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ABSTRACT: Knottins are stable, structurally constrained mini-
proteins with diverse bioactivities. This work presents the first
report of a novel family of knottins, ‘stryphnines’, from the deep-sea
sponge Stryphnus fortis. Peptidomic and transcriptomic analysis
revealed a rich peptide repertoire and confirmed their ribosomal
and sponge origin. This led to the isolation of two novel knottins
containing a side-chain to side-chain ester linkage between serine
10/11 and glutamic acid 29/30, respectively, alongside one of their
counterpart peptides devoid of the ester bond. The cryptic ester
linkage was difficult to resolve due to β-elimination occurring at the
serine side-chain ester. However, a combination of NMR, pH
incubation studies, and MS/MS analysis facilitated their complete
identification. Both stryphnines with and without the ester linkage exhibited no cytotoxicity and genotoxicity to mammalian cells. In
contrast, stryphnines with the ester linkage strongly inhibited biofouling by barnacle larvae Amphibalanus improvisus and inhibited
bacterial sialidase from Clostridium perfringens. The core knottin framework remained extremely stable in human serum at
physiological conditions, despite ester bond hydrolysis occurring at high temperature and different pH treatments. The positive
attributes of nontoxicity and biological stability, alongside demonstrated bioactivities, open up opportunities to further investigate
the true ecological role and biosynthetic mechanisms of stryphnines.

■ INTRODUCTION
Cysteine-rich peptides (CRPs) marked by cross-linked multi-
ple disulfides, typically ranging from 2 to 6 kDa, are becoming
increasingly recognized as valuable mini-protein leads in drug
discovery.1−3 Interchangeably referred to as disulfide-rich
peptides (DRPs),4,5 CRPs offer biologically stable templates
and the potential for precise targeting of historically intractable
protein−protein interaction surfaces, providing many oppor-
tunities for pharmaceutical design.6

Among CRPs, inhibitor cystine knot (ICK) or knottins
represent a unique disulfide connectivity of CysI-CysIV, CysII-
CysV, and CysIII-CysVI, where the first two disulfides, along
with regions of the peptide backbone, form a ring structure
threaded by the third disulfide bond. This unique disulfide
arrangement leads to an extremely stable peptide core.7

However, despite the discovery of a large number of natural
products in marine sponges, including macrolides, terpenoids,
nonribosomal peptides, polyketides, and sterols,8 the discovery
of CRPs, including knottins, has remained surprisingly rare.

In the few families of CRPs identified in marine sponges,
similarities and conspicuous features are prominent.9 Barret-
tides A−G from Geodia barretti (order: Tetractinellida, family:
Geodiidae),10,11 stand out in this regard due to a β-hairpin

scaffold held in place by two cross-braced disulfides between
CysI-CysIV and CysII-CysIII. They are notable as one of the
CRPs of ribosomal origin produced by sponges, validated
through comprehensive transcriptomic and genomic anal-
yses.11,12 The rest of the other sponge CRPs have been
serendipitously discovered through bioassay-guided screening
programs.9

Both recifin A from Axinella sp. (order: Axinellida, family:
Axinellidae)13 and neopetrosiamides from Neopetrosia sp.
(order: Haplosclerida, family: Petrosiidae) contain six cysteines
but exhibit their own unique disulfide connectivity patterns,
which distinguishes them from members of the knottin
family.14 As no genomic data were obtained, their biosynthetic
origin is unclear. Another peptide group characterized is the
aculeines from Axinyssa aculeata (order: Suberitida, family:
Halichondriidae),15 44-residue peptides with long-chain poly-
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amines. Their ribosomal origin was confirmed through cDNA
cloning. Although suggested to be knottins, aculeines still await
structural characterization and disulfide-mapping by NMR and
chemical methods. Asteropsins A to G from Asteropus species
(order: Tetractinellida, family: Ancorinidae)16−20 represent the
only confirmed knottins identified in sponges. Most asterop-
sins also contain a notable posttranslational modification
(PTM) of an N-terminal pyroglutamate. They represent an
intriguing class of peptides, owing to their stable structural
characteristics and their potential as nontoxic pharmacophore
carriers. In the absence of genetic data, their biosynthetic
origin remains unknown.

The close evolutionary relationship between the genus
Stryphnus and the genus Asteropus,21 from which asteropsins
are reported, inspired us to explore the production of CRPs in
Stryphnus fortis (Vosmaer, 1885) (order: Tetractinellida,
family: Ancorinidae). S. fortis is a massive North Atlantic
deep-sea sponge,22 poorly studied for the presence of natural
products. Stryphnusin, a brominated phenethylamine with
moderate acetylcholinesterase inhibitory activity (IC50 − 232
μM)23 and ianthelline, a bromotyrosine analogue with both
antifouling24 and cytotoxic25 properties, are the only two
natural products extracted from S. fortis. Ianthelline was later
shown to be most likely produced by a verongiid sponge
(Hexadella dedritifera), growing on S. fortis,26 which leaves
stryphnusin as the only natural product potentially produced
by S. fortis to date.

Herein, we report the characterization of a new family of
stable knottins, termed stryphnines, derived from S. fortis. Our

study employed an integrated approach of transcriptome
mining and de novo peptide sequencing to unravel ∼ 21
candidate stryphnines that are of ribosomal origin and
produced by the sponge. Structural characterization of the
three most abundant peptides revealed a highly conserved
tertiary molecular scaffold, centrally featuring a cystine-knot.
The bioactivity profile of stryphnines was evaluated by
screening for antibiofouling, antimicrobial, and sialidase
inhibitory activities. Furthermore, their cytotoxicity and
genotoxicity toward mammalian cells, stability in serum, and
tolerance to heat and pH treatments were assessed. This study
presents the first evidence of sponge-derived knottin-type
peptides undergoing ester bond formation as a PTM,
highlighting unexplored ecological roles and bioactivities that
warrant further investigation.

■ RESULTS AND DISCUSSION

Isolation and Identification of Stryphnines

To purify and isolate peptides, crude aqueous extracts of the
deep-sea sponge S. fortis were prepared, followed by RP-
HPLC, LC-MS analysis, and MS/MS sequencing. Tran-
scriptomic and NMR analyses were conducted to facilitate
the characterization of the peptides, which we subsequently
coined stryphnines. The LC-MS analysis of the 60%
acetonitrile (CH3CN) in water extract revealed ∼ 30 putative
peptides, characterized by multiple charge states. Upon
deconvolution, these yielded monoisotopic masses between
2.5 and 4.5 kDa (Figure S1A, Table S1). Here, we focused on

Figure 1. S. fortis transcriptome mining for stryphnine peptides and their precursors. (A) Sequence alignment of stryphnine A−I precursors, the
mature peptide sequence domains are highlighted in orange and boxed in black. (B) SignalP 5.0 analysis reveals the structure of the stryphnine A
precursor peptide with the secretory signal for the Sec translocon region (red) at the N-terminal, possible cleavage site (green), and intermediate
region (blue) followed by the mature peptide region (in orange and underlined) at the C-terminal.
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the isolation of three of the most abundant peptides with
monoisotopic molecular weights (MW) of 3330.39 Da,
3348.39 Da, and 3516.47 Da, later named stryphnine A
[Ser10-O−CO-Glu29], stryphnine A, and stryphnine B
[Ser11-O−CO-Glu30], respectively. The specific differences
in monoisotopic MW of the three peptides and similar
fragmentation patterns observed during subsequent MS/MS
analysis suggested that these peptides may share similar amino
acid sequences. The monoisotopic MW of stryphnine A
[Ser10-O−CO-Glu29] was 18 Da less than that of stryphnine
A, suggesting that stryphnine A [Ser10-O−CO-Glu29] may
contain a PTM. The 186.087 Da difference between
stryphnine A [Ser10-O−CO-Glu29] and stryphnine B
[Ser11-O−CO-Glu30] suggested the presence of an additional
tryptophan (W) in the sequence of the latter. This residue was
assigned to the N-terminus (position 1), a configuration
subsequently confirmed by 2D NMR experiments.

The peptides were reduced using dithiothreitol (DTT) and
then alkylated using iodoacetamide (IAM). As a result of the
alkylation, the mass of each of the three peptides increased by
348 Da, indicating the presence of six cysteine residues in each
peptide (Figure S1B). MS/MS analysis of reduced/alkylated
stryphnine A [Ser10-O−CO-Glu29] showed a different
fragmentation pattern for the 1221.5267 m/z [M3+] parent

ion, compared to the 1227.5278 m/z [M3+] parent ion of
stryphnine A (Figure S1C,D). This suggested a structural
divergence between the primary amino acid sequence of
unmodified stryphnine A and its ester-linked variant, likely
resulting from a PTM.
S. fortis Transcriptome Reveals a Series of Stryphnines and
Their Precursor Peptides

The S. fortis transcriptome, which was previously cleaned of its
prokaryote sequences using a combination of polyA tail
selection and in silico selection,27 was mined for stryphnine-
like peptides, using the confirmed stryphnine A sequence.
Eight stryphnine-like transcripts were identified, coding for 3−
4 kDa peptides (Figure 1A). The nucleotide sequences for
each of the transcripts are compiled in Table S3. Notably, none
of the predicted peptide masses, except stryphnine A, were
detected within the aqueous fraction. The analysis of the
precursor peptides using SignalP 5.0 revealed the presence of
three distinct regions: signaling, intermediate, and peptide
regions. A possible cleavage site was identified between the
signaling and intermediate regions (Figure 1B). The signaling
peptide was identified as Sec/SPI type (secretory signal
peptides transported by the Sec translocon and cleaved by
signal peptidase I). This precursor peptide organization is
characteristic for ribosomally produced and post-translationally

Figure 2. MS/MS fragmentation patterns of the three fragments of the reduced and alkylated stryphnine A resulting from chymotrypsin cleavage.
(A) N-terminal fragment, (B) C-terminal fragment, and (C) middle fragment. The experimental m/z are marked with red and the theoretical with
blue. The N-terminal fragment contains a cyclized N-terminal S-carbamoylmethylcysteine (cycCalk). Stryphnine A [Ser10-O−CO-Glu29] cleaved
with chymotrypsin gave the same two fragments as stryphnine A of m/z [M1+] = 1102.574 and m/z [M1+] = 1018.379, for middle and C-terminal
fragments, respectively, and their fragmentation patterns corresponded to the predictions (Figures 2B,C). (Note that Calk = Calkylated).
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modified peptides (RiPPs).9,28 Altogether, this is strong
evidence that stryphnines are ribosomal peptides, produced
by S. fortis, the animal host, and not by one of its microbial
symbionts. There is also very little probability that the
transcriptome was contaminated by animal epibionts growing
on S. fortis (e.g., the sponge H. dedritifera) since the surface was
avoided when subsampling for the transcriptome (A. Riesgo,
Pers. comm.).
Unravelling the Amino Acid Sequences of Stryphnines

Given the estimated size of the peptides, the presence of six
cysteine residues, and the assumption that they are similar to
peptides discovered in the related species Asteropus sp.,17 the S.
fortis transcriptome was systematically searched for peptides
that match these characteristics. We identified possible hits by
matching the theoretical and experimental monoisotopic
masses. This approach yielded a peptide with the amino acid
sequence CLPKGTPCPSTHPYVCCSGICYGVPGAHEICY
and theoretical monoisotopic mass of 3348.43 Da closely
matching the experimental molecular weight of stryphnine A
(experimental monoisotopic mass = 3348.39 Da). A potential
match for stryphnine B (calculated as stryphnine A with an N-
terminal tryptophan addition) was not identified in the
transcriptome, despite the experimental molecular weight and
the proposed sequence (WCLPKGTPCPSTHPYVCCSGI-
CYGVPGAHEICY) being confirmed by mass spectrometry
and NMR for stryphnine B with the PTM.
MS/MS Analysis of Stryphnines

To confirm the sequences of the peptides as well as the nature
of the PTM in stryphnine A [Ser10-O−CO-Glu29] and
stryphnine B [Ser11-O−CO-Glu30], we undertook a series of
LC-MS/MS experiments. The sequencing was challenging due

to the PTM at Ser10/Ser11 in the respective peptides. The
PTM cross-link proved to be pH-sensitive and susceptible to
hydrolysis. Additionally, peptides underwent further chemical
modification during LC-MS processing, such as N-terminal S-
carbamoylmethylcysteine cyclization.

The chymotrypsin cleavage of alkylated stryphnine A
resulted in three fragments with m/z [M2+] = 799.372; m/z
[M1+] = 1102.574; and m/z [M1+] = 1018.379 (Figure 2A−
C). The first of the three fragments, located at the N-terminal
of the predicted stryphnine A sequence, apparently underwent
an N-terminal S-carbamoylmethylcysteine cyclization in the
bicarbonate buffer used for the enzymatic cleavage, resulting in
a −17 Da difference.29 The MW and fragmentation pattern of
such a modified peptide matched the predictions, and the
modification could be pinpointed to the N-terminal (Figure
2A). The middle and C-terminal fragments from the
chymotrypsin cleavage matched very well with the predicted
mass and fragmentation patterns (Figure 2B,C). MS/MS
fragmentation further verified that the C-terminus consisted of
an unmodified tyrosine with a free carboxyl group (-COOH).
Notably, the same middle and C-terminal fragments from
chymotrypsin cleavage were obtained for stryphnine A [Ser10-
O−CO-Glu29] and stryphnine B [Ser11-O−CO-Glu30]. All
fragments arising from enzymatic cleavage are included in
Table S2.
Observation of β-Elimination at the Ser10 in Stryphnine A
[Ser10-O−CO-Glu29]
The −18 Da modification could be localized to the N-terminal
fragment, which, together with the cyclic N-terminal S-
carbamoylmethylcysteine, resulted in a mass difference of
−35 Da compared to the mass calculated for the non-modified

Figure 3. Sequencing of stryphnine peptides: the MS/MS fragmentation patterns of stryphnine A [Ser10-O−CO-Glu29] and stryphnine B [Ser11-
O−CO-Glu30]. (A) The MS/MS fragmentation pattern of the N-terminal fragment of reduced and alkylated stryphnine A [Ser10-O−CO-Glu29]
after chymotrypsin cleavage. Dehydration of serine (dehydroalanine) could be pinpointed to the Ser10 position. The other peptide fragments after
chymotrypsin cleavage were the same as in stryphnine A. The N-terminal fragment contains a cyclized N-terminal S-carbamoylmethylcysteine
(cycCalk). Note that the sequence depicted on top is for stryphnine B [Ser11-O−CO-Glu30], featuring an N-terminal tryptophan to clearly illustrate
all enzymatic cleavage sites common to the stryphnines. (B) MS/MS fragmentation of the N-terminal fragment of stryphnine B [Ser11-O−CO-
Glu30] after trypsin cleavage shows that the difference between it and stryphnine A [Ser10-O−CO-Glu29] is the additional tryptophan (W) at the
N-terminal of the sequence (Note that Calk = Calkylated).
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sequence. This peptide fragment of m/z [M+2] = 790.367
resulting from chymotrypsin cleavage matched the predicted
m/z, including both latter modifications (m/z [M+2] =
790.421) (Figure 3A). The fragmentation patterns agreed
with predictions and indicated a loss of water at Ser10,
consistent with the presence of a dehydrated serine residue
(Figure 3A).

The chymotrypsin cleavage of alkylated stryphnine B
[Ser11-O−CO-Glu30] gave the same fragments as stryphnine
A [Ser10-O−CO-Glu29] because the enzyme cuts after
tryptophan, on the N-terminal of the peptide. This cleaved
tryptophan, a single amino acid, was too polar to be detected in
the used LC-MS setup. Therefore, the alkylated peptide was
cleaved with trypsin, which gave a fragment with m/z [M+1] =
703.360, matching the predicted m/z and fragmentation
pattern and proving the presence of an additional tryptophan
(Figure 3B). The MS/MS fragments after cleavage of each
peptide by the enzymes chymotrypsin and trypsin are
summarized in Table S2.
Ruling Out Phosphorylation

MS/MS sequencing of the N-terminal fragments suggested the
possibility of a dehydrated serine (dehydroalanine) at Ser10
and Ser11 in stryphnine A [Ser10-O−CO-Glu29] and
stryphnine B [Ser11-O−CO-Glu30], respectively. However,
treatment with benzyl mercaptan produced no mass increment,
confirming that dehydroalanines are not present in the
peptides (Figure S2). This indicated that the suggested
dehydroalanines during sequencing were likely an artifact of
MS/MS conditions. Furthermore, NMR chemical shifts at
Ser10 and Ser11 in respective peptides did not support the
presence of dehydroalanine. A literature review indicated that
β-elimination can occur in phosphorylated serines, leading to a
neutral loss of the phosphor group, together with a water
molecule under mass spectrometry conditions,30 which
suggested that these peptides might be phosphorylated. To
test this hypothesis, a synthetic variant with phosphorylation at
Ser10 was synthesized; however, its ionization pattern differed
from that of the native stryphnine A [Ser10-O−CO-Glu29],
suggesting that the native peptide is not phosphorylated
(Figure S3A). Additionally, 1D 31P NMR spectroscopy showed
no signals indicative of phosphorylation (Figure S3B). In

contrast, treatment of both stryphnine A [Ser10-O−CO-
Glu29] and stryphnine B [Ser11-O−CO-Glu30], with
phosphoserine antibodies yielded positive signals (Figure
S3C). It appears these antibodies gave misleading false positive
signals and bound to the ester-modified peptides due to the
structural and conformational similarity at Ser10/Ser11,
possibly due to the O-ester at those residues. Therefore, the
possibility of an ester bond at the Ser, which could be
hydrolyzed during the reduction, alkylation, and enzymatic
cleavage carried out under basic conditions, was proposed, and
further experiments were conducted to validate this hypothesis.
Intramolecular Ester Bond Validated by Chymotrypsin
Cleavage at pH 8.0 and Shortened Incubation Time

To validate the presence of an ester bond, the chymotrypsin
digestion protocol was modified, conducting digestion of
stryphnine A [Ser10-O−CO-Glu29] at pH 8.0 in Tris−HCl
buffer (instead of pH 8.5 in NH4HCO3 buffer). After 3 h, the
resultant two fragments from chymotrypsin cleavage, which
occurs after Tyr residues in the sequence, were isolated using
RP-HPLC (Figure 4). One fragment corresponded to the
middle fragment VCCSGICY (m/z [1+] 1018.36), while the
second fragment (m/z [3+] 894.41) matched the mass of a
pep t i de con t a in ing bo th N- t e rm ina l f r a gmen t
CLPKGTPCPSTHPY (m/z [2+] 799.37) and C-terminal
fragment (GVPGAHEICY) (m/z [2+] 551.75), with the ester
bond between them remaining intact (Figure 4). This provided
strong evidence of an ester bond linking the latter two
fragments, which remained intact at a pH of 8.0. Incubation of
this peptide sample at room temperature led to hydrolysis,
yielding two distinct fragments, corresponding to N- and C-
terminal fragments (Figure 4). Given the absence of other
acidic amino acid side chains and the presence of an
unmodified peptide C-terminus, the ester linkage was assigned
between the Ser10 and Glu29 residues. To further support the
presence of the ester, additional NMR experiments were
carried out (outlined in the NMR results section).
Synthesis of Stryphnine A

To obtain sufficient amounts for NMR analysis and bioassays,
stryphnine A was synthesized by Fmoc-SPPS, oxidatively
folded and confirmed to contain the native disulfide

Figure 4. MS spectra for stryphnine A [Ser10-O−CO-Glu29] following reduction, alkylation, and chymotrypsin cleavage (under mild conditions).
Reduced and alkylated (alkC) stryphnine A [Ser10-O−CO-Glu29], containing a cyclized N-terminal S-carbamoylmethylcysteine (cycC)
(monoisotopic peak at m/z [+3] = 1221.5267), was treated by chymotrypsin under mild conditions (Tris−HCl buffer, pH 8.0, 3 h), leading to two
cleavage products. The two fragments were isolated through HPLC after the cleavage: the middle fragment and the N-terminal and C-terminal
fragments linked with an ester bond [Ser10-O−CO-Glu29]. The ester cross-linked peptide sample incubated at room temperature was found to
undergo hydrolysis, yielding N- and C-terminal fragments. (Note that Calk = Calkylated)
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connectivity by coelution experiments by RP-HPLC and LC-
MS (Figure S4A). Stryphnine A was synthesized without
difficulty and presumably the incorporation of the pseudopro-
line dipeptide at Val16 and Cys17 positions facilitated peptide
chain elongation without peptide chain aggregation (crude
yield ∼ 40%). A prominent early eluting peak was evident
under most of the oxidative folding conditions (Figure S4B,
Table S4). From these, condition 6 was chosen for large scale
folding, as shown in Figure S4B. A similar synthesis and
oxidative folding protocol was employed for the synthesis of
stryphnine A (p-stryphnine A), with the only modification
being the incorporation of phosphoserine residue at position
10. p-stryphnine A ionized efficiently under MS conditions,
exhibiting a deconvoluted monoisotopic mass of m/z 3429.44
[M + H]1+ (Figure S3).
Characterization of the Ser−Glu Ester Linkage by NMR
To identify the structural basis of the −18 Da mass difference
between stryphnine A and its [Ser10-O−CO-Glu29] variant,
NMR analysis was performed on three related peptides:
stryphnine A, stryphnine A [Ser10-O−CO-Glu29], and
stryphnine B [Ser11-O−CO-Glu30]. Spectra recorded at 290
K (600 MHz, pH 5) revealed well-dispersed resonances,

indicating that the peptides adopt well-defined, structured
conformations in water. While most spin systems were
assigned, the amide fingerprint regions of the TOCSY spectra
(Figures S5 and S6) showed that Ser10 in stryphnine A variant
and Ser11 in stryphnine B variant were notably difficult to
observe, complicating the initial identification of the suspected
Ser-O-ester.

Resolution was achieved using 13C HSQC and edited 13C
HSQC spectra, where the Hβ values of Ser10 exhibited
significant downfield shifts and increased differentiation
compared to the unmodified peptide (Figure 5A). The use
of edited HSQC allowed for the clear distinction of these
downfield-shifted methylene protons at Ser10 due to their
specific phase sensitivity (Figure 5C,D).

Final confirmation of the linkage type was provided by the
HMBC spectrum, which showed long−range correlations (2J
and 3J) between the Ser10 Cβ and two distinct carbonyl
carbons (Figure 5B). While these correlations suggested either
an ester or an amide bond, the pH incubation studies
confirmed the presence of the ester linkage.

Figure 5. HSQC and HMBC spectra of stryphnine peptides indicating the presence of Ser-O-ester linkage. 13C HSQC spectrum for (A) stryphnine
A and (B) stryphnine A [Ser10-O−CO-Glu29]. The HA and HB values for Ser10 in stryphnine A [Ser10-O−CO-Glu29] are deshielded downfield
relative to those in stryphnine A, with a notable large separation between the two HB atoms in the ester-linked form. (C) Multiplicity edited HSQC
confirms that the two HB of Ser10 (highlighted in blue) are methylene protons (with negative phase, shown in blue). (D) HMBC correlations from
Ser10 demonstrate connectivity to two carbonyl groups; these peaks were assigned to the backbone carbonyl of serine (4.4, 173.9) and the side-
chain carbonyl of Glu (4.4, 170.8), the latter being consistent with the formation of Ser-O-ester bond.
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NMR Assignment and Determination of Secondary
Structure of Stryphnines

Sequential assignments were completed using TOCSY and
NOESY data (Figures S5 and S6). Some residues (e.g., Cys1
and Lys4) and all prolines lacked TOCSY amide correlations,
however, they were successfully identified via NOESY cross-
peaks. Strong dαδ(i,i+1) NOEs and 13C Δβγ values (<4.8 ppm
for Pro3, 7, and 25) confirmed a trans configuration for all
proline residues across all three peptides.

Secondary αH chemical shift analysis revealed consistent
patterns among the three peptides, suggesting that the ester
linkage does not significantly alter the structure and that the
peptides share a very similar overall fold (Figure 6A).
Secondary shifts exceeded 0.1 ppm in several regions,
indicating a predominant β sheet framework interspersed
with turns and helical segments (Figure 6B).

Three-Dimensional Structure of Stryphnine A
Although we assigned the chemical shifts for all isolated
peptides, the structural calculations were performed using
synthetic stryphnine A. This approach was preferred because
the synthetic peptide was obtained in higher quantity and
greater purity than natural isolation, facilitating clearer
assignments and a greater number of constraints to define
the structure. The three-dimensional solution structure of
stryphnine A was determined using an ensemble of the 20
lowest-energy structures, which exhibited high-quality covalent
geometry and strong agreement with experimental data (Figure
6B, Table 1). The fold is stabilized by a dense network of

hydrogen bonds, identified by low temperature coefficients
(≤4.6 ppb/K) and slow solvent exchange (Table S5), and a
characteristic ICK motif, similar to that of other known
knottins, including asteropine A and asteropsins.16−20 The
disulfide connectivity (CysI-CysIV, CysII-CysV, and CysIII-
CysVI) was confirmed as the most energetically favorable
arrangement, with no evidence of disulfide isomerization
between 285−300 K (i.e., Hβ atoms of the cysteine residues
remained nondegenerate and maintained disparate shift
differences). Structurally, the peptides feature a typical C-
terminal β-hairpin and a distinct surface distribution where
hydrophobic residues cluster together centrally, flanked by
polar and charged residues. Notably, the final 3D-fold places
the side chains of Ser10 and Glu29 in close spatial proximity,
providing the structural basis for the formation of the internal
ester bond. The disulfide bonds are primarily buried in the
center of the molecule, with the exception of Cys1-Cys17,
which has some surface exposure.

Despite the close phylogenetic relationship between S. fortis
and Asteropus sp.,21 none of the unique structural features of
the asteropsin family, including high anionic amino acid
content or the presence of multiple cis proline residues, were
found in stryphnines.19 The peptides described here consist of
five proline residues, all of which are in the trans configuration.
The Knottin Scaffold of Stryphnine Is Stable under
Elevated Temperature, Variable pH Conditions, and in
Human Serum
Stryphnine A remained stable under both acidic and neutral
pH conditions at elevated temperature (70 °C), maintaining its
structure throughout a 1 h incubation. In contrast, both
stryphnine A [Ser10-O−CO-Glu29] and stryphnine B [Ser11-

Figure 6. NMR analysis of stryphnine A, stryphnine A [Ser10-O−
CO-Glu29], stryphnine B [Ser11-O−CO-Glu30]. (A) The αH
chemical shifts of the three peptides were compared with the random
coil values31 to obtain secondary αH chemical shifts. Ser10/Ser11 and
Glu29/30 at which ester linkage occurs in stryphnine A [Ser10-O−
CO-Glu29] and stryphnine B [Ser11-O−CO-Glu30] is highlighted in
red within a dashed box. The knottin-type disulfide connectivity
between, CysI-CysIV, CysII-CysV, and CysIII-CysVI is highlighted in
yellow. (B) The three-dimensional structure of stryphnine A
determined by NMR spectroscopy and the surface representation of
the lowest energy structure of stryphnine A. Superposition of the 20
lowest energy structures of stryphnine A from Cys1 to Tyr32 and the
ribbon representation of the lowest energy structure. Different color
coding was used for the negatively charged (red), hydrophobic
(green), polar (white), cysteine (yellow), and glycine (cyan) residues.

Table 1. NMR Structural Statistics of Stryphnine A

NMR distance restraints and dihedral constraints stryphnine A

interproton distance restraints 444
intraresidue, |i − j| = 0 89
sequential, |i − j| = 1 149
medium range, 1 < |i − j| < 5 75
long range, |i − j| ≥ 5 131
disulfide-bond restraints (6 restraints per bond) 18
dihedral-angle restraints 35
hydrogen bond restraints (4 restraints per bond) 20
R.m.s. deviations from mean coordinate structure (Å)
backbone atoms 0.33 ± 0.14
all heavy atoms 0.84 ± 0.21
Ramachandran statistics
% in most favored region 82.4
% residues in additionally allowed regions 17.6
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O−CO-Glu30] irreversibly underwent an increase in 18 Da, in
both acidic and neutral pH conditions at elevated temperature
(Figure S7A,B). The ester-hydrolyzed stryphnine A [Ser10-O−
CO-Glu29] was isolated by RP-HPLC, and its coelution with
stryphnine A confirmed its identity as the same compound
(Figure S7C). NMR analysis also revealed that the resulting
ester-hydrolyzed peptide is in fact stryphnine A (data not
shown). Thus, the Ser-O-ester bond appeared sensitive to
hydrolysis. Nevertheless, the structural integrity of the scaffold
remained intact under these conditions, as evidenced by a
consistent mass corresponding to the ester-hydrolyzed peptide.
Comparatively, the physiological stability of all stryphnines in
serum at 37 °C was much more consistent, as all three peptides
showed their intact mass over a 24 h incubation period (Figure
S7D). The extensive hydrogen-bonding network identified in
the amide-coefficient NMR experiments (Table S5) reinforces
the core fold and could underlie the observed high stability of
the core structure. Nevertheless, it is noteworthy that none of
the stryphnines was stable at very high pH and temperature
(pH 13 and 70 °C), as no intact peptide masses were detected
at these conditions.
Stryphnines Prevent Biofouling of Amphibalanus
improvisus Larvae

The antifouling potential of stryphnine A [Ser10-O−CO-
Glu29] and stryphnine B [Ser11-O−CO-Glu30] was evaluated
against the settlement of A. improvisus (bay barnacle) cyprid
larvae. Both peptides exhibited a concentration-dependent
inhibition of larval settlement over a three-day incubation
period. Notably, stryphnine B [Ser11-O−CO-Glu30] demon-
strated potent activity, reducing settlement to 11 ± 3% and 6
± 3% at concentrations of 0.2 μM and 2 μM, respectively,
compared to the 86 ± 3% settlement observed in the control
(Milli-Q water) (Figure 7). While stryphnine A [Ser10-O−
CO-Glu29] showed a comparatively moderate inhibitory effect
of 43 ± 5% and 25 ± 4% of settlement at 0.2 μM and 2 μM,
respectively (Figure 7), these results align with the known
activity of other β hairpin-containing marine sponge peptides,
such as barrettide A, B, and C.10,11 These data suggest that
stryphnines likely function as a selective defense mechanism

for the sponge S. fortis, effectively deterring common foulers
like barnacles, though this protection does not appear to
extend to certain specialized epibionts such as the sponge H.
dedritifera.26

Stryphnines Are Potent Inhibitors of Bacterial
Neuraminidase

Building on previous reports of sialidase inhibition by
structurally related knottins like asteropine A,16 we evaluated
the stryphnines as potential inhibitors of bacterial neuramini-
dase (Table 2). Using an Amplex Red fluorometric assay,
initial screenings at 100 μM revealed that all three peptides
achieved >80% inhibition. Subsequent concentration−re-
sponse studies highlighted a significant disparity in potency
between the native and ester-linked forms. Table 2 and Figure
S8 show that a concentration of 15 μM of stryphnine A
[Ser10-O−CO-Glu29] resulted in >80% neuraminidase
inhibition over a 2 h period. In contrast, stryphnine A showed
weak inhibitory activity at the same concentration. Addition-
ally, at a concentration of 9 μM, stryphnine A [Ser10-O−CO-
Glu29] showed an 86% inhibition within 1 h and
approximately 60% inhibition after 2 h. Notably, a 6-fold
higher concentration of stryphnine A (60 μM) was required to
achieve a comparable effect. This stark difference in inhibitory
activity suggests that the internal ester linkage significantly
enhances the peptide’s interaction with the enzyme. The IC50
of stryphnine A [Ser10-O−CO-Glu29] is <9 μM, indicating
that it is a potent bacterial neuraminidase inhibitor, and further
experiments are required to obtain a precise determination of
the IC50 for the compounds.

The observed sialidase inhibitory and antifouling activities
suggest that these peptides may play a role in preventing
pathogen adhesion. Sialic acids frequently serve as molecular
‘handles’ for viruses, bacteria, and neighboring cells to
recognize and bind to a host. By inhibiting the enzymatic
processing of these glycans or physically disrupting the settling
of microorganisms, these peptides may contribute by
preventing surface colonization. Although the preliminary
findings from the current in vitro bioassays are promising, it
remains speculative whether these bioactivities translate into a
functional ecological advantage. Further studies are required to
analyze their efficacy against pathogens in their native
ecological settings.
Determination of Genotoxicity and Cytotoxicity of
Stryphnines

Using a cytokinesis-block micronucleus assay32 in CHO K1
cells, we measured both genotoxicity and cytotoxicity of
stryphnines simultaneously (Figure 8). In this assay,
binucleated cells (BNC) with micronuclei (MN) are formed
due to a chromosomal or spindle damage in the interphase
state of the cells.33 All tested peptides behaved similarly to the
negative control, with the frequency of BNC containing
micronuclei remaining at baseline levels (∼5%) even at the
highest tested concentrations. Furthermore, the peptides
showed no significant interference with cell proliferation,
maintaining <5% cytotoxicity up to 40 μM, whereas the
positive control (mitomycin C) induced significantly higher
levels of damage and cell death. Similar to stryphnines,
asteropine A and asteropsin A−G are reported to be nontoxic
to tested cell lines.16−20 Although the lack of cytotoxicity to
mammalian cells and high serum stability are promising
attributes, further studies are necessary to evaluate the

Figure 7. Impact of stryphnine A [Ser10-O−CO-Glu29] and
stryphnine B [Ser11-O−CO-Glu30] on Amphibalanus improvisus
cyprid larvae settlement. (A) Exposure to stryphnine A [Ser10-O−
CO-Glu29] resulted in moderate inhibition of barnacle settlement. At
a concentration of 0.2 μM, the settlement value was 43 ± 5%, while a
higher concentration of 2 μM led to a further reduced settlement of
25 ± 4%. (B) Stryphnine B [Ser11-O−CO-Glu30] showed a more
pronounced inhibitory effect on barnacle settlement, with settlement
values of 11 ± 3% and 6 ± 3% at 0.2 and 2 μM, respectively. In the
absence of peptide treatment (control), 93 ± 2% of the barnacles
settled after 3 days of incubation in seawater. Data are given as mean
values ± SD, based on three independent experiments (n = 3).
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suitability of the stryphnine scaffold for potential in vivo
biomedical applications.
Determination of Antimicrobial Activity of Stryphnines
Marine sponges are known to harbor peptides with a broad
range of antimicrobial activities.34 Thus, a two-step micro-
dilution assay35 was conducted to test the antimicrobial effect
of the three peptides against the two bacterial strains,
Escherichia coli and Staphylococcus aureus, and the fungal strain
Candida albicans. None of the peptides showed antimicrobial
properties up to 50 μM. The human antimicrobial peptide
LL37 used as the positive control, showed a potent
antimicrobial activity with a minimum inhibitory concentration
value between 1 and 2 μM against all the three strains. In

previous reports, barrettides A and B have also not shown
detectable antibacterial activity up to 80 μM against both E.
coli and S. aureus.10 Despite these results, the potential
antimicrobial activity of stryphnines cannot be discounted as
our study utilized clinical pathogens and bioassay conditions
do not represent ecological conditions. As a future perspective,
it would be insightful to screen stryphnines against marine-
derived bacterial strains that are more relevant in the context of
marine sponges.
Ester-Linked PTMs in Marine Peptides and Their Producers

Ester linkages in marine peptides are not uncommon, and
several aspects have been thoroughly reviewed.36,37 Many of
the ester-bonded peptides are derived from nonribosomal
biosynthesis, such as depsipeptides or cyclodepsipeptides,
where the ester linkages substitute one or more amide bonds in
the backbone.38 Additionally, peptides containing ester link-
ages, e.g., callipeltin A and B,39 theopaupamides,40 jaspa-
mides,41 discodermins,42 microviridins,43 cyanopeptolins,44

and cryptophycins,45 have been isolated from a number of
sponges and/or their symbiotic bacteria and cyanobacteria.

Graspeptides are a diverse family of bacteria- and archaea-
derived RiPPs, characterized by side chain-side chain linkages,
omega-esters, and omega-amides. The omega esters and
amides are installed by ATP-grasp enzymes, which are
commonly co-expressed with the peptide precursor from the
same bacterial gene cluster (BGC). Omega-esters are formed
between the side chains of a nucleophilic residue (Thr or Ser)
and an acidic residue (Glu or Asp). The nucleophilic residue is
normally situated first in the sequence, counting from the N-
terminal.46 This is also true for the stryphnines discussed in
this paper: a Ser in positions 10/11 and a Glu in positions 29/
30. No grasp enzymes could be found in the eukaryote sponge
transcriptome, which could explain the ester bond. The
precursor peptides lack the common recognition motifs for
known Grasp-enzyme processing.47 It should still not be ruled
out that new types of such enzymes could be present among
the complex mixtures of symbionts present in sponges.

Another possibility for the presence of the ester bond is
autocatalytic ester bond formation, where Ser 10/11 is
positioned in close proximity to the Glu 29/30 residue in
space, held together by the structure. This is analogous to the
amide spontaneously formed to stabilize cell−surface adhesion
proteins in Gram-negative bacteria.48 The ester bond
formation could then be autocatalyzed with the aid of His
residues in the vicinity of the Ser.

Table 2. Neuraminidase (Sialidase) Inhibitory Activity of the Peptidesa

compound concentration (μM) AR% after 30 min AR% after 60 min AR% after 90 min AR% after 120 min

stryphnine A 100 91.5 91.3 91.6 93.4
stryphnine A[ester] 100 83.1 87.9 90.6 92.6
stryphnine B [ester] 100 79.4 84.1 84.9 84.1
stryphnine A [ester] 30 83.6 88.6 85.3 85.1
stryphnine A[ester] 21 86.6 94.3 89.5 91.2
stryphnine A [ester] 15 89.6 87.5 81.1 84.2
stryphnine A [ester] 9 94 86.4 65.3 57.9
stryphnine A 60 88.1 76.1 63.2 64
stryphnine A 45 64.2 45.5 37.9 43
stryphnine A 30 17.9 22.7 17.9 29.8
stryphnine A 15 0 13.6 11.6 23.7

a% reduction in absorbance (AR) at 571 nm for the neuraminidase enzyme incubated with the stryphnines was calculated relative to the
absorbance of the negative control.

Figure 8. Genotoxicity and cytotoxicity of stryphnines against CHO-
K1 cells. (A) Genotoxicity was assessed by the percentage of
binucleated cells with micronuclei when CHO-K1 cells are exposed to
different concentrations of stryphnine A [Ser10-O−CO-Glu29],
stryphnine A, and stryphnine B [Ser11-O−CO-Glu30]. Data are
given as means ± SEM (n = 9, ****p < 0.001 versus the negative
control). (B) Cytotoxicity was determined by the ability to induce cell
proliferation of each peptide. This was measured by comparing the
cytokinesis blocker proliferation index (CBPI) of the peptides
(stryphnine A [Ser10-O−CO-Glu29], stryphnine A, and stryphnine
B [Ser11-O−CO-Glu30]) in the above concentrations and control
cultures as a percentage.
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Detailed structural studies of the mechanics of ester bond
formation in this unique peptide should be undertaken.

■ CONCLUSIONS
In conclusion, we successfully characterized a novel family of
structurally stable linear knottin peptides in S. fortis, thereby
enriching the diversity of known ribosomal peptides derived
from sponges. The peptides feature a rare ester linkage
previously unreported in sponge-derived peptides, raising
intriguing questions regarding whether this modification is
catalyzed by sponge-encoded or a bacterial symbiont enzyme.
Although the precise ecological role of these peptides remains
elusive, their antifouling and sialidase inhibitory activities
provide clues into the sponges’ potential defense mechanisms.
The latter properties, coupled with lack of genotoxicity and
cytotoxicity, amenability to chemical synthesis, and stability in
serum, highlight that stryphnines are noteworthy of further
exploration of their potential applications. Furthermore, the
vast diversity of sponge species, estimated at over 9600,49 and
the limited number of characterized ribosomal peptide families
in only a handful of demosponges, underscores the vast and
largely untapped potential for ribosomal peptide discovery in
sponges.

■ EXPERIMENTAL SECTION

General Experimental Procedures
A specimen of S. fortis (class: Demospongiae, order: Tetractinellida,
family: Ancorinidae) was collected by the Research Vessel Kristine
Bonnevie (University of Bergen, Norway) with an Agassiz trawl at
station KB 32 (59.5754, 4.6754), off the Hordaland shelf, Western
Norway, at a depth of 224−230 m, on the 29th of April 2017. The
specimen was identified based on external morphology and spicule set
by sponge taxonomists H. T. Rapp and P. Caŕdenas. The specimen
was covered with the yellow encrusting demosponge H. dedritifera
(order: Verongiida, family: Ianthellidae), as is commonly the case for
S. fortis.26 Specimen was frozen on board and shipped frozen to
Uppsala University until processing. A voucher preserved in ethanol
96% and a spicule slide were deposited in the zoological collections of
the Museum of Evolution, Uppsala University, Sweden, under the
museum number UPSZMC 184353.
Extraction and Isolation of Peptides
Freeze-dried sponge material (∼250 g) was extracted to 60%
acetonitrile (CH3CN), and the extract (∼10 g) was concentrated in
a vacuum to obtain a viscous concentrate of the extract. The extract
was fractionated using ÄKTA FPLC (Amersham Pharmacia Biotec)
fitted to a Biotage C18 spherical flash column (100 Å, 40 g, 40−60
μm) with UV detection at 254 nm using a gradient from 100% H2O
(0.1% trifluoroacetic acid (TFA)) to 100% CH3CN (0.1% TFA) over
60 min at a flow rate of 10 mL/min. Fraction collection was
performed every 60 s. Fractions were analyzed by (+)-LRESI-MS
using a Thermo Finnigan LCQ, and fractions containing similar
molecular ion peaks were combined. The combined fractions were
further purified using semi-preparative RP-HPLC with a Jupiter C18
column (250.0 × 10.0 mm 5 μm, 300 Å) at a flow rate of 3 mL/min
for 70 min using a linear gradient from 5 to 75% CH3CN (0.05%
TFA). Analytical RP-HPLC to determine the purity of the pure
fractions was carried on a Kinetex XB-C18 column (250.0 × 4.6 mm,
5 μm, 100 Å) using a linear gradient from 5 to 97% CH3CN (0.05%
TFA). The accurate mass of each pure peptide was analyzed using an
Xevo G2-XS quadrupole time-of-flight (QToF) mass spectrometer
coupled with a nano-Acquity UPLC (Waters Corp. Milford, MA,
USA).
Transcriptome Mining
The S. fortis transcriptome (GenBank SRX6964814) was obtained by
Plese et al.27 from a specimen also collected in Western Norway, but

closer to the coast (Leirvik, Hardangerfjord, 59.9813, 5.3766, 97−332
m depth, voucher 2016.09.08-St2-15). First, a search for possible
sequences was undertaken. An assumption was made that the peptide
in question may be similar to peptides discovered in related species
(with the conserved pattern of six cysteines). The FUZZPRO
program from the EMBOSS package50 was used to search for all
peptides matching a general pattern based on the presumed similarity
of the S. fortis peptides to asteropsins discovered in the Asteropus
sp.:17 {C}(0,3)C{C}(6,6)C{C}(3,4){C}(0,7)CC{C}(3,6)C{C}-
(4,4){C}(0,8)C{C}(0,5). In this way, a database containing all
possible sequences fitting the pattern, present among all ORFs
predicted from the transcriptome, was generated. Subsequently, the
theoretical monoisotopic MW of all of the peptide sequences in the
database was calculated using a Perl script. The possible hits were
identified by matching the theoretical and the LC-MS experimental
monoisotopic MW.

Sequence Analysis
To obtain the amino acid sequence, peptides were first reduced using
dithioerythritol in 8 M guanidine hydrochloric acid in 1 M tris−
hydrochloric acid EDTA buffer (pH 8.5) and was incubated at 37 °C
in dark for 2−3 h and subsequently alkylated using iodoacetamide (50
mg in dissolved in 1 mL of 0.5 M tris acetate, 2 mM EDTA) to
alkylate the free thiol groups. The alkylation reaction was quenched
by the addition of 200 μL of 0.5 M citric acid after 10 min. The
reduced and alkylated peptides were purified by passing through a
PD10 size exclusion column. Samples were diluted to 10% CH3CN
prior to LC-MS/MS analysis. Enzymatic cleavage of peptides, either
trypsin or chymotrypsin dissolved in 50 mM NH4HCO3 buffer (pH
7.8) and incubated overnight, resulted in shorter fragments of the
pure peptide. The sequence analysis was performed using nanospray
MS-MS based on the b and y ion series and was confirmed with the
sequences mined from the transcriptome.

To characterize the ester bond, stryphnine A[Ser10-O-ester] (0.5
mg) was fully reduced using 3.9 mM DTT in a 1 M Tris−HCl (pH 8)
and 8 M GnHCl (pH 6.6) buffer mixture (1:3 ratio), resulting in a
final reduction buffer pH of 7.95. The reaction was carried out at 37
°C for 3 h in the dark. Following reduction, the sample was alkylated
with IAM, and the mixture was subsequently purified using analytical
HPLC and analyzed by MS and MS/MS analysis. The purified
peptide was then subjected to chymotrypsin digestion in 20 mM
Tris−HCl buffer (pH 7.95) at 37 °C for 3 h. After digestion, the
sample was purified by RP-HPLC, and the resulting fragments were
collected and further characterized by MS and MS/MS.

BLAST Search of Transcriptome for Similar Sequences
To mine for stryphnine-like peptides, the sequence of stryphnine A
was searched in the S. fortis transcriptome using a stand-alone
tBLASTn with default settings. The cDNA fragments containing the
hits were extracted and translated into an amino acid sequence using
the Expasy translate tool (https://web.expasy.org/translate/). The
precursor peptide sequences were aligned using the Clustal Omega
online tool (https://www.ebi.ac.uk/jdispatcher/msa/clustalo). The
SignalP 5.0 (https://services.healthtech.dtu.dk/services/SignalP-5.0/)
was used for the identification of the signaling region in the precursor
peptides.51

Dot Blot Experiments
The dot blot experiments were performed according to previously
published protocols52 with modifications: the primary antibody was
rabbit antiphosphoserine/threonine polyclonal (Thermo Fisher), and
the blocking solution was 3% bovine serum albumin solution in tris-
buffered saline, 0.5% Tween 20, pH 7.4.

Synthesis of Stryphnine A
Fmoc-Tyr(tBu)Wang polystyrene (LL) with a substitution value of
0.29 mmol/g from CEM was employed in synthesis. Stryphnine A
[Ser10-O−CO-Glu29] was synthesized on a 0.1 mmol scale using
FMOC-SPPS. First residue Cys31 was double-coupled using 0.5 M
HATU as a coupling agent and Dipea as base (4 eq of amino acid, 4
eq of HATU, and 6 eq of DIPEA). The rest of the amino acids were
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double-coupled using 0.5 M HBTU and DIPEA as base (4 eq of
amino acid, 4 eq of HBTU, and 6 eq of DIPEA), until Cys17 was
coupled. Thereafter, a pseudoproline dipeptide, Fmoc-Val-Cys-
(psiDmp. Hbpro)OH (Novabiochem) (2 eq amino acid, 2 eq 0.5
M HBTU, and 3 eq DIPEA) was introduced at the V15 and Cys16
positions (double coupled). The rest of the amino acids were double-
coupled up to the last Cys1. The final Fmoc group was deprotected
using 20% piperidine. The same protocol was followed for the
phosphorylated peptide synthesis, except at position Ser10, intended
for phosphorylation, Fmoc-Ser(PO(OBzl)OH)−OH (Sigma) was
coupled.

Following synthesis, the resin was washed with CH2Cl2, dried by
N2 and cleaved. The cleaved peptide was purified by RP-HPLC. The
pure peptide was subjected to 10 oxidation trials. Of these, condition
6, containing 25% isopropanol, 0.1 M NH4HCO3 (pH 8.5), 2 mM
reduced glutathione, and 0.4 mM oxidized glutathione, was selected
for large-scale oxidation. Following overnight oxidation, the
isopropanol concentration was diluted to 20%, the sample was
filtered and purified on a 3 mL/min column. Analytical RP-HPLC was
run on the purified fractions, and the purest peptide samples, as
determined by LC-UV, were freeze−dried and subjected to coelution
analysis, NMR studies, and bioassays. The same folding conditions
and subsequent purification steps were also applied to the
phosphorylated peptide.
Determination of the Presence of Dehydroalanine Unit
The presence of a dehydroalanine unit was determined as described
by Chalker et al.53 In brief, 70 μL of each peptide after reduction and
alkylation was added to 1.4 μL of benzyl mercaptan. The mixture was
incubated at 37 °C for 30 min and directly analyzed using an Xevo
G2-XS quadrupole time-of-flight (QToF) mass spectrometer coupled
with a nano-acquity UPLC after required dilution.
Stability of the Peptides under Different pH Conditions
The stability of peptides was determined at pH 1, 7, and 13 under the
incubation at 70 °C as described by He et al.54 The buffer solutions at
pH 1 (0.1 M HCl), pH 7 (0.1 M sodium phosphate (monobasic) and
0.1 M sodium phosphate (dibasic)), and pH 13 (0.1 M KCl and 0.1
M NaOH) were prepared freshly, and the pH was measured at 70 °C.
The ionic strength of each buffer solution was maintained at 0.15 by
the addition of the required amount of NaCl. Fifty microliter of
stryphnine A [Ser10-O−CO-Glu29], stryphnine A, and stryphnine B
[Ser11-O−CO-Glu30] in Milli-Q water (50 μM) was added to 1.5
mL glass autosampler vials containing 70 μL of each buffer solution.
The vials were incubated at 70 °C in an oven, and 20 μL from each
vial was withdrawn after 1 h and was stored in the freezer until further
analysis. Each vial was diluted further using Milli-Q water and was
directly analyzed using an Xevo G2-XS quadrupole time-of-flight
(QToF) mass spectrometer coupled with a nano-Acquity UPLC.
Each experiment was triplicated.

To confirm the identity of the resulting product, stryphnine A
[Ser10-O−CO-Glu29] peptide was incubated in ammonium
bicarbonate buffer (pH 8.5) at 70 °C for 2 h. After incubation, the
sample was purified using analytical RP-HPLC, freeze−dried, and
analyzed by NMR. Additionally, the sample was analyzed by mass
spectrometry and compared with both native stryphnine A and
synthetic stryphnine A.
Stability Testing of Peptides in Human Serum
The stability of the peptides was determined at fixed time intervals: 0
h, 3 h, 6 h, 8 h, and 24 h according to an established protocol.55 Each
stability test was triplicated. Eight microliter of stryphnine A [Ser10-
O−CO-Glu29], stryphnine A, and stryphnine B [Ser11-O−CO-
Glu30] (200 μM) in water was mixed with 80 μL of human serum
(male type AB�Sigma-Aldrich, Germany) and was incubated at 37
°C with constant shaking. The proteins were denatured by adding 80
μL of 6 M urea to release the peptide into the solution at the required
time interval. After incubation for 10 min at 5 °C, the serum proteins
were precipitated by the addition of 80 μL of 20% trichloroacetic acid
and were incubated again at 5 °C for another 10 min. The supernatant
was obtained after centrifugation and analyzed using liquid

chromatography coupled to a UV detector at 215 nm. The average
peak area of a particular peptide at different time points was
quantified as the % peptide remaining in serum. Phosphate buffered
saline (PBS) was used as a control at time intervals 0 and 24 h.

NMR Spectroscopy
NMR spectra were acquired on a Bruker Avance Neo 600 MHz
e q u i p p e d w i t h a c r y o g e n i c TC I p r o b e (CRPHe
TR�1H&19F/13C/15N 5 mm-EZ. Approximately 2 mg of each of
the lyophilized peptides was dissolved in 90% H2O/10% D2O (220
μL) at pH 5, and a series of 1H NMR, TOCSY, NOESY, and 15N
HSQC spectra were acquired at 290 K or/and 298 K. These TOCSY
and NOESY spectra were used for sequential chemical shift
assignment and secondary αH chemical shift measurement. Generally,
4096 data points were collected in the F2 dimension and 256 (128
complex) points in F1 over 11 194 Hz. For amide temperature
coefficient measurements, an additional set of TOCSY spectra was
acquired on selected peptides by varying the temperature in intervals
from 285 to 300 K. The peptides were then freeze−dried, dissolved in
220 μL of 100% D2O, and a series of 1H NMR and TOCSY spectra
were acquired for hydrogen−deuterium exchange experiments. 13C
HSQC and HMBC spectra were acquired on the same samples
dissolved in 100% D2O. Chemical shift assignment of 15N NHSQC
and 13C HSQC spectra was used for obtaining ϕ and ψ torsion angle
constraints. 31P NMR was recorded on a Varian MR400 MHz
spectrometer equipped with a OneNMR probe at 25 °C. Chemical
shifts (ppm) are reported referenced to the internal signal of the
residual protic solvent.

Peptide Structure Determination
All NMR spectra were processed in Topspin 2.1 (Bruker), and
chemical shift assignment was done in CCPNMR software.56

Resonance assignments of peptides were obtained by using sequential
assignment strategies. Peptide backbone torsion angle constraints
were obtained in the TALOS-N chemical shift analysis. H-bond
restraints were identified by D2O experiments in conjunction with
preliminary structures. Once the chemical shift assignments were
identified from TOCSY spectra, all NOE connections were identified
and converted into interproton distances using CYANA 3.98,57 and
50 random conformers were annealed in 8000 steps using torsion
angle dynamics, of which 20 conformers with the lowest energies and
the lowest residual restraint violations were selected to represent the
solution structure of synthetic stryphnine A. The 3D structures were
generated using MOLMOL, and structure qualities were validated
using MolProbity.58

Antibiofouling Testing
The biofouling activity of stryphnine A [Ser10-O−CO-Glu29] and
stryphnine B [Ser11-O−CO-Glu30] was determined as described by
Sjögren et al.55,59 Live cyprid larvae of the bay barnacle A. improvisus
(Darwin, 1854) were obtained from the Tjar̈nö Marine Laboratory
(University of Gothenburg, Sweden). Initially, 20 ± 2 cyprid larvae
were incubated in 9.9 mL of filtered seawater (FSW) containing 100
μL of Milli-Q water (control) and 9.9 mL of FSW containing 100 μL
of peptide in Milli-Q water (treatment). Both peptides were tested in
three different concentrations: 2, 0.2, and 0.02 μM. The settlement of
larvae was assessed after 3 days of incubation at room temperature.
The experiment was carried out in triplicate.

Neuraminidase (Sialidase Assay)
The neuraminidase assay was conducted using the AmplexTm Red
neuraminidase assay kit (Thermo Fisher Scientific) in a 96-well
microtiter plate format and the neuraminidase enzyme from
Clostridium perfringens (Type V, lyophilized powder, 6 units, Sigma-
Aldrich). A working solution was prepared to contain 100 μM Amplex
Red, 0.2 U/mL horseradish peroxidase (HRP), 4 U/mL galactose
oxidase, and 500 μg/mL fetuin in reaction buffer (prepared from a 5X
reaction buffer containing 0.25 M Tris−HCl, pH 7.2, 5 mM CaCl2).
Neuraminidase stock solution, at 1.5 U/mL was prepared in 1X
Reaction Buffer. Additionally, the peptide stock solutions were
prepared in Milli-Q at a concentration of 2 mg/mL. Different
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concentrations of the test peptides were preincubated with 2 μL of the
neuraminidase stock solution in a total volume of 50 μL of 1X
Reaction Buffer for 10 min at room temperature. The positive control
contained 50 μL of 1X Reaction Buffer without neuraminidase
enzyme, while the negative control consisted of 2 μL from the
neuraminidase stock solution and 48 μL of 1X Reaction Buffer. After
the 10 min preincubation time, 50 μL of the working solution was
added to all wells (test compounds, positive control, and negative
control), and the plate was incubated at 37 °C protected from light.
The absorbance at 571 nm was measured at 30, 60, 90, and 120 min
time intervals. The percentage of absorbance reduction was calculated
relative to the negative control.

Evaluation of Genotoxicity and Cytotoxicity
An in vitro version of the micronucleus (MN) assay32 was used to
assess the genotoxicity of the three different peptides: stryphnine A
[Ser10-O−CO-Glu29], stryphnine A, and stryphnine B [Ser11-O−
CO-Glu30]. The same assay was also used to evaluate the
cytotoxicity.
Cells. Chinese hamster ovary cells (CHO-K1, ATCC number CCL

61, USA) was maintained in a F-12K medium (Kaighn’s Modification
of Ham’s F-12 Medium) (ATCC, USA), supplemented with 10% fetal
bovine serum (FBS) (Fisher Scientific, USA) and 1% penicillin−
streptomycin (Fisher Scientific, USA), in a humified atmosphere of
5% CO2 and a temperature of 37 °C. Cells were harvested for
experiments in a 0.5% trypsin-EDTA solution (Fisher Scientific,
USA). The cells used in the experiments were between passages 5 and
22.
MN-Assay. The in vitro micronucleus assay was conducted in

accordance with the OECD guidelines.60 On the first day, the CHO-
K1 cells were plated in a Corning 96 well Black Polystyrene
Microplate (VWR, USA) with a total volume of 100 μL/well and then
incubated overnight to ensure attachment of the cells. Approximately
8000 cells/well were seeded for the experiment (in triplicates for each
individual exposure).
Exposure Conditions. The cells were exposed to varying

concentrations (1−40 μM) of the three different peptides, vehicle
(negative control), or 14 μM of a known clastogen and aneugen,
mitomycin C (MMC, the positive control; Sigma-Aldrich, USA), for 3
h. Following exposure, the treatment solutions were discarded, and
the cells were immediately washed with serum-free medium. To
ensure analysis of only those cells that completed mitosis during or
after the exposure, cytochalasin B (CytoB, Sigma-Aldrich, USA), the
actin polymerization inhibitor, was added (100 μL of 3 μg/mL CytoB
in 5% FBS medium per well). The cells were then incubated for
another 45 h. After the cytoB solution was removed, the cells were
subjected to another 30 min staining process using a solution
containing 1 mM of the fluorescent dye Mitotracker Orange (Fisher
Scientific, USA) and 2 mM Hoechst 33342 (Fisher Scientific, USA) in
5% FBS medium. Following staining, the cells were washed with
phosphate-buffered saline (PBS, Fisher Scientific, USA) and then
fixed with 4% paraformaldehyde (100 μL/well; Sigma-Aldrich, USA)
for 10 min at room temperature, shielded from light. In the final step,
the cells were washed twice with PBS and stored in the dark until the
day of the image analysis.
Image Analysis. The image analysis was conducted using an

ImageXpress micro XLS instrument (Molecular Devices, USA)
coupled with MetaXpress software. For the genotoxicity analysis, at
least 2000 BNC were scored per concentration, including the negative
vehicle control, to determine the frequency of micronuclei (% MN
frequency) in the BNC. The cells and the micronuclei were detected
on the basis of their size and intensity criteria. Moreover, the
maximum distance of nuclei in polynucleated cells was set to
characterize cells as mononucleated, binucleated, or multinucleated.
Formation of micronuclei in BNC indicates chromosomal damage
that has persisted into daughter cells. Introduction of cytochalasin B,
which inhibits, thus prevents the separation of daughter cells in
mitosis, facilitating identification of BNC with micronuclei. The
genotoxicity of the tested substances is quantified as the percentage of
BNC with micronuclei (% BNC with MN). The cytotoxicity was

calculated using the cytokinesis-block proliferation index (CBPI),
which indicates the average number of nuclei per cell. The
cytotoxicity for a given treatment is evaluated by comparing the
CBPI of treated cultures to that of control cultures, expressed as a
percentage.

Statistical analysis was conducted on data pooled from three
independent experiments, using triplicates for each individual
exposure (n = 9). A two-tailed t-test with independent samples and
equal variance was performed to identify statistically significant
differences (p < 0.001) by comparing the mean values ± standard
error of means (SEM) between the treated cultures and the negative
vehicle controls.

Microdilution Assay
The antimicrobial activity of the peptides was determined against S.
aureus (ATCC 29213), E. coli (ATCC 25922), and C. albicans
(ATCC 90028) in triplicate. Bacterial strains were obtained from the
Department of Clinical Bacteriology, Lund University Hospital, Lund,
Sweden. An established protocol35 was followed. Microbial strains
were first cultured at 37 °C to mid-logarithmic phase on 3% tryptic
soy broth (TSB, Merck KGaA, Germany). Bacterial cells were washed
twice by centrifugation and resuspension in Tris buffer (10 mM, pH
7.8 at RT) to 100,000 CFU/mL (measured at OD600). Fifty
microliter of tris buffer was added to each well, and 50 μL of 200 μM
pure peptides (stryphnine A [Ser10-O−CO-Glu29], stryphnine A,
and stryphnine B [Ser11-O−CO-Glu30]) in Milli-Q water was added
only to the first well. The two-step serial dilution was carried out,
followed by the addition of 50 μL of bacterial suspension. After 5 h
incubation at 37 °C, each well was administered 5 μL of 20% TSB
(low temp, sterilized at 100 °C), and the plates were reincubated 6−9
h depending on the growth rate of each bacterial strain used. The
potency of the antimicrobial activity was recorded by visible
inspection of the wells exhibiting a total growth inhibition. A volume
of 100 μL of tris buffer was used as the negative control, and the
human antimicrobial peptide LL-37 (5 μM) was used as the positive
control.
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