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Abstract :

Marine biofouling plagues all maritime industries at vast economic and environmental cost. Previous and
most current methods to control biofouling have employed highly persistent toxins and heavy metals,
including tin, copper, and zinc. These toxic methods are resulting in unacceptable environmental harm
and are coming under immense regulatory pressure. Eco-friendly alternatives are urgently required to
effectively mitigate the negative consequence of biofouling without causing collateral harm. Amphiphilic
micropeptides have recently been shown to exhibit excellent broad-spectrum antifouling activity, with a
non-toxic mode of action and innate biodegradability. The present work focused on incorporating the
pharmacophore derived from amphiphilic micropeptides into a 2,5-diketopiperazine (DKP) scaffold. This
privileged structure is present in a vast number of natural products, including marine natural product
antifoulants, and provides advantages of synthetic accessibility and adaptability. A novel route to
symmetrical tetrasubstituted DKPs was developed and a library of amphiphilic 2,5-DKPs were
subsequently synthesised. These biodegradable compounds were demonstrated to be potent marine
antifoulants displaying broad-spectrum activity in the low micromolar range against a range of common
marine fouling organisms. The outcome of planned coating and field trials will dictate the future
development of the lead compounds.
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Highlights

» Antifouling biocides that are effective but environmentally safe are urgently needed. » Novel synthetic
route for mixed functionality 2,5-diketopiperazines was developed. » Libraries of tetrasubstituted 2,5-
diketopiperazines were synthesised and screened. » Broad-spectrum antifouling was dictated by both
hydrophobicity and cationic charge. » These biodegradable molecules show promise for effective yet
safe antifouling.
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Abbreviations. DKP. Diketopiperazine; AMP. Antimicrobial peptide; CSV. Connolly
solvent excluded volume; QAS. Quaternary ammonium salt; Gpp. 4-

Guanidinophenylalanine; Bip. 4-Biphenylalanine;

1. Introduction
Marine biofouling — the settlement and accumulation of marine organisms on surfaces

submerged in the sea — is a ubiquitous process that results in huge economic and



environmental costs.>? Marine biofouling can be split into two major classes: microfouling,
which largely consists of bacteria and microalgae; and macrofouling, which comprises larger
organisms such as barnacles, seaweeds, and mussels. The hydrodynamic penalties,
biodeterioration and biosecurity risks caused by biofouling negatively impact shipping,
aquaculture, and energy production and a range of other maritime activities.>” Although
microfouling makes an important contribution to the biofouling process, larger macrofouling
organisms have a disproportionately impact in most scenarios.” For example, light calcareous
biofouling decreases the power coefficient of cross-flow turbirz< L, up to 15%, while heavier
fouling can render turbines incapable of producing power ~ tatouling increases green-house

gas emissions of ships by up to 40% due hydro™vricmic drag”®™

and is increasingly
recognised as a primary means for global spread of inv~sive marine organisms.***? Current
estimates place the combined cost of these diverse impacts of marine biofouling at
approximately US$60 billion per annum.->*

A key challenge in addressing the bicfouling problem is the vast taxonomic diversity of
marine biofouling organisms. Ove~ 4L fouling species have been identified, covering many
different taxonomic classes ar.' thus physiologies.'® To account for this taxonomic diversity,
the default approach to bintu1?1g management has been coatings laced with broad-spectrum
biocides.™® Such coati.7s can be highly effective, but pose high collateral risk to the
environment due to their propensity to bioaccumulate.® The best-known example is
tributyltin, which is a highly effective antifouling biocide but has been banned due to off-
target impacts.’®*’ There is urgent need for replacement technologies that are effective but do
not cause collateral harm in the environment.*® Non-biocidal approaches show promise for
some scenarios, and foul-release coatings are commercially available.*® However, the foul-

19,20

release mechanism is only applicable for fast moving vessels in near constant use and

other non-biocidal approaches have failed to translate beyond primary research (e.g., surface



microtopography) or are prohibitively labour intensive (e.g., manual cleaning).”*

Chemical biocides remain as an essential component of a holistic toolbox of antifouling
technologies, and the natural chemical antifouling defences of marine and terrestrial
organisms provides valuable inspiration for effective yet safe chemistry.?*** Antifoulants

inspired by marine natural product can exhibit targeted efficacy” 2’

, with examples including
derivatives of barettin (1) from the sponge Geodia barretti, phidianidine A and B (2) from the
ophisthobranch mollusk Phidiana militaris, and synoxazolidinone A (3) from the ascidian
Synoicum pulmonaria (Figure 1).22°%" Terrestrial natural prauct leads include chalcone
flavonoids,® the sesquiterpene dialdehyde polygodie: (1) (Figure 1),2* bile acid
derivatives,* and allelopathic batatasin from Arcti~ ¢,~w berries (Empetrum nigrum).*
Structure-activity studies of marine and terrestian natural products have generated
understanding of mode of action and tuned biar.ivity and toxicity?>*4%*** however, the

native compounds are often seen as ur.<ea’.stic for commercial use due to limited natural

supply and/or synthetic inaccessibility.

Figure 1. Antifouling marine natural products barettin (1), phidianidine A (2a) and B (2b), synoxazolidinone A
(3). Terrestrial natural product polygodial (4), antifouling tripeptide Gpp-Bip-GppNHBn (5) and lead 2,5-

diketopiperazine (DKP) (6).

One option to overcome the commercial limitations of native natural product antifoulants is



the production of simplified mimics via peptide chemistry. This approach has been employed
to generate efficient analogues of both barettin and the synoxazolidinones.**® Peptide
synthesis is innately scalable and adaptable and, as peptides are targets for a multitude of
natural proteolytic enzymes, the mimics are unlikely to persistent in the environment.®3®
Peptide chemistry is increasingly employed for drug development,®® and advances from that
field can be used to incorporate functionalities from antifouling natural products to further
improve or augment antifouling activity. Synthetic truncation of the lactoferricin peptide®,
and the incorporation of unnatural amino acids led to the aeceration of highly potent
antimicrobial peptides (AMPs) comprising as few as s «mino acids.** Trepos et al.
evaluated 13 AMPs for marine antifouling, and a trip~nude (5; Figure 1) was identified that
exhibited broad-spectrum activity against a range of raai.ne fouling organisms via a non-toxic
mechanism.*® Subsequently, Labriére et al. 1.vealed a series of 2,5-diketopiperazines
(DKPs) adopting the design principles . th.e aforementioned linear tripeptides, and DKP 6
(Figure 1) displayed potent antibacte.*al activity against both Gram-positive and Gram-
negative terrestrial bacteria.*® D¥®s ~re privileged structures with the ability to bind to a
range of receptors and repre. nt « particularly interesting structural platform to develop
effective yet safe antifoim o agents.”” DKPs are non-persistent due to their peptidic

nature*:48-0

and the cure scaffold is amenable to extensive derivatisation at four positions.
The later factor allows for simultaneous tuning of multiple physicochemical parameters
inspired by emerging advances from both antifouling natural products and antibacterial
micropeptides,**4®°!

The current study rationally designs and assesses four distinct libraries of 2,5-DKPs to
develop effective yet safe marine antifouling biocides (Figure 2). The DKPs were designed
from an established amphiphilic antimicrobial peptide pharmacophore, often referred to as

the ‘“2+2 pharmacophore” combined with elements from marine antifouling natural



products.?** Through the synthesis of DKPs 6-27 (Figure 2), this study probes the demands
of this pharmacophore, examining 1) the hydrophobic bulk (X) requirement (in terms of both
lipophilicity and hydrophobic volume), 2) the constitution of the cationic groups (Y), and 3)
the role of the spacer units (Z) between the DKP scaffold and the terminal charged groups.
The compounds were then evaluated against a comprehensive panel of marine fouling
organisms to evaluate their antifouling potential.

2. Materials and Methods

Commercially available starting materials were obtained from Sig.na-Aldrich, Merck, or AK
scientific (USA) and were used as received unless othenvisc noted. Reactions performed at
low temperature were cooled either with a Julabo FT40. immersion cooler. Reactions were
monitored by thin-layer chromatography (TLC) carriza o'it on silica gel plates (Merck) using
UV light as a visualising agent and an ethanol’'c .~lution of vanillin, potassium permanganate
or ninhydrin and heat as developing & en’s. The purity and retention factor of all target
compounds was assigned using achira. reverse-phase HPLC (Dionex P680 system using a
Phenomenex Gemini C18-Si colvn {750 mm x 4.6 mm, 5 um)) — eluted using an isocratic
gradient of 26:74 A:B over SO mui at 1 mL/min; where solvent A was water (+0.1% v/v
trifluoroacetic acid) and <ot B was acetonitrile (+0.1% v/v trifluoroacetic acid), or a
gradient of 100:0 A.B .~ u.100 A:B over 10 min at 1 mL/min; where solvent A was water
(+0.1% v/v trifluoroacetic acid) and solvent B was acetonitrile (+0.1% v/v trifluoroacetic
acid), unless stated otherwise. Accompanying in silico derived log D values were generated
using ACD labs version 12.0, and Connolly solvent excluded volumes for the hydrophobic
(X) groups generated using Chem3D Ultra 19.1. NMR spectra were recorded at room
temperature in CDCl;, MeOH-d4, or DMSO-dg, solutions, on either Bruker DRX400
spectrometers operating at 400 MHz for *H nuclei and 100 MHz for **C nuclei or using a

Bruker DRX-500 spectrometer operating at 500 MHz for *H nuclei and 125 MHz for *C



nuclei. Chemical shifts were reported in parts per million (ppm) and were measured relative
to the solvent in which the sample was analysed (CDCls: 6H 7.26 ppm or 6H 0.00 ppm
(TMS), 6C 77.16 ppm; MeOH-d,: 6H 3.31 ppm, 3C 49.00 ppm; DMSO-dg: 6H 2.50 ppm, 6C
39.52 ppm). High-resolution mass spectra (HRMS) were obtained using a micrOTOF-Q I
mass spectrometer.

2.1 Chemical Synthesis

Noting earlier observations around the generally superior antimicrobial activity exhibited by
the arginine-derived AMPs over their corresponding ornithin~/1y~ine counterparts,*** our
initial library (Figure 2, library 1) focused on DKPs basec o1, 'ead compound 6 incorporating
three carbon spacer units (Z) terminating with guanidines £Y), while varying the hydrophobic

unit (X) (DKPs 6-20).
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Figure 2. General compound design and selection of variable building blocks used for the generation of the

DKPs reported in this study.

Drawing inspiration from the natural product literature?®=%°

, it was suggested that through
the exploitation of hydrophobic moieties found in natural antifouling compounds, potent
antifoulants exhibiting reduced off-target toxicity could potentially be developed. Other
hydrophobic moieties were also included following literature examples of synthetic peptide
antimicrobials.?*>® Subsequent libraries shifted focus to the lin:.>r (Z) (libraries 2 and 3) and
the cationic unit (YY) (library 4), to probe the charge require: ~er.s, through the inclusion of
synthetic linkers from previous tripeptide libraries, c1d cationic units inspired by other
natural products, respectively (Figure 3).>* DKPs 6-20 \vere all synthesised from a common

di-Boc arginine protected DKP intermediate (2J) which itself was synthesised through

known chemistry that allowed for the rete.itic n o: stereochemistry (Figure 3).>*
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Figure 3. Literature route and novel route to lead DKP 6. With the inclusion of the dipeptide cyclisation step the



stereochemistry is able to be controlled allowing for the enantiopure generation of DKP 6.

From this intermediate, a series of amide nitrogen derivatised DKPs (compounds 6-20, Figure
2, library 1) was synthesised using standard alkylation chemistry,> with subsequent Boc-
deprotection of the guanidine groups (using TFA) revealing the target compounds. Having
successfully synthesised a series of N,-derivatised DKPs bearing different hydrophobic
substituents, focus shifted onto modifying the spacer unit (Z) between the DKP scaffold and
the terminal guanidine group (DKPs 21-24, library 2, Figure 2).***° DKPs 21 (two-methylene
spacer) and 22 (four-methylene spacer) were synthesised fol awig procedures analogous to
those used in the preparation of DKP 6 (Figure 2). To com'2ment the aliphatic-based spacer
series, DKPs 23 and 24 (library 3, Figure 2), prep.ed s examples incorporating aromatic
spacer groups, were synthesised, building on t'ie design principles of lead linear Gpp-Bip-
GppNHBn tripeptide 5 (Figure 1).*® Fi~.'ly, through DKPs 25 (amine), 26 (quaternary
ammonium salt) and 27 (acetamidine), a foc.sed selection of DKPs bearing different cationic
groups (Y) were synthesised to prore the requirements of the positively charged moiety
(library 4, Figure 2). To the aii.ors knowledge this is the first example of an acetamidine
being incorporated into an anu™icrobial peptide/peptide mimic, the synthesis of which may
aid the development of f tture libraries.>

2.1.1 Synthesis of examr.le DKP 6 cyclo(N4-Bip-L-Arg-N,-Bip-L-Arg).2HCI (6)

To a solution of cyclo(Arg(di Boc)-Arg(di Boc)) (0.1 g, 0.14 mmol) in DMF (2 mL) under
nitrogen at -40 °C was added dropwise KHMDS (0.70 mL, 0.70 mmol, 1 M in THF), and the
mixture stirred for 1 h. A solution of 4-phenylbenzyl bromide (0.17 g, 0.70 mmol) in DMF (1
mL) was then added slowly, and the mixture stirred at -40 °C for a further 16 h. The mixture
was then poured into sat. ag. NH4CIl (15 mL) and extracted with DCM (3 x 5 mL). The
combined organic layers were washed with brine (2 x 15 mL), dried over anhydrous MgSOy,

filtered, and concentrated in vacuo. Purification by flash chromatography (Pet. Ether-EtOAc



4:1) afforded DKP 6a (0.065 g) as a colourless solid. To a solution of DKP 6a (0.065 g) in
DCM (2.5 mL) was added TFA (2.5 mL), and the mixture stirred at rt for 1 h. The mixture
was then concentrated, triturated with Et,O, and the resulting solid collected via vacuum
filtration. The solid was then redissolved in aq. HCI (2 mL, 0.1 M) and lyophilized to afford
title compound 6 (colourless solid, 0.042 g, 41%) as the dihydrochloride salt. [a]p?®° -104.9
(c 0.13, MeOH); *H NMR (400 MHz; MeOD): 6 7.61 — 7.30 (m, 18H, H-Ar), 5.17 (d, J =
15.1 Hz, 2H, H,-1"), 4.32 (d, J = 15.1 Hz, 2H, Hy-1"), 4.04 (ABX, J = 9.4, 4.6 Hz, 2H, H-2),
3.29 — 3.16 (M, 4H, H-5), 2.18 — 2.09 (m, 2H, H,-3), 1.98 - 1,2 (m, 6H, Hy-3, H-4); *C
NMR (100 MHz; MeOD): 6 168.1 (2 x C, C-1), 158.7 72 . C, C-6), 142.3 (2 x C, C-Ar),
141.6 (2 x C, C-Ar), 136.4 (2 x C, C-Ar), 129.9 (4 x CH, ~-Ar), 129.5 (4 x CH, C-Ar), 128.6
(2 x CH, C-Ar), 128.5 (4 x CH, C-Ar), 1279 (4 x CH, T-Ar), 60.8 (2 x CH, C-2), 48.7 (2 x
CHj,, C-1"), 41.7 (2 x CHy, C-5), 31.8 (2 x C'15, © 3), 26.8 (2 x CH,, C-4); HRMS (ESI +)
m/z: [M + H]" calcd for CagHsNgO,, 6 5.2560; found, 645.3642; Retention time 8.24 min
(purity at Azsq nm >99% (AUC)). F.'l details of synthesis and characterisation of all
compounds is provided in suppler-=n.>ry information.

2.2 Physicochemical propertics

Retention factor (Rf) was u-ed as a proxy for the hydrophobic contribution of the N,-
substituent using high-:"roughput HPLC for determining compound lipophilicity.”® R; is a
ratio between the retention time of the desired product and an unretained compound,

eliminating the “dead-volume” in the measurement Rt =

Retention of desired peak—Retention of unretained peak

, ; . Rt has previously been shown to closely
Retention of unretained peak

correlate to biological activity for other structurally related AMPs.*°
2.3 Antifouling evaluation
Compounds were screened for antifouling activity using a comprehensive range of model

macrofouling and microfouling species (Supporting information Table 1). For the



macrofoulers, brood stock of the transparent sea squirt Ciona savignyi, the blue tubeworm
Spirobranchus cariniferus, the blue mussel Mytilus galloprovincialis, and the Asian kelp
Undaria pinnatifida were sourced from coastal populations in the Nelson region of New
Zealand. Brood stock of these species were held in a recirculating seawater system (18 + 1
° C, 33 £ 1 PSU) and fed bulk-cultured Isochrysis galbana until ready to spawn, except for
U. pinnatifida which was spawned immediately after collection.®® Brood stock of the bay
barnacle Amphibalanus improvisus were collected from Tjarné, Sweden and were held in a
flow-through seawater system at ambient conditions (20-25 °~ 25 PSU). Larval spawning
and rearing procedures followed previously describeri 1.ethods for C. savignyi® S.
cariniferus,®” M. galloprovincialis,”® U. pinnatifida,®* a2 A. improvisus.®® In all instances,
competent larvae, or gametophytes in the case of 'J. .‘nnatifida, were diluted in artificial
seawater to prescribed concentrations (SI Tab’e 2 Aliquots of these larval suspensions were
added to multi-well plates containing se.ial dilutions of the test compound in small amounts
of ethanol or dimethyl sulfoxide (DM>7) to yield desired concentration ranges (SI Table 1).
Blank (artificial seawater only) ~nc <olvent (artificial seawater plus ethanol or DMSO)
controls were also included, «d trree replicates were performed in all cases (N = 3). All
multi-well plates were incuucted for 5 days, after which the number of successfully settled
and metamorphosed inu*viuuals were counted, endpoints shown in Figure 4. Dose-responses
were modelled using Weibull or logistic curve fitting (as dictated by model fit) and nominal
concentration estimates that reduced settlement and metamorphosis relative to the controls by
50% (ICso) calculated using R statistical software.®® For the microfoulers, two marine bacteria
(Vibrio harveyi DSM 19623, Halomonas aquamarina DSM 30161) and two microalgae
(Porphyridium purpureum AC122, Exanthemachrysis gayraliae AC15) were used to assess
the growth inhibition activity of the DKPs employing methodology described previously.®’

Microorganism suspensions for use in the assays were made up to prescribed densities in



peptone marine broth for bacteria and F/2 medium for microalgae (SI Table 1). Stock
solutions (10 pg/mL) of the test compounds were prepared in 20% ethanol and added to wells
in 100 pL-aliquots in six replicates wells. Ethanol was evaporated from the wells at 25 °C
under vacuum prior to adding aliquots of the respective microorganism suspensions. Bacterial
growth was monitored via absorption (620 nm) after incubating for 48 h at 25 °C. The
microalgae assays were incubated for 5 days at 20 °C and growth was quantified via
chlorophyll-a fluorescence (485 nm excitation, 645 nm emission) released upon addition of
100 pL of methanol to the wells. Data analysis quantified pe:~e1.: inhibition of bacterial or

microalgal growth relative to blank controls.
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Figure 4. Visual endpoints for the evalue:irn .« the DKPs towards the settlement and metamorphosis of C.

savignyi.

2.4 Statistical analyses

The macrofouling assay. were performed in triplicate and the microfouling were studied in
six replicates, and blank and solvent controls were run in all instances. The dose-responses
were modelled using Weibull or logistic curve fitting (as dictated by model fit). The nominal
concentration estimates that reduced settlement and metamorphosis relative to the controls by
50% were used as 1C50-values and were calculated using R statistical software.%® Seawater,
and seawater + DMSO were employed as controls. All synthetic compounds were prepared
and tested at >95% purity as verified using NMR, HRMS and HPLC as presented in

supplementary information.



3. Results and Discussion

The synthesis of DKPs 6-20 centred around a common di-Boc protected arginine DKP which
was synthesised over four steps from commercially available protected amino acids. This
route allowed for the rapid generation of an enantiomerically pure common intermediate in
good vyield (>70%), from which an extensive array of desired derivatives was accessed.
Previous syntheses of DKP libraries have been hampered by epimerisation, thus previous
antimicrobial evaluation of related amphiphilic DKPs focused on diastereomeric
mixtures.*®®® The ability of the synthetic approach deelued here to retain the
stereochemistry throughout the synthesis of the DKPs resre.~nts a significant advance that,
for example, enables reliable access to enantiomeric?!!v ~ure (S,S)-DKPs previously shown
to be more active than the corresponding diastereorier,> mixture.”® With the common DKP
intermediate in hand, a focused series of amid 2 1.'tr,gen derivatized DKPs (compounds 6-27,

Figure 3) was synthesized using stancarcd alkylation chemistry,

with subsequent Boc-
deprotection of the guanidine groups (ucing TFA) revealing the target compounds. This is the
first example of the synthesis of = comprehensive series of libraries of symmetric,
enantiopure, 2,5-DKPs adherii.* to wne 2 + 2 pharmacophore.

3.1 Macrofouling activity

On account of manne hiurouling being an immensely complex process involving many
different organisms, assessment using a single model assay is fraught and poses a high risk
for incomplete understanding of bioactivity and poor translation of results from lab to field.®
A Dbroad range of both micro- and macrofouling marine organisms when evaluating novel
marine antifoulants is essential, an imperative which is rarely met in this field.””"* In this
study, bioassays using five problematic macrofouling and four microfouling organisms

spanning diverse taxonomy underpinned the comprehensive examination of the potential

antifouling properties of the investigated DKPs.°*“"#"® Ciona savignyi, a well-studied



ascidian, was selected as the primary test organism for this study on account of both its rapid
development and its ability to spawn year-round in temperate climates.®® Mytilus
galloprovincialis, a blue mussel, Spirobranchus cariniferus, a tube worm, Undaria
pinnatifida, a macroalgae, and cyprids of the barnacle Amphibalanus improvisus were also
included as further examples of marine macrofoulers. This panel represents an extensive
examination of macrofouling organisms which allowed for a more in-depth analysis of the
antifouling potential of the synthesised compounds. All bioassays were performed on
competent larvae (gametophytes in the case of U. pinnatifid2) ¢f the given taxa, enabling
direct assessment of bioactivity during settlement and me’an. rphic processes. Assays for C.
savignyi, M. galloprovincialis, S. cariniferus, and A. imm 2visus were performed according to

previously published methods,*"™

with serial dilutior.s 1.2m 0.1 to 20 ug/mL.

The majority of the DKPs prepared (compounis *-77) demonstrated broad-spectrum activity,
in several instances registering 1Cso val 'es in the low to sub-pg/mL range (Table 1). This
activity was encouraging given that *his was the first instance in which this class of
compound had been evaluated for =ni.#,uling potential with the activity appearing to be high
compared to other evaluated livaries.” DKPs 6, 9, 10, 16, 18 and 24 all exhibited I1Csp values
<2 pg/mL against C. saviy™i, M. galloprovincialis, S. cariniferus and U. pinnatifida,
representing the most . ~tent, broad-acting compounds within this series. Conversely, DKPs
7, 12 and 23 were inactive against all species tested (ICso >20 ug/mL,). In terms of activity
against a particular organism, DKPs 15 (ICsp 0.11+£0.0 pg/mL), 10 (0.15+0.1 pg/mL), 26
(0.27£0.05 pg/mL) and 16-18 (1.0+£0.5 pg/mL) recorded the lowest individual 1Csp values
against C. savignyi, M. galloprovincialis, S. cariniferus and U. pinnatifida, respectively. Lead
DKP 6 exhibited superior activity compared to its linear counterpart, which was largely

inactive,”® and its broad-spectrum activity against both macro- and (to a lesser extent)

microfouling organisms was encouraging.?22%% " These potency values compare favourably



to a range of marine natural product antifoulants, with a meta-analysis of 198 marine natural

product antifoulants concluding that 50% lethal (LCso) or effective (ECsp) concentration < 15

Hg/mL correspond to ‘medium to high bioactivity’.”> Furthermore their inhibitory properties

are comparable to that of commercial booster biocide SeaNine.?®

Table 1. Activity of compounds 6-27 against C. savignyi, M. galloprovincialis, S. cariniferus, U. pinnatifida,

and A. improvisus.

| |Cso (ng/mL)
Entry R¢ C. savignyi M. galloprovincialis S. carinifen . u. pinnatifida | A. improvisus
6 194 0.3+0.2 0.8+0.3 0.3+0.1 1.3+0.4 >5.0
7 0.4 >20 >20 >2 ) >20 >5.0
8 24 >20 6.63+0.16 3.9140.2° >20 >5.0
9 32.4 0.54+0.1 0.8+0.3 11225 1.1+0.0 >5.0
10 49.0 1.9+0.4 0.15+0.1 0.35 :0.0 2.98+0.18 >5.0
11 >50 2.4+1.4 2.1+0.9 4..+3.6 >20 5.0
12 0.6 >20 >20 220 >20 >5.0
13 1.1 >20 2.3+0.95 y n.t* 4.24+0.35 >5.0
14 9.8 10.242.2 2.8£0.23 n.t 2.79+0.44 5.0
15 4.3 0.11+0.0 >20 n.t 2.6+0.7 0.5
16 3.7 0.21+0.02 1.740.4 0.49+0.07 1.0+0.2 5.0
17 3.7 0.14+0.01 2..+1.3 0.34+0.03 1.0+0.4 >5.0
18 23.1 0.2+0.06 11+0.2 n.t 1.0+£0.5 0.5
19 0.8 >20 797441 3.68+0.91 12.91+2.88 5.0
20 4.7 5.0£0.3 el 0.85+0.16 3.08+0.33 2.5
21 11.9 1.8+0.9 5707 1.2240.13 4.98+1.08 >5.0
22 215 2.5+0.8 2405 2.1+0.6 1.2+0.3 5.0
23 1.2 >20 W >20 n.t >20 2.5
24 45.0 1.54+0.68 | 0.17+0.06 0.47+0.14 1.99+0.08 0.5
25 8.5 2.31+0.2 ‘L 0.91+0.34 n.t 1.47+0.05 1.0
26 12.1 7.242.0 3.88+0.13 0.27+0.05 1.5140.21 >5.0
27 15.7 4.3+0.26 1.02+0.07 n.t 1.39+0.07 >5.0

1.t = not tested due to limited access to brood stock.

The design process for the initial library began with the removal of the para-phenyl

substituent present in DKP 6 (0.3+0.2 pg/mL), to reveal unsubstituted N,-benzyl DKP 12

(>20 pg/mL), and resulted in a complete loss of activity against C. savignyi. By incorporating

the hydrophobic moieties present in synoxazolidinone A, it was found that moderate activity

could be restored through the introduction of hydrophobic substituents onto the phenyl ring

of DKP 12 (e.g. through the preparation of dibromoanisole DKP 14, 10.2+2.2 pg/mL);




conversely, dibromophenol DKP 13 (>20 pg/mL) was inactive, in line with previous
literature on antimicrobial tripeptides due to an insufficient hydrophobic element.** The
incorporation of a phenyl group at the benzylic position of DKP 12, as found in DKP 15
(0.11£0.0 pg/mL), similarly restored a level of activity comparable to that of lead DKP 6.
Exchanging the biphenyl moiety of DKP 6 for planar polyaromatic moieties such as naphthyl
(DKPs 16, 0.21+0.02 pg/mL and 17, 0.14+0.01 pg/mL) and anthranyl (DKP 18, 0.2+0.06
1g/mL) maintained a high level of potency but did not improve upon the lead compound.?**
As examples of planar heterocyclic groups found in natura' =nu*oulants,?®?° bromoindole
DKP 20 (5.0+£0.3 pg/mL) was subsequently demonstrates: to be moderately active, whereas
its unsubstituted counterpart (DKP 19, >20 ug/mL) we- t. 'nd to be inactive.

Barnacles are a major contributor to fouling pressure and cost maritime industries billions of
dollars as a result of increased maintenance dzn. nus.” When assessed against A. improvisus

cyprids (Figure 5), several of the DF ©s were shown to inhibit cyprid settlement at a

compound concentration of 5 pg/mL (1chle 1).
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Figure 5. Effects of 2,5-diketopiperazines 6-27 on A. improvisus cyprid settlement, shown as percentage of

settled, free swimming, and dead cyprids.



DKPs 18 and 24 were the most active, completely inhibiting cyprid settlement (where the
cyprid population remained in the swimming phase), while DKPs 20 and 25 inhibited
settlement at levels >90%. Moreover, DKPs 6-27 were also shown to display no significant
toxicity (<5% death at 5 pg/mL) against the cyprids, similar to other natural products and
their derivatives.** This non-toxic mechanism provides a promising platform for the future
development of new antifoulants, as any new product must be shown to be environmentally
benign. This lack of toxicity is also in line with previous literature on related micropeptides,
which were shown to simply “deactivate” the cyprids (whiz® cculd later then be revived
through incubation in fresh seawater).*® ICs; values were su.sequently determined for those
DKPs which inhibited cyprid settlement by at least 5094 a. 5 ug/mL (Table 1), with DKPs 15,
18 and 24 revealed to be the most active with ICsq va'ue. of 0.5 pg/mL. This activity is highly
potent when compared to related marne ratural product antifoulants such as
synoxazolidinone A (7.44 pg/mL)* or ‘anfaelline (3.0 ug/mL),” and is comparable to the
natural product barettin (0.9 pg/mL)* <~d the commercially available antifoulant SeaNine™
(0.25 pg/mL).”" This non-toxic ~~tivity implies that the DKPs examined may operate via
multiple mechanisms of actic. wich barnacles potentially being impacted by mechanisms
other than anticipated memb, 22 disruption. This likelihood is consistent with other literature
that has revealed mulule intracellular mechanisms of action of DKPs alongside generic
membrane disruption, as well as the increased resilience of the cyprids to the DKPs as
evidenced by the increase in 1Cso.*® Coupled with the efficient and cost effective synthesis of
the DKPs, these results provide a promising lead for a commercially viable alternative.

In an effort to rationalize the aforementioned trends in structure-activity, attempts were next
made to tie observed biological activity to the hydrophobic contribution of the N,-substituent
of the DKP. An HPLC method was subsequently developed which revealed lead DKP 6 to

have a R of 19.4. Of the compounds which similarly exhibited sub-pug/mL activity against C.



savignyi, DKPs 9 (32.4), 15 (4.3), 16 (3.7), 17 (3.7), and 18 (23.1) revealed a broad range of
R values. Conversely, inactive (>20 pg/mL) DKPs 7 (0.4), 8 (2.4), 12 (0.6), 13 (1.1), and 19
(0.8) were all demonstrated to be significantly less hydrophobic. A strong correlation
between the logso(Ry) and the in silico generated clogDg was also observed, with an R? value
= 0.73, indicating a strong relationship and predictability through in silico methods
(Supplementary information). Previous studies have also shown a strong correlation between
the computationally generated Connolly solvent excluded volume (CSV) parameter and

activity, 2+

thus as a second estimate of hydrophobicity, the CSV parameter was adopted (Sl
Table 2); where the biphenyl group present in lead DKF b wvas subsequently calculated to
have a CSV of 145.6 A3, Again, of the compounds th>* wore most potent against C. savignyi,
namely DKPs 9 (143.8 A%), 15 (151.0 A%), 16 (125.5 &), 17 (126.3 A%), and 18 (162.7 A3),
compared to those which were revealed to be ~~mpletely inactive (>20 pg/mL), namely
DKPs 7 (75.3 A%, 8 (109.5 A% 12 (87.¢ &*, 13 (133.4 A®) and 19 (112.8 A®), only DKPs 13
and 14 were revealed as outliers (+=L!“Ps 13 and 14 (144.8 A%); although the boundaries

were again observed to be tight (Fioui 5).
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Figure 6. Correlation between the 1Cs, of DKPs 6-20 towards C. savignyi and the calculated Connolly solvent

excluded volume (CSV).

Based on these findings it could be tentatively argued that a minimum hydrophobic

requirement was in operation within the 2+2 pharmacophore, with a delicately poised



hydrophobic cut-off lying somewhere between an R of 2.4 and 3.7 or a CSV of 112 and 120.
In reality though it would appear that, within this particular series of DKPs, these high-
throughput methods cannot reliably be utilized as an accurate means of determining
compound activity, as has been done previously for pathogenic bacteria.>®

Similar trends in activity were observed across the other macrofouling organisms (M.
galloprovincialis, S. cariniferus and U. pinnatifida) studied (Supplementary information).
Some deviation from the initial SAR was noted for DKPs 13 and 19, which were previously
observed to be inactive against C. savignyi yet exhibited moz~ra.> activity against some of
the other macrofouling organisms. Conversely, DKP 15, v nic» was demonstrated to be active
against C. savignyi, exhibited no activity against M. 2ai.~orovincialis. The trend against A.
improvisus cyprids was less well defined, however, a ccmmon feature across the series was
the non-toxic nature of the DKPs per se, with ar..:» DKP 19 displaying toxicity (>5% death at
5 pg/mL). Overall DKP 18 exhibite1 t'ie broadest spectrum of activity against the
macrofouling organisms screened, alsc inhibiting cyprid settlement by up to 50% at 0.5
pug/mL; an inhibition value lower *har. *iat of many reported antifouling natural products, and
at levels comparable to the ma. -et antifoulant SeaNine™. 7678

Trends within the linear alky! cubstituted DKP series (7-11) were found to be better defined
than the poly-aromauc . tsututed DKPs (Table 1). DKPs 7 (N,-butyl) and 8 (N,-hexyl) were
demonstrated to be inactive (>20 ug/mL), whereas DKPs 9 (N,-octyl, 0.544+0.1 pg/mL) and
10 (No-decyl, 1.90+0.4 pg/mL) showed good activity against C. savignyi. Activity was again
compared to both the R and CSV parameters, where inactive DKPs 7 (R = 0.4; CSV = 75.3)
and 8 (Rf = 2.4; CSV = 109.5) revealed significantly distinct values compared to their more
active counterparts, DKPs 9 (Rf = 32.4; CSV = 143.8) and 10 (R = 49.0; CSV = 178.0);
supporting the idea of a minimum hydrophobic requirement within the pharmacophore.

Similar trends were observed against M. galloprovincialis, S. cariniferus and U. pinnatifida.



Interestingly, a fall in activity was observed for DKP 11 (N,-dodecyl) (Rf > 50.0; CSV =
212.3) across all tested organisms, particularly against U. pinnatifida, where it was rendered
inactive; which could equally imply an upper limit to the hydrophobic requirement, which
could also influence compound solubility.

The spacer group between the terminal cationic moiety and the DKP scaffold was also found
to be a contributing factor towards activity (Table 1). DKPs 21 (C. savignyi, 1.8+0.9 pg/mL)
and 22 (C. savignyi, 2.5£0.8 pg/mL), incorporating two and four-methylene unit spacers
respectively, revealed a notable drop in activity across most mccrofouling species, when
compared to lead DKP 6 (0.3+0.2 pg/mL); such a decr.as. 1n activity has similarly been
reported against terrestrial bacteria.”® Conversely, D+ 24, incorporating a benzyl-spacer
group, in combination with Bip as the hydropholic .nit demonstrated excellent activity
across all tested species, including cyprid settiei.:er.¢ (ICsp 0.5 pg/mL), which is in line with
the linear lead tripeptide 5.

With regards to the contribution oF the cationic group, free amine 25 (C. savignyi,
2.3140.22 pg/mL), quaternary ~mic~aium salt 26 (C. savignyi, 7.242.0 pg/mL) and
acetamidine 27 (C. savignyi, 4.3+0.26 ug/mL) containing DKPs all displayed a reduction in
activity against C. saviorwi, vith similar or reduced activity against the other screened
organisms (when comy-reu directly to DKP 6). Such findings were largely in line with
previous literature observations due to the decreased capacity for hydrogen bonding between
the active compound and the target phospholipid membrane.** However, an unexpected result
was noted in the cyprid settlement assay, with DKP 25 exhibiting an I1Csp of 1 pg/mL, a
significant improvement on lead DKP 6. Figure 7 highlights the dose response of arginine-
derived DKP 6 compared to its less active quaternary ammonium salt (QAS) counterpart,

DKP 26.
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Figure 7. Dose-response curves for compounds 6 and 26 agains: A) ™. savignyi, B) M. galloprovincialis, C) S.

cariniferus, D) U. pinnatifida.

3.2 Microfouling activity

In parallel, DKPs 6-27 were evaicated against four different microfouling organisms,
including two examples of marine La':teria, Vibrio harveyi, and Halomonas aquamarina, and
two microalgae, Porphyridiur: porpureum and Exanthemachrysis gayraliae. The growth
inhibitory effect of the cor."nou.ds on the microfoulers was investigated, and the data from

the active DKPs are ~vmi.>arised in Table 2.

Table 2. Activity of 2,5-DKPs 6-27 against microfoulers H. aquamarine, and E. gayraliae.

% Inhibition at 10 pg/mL

Entry H. aguamarina E. gayraliae
6 33.7+31.8 30.3+8.5
7 0 0

8 23.4x1.0 22.2%6.2
9 97.9+4.0 53.2+2.2
10 88.2+36.0 51.1+4.1
11 82.4+51.2 28.0+3.1
12 0 0

13 0 0

14 43.9+19.0 25.0+7.3
15 35.3x7.5 17.6£1.7
16 61.9£39.6 25.56.6




17 100+2.3 37.7£17.3
18 57.1+31.1 0

19 41.1+54 27.6%£13.2
20 74.7+50.3 40.446.4
21 100+11.4 30.2+3.4
22 100+2.2 34.8+6.2
23 12.3+4.8 27.75.7
24 8.2+6.0 31.8+5.3
25 0 0

26 19.149.5 36.9+£9.7
27 0 19.4+6.0

In contrast to the macrofouling activity, the compounds displayed no inhibitory activity
against Vibrio harveyi at 10 ug/mL (data not shown). Vibrio species are particularly resistant
marine bacteria and previous studies on linear tripeptides re*2a.cu a strong resistance towards
this type of compound for all evaluated Vibrio sticins.* These results are thus in
accordance with the literature, and the cyclic nature >f the compounds does not appear to
alter their activity towards Vibrio. Similarly, I»v ¢ctivity was seen against the microalgae
Porphyridium purpureum (data not inc’ude ). rhe activity of the compounds against the
bacteria H. aquamarina was more pru.rounced, and several compounds produced near or total
growth inhibition at 10 ug/mL. The >omnpounds were only tested at a single concentration,
and previous studies report sut. micromolar 1Csp-values for Gpp-Bip-GppNHBnN (1, Figure 1)
against a range of marine acteiia, which compares well with the near complete inhibition
observed for the mu.*t actve DKPs in the current library.* The effect seen against the
microalgae E. gayraliae 1s somewhat less pronounced, and this too is in good correlation with
previous studies, suggesting a higher activity towards marine bacteria than against microalgae
for this type of small amphiphilic compound.®**® The inhibition generated by the most potent
compounds range between 20-50% illustrating the reduced ability of these compounds to
target algal cells. The microfouling data implies that the cyclic DKPs prepared as part of this
current study display similar activity against marine bacteria and microalgae to that observed

for related linear structural analogues.?** While there is a notable decrease in activity when




compared to the macrofouling organisms, it can be argued that the economic and
environmental impacts of the macrofouling organisms are far greater than that of the
microorganisms, thus are a more important target.

Collectively these reported investigations illustrate how naturally inspired 2,5-DKPs can be
combined with key functional elements from innate defensive peptides to generate highly
active antifouling hybrids in high yields to target an unusually wide array of macrofoulers.
The peptidic nature of the compounds opens up for a scalable antifouling approach with low
environmental impact. The current study is limited so a sperific cubstitution pattern on the
DKP ring and the stereochemistry is also locked. It is exr.ec.>d that refining the substitution
pattern and the stereochemistry will lead to optimiser anclogues with improved activity and
selectivity. Further development of these compsunds toward commercial reality are
underway, including further optimisation of diL~r’vity, quantification and optimisation of
environmental half-life, and tuning co: *0a%ibility with coating formulations. As with any
biocide, subsequent product registratior. ‘will require in depth ecotoxicological evaluation.

4. Conclusions

The current paper probes the « tabished 2 + 2 antimicrobial pharmacophore for short linear
amphiphilic peptides in 2 v ic 2,5-DKP format against a series of marine biofouling
organisms. With the empmioyed synthetic methodology, control over stereochemistry and
substitution pattern can be achieved and the initial studies on enantiopure symmetrically
substituted DKPs presented here provide structural insights into their bioactivity. 22
rationally designed 2,5-DKPs were prepared and screened for antifouling potency against a
comprehensive selection of model macrofouling and microfouling species. Our results
indicate that highly potent cyclic analogues of antifouling linear tripeptides can be prepared
with several compounds displaying low micromolar activities against the included

macrofouling species. A close relationship between a minimum required hydrophobicity



balanced by two strong cationic charges and a high bioactivity towards the macrofoulers was
observed. The effect against microfouling organisms was less pronounced but apparent. Our
study is the first describing the antifouling potential of this class of versatile compounds and
highlights how the 2 + 2 pharmacophore extends beyond bacteria and other microorganisms
and also notes the non-toxic mechanism of action against barnacle cyprids. The optimisation
of the naturally antifouling DKP scaffold using insight from the innate defence system has
led to a new class of peptidic compounds that can be prepared on scale to offer an antifouling
strategy with low environmental impact.
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