass spectrometry data and aid in identifying known
compounds in complex biological mixtures based on their spectral similarities [25]. Since then, the
approach has evolved significantly, with various advancements and applications reported in the
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literature [26,27]. Regarding sea sponges, molecular networking as a dereplication strategy has been
employed successfully in different species, in some cases leading to the discovery of novel
compounds, and even entirely new classes of compounds [28,29].

In the present study, the dichloromethanic-methanolic (CH2Cl>-MeOH)) extract of C. crambe was
analyzed by UHPLC-HRMS/MS. The robust mass spectral data were processed and dereplicated
employing modern mass spectrometry computational tools that utilize machine learning algorithms
and in silico fragmentation to aid in structure elucidation and chemical class prediction [30-34].
Molecular networking visualization was conducted in the comprehensive Cytoscape environment
[35] by integrating data from both molecular networking and manual dereplication approaches.

2. Results and Discussion

Figure Our study resulted in the annotation of the guanidine alkaloid class of natural products
and, in total, 53 compounds of this class were manually dereplicated, including 22 new analogues of
crambescin and 4 new analogues of crambescidin, which are reported here for the first time.

All detected compounds were more abundant both in number and intensity in the ESI(+) mode
in comparison to the ESI(-). Consequently, we focused our study only on the ESI(+). The
deconvolution process yielded in the detection of 53 compounds within the crude extract as
presented in Error! Reference source not found.. The two internal standards, yohimbine and reserpine
were detected as intense peaks eluted at 9.80 and 12.59 min, organizing into own distinct molecular
clusters in the MN analysis. Observed m/z corresponded to [M+H]+ ions and were consistent with
their molecular formulas, while characteristic fragments ions were detected with a mass error < 5
ppm. These results demonstrated the suitability of the system regarding mass accuracy at both HRMS
and HRMS/MS levels and a mass error of + 5 ppm was further considered for the annotation of de-
convoluted peaks. All 53 annotated metabolites belonged to guanidine alkaloid family, most of them
being detected as multiple charged species. Annotation of crambescin analogues was performed
according to previous studies suggesting a conventional nomenclature based on sub-family type
followed by the molecular weight [11,36]. Accordingly, crambescidin analogues were named
according to their molecular weight. Crambescins and guanidine alkaloids in general, are a major
component of the overall chemical profile. That can be seen in the sunburst plots visualizing the LC-
MS/MS quantification data (Figure 2).

‘Acydic guanidine alkaloids

>
Tricydlic guanidine alkaloids
Small peptides = //

Guanidine alkaloids

1% \3 %
!

Halogenated fatry acids |}

Figure 2. Sunburst plot visualization of relative quantification of Natural Product Classes (NPC), as
predicted by CANOPUS ClassyFire, of total chemical profile’s NPCs (left chart), and subclasses of
guanidine alkaloids (right chart).
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Specifically, these 53 annotated metabolites are the dominant features as seen in (Figure 2), and
when visualized via molecular networking they seed four clusters of crambescins-related compounds
(Figure 3). The GNPS2 workflow resulted in the construction of a feature-based molecular network
(FBMN) consisting of 1024 nodes (consensus MS2 spectra) and 2629 edges. Following this, we
visualized the integrated SIRIUS results onto the MN, concerning the compound classes found in the
C. crambe extract, as predicted by SIRIUS built-in tool CANOPUS. The visualized results indicated
the presence of guanidine alkaloid compounds in the C. crambe extract, aligning with our previous
findings [37] and the existing literature [11,38]. As illustrated in Figure 3, by overlaying the results of
the manual dereplication approach onto the constructed FBMN, a compelling clustering pattern
emerged. Specifically, we observed several guanidine-containing clusters, collectively consisting of
223 nodes, connected with 537 edges in total.

It is important to emphasize that, based on the constructed molecular network, the interpretation
suggests that most of the manually dereplicated A, B and C crambescins form three main clusters
depending on their side chain moieties (“1”, “2” or “3”, rather than their main core moieties
(monocyclic, bicyclic, spiro-ring). Thus, we can observe three major clusters: one primarily composed
of A1-B1-C1, a second mainly featuring A2-B2-C2, and a third predominantly consisting of A3-B3-C3
crambescins.

One of the clusters (comprising 87 nodes connected by 227 edges), encompassed nodes
annotated as CANPOPUS-predicted guanidine alkaloids, alongside those corresponding mainly to
crambescins with “1”-type sidechain moieties (crambescins Al, Bl and C1). Another cluster
(comprising 55 nodes connected by 149 edges), also contained nodes annotated as guanidine
alkaloids, as well as those corresponding mainly to crambescins with “3”-type sidechain moieties
(crambescins A3, B3 and C3). The next characteristic guanidine-alkaloids-containing cluster (21
nodes, 29 edges) encompassed nodes corresponding to crambescins with “2”-type sidechain moieties
(crambescins A2, B2 and C2). Finally, the last two clusters encompassed features corresponding to
crambescidins and guanidine-like compounds, respectively.

The MN inspection confirmed that guanidine-containing clusters, as predicted by CANOPUS,
include most nodes linked to the manually dereplicated compounds of interest. This finding opens
avenues for exploring adjacent “unknown” nodes. Additionally, visual analysis effectively
differentiated clusters of crambescins, crambescidins, and guanidine-related compounds.
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Figure 3. Feature-based molecular networking (FBMN) of the Crambe crambe extract visualized in
Cytoscape. Refer to the legend for an explanation of the colors and shapes of the nodes, along with

details about the clusters. The MN was visually enhanced using the InkScape vector graphics editor

[39].
Table 1. Compounds detected in C. crambe extract by ESI(+)-UHPLC-HRMS/MS.
Major MS/MS
¥ m/z Rt Charge Mw exp.? Proposed A(ppm)® fragments: m/z (charge ProP ?Se(,i Ref.
state, z Formula Identification
state, z)
246.1587 (1); 264.1706 guanidine related
1 282.1806 8.16 1 281.1728 CisH23N3Os  -2.28 (1); 114.9612 (1); 60.0562 compound
1) (CsH2sN305)
) _ guanidine related
2 282.1806 9.34 1 281.1728 C1sH2sN3Os  -2.13 114'96;;;11)?;26;'8?62 (b compound
’ (C14H23N35053)
guanidine related
3 264.1704 9.66 1 263.1626 C1sH21N302  -0.99  246.1604 (1); 60.0562 (1) compound
(C14H21N302)

IS
237.1476 (1); 205.1217 guanidine related
4 296.1964 10.44 1 295.1886 Ci1sH2sN30s  -1.52  (1); 60.0562 (1); 159.1160 compound
1) (C1sH25N303)
5 227.1803 10.46 2 452.3450 C23Hu4N6Os  -3.31 174.1600 (1); 148.6021 (2) crambescin C 452
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6
234.1884 10.77
7

8 218.1757 10.87

9 227.1803 10.88

10 234.1884 10.98

11 241.1961 11.14

12 225.1835 11.16

13 292.8887 11.18

14 234.1884 11.18

15 279.2133 11.19

16 241.1961 11.24

17 218.1757 11.27

18 249.1829 11.33

19 225.1834 11.36

20
234.1884 11.43
21

22 248.2038 11.49

23 238.1909 11.51

24 241.1960 11.55

25 256.1910 11.55

26 249.1829 11.62

466.3612 C2:H16N¢Os

434.3357 C23H12N6O2

452.3450 C23H14N6Os

466.3612 C2sH16Ne¢Os

480.3765 C2sHasNsOs

448.3514 C2sH14N6O2

875.6426 C44Hs7N6O11

466.3612 C2sH16Ne¢Os

834.6166 CssHs2NeOs

480.3765 C25HasN6Os

434.3357 C23H12N6O2

496.3502 C2sH14N6O2

448.3513 C2sH14N6O2

466.3612 C2:H1sN6O3

494.3921 C26H50N6Os

474.3662 C26H16N6O2

480.3765 C2sHasNeOs

510.3664 C29H16N6O2

496.3502 C2sH14N6O2

-1.93

-0.65

-3.32

-1.91

-2.42

-0.45

1.73

-1.93

-1.01

-2.46

-0.58

-2.79

-0.78

-1.93

-2.46

-2.02

-2.58

-1.57

-2.73

188.1756 (1); 155.6100 (2)

174.1600 (1); 148.6021 (2)

197.1646 (2); 174.1600
(1); 148.1095 (2);
220.1689 (1)
128.1431 (1); 174.1599
(1); 111.0442 (1);
284.1956 (1)

160.1441 (1); 141.5942 (2)

188.1756 (1); 155.6096 (2)

204.1722 (2); 188.1756
(1); 155.1178 (2);
220.1689 (1)
246.1587 (1); 139.0751
(1); 162.1598 (1);
381.3460 (1)
128.1432 (1); 111.0443
(1); 188.1757 (1);
298.2129 (1)
246.1586 (1); 264.1707

(1); 70.0657 (1); 139.0750

1«

174.1600 (1); 148.6021 (2)

127.0864 (2); 197.1646
(2); 132.1130 (1);
262.2150 (1)
114.1028 (1); 384.2650
(1); 132.1131 (1);
228.1724 (2)
204.1722 (2); 141.1018
(2); 160.1441 (1);
248.2002 (1)

132.1131 (1); 127.5783 (2)

156.1748 (1); 111.0443
(1); 160.1441 (1)

188.1756 (1); 155.6091 (2)

188.1756 (1); 217.1806
(2); 155.1178 (2);
170.1650 (1)
142.1585 (1); 111.0443
(1); 188.1756 (1);
298.2106 (1)
128.1178 (1); 384.2652
(1); 235.1809 (2);
146.1287 (1)
132.1131 (1); 114.1028
(1); 127.0864 (2);
384.2638 (1)

homologue (m=5, n=4)
crambescin C 466

homologue (m=6, n=4)
crambescin C 466

homologue (m=5, n=5)

crambescin A 434
homologue (m=5, n=4)

crambescin B 452
homologue (m=5, n=4)

crambescin C1 466
(m=4, n=6)
crambescin C 480
homologue (m=6, n=5)

crambescin A 448
homologue (m=6, n=4)

crambescidin 875

crambescin B 466
homologue (m=6, n=4)

crambescidin 834

crambescin C1 480
(m=5, n=6)

crambescin A2 434
(m=2, n=7)

crambescin A3 496
(m=2) (cis)

crambescin A1l 448
(m=4, n=6)

crambescin C2 466
(m=2, n=8)
crambescin B1 466
(m=4, n=6)
crambescin C1 494
(m=6, n=6)
didehydrocrambescin

A1 474 (m=6, n=6)

crambescin B 480
homologue (m=6, n=5)

crambescin A3 510
(m=3) (cis)

crambescin A3 496
(m=2) (trans)

(11]

(11]

(11]

(11]
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7
211.1798 (2); 174.1599 ,
272321909 11.62 462.3663 CsHueNeO2  -1.99 (1); 148.1093 (1); Cra“(‘;e:’;ii; 42
248.2003 (1) '
156.1749 (1); 111.0443 .
28 241.1961 11.68 480.3765 CsHusNeOs  -2.46 (1); 174.1600 (1); Cra“(‘::f;li:;l) 80
284.1957 (1) '
132.1131 (1); 127.0865  crambescin C2 494
29 248.2039 11.68 4943921 C2sHsoNesOs  -2.40 2); 1141026 (1) (2, ne10)
127.0863 (2); 204.1721 ,
30 225.1835 11.70 4483513 C2sHuNeO:2  -0.64 (2); 132.1130 (1); Cranzrl;ezszmr‘l 2’; My
276.2321 (1) '
31272.2038 11.71 542.3920 CxoHsoNsOs  -2.40  160.1441 (1); 142.1335 (1) Cramb:g)m M2 g
70.0657 (1); 3492648 (2); crambescidin 800 or
3226787781173 3 800.6100 CisHsoNsOs 2,50 206.1536 (1); 392.3078 (2) . o [13,14]
f isocrambescidin 800
142.1334 (1); 384.2649 .
332631990 1179 2 5243824 CxHusNeO:  -0.76 (1); 160.1440 (1); Cra’?ﬁfjg?ﬁg 24 g
242.1875 (2)
146.1287 (1); 134.0943 .
342561910 11.81 2 5103664 CoHuNeO2 -1.65 (2); 128.1178 (1); Cra&‘f;)czzgi)s 10
235.1805 (2)
264.1703 (1); 139.0749
35286.8851 11.83 3  857.6318 CuHwsNeOw 1.41 (1); 246.1602 (1); crambescidin 857
381.3456 (1)
264.1707 (1); 246.1587
362732094 11.84 3 816.6048 CsHsoNeO; -2.53 (1); 139.0751 (1); 70.0657  crambescidin 816  [14]
()¢
184.2054 (1); 132.1131 .
372341884 11.88 2 466.3613 CxsHuNeOs -1.77 (1); 114.1028 (1); Cra“(‘ri‘f;liiz) 466
242.1484 (1) '
188.1756 (1); 156.174 (1); crambescin Al 476
382301989 1190 2 4763821 CouHuNeO2 139 ' B R o) (tnct, nc6)
263.1982 (1); 70.0657 (1); L
39 281.5530 11.94 3 841.6355 CasHssNeOo  -0.20 116.1071 (1); 139.0751 (1) crambescidin 841
70.0657 (1); 349.2647 2); - .\ escidin 800 or
40267.877811.94 3 800.6099 CusHsoNsOs  -2.58 392.3078 (2); 206.1537 (1) . o [13,14]
p isocrambescidin 800
156.1749 (1); 111.0444 ,
412482039 11.94 4943921 CasHsoNeOs  -2.34 (1); 188.1756 (1); Cra“(‘::fgli:;l) P4
298.2130 (1) '
211.1799 (2); 134.0942 .
422321910 11.98 462.3664 CosHuN6O2  -1.73 (2); 1461287 (1); ;rlarlnbescn;l‘f:iz_s)
276.2325 (1) omologue (m=3, n=
127.0864 (2); 132.1131 . .
43 238.1908 11.98 474.3659 C2sHusN6O2  -2.74 (1); 217.1807 (2); dﬁ};};jr(ﬁfzmlf_efg;n
114.1028 (1) '
497.3828 (1); 384.2652 ,
44 270.2066 12.03 538.3977 CaiHsoN6O:2  -1.36 (1); 522.3766 (1); Cra“(‘;e:’;r(‘ci‘;’ 38 g
174.1602 (1) ¢
160.1441 (1); 141.1018 .
452631990 12.03 524.3825 CxoHusNeO:2  -0.63 (2); 242.1877 (2); Craz?nlf;)czﬁgifz‘l [12]
384.2650 (1)
127.0864 (2); 211.1799 .
46 232.1910 12.11 462.3664 CsHisN6O:2  -1.82  (2); 132.113 (1); 290.2473 Cran(‘:f?ifg 2 1

)
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8
264.1707 (1); 246.1587
4741631951216 2 830.6233 CucHs:NeO;  0.98  (1); 70.0657 (1); 139.0751  crambescidin 830 [14]
(1)
160.1441 (1); 111.0443 .
4827220371218 2 542.3917 CxHsoNeOs  -2.92 (1); 232.2046 (1); Cramb‘;f;rl‘)m 2 g
274.2275 (1)
174.1597 (1); 148.1098 .
492702066 12.27 2 538.3976 CsiHxoNeOz2  -1.49 (2);249.1955 (2 Crambescin A3S38( o)

156.1493 (1) m=5) (trans)

360.2640 (1); 206.1536
50 404.2534 12.32 1 403.2463 C2H3304N3  -1.74 (1); 342.2542 (1); 60.0562 crambescidin acid ~ [37]

€]
127.0864 (2); 218.1873 ,
512301988 1251 2 4763820 CasHuNeO2 -1.65 (2); 132113 (1); 3042617 CTampescin A2476 )
1) (m=2, n=10)

195.1740 (1); 97.0651 (1);

52 254.2221 12.51 1 253.2148 CuHzNsO -1.97 60.0562 (1); 111.0442 (1)

crambescin 253 [37]

IS

114.9612 (1); 223.2051
53 282.2534 13.77 1 281.2460 CisHaiN3O  -1.42  (1); 97.0651 (1); 60.0562 crambescin 281 [37]
@

2 Experimental molecular weight was calculated from the observed m/z as follows: M,,calc.= (m/z) X z —

(z x My) where Mu=1.0078 Da. ®*Mass error between the molecular weight calculated from the experimental m/z
(M, exp.—M,, theor.)
M,, theor.
theoretical molecular weight, the following monoisotopic mass values were considered for each element H, C,
N and O: Mu= 1.0078 Da, Mc=12 Da, M~x=14.0031 Da, Mo=15.9949 Da. [40]. “MS/MS data dependent scans were
not triggered on the [M+2H]?ion, data from the MS/MS fragmentation of the [M+H]* ion is reported. 4 data from

the MS/MS fragmentation of the [M+2H]*"ion is reported.

and from the theoretical formula as follows: A(ppm) = 10° x . For determination of the

2.1. Crambescins A

The most abundant metabolite of the extract (compound 30) was detected at 11.71 min with m/z
225.1835 corresponding to a [M+2H]* consistent with a molecular formula of C2sH44N¢Oz. In the MN
analysis, the corresponding feature node is a part of the crambescins “2”-type side chain moiety
cluster, connected with another A2 crambescin (compound 51) and an annotated node congruent
with CANOPUS-derived predictions for guanidine compounds. The single charged ion [M+H]* was
also observed at m/z 449.3600 (A 1.34 ppm) with an intensity 50 times lower than this of the doubled
charged ion. The MS/MS spectrum of the [M+2H]? ion displayed characteristic fragments which
provided insights on both alkyl and guanidinoalkyl side chains (Figure 4). More specifically, the loss
of methylenediamine (-42 Da, CH2N?2) yielded in the m/z 204.1721 fragment ion ([C2sHasN4O2]%, A -
1.47 ppm) and further dissociation of the aliphatic side chain (-154 Da, CiiHz) resulted in the m/z
127.0863 ([C12H22N«O2]?, A -2.36 ppm). Therefore, doubled charged fragments can serve to determine
the length of the aliphatic side chain at C-13. On the other hand, singly charged fragment m/z 132.1130
([CsH1NsOJ+, A -3.03 ppm) provided a direct characterization of the guanidinoalkyl side chain.
Finally, the fragment ion m/z 276.2321 ([CisH3NOJ*, A 0.36 ppm) could be related to the cleavage of
both guanidine cyclic core and guanidine ester. Consequently compound 30 was identified as
crambescin A2 448.
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MS/MS spectrum of m/z 225.1835 at Rt 11.71 min
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Figure 4. MS/MS fragmentation of Crambescin A2 448 (compound 30).

Interestingly, this fragmentation pattern led to the characterization of new homologues from the
crambescins A family, which displayed different ratios regarding the number of methylene units
composing the alkyl side chains. MS/MS spectra of compound 8 was consistent with a crambescin A
434 homologue with m=5 and n=4. Double charged fragments with m/z 197.1646 and 148.1095
corresponded to [C2H#N:«O2]* and [CisH2sNsO2]?* respectively (A, -0.76 and -2.70 ppm). As
mentioned previously, neutral loss between these two fragments corresponded to the dissociation of
the C-13 alkyl side chain i.e. C7His, while guanidinoalkyl chain was characterized by the fragment
m/z 174.1600 ([CsH20N30]*, A -1.15 ppm).

By analogy to this fragmentation pattern, 10 compounds of crambescin A group were annotated.
Compounds 17 and 19 were identified as crambescin A2 434 and crambescin Al 448. Crambescin Al
462 and crambescin A2 462 were assigned to compounds 27 and 46 while compounds 38 and 51 were
respectively corresponded to crambescin Al 476 and crambescin A2 476. The oxidized forms of 38
and 51, which were consistent with a formula of C2HssNeO2, were detected at 11.51 min
(didehydrocrambescin Al 474, compound 23) and at 11.98 min (didehydrocrambescin A2 474,
compound 43).

Additionally, another two new crambescin A homologues were characterized, compounds 12
and 42, which were identified as crambescin A 448 (m=6, n=4) and crambescin A 462 (m=3, n=8),
respectively.
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A series of compounds presenting empirical molecular formulae of the type CaH2n-12N6O2 were
found to belong to the crambescin A3 sub-family, which were first introduced by Genta-Jouve et al.
[41]. These metabolites exhibited a Ring Double Bond Equivalents (RDBE) of 10 which indicates an
extra four degrees of unsaturation comparing to other crambescins A (CnH2nsNe¢Oz, RDBE 6).
Following a similar fragmentation pathway, neutral loss of 202 Da (-CisHz22) between double charged
fragment ions enabled to confirm that these additional unsaturated bonds were located on the upper
aliphatic side chain. Consequently, compounds 18 and 26 were determined to be crambescin A3 496
isomers, compounds 25 and 34 were found to be crambescin A3 510 isomers, compounds 44 and 49
were identified as crambescin A3 538 isomers and compounds 33 and 35 were assigned to crambescin
A3 524 isomers. To the authors’ knowledge, it is the first time that crambescin A3 isomerism has been
reported. The same characteristic fragment ions were observed for each pair of isomers, differing
only by their intensity as shown in Figure 5. The annotation of cis- and trans- isomers was based on
their expected relative polarity.
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Figure 5. Comparison of MS/MS spectra of cis- and trans- isomers of crambescin A3 524 (compound
33 and 45, respectively).

2.2. Crambescins B and C

In addition to crambescins A, the investigation of the C. crambe metabolic profile revealed the
presence of 16 compounds belonging to crambescin B and C families, which exhibited a different
fragmentation pattern. These analogues display empirical molecular formulae of the type CnHozn-
2N6Os and their discrimination was based on the intensity of specific fragment ions. Due to the
presence of two conjugated double bonds in the guanidine ring, members of crambescin C family
may undergo a Retro-Diels-Alder reaction less easily comparing to crambescins B, which possess
only one intracyclic bond [42].
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A pair of isomers consistent with a molecular formula of C2sHsN¢Os were detected at 11.24 min
and 11.68 min (compounds 16 and 28). Following the analysis of the MS/MS spectrum presented in
Figure 6, the double charged ion [M+2H]?* with m/z 241.1961 observed at 11.68 min was identified as
the known metabolite crambescin B1 480 (compound 28). The guanidine cyclic core underwent a
pericyclic reaction via a Retro-Diels-Alder mechanism yielding into two fragment ions m/z 198.1965
([CnH2:Ns]5, A 0.00 ppm) and m/z 284.1957 ([C1aH26NsOs]*, A -3.87 ppm). Consequently, loss of
methylenediamine from the first fragment resulted in m/z 156.1749 ([CioH22N]*, A 1.28 ppm), while
dissociation of the guanidine ester from the second fragment produced the m/z 111.0443 ([CsH7OzJ*,
A -0.90 ppm) and m/z 174.1600 ([CsH20N30]* A -1.15 ppm) assigned to the spiroaminal ring and the
lower guanidoalkyl chain, respectively. The constructed FBMN clustered crambescin B1 480 with
crambescins B1 494, C1 466, and C1 480, creating a larger constellation. The manual dereplication
method indicated that the majority of these compounds feature “1”-type moieties or side chains,
regardless of the central cyclic guanidine core. Additionally, all these nodes are positioned within the
previously mentioned subnetwork that includes CANOPUS-predicted guanidine compounds.
MS/MS spectrum of m/z 241.1961 at Rt 11.68 min
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Figure 6. MS/MS fragmentation of Crambescin B1 480 (compound 28).

The fragmentation pattern observed for the metabolite corresponded to the double charged ion
[M+2H]?> with m/z 241.1961 at 11.24 min was very similar with this of crambescin B1 480. MS/MS
spectrum inspection revealed the presence of the same fragments in significantly lower intensity.
However, the difference lied in the presence of an intense double charged fragment ion m/z 148.6021
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([C1sH2NsOs]>* A -0.67 ppm), implying the losses of the upper aliphatic chain and the guanidine
moiety of the lower chain. Moreover, the other major fragment with m/z 174.1600 ([CsH20N3OJ* A -
1.15 ppm) allowed the determination of the length of the lower aliphatic chain (Figure 7). Based on
these observations, compound 16 was identified as crambescin C1 480.

MS/MS spectrum of m/z 241.1961 at Rt 11.24 min
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Figure 7. MS/MS fragmentation of Crambescin C1 480 (compound 16).

Another pair of isomers eluting at 11.14 min (compound 11) and 11.55 min (compound 24)
presented the same molecular formula with crambescins B1 and C1 480. MS/MS spectra of these
metabolites displayed the same fragmentation motives, varying only in the length of the side chains.
As a result, two new analogues were identified belonging to crambescins B and C group, which bore
the same number of methylene units in the lower and upper aliphatic chain (m=6, n=5).

Based on the characteristic fragmentation scheme of crambescins B and C, other analogues were
annotated accordingly. Compounds 22, 29 and 41 were identified as crambescins C1, C2 and B1 494
respectively, compounds 10 and 21 were assigned to crambescins C1 and B1 466 and compounds 20
and 37 corresponded to crambescins C2 and B2 466. Moreover, 5 new analogues were reported for
the first time including 2 crambescin C 466 homologues (m=6, n=4; compound 6 and m=5, n=5;
compound 7), a crambescin B 466 with m=6, n=4 (compound 14), as well as a crambescin C 452
homologue (m=5, n=4; compound 5) and a crambescin B 452 with m=5, n=4 (compound 9). Mass
spectra and detailed fragmentation patterns for these new analogs are presented in supplementary
information.

Finally, 2 compounds presenting a molecular formula of CsHsNeOs indicating 9 degrees of
unsaturation were found to be the known crambescins C3 and B3 542 (compounds 31 and 48,
respectively) [41] along with 2 minor metabolites, crambescins B 253 and 281 (compounds 52 and 53)
[37].

2.3. Crambescindins and Other Guanidine Alkaloids
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A triple charged ion m/z 273.2094 eluting at 11.84 min accounted among the major metabolites
detected in the extract. This feature was consistent with a molecular formula of C+HsoNeO7 and was
assigned to be crambescidin 816 (compound 37), a member of crambescidin family which was
introduced by Jares-Erijman et al. [14]. Other crambescidin metabolites present at lower
concentration were also identified including isomeric forms of crambescindin 800 (compounds 32
and 40) and crambescidin 830 (compound 47). Moreover, 4 new crambescindin analogues were
reported, compound 13 (crambescidin 875, molecular formula CauHsNeOi1), compound 15
(crambescidin 834, molecular formula CsHs2NeOs), compound 35 (crambescidin 857, molecular
formula CuHssNeOro), and compound 39 (crambescidin 841, molecular formula CauHssNeOo).

At MS level, the base peak ion of all crambescidin analogues typically corresponded to the
[M+3H]J** form, with the [M+2H]* ion being present at lower intensity. At MS/MS level, characteristic
fragment ions were observed for all the compounds mentioned here above. More specifically, the
fragment ion m/z 264.17 ([C14H22N30:2]*, A -1.51 to 0.00 ppm) corresponded to the guanidine core after
the loss of the ethyl oxepine moiety and further dehydratation yielded in the m/z 246.16. Another
common fragment ion, m/z 70.0657 ([CsHsN]*, A 2.85 ppm), was produced by the fragmentation of
the hydroxyspermidine unit and subsequent cleavage of the hydroxyl group.

Additionally, 4 guanidine related compounds of lower molecular weight compounds were
observed as single charged ions potentially belonging to crambescidin family (compounds 1-4) along
with the known crambescidin acid (compound 50).

In the context of molecular networking, the manually dereplicated crambescidins, as well as
guanidine-related compounds form their own distinct clusters.

3. Materials and Methods

3.1. Chemicals

Analytical grade dichloromethane and methanol that were used for sample extraction were
purchased from Sigma-Aldrich (Steinheim, Germany). For sample reconstitution of the crude extract
and further UHPLC-HRMS analysis, LC-MS grade solvents were used. More specifically, Acetonitrile
(LC-MS grade) was purchased from Fluka/Riedel-de Haén (Seelze, Germany), Methanol (LC-MS
grade) was acquired from Sigma-Aldrich (Steinheim, Germany) and Formic acid (LC-MS grade) was
obtained from Thermo Fisher Scientific (Geel, Belgium). High purity water was provided by a
Millipore Milli-Q Plus water purification system (Millipore, Milford, MA, USA). Reserpine and
yohimbine were purchased from Sigma-Aldrich (Steinheim, Germany).

3.2. Sample Preparation

A sample (wet weight 277g) from C. crambe species (Class: Demospongiae; Order: Poecilosclerida)
[43] collected from the Mediterranean sea, La Herradura, Spain, 36°43'23.149”N 3°43’35.91”W. It was
then lyophilized and further extracted using the Accelerated Solvent Extraction (ASE) method with
a mixture of dichloromethane and methanol (50:50, v/v). Crude extract was obtained after
evaporation of the solvents under reduced pressure and reconstituted in MeOH in order to obtain a
concentration 1 mg.mL-'. Reconstituted sample was vortexed thoroughly for 10 min and further
subjected to centrifugation at 12 000 rpm for 10 minutes at 4 °C. Supernatant was diluted and spiked
with a mixture of reserpine and yohimbine, used as internal standards. Final concentration was of
0.1 ug/mL crude C. crambe extract and of 270 pg/mL for each internal standard.

3.3. UHPLC-HRMS/MS Analysis

Liquid chromatography analysis was performed on a Dionex Ultimate 3000 UHPLC system and
detection was carried out on an Q-Exactive Orbitrap mass spectrometer equipped with an HESI
source (Thermo Scientific, Germany). More specifically, separation was achieved on a Hypersil Gold
UPLC C18 (2.1 x 100 mm, 1.9 um) (Thermo Scientific, Germany) column heated at 40 °C. Solvent A
was Milli-Q water with 0.1% (v/v) formic acid and solvent B was acetonitrile. Gradient elution started
with 95% A, decreasing to 5% A in 24 min. These conditions were kept for 4 min before getting back
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to initial conditions for a 2 min re-equilibration. Auto-sampler tray temperature was maintained at 8
°C and injection volume was of 10 pL. HRMS data were acquired in both negative and positive
modes, in the full scan m/z range of 110-1000, with a resolution of 70 000 FWHM in profile mode.
Data dependent acquisition was simultaneously performed using a HCD-fragmentation with a
normalized collision energy of 35% and a mass resolution of 35 000. Capillary temperature was set at
320 °C in both polarities, whereas source voltage was 3.6 kV in ESI+ and 3.2 kV in ESI-. Probe Heater
Temperature was of 200 °C and the S-Lens RF Level was set at 55. Finally, nitrogen was used as the
sheath gas (40 arbitrary units) and auxiliary gas (8 arbitrary units).

3.4. Molecular Networking/Computational Chemical Dereplication

UHPLC-HRMS/MS chromatograms were acquired using Xcalibur version 2.1 (Thermo Fisher
Scientific).

For the MN-based dereplication, the obtained Thermo Fisher *.raw data were first converted to
* mzML format with the use of MSConvert, a tool from the ProteoWizard suite [44,45], in order to be
processed in the MZmine2 environment [30]. During the conversion the data is centroided
(transforming profile data into a format that represents peak intensities at discrete m/z values) by
applying a peak picking filter. Data processing involved the following steps and parametrizations: a)
mass detection based on a defined threshold of 100 for MS1 and 10 for MS2; b) chromatogram
building was achieved implementing the GridMass - 2D module [46]. More specifically algorithm
was set to generate a grid of equally spaced probes of 0.05 min and 0.05 Da in the entire time-range
(Ist dimension) and the m/z-range (2nd dimension) of the chromatogram. c) chromatogram
deconvolution through local minimum search module, with chromatographic threshold 1%,
minimum RT 0.05, minimum relative height 1%, minimum absolute height 200, and minimum ratio
of peak to edge 1. d) Lastly, we applied feature filtering to keep only the ones with MS2-containing
scans. Following MZmine processing, data were forwarded to GNPS2 online platform for molecular
network construction and feature prediction through library matching [34]. FBMN workflow
parameters in the GNPS2 environment included: general parameters—precursor ion tolerance 0.02
Da; fragment ion tolerance 0.02; networking parameters—minimum cosine score 0.7; minimum
matched peaks 6; library search parameters —minimum cosine score: 0.7; minimum matched peaks
6; search for analogs enabled. Furthermore, the data were imported into SIRIUS [31] environment to
predict the identity and chemical classes of the compounds based on the implemented CSI:FingerID
[32] and the Support Vector Machine algorithms of CANOPUS and ClassyFire [33,47]. The NPC
ClassyFire results were visualized in sunburst plots through Plotly Python [48], and were also
integrated into the GNPS2-constructed FBMN [27,34] by utilizing the robust Cytoscape environment
[35]. The Cytoscape platform has been utilized for the visualization of FBMN with a significant
advantage being its ability to display any tabular data as attributes of the network, applicable to both
nodes and edges. For the MN layout, yfiles [49] organic style was chosen since it reveals inherent
symmetric and clustered structures within undirected graphs, while ensuring a balanced distribution
of nodes and minimizing edge crossings. The acquired data and workflows are available under
Findability, Accessibility, Interoperability, and Reuse (FAIR) principles. Specifically, MS/MS data are
stored in the MassIVE repository (massive.ucsd.edu) with the identifier MSV000096117. The MN
output and  its = parametrization can be found on  GNPS  repository
(gnps2.org/status?task=2e9e2fe9d05743118d93cbb64£30acb0).

4. Conclusions

An in-depth qualitative investigation of Mediterranean sponge Crambe crambe was performed
using UHPLC-HRMS/MS. The study of the CH2Cl--MeOH extract, led to the annotation of 53
compounds belonging to crambescin and crambescidin families. A computational mass spectrometry
approach, based on molecular networking studies and Natural Product Classes predictions (NPC),
enabled the further study of the crambescins guanidine alkaloids family and the prioritization of
compounds for future isolation. A detailed fragmentation pattern is proposed for the characterization
of crambescin compounds, which enabled the identification of 22 analogues reported for the first
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time. Interestingly, MS/MS data analysis highlighted the presence of 4 new homologous series of
crambescins, regarding the ratio of methylene units that compose the upper (n+2) and lower (m+2)
alkyl side chains. These new homologues included crambescin B/C 452 (compounds 9/5) and
crambescin A 434 (compound 8) with m=5, n=4, crambescin C 466 (compound 7) with m=5, n=5,
crambescin B/C 466 (compounds 14/6) and crambescin A 448 (compound 12) with m=6, n=4, as well
as crambescin B/C 480 (compound 24/11) with m=6, n=5. Moreover, the presence of 8 crambescidin
compounds is reported among which 4 of them constitute new analogues. Due to its sensitivity, the
high mass accuracy at both MS and MS/MS levels as well as the extensive structural information
provided through HCD-fragmentation, the implemented UHPLC-HRMS/MS methodology
demonstrated its fitness for purpose regarding the characterization of both major and minor
guanidine alkaloids from C. crambe sponge.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, MS and MS/MS spectra and identified fragments for compounds 9, 14, 5, 6 and 7.
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