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Abstract: Many marine animals use chemicals to defend themselves and their eggs from predators. 12 
Beyond their ecologically relevant functions, these chemicals may also have properties that make 13 
them beneficial for humans, including with biomedical and industrial applications. For example, 14 
some chemical defenses are also powerful antimicrobial or anti-tumor agents with relevance to 15 
human health and disease. One such chemical defense, Escapin, an L–amino acid oxidase in the 16 
defensive ink of the sea hare Aplysia californica, and related proteins have been investigated for their 17 
biomedical properties. This review details our current understanding of Escapin’s antimicrobial 18 
activity, including the array of chemicals generated by Escapin’s oxidation of its major substrates, 19 
L–lysine and L–arginine, and mechanisms underlying these molecules’ bactericidal and 20 
bacteriostatic effects on planktonic cells and the prevention of formation and removal of bacterial 21 
biofilms. Models of Escapin’s effects are presented, and future directions are proposed. 22 
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 24 
1. Introduction 25 
This review is about Escapin, an L–amino acid oxidase in the ink of a gastropod mollusk, the sea 26 
hare Aplysia californica. Escapin and related proteins have been studied in different contexts. First, 27 
they have been studied in the context of natural history and chemical ecology, to examine their use 28 
as chemical defenses to protect sea hares from predators and their eggs from fouling organisms 29 
including bacteria. Second, they have been used in studies of natural products chemistry and drug 30 
discovery, in the search for molecules with applications for human health and disease. This review 31 
provides a short description of their role ecological roles, then a more extensive treatment of their 32 
antimicrobial properties related to human applications. This includes identification of molecules 33 
produced by Escapin’s oxidation of its substrates L–lysine and L–arginine, and the cellular and 34 
molecular mechanisms whereby these molecules act as antimicrobial agents against planktonic and 35 
biofilm forms of bacteria. 36 
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2. Escapin in the Context of Chemical Ecology 38 
Gastropod molluscs are renowned for their use of chemical defenses as protection against predators, 39 
especially those gastropods with reduced or absent shells such as the Euopisthobranchia and 40 
Nudipleura [1]. There are many reviews on the subject of chemical ecology and identification of 41 
deterrent compounds in these species. Many of these deterrents are diet-derived rather than 42 
synthesized de novo, and many are terpenoids [2-7}. Some chemical deterrents are constitutively 43 
present, including in the skin and mucus. Other chemical deterrents are released only upon attack by 44 
a predator, an example being the ink of sea hares (Figure 1). This ink is actually a mixture of secretions 45 
of two glands – the ink gland and the 46 
opaline gland – which are 47 
simultaneously released into the 48 
mantle cavity and then expelled 49 
through a siphon toward the site of 50 
predatory attack [8]. The ink gland 51 
secretes a deep purple ink, and the 52 
opaline gland releases a whitish 53 
opaline that polymerizes and becomes 54 
viscous on contact with water. The 55 
feeding deterrent properties of sea 56 
hare ink have been reviewed 57 
elsewhere [9-12]. 58 
3. The Chemistry of Escapin 59 
3.1. Escapin is an LAAOs, One of  60 
Several Types of AAOs  61 
L–Amino acid oxidases such as 62 
Escapin are one type of amino acid 63 
oxidase (AAO). The AAOs are 64 
enzymes that oxidize amino acids and 65 
in the process produce hydrogen 66 
peroxide (H2O2) and ammonium. The 67 
AAOs are found broadly in animals 68 
and microbes and differ in substrate 69 
specificity and function. Phylogenetic 70 
analysis of AAOs based on gene 71 
sequences identify several clusters or 72 
types [13], as shown in Figure 2. One 73 
group is L–amino acid oxidases, which 74 
are flavin-dependent enzymes that 75 
oxidize L–amino acids. They are 76 
diverse and contain several groups 77 
including two groups from animals 78 
(one for vertebrates, one for 79 
gastropods), one group from fungi, as 80 
a substrate, and various bacterial 81 
LAAOs that do not always form 82 
distinct clusters (Figure 2). A second 83 
group is the D–amino acid oxidases 84 
(DAAOs), which are FAD-containing 85 
proteins and use D-amino acids as 86 
substrates. A third group is the L–87 
lysine ε-oxidases and related proteins, 88 

Figure 1. An inking sea hare, Aplysia californica. Escapin is 
found in the ink gland secretion, and its substrate, L–
lysine, is found in the opaline gland secretion, both of 
which are mixed and released to form the ink shown 
emanating from this sea hare. Reproduced with 
permission Genevieve Anderson. 
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which contain a quinone cofactor, an example being LodA, an enzyme synthesized by melanogenic 89 
marine bacterium Marinomonas mediterranea. A fourth group is the L–aspartate oxidases, which are 90 
flavoproteins that use L–aspartate as a substrate. 91 

A phylogenetic analysis of a selection of LAAOs was performed by Kamiya et al. [5] and is 92 
shown in Figure 3. This analysis shows that LAAOs in gastropods including Escapin and its 93 
homologues (Aplysianin A, Cyplasin L, APITI) and related compounds (Achacin) form one cluster, 94 
LAAOs from vertebrates including snake venoms and fish mucus molecules (AIP) form another 95 
cluster, and both clusters are distinct from a bacterial (cyanobacterium) LAAO. An Escapin 96 
homologue has also been found in another gastropod, Biomphalaria glabrata [14]. 97 

 98 

Figure 3. A phylogenetic tree and substrate specificity of L -amino acid oxidases, based on gene 
sequence, from gastropods, vertebrates, and bacteria. Substrate specificity is indicated by the 
symbols, where closed circles represent basic amino acids, open circles represent aromatic amino 
acids, and double circles represent aliphatic amino acids. Size of circles represents relative activity. 
Aplysianin A (Aplysia kurodai [15]); Aplysianin A homologue (Aplysia californica [16]); Cyplasin L 
(Aplysia punctata [17]); Escapin (Aplysia californica [18]); APIT1 (Aplysia punctata [19, 20]); Achacin 
(Achatina fulica [21, 22]); pit viper venom (Calloselasma rhodostoma [23]); AIP (Scomber japonicus 
[24]); mouse B cell (Mus musculus [25]); mouse milk LAAO (Mus musculus [26]). Modified from 

Fig. 10.4 of Kamiya et al. [5]. 
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3.2. Homologues of Escapin 99 
Each sea hare species expresses several LAAOs with an organ-specific expression pattern, and an 100 
organ can express more than one type of LAAO (A. punctata [17, 19, 20, 27-29]). Escapin has several 101 
homologues; including some expressed in the ink gland (Dactylomelin P in Aplysia dactylomela [30] 102 
and APIT, Cyplasin L, and Cyplasin S in Aplysia punctata [17, 19, 20]) and some expressed in other 103 
tissues (Aplysianin A precursors expressed in the albumen gland of A. californica: [15]). 104 
3.3 Escapin’s Substrates and Products 105 
Escapin and its homologues prefer as substrates basic amino acids: L–lysine and L–arginine [15, 18-106 
20]. The principal natural substrate for Escapin in the ink of sea hares is L–lysine, since it is in much 107 
higher concentration in ink than is L–arginine [31]. Sea hares store Escapin and its substrates in 108 
separate reserve pools: Escapin in the ink gland, and L–lysine in the opaline gland [29]. Escapin and 109 
its substrate are only mixed when the defensive secretion is deployed and released. In fact, Escapin 110 
is kept in specific (amber) vesicles in the ink gland, separate from other (purple) vesicles in the ink 111 
gland that contain Aplysioviolin, another chemical defense [12, 29, 32, 33].  112 

Studies of the chemistry of Escapin show that Escapin’s oxidation of L–lysine produces a mixture 113 
of ingredients that changes quickly over time [34], as shown in Figure 4. The first step is Escapin’s 114 
oxidative deamination of L–lysine (compound 1), which produces an equilibrium mixture of 115 
compounds called “escapin intermediate products of lysine” (EIP-K, or just EIP). EIP includes α-keto-116 

Figure 4. Summary of the chemistry of the reaction of escapin with L–lysine, including the effects 
of pH on the relative composition of the molecular species in the equilibrium mixture. This series 
of chemical reactions produces products that interact with each other to form a diverse group of 
molecules at low millimolar concentrations within a few seconds of the release of the secretion. 
Modified from Kamio et al. [34]. 
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ε-aminocaproic acid (compound 2), ∆1-piperideine-2-carboxylic acid (compound 3), Δ2-piperideine-117 
2-carboxylic acid (compound 4), 6-amino-2-hydroxy-hex-2-enoic acid (compound 7), possibly 6-118 
amino-2,2-dihydroxy-hexanoic acid (compound 8), 2-hydroxy-piperidine-2-carboxylic acid 119 
(compound 9), H2O2, and ammonium. Three of these compounds, compounds 2, 3, and 4, then react 120 
non-enzymatically with H2O2 to yield a mixture of δ-aminovaleric acid (compound 5) and δ-121 
valerolactam (compound 6), called “escapin end products of L–lysine” (EEP-K, or EEP). The pH of 122 
A. californica ink is ca. 5.0 at full strength, in contrast to a pH of ca. 8.0 for seawater. This is significant 123 
because pH affects the equilibrium among Escapin’s reaction products: the naturally low pH of the 124 
secretion favors the linear forms of EIP (compound 2 and compound 5), though the cyclic forms 125 
(compound 3 and compound 6) dominate at any pH. A kinetic analysis of Escapin showed that 126 
incubation of Escapin and L–lysine at natural concentrations produces millimolar concentrations of 127 
hydrogen peroxide, ammonia, and other reaction products within seconds [34]. 128 
4. Bioactivity of Escapin’s Products 129 
4.1. Anti-Predatory Agents. 130 
The efficacy of Escapin’s products as a feeding 131 
deterrent depends on the identity of the molecules and 132 
predators. Hydrogen peroxide is a deterrent against 133 
fish and crustaceans [35-37], and EIP is also deterrent 134 
against fish [36, 37]. So far, there is no evidence of 135 
synergy between H2O2 and EIP in antipredatory 136 
effects. 137 
4.2. Antimicrobial Agents. 138 
Escapin’s products inhibits the growth of several types 139 
of microbes, including Gram-negative and Gram-140 
positive bacteria, fungi, yeast, and mold, with 141 
minimum inhibitory concentrations of between.25 and 142 
65 µg/ml [18]. Homologues of Escapin have been 143 
shown to have antitumor properties [5, 15, 19, 38], but 144 
Escapin has not been tested for such properties. 145 
Escapin is an effective antimicrobial agent against both 146 
planktonic bacteria and biofilms, and, as described in 147 
this section, some of its mechanisms of action are 148 
known. 149 
4.2.1. Planktonic Bacteria. Escapin has both 150 
bacteriostatic and bactericidal effects on planktonic 151 
cells. The bacteriostatic effect, in which growth is 152 
inhibited, is mediated by H2O2 alone, without a 153 
contribution from EIP or EEP. This is shown through 154 
equal bacteriostatic effects of H2O2 and of Escapin 155 
products when Escapin’s substrate is either L–lysine or 156 
L–arginine (both of which are equally effective 157 
substrates in the production of H2O2) (Fig. 5A) [18]. 158 
Homologues of Escapin also appear to be 159 
bacteriostatic, at least in large part because of the 160 
effects of H2O2 [5,15,19,22,39]. Escapin’s bactericidal 161 
effects, however, are not due only to H2O2, a surprising 162 
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result. This can be seen in Fig. 5B, in which L–lysine but 163 
not L–arginine is an effective substrate in Escapin’s 164 
bactericidal effects [18]. 165 

Another important observation in understanding 166 
Escapin’s mechanisms of bactericidal action was a 167 
synergistic effect of H2O2 and EIP when L–lysine, but 168 
not L–arginine, was used as the substrate [40]. Figure 6 169 
shows that a mixture of H2O2 and EIP using L–lysine as 170 
the substrate is by far the most effective bactericidal 171 
agent of those tested, more than either alone, more than 172 
H2O2 and EEP, and more than H2O2 and EIP when L–173 
arginine was the substrate [40]. The effect can be 174 
powerful, reducing the number of cells by more than 175 
seven log units in some cases (Fig. 6). This demonstrates 176 
that the bactericidal effect is due to molecules other than 177 
H2O2 alone. Furthermore, Figure 7 shows the 178 
concentration dependence of this potent synergistic 179 
bactericidal effect for E. coli, with a maximum effect of 180 
ca. 13 mM EIP-K and 2.5 mM H2O2. Such concentration-181 
response relationships where both higher and lower 182 
concentrations are less effective than concentration in 183 
between is known as the Eagle effect, and it has been 184 
reported for a variety of microbes and antimicrobial 185 
agents [41-43]. 186 

The synergistic action of co-presented H2O2 and 187 
EIP might result from the generation of novel, 188 
strongly bactericidal compounds from the chemical 189 
reaction between H2O2 and components in EIP. This 190 
hypothesis was tested by presenting H2O2 and EIP 191 
either simultaneously or sequentially, and then 192 
determining if synergy occurred. A short (10 min) co-193 
treatment with H2O2 and EIP was sufficient to 194 
generate long-lasting bactericidal effects [40,44], but a 195 
10-min presentation with either H2O2 or EIP only 196 
followed by brief rinsing and 10-min treatment of the 197 
other showed no synergy [40]. This supports the idea 198 
that the synergy of H2O2 and EIP is due to novel 199 
compounds generated by their chemical interactions, 200 
assuming that the effect of either H2O2 alone or EIP 201 
alone is long lasting (at least longer than 10 min). 202 

One identified effect of H2O2 and EIP is a rapid 203 
and long-lasting DNA condensation [44]. A two-min 204 
treatment with H2O2 and EIP causes significant DNA 205 
condensation(Fig. 8) and killing, and 10-min 206 
treatment causes a maximal effect that lasts at least 70 207 
h. Consistent with an effect on DNA is that H2O2 and 208 
EIP act preferentially on fast-growing cells (i.e. cells in 209 
their log-growth phase) vs. cells in their stationary 210 
phase [18]. Additionally, Escapin’s bactericidal effects 211 
do not require protein synthesis [18,40]. 212 

DNA condensation might occur because of alterations in the oxidation process. Bacteria with a 213 
single missense mutation in the oxidation regulatory gene, oxyR, are resistant to EIP and H2O2. This 214 
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effect is a specific response to oxidative stress (i.e. H2O2), since temperature stress combined with EIP 215 
(but not H2O2) does not produce the bactericidal effect [44]. Experiments using mutants for several 216 
single DNA-binding proteins suggest that EIP and H2O2 function through a combination of DNA-217 
binding proteins [44]. Experiments with chelators and scavengers suggest that hydroxyl radicals may 218 
mediate these effects [44]. 219 

The results to date indicate that the powerful, rapid, and long-lasting bactericidal effect of 220 
Escapin’s oxidation of L–lysine is that this reaction generates a rich array of highly reactive molecules 221 
that affect DNA of fast-growing 222 
planktonic bacterial cells. Hydroxyl 223 
radicals and possibly other 224 
oxidative agents generated by 225 
Escapin may interact in a specific 226 
way with the oxidation regulatory 227 
gene, oxyR. In turn, oxyR interacts 228 
with several DNA binding proteins, 229 
including Dps and H-NS, causing 230 
irreversible DNA condensation and 231 
inhibition of DNA unwinding 232 
mechanisms, thus arresting the 233 
initiation of DNA replication and 234 
initiating the degradation of DNA 235 
[44]. The role of molecules in EIP in 236 
this process is less clear. EIP can 237 
move across bacterial cell 238 
membranes (Mihika T. Kozma, P. C. 239 
Tai, and C. D. Derby, unpublished 240 
data), so its effects could be effected 241 
either by binding to receptor 242 
proteins on the bacterial cell 243 
membrane or by interacting with 244 
intracellular targets. EIP might play 245 
a role in stabilizing the oxidative 246 
response from H2O2 and thus in 247 
inducing the irreversible DNA 248 
condensation and degradation. 249 
Future studies must investigate not 250 
only the independent effects of EIP 251 
and H2O2 but also the interactive 252 
effects of the combination of the two, 253 
because of the synergistic effects of 254 
the two components. 255 

 256 
4.2.2. Bacterial Biofilms. 257 
In nature, most microbes exist as biofilms rather than as planktonic cells. Biofilms are communities 258 
of cells attached to surfaces and encased in a self-produced extracellular matrix called extracellular 259 
polymeric substances (EPSs) [45,46]. The life cycle of biofilms includes attachment of planktonic cells 260 
to a surface, growth of the biofilm, and dispersal (Fig. 9). Biofilms are highly dynamic, with 261 
environmental conditions supporting either growth or emigration of bacterial cells from the biofilm. 262 
The structure and composition of EPSs in biofilms is variable but typically includes an abundance of 263 
polysaccharides in addition to proteins, nucleic acids, and lipids, held together through 264 
physicochemical interactions [47]. The EPSs provide biofilms with resistance to environmental 265 
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perturbations, including to antimicrobials, which makes them a challenge in medical and industrial 266 
settings [48-50]. Consequently, development of antibiofilm strategies is an active field. 267 

Escapin’s products have been tested as antimicrobial agents against biofilms of the pathogen 268 
Pseudomonas aeruginosa. This included examining inhibition of biofilm formation and disruption of 269 
established biofilms, and if EIP and H2O2 acted synergistically [51]. In these experiments, chemically 270 
synthesized EIP was used as it has similar activities as the products of Escapin’s action on L-lysine 271 
[40,44]. Significant effects were found with very low concentrations, in the micromolar range. For 272 
example, in 5 hr assays of inhibition of biofilm formation in microtiter plates, biofilms exposed to 96 273 
µM H2O2 were 30% smaller than controls, biofilms exposed to 3 µM EIP were 25% smaller than 274 
controls, and biofilms exposed to the combination of the two (96 µM H2O2 + 3 µM EIP) were 65% 275 
smaller than the control. Assays of dispersal of established biofilms by chemical agents involved 276 
growing biofilms in flow cells for 20 h, then exposing them to agents for 30 min, and then quantifying 277 
biomass using microscopy. These assays show that a combination of EIP at 50 µM + H2O2 at between 278 
0.03 and 3 µM caused 40% clearance of biofilms, while each alone caused very little clearance; thus, 279 
over this range of concentrations, EIP + H2O2 had a synergistic effect in disrupting biofilms (Fig. 10). 280 
Together, these results show that micromolar, and in some cases even nanomolar, concentrations of 281 
EIP and H2O2 can affect biofilm formation or disruption. These concentrations are significantly lower 282 
than those causing bactericidal effects on planktonic bacteria.  283 

 284 
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The biology of Escapin’s action 285 
against biofilms is still largely 286 
unexplored, with the most fundamental 287 
questions surrounding its mechanisms of 288 
activity. The work carried out to date 289 
generated several clues that are likely to 290 
be part of the story. First, sub-micromolar 291 
concentrations of H2O2 in combination 292 
with EIP resulted in significant biofilm 293 
disruption (Fig. 10) and reduced biofilm 294 
formation. Second, EIP increased 295 
swimming motility (Fig. 11) and yet did 296 
not affect swarming or other types of 297 
motility. Several hypotheses that 298 
incorporate these observations are 299 
plausible, potentially involving either 300 
intracellular or extracellular factors that 301 
affect biofilms. An essential component of 302 
a microbial biofilm is the extracellular 303 
matrix, which physically anchors the 304 
community to the substratum. The matrix 305 
is comprised of diverse biopolymers and 306 
ions, which contribute to its structural 307 
integrity. A matrix building block used by diverse 308 
biofilm-forming microorganisms is extracellular 309 
DNA (eDNA) [52]. EIP promotes DNA condensation 310 
and it could potentially influence eDNA 311 
concentrations and three-dimensional structure in 312 
the biofilm matrix, resulting in biofilm disruption. 313 
Alternatively, surfactants can contribute to biofilm 314 
detachment [53,54]. EIP, with its mixture of cationic 315 
and amphipathic structures, could act as a surfactant 316 
to promote biofilm detachment. Additionally, the 317 
negatively charged functional groups of several EIP 318 
components (Fig. 1) could work as chelators, 319 
interacting with calcium ions in the biofilm matrix 320 
and reducing its stability [55,56]. Another potential 321 
mode of action for Escapin on biofilms is to interact 322 
with cellular signaling networks that influence 323 
biofilm detachment. One of the surprising findings of 324 
our work was the low concentrations of H2O2 that 325 
affected biofilm disruption. While no work to date 326 
has focused on sub-micromolar concentrations of 327 
hydrogen peroxide, nitric oxide concentrations in the 328 
same range can promote biofilm dispersal [57]. Nitric 329 
oxide targets cyclic di-GMP signaling in P. aeruginosa 330 
[58,59] and hydrogen peroxide may work similarly 331 
and be potentiated by EIP. EIP and H2O2 enhanced 332 
swimming motility while decreasing biofilm 333 
formation. These traits have been inversely linked via 334 
cyclic di-GMP signaling pathways and related 335 

Figure 11. Effects of EIP + H2O2 on motility 
of P. aeruginosa after treatment for 2 h at 
37°C. Swimming motility was quantified as 
the area of the motility zone for each 
treatment. Values are means ± SEM for two 
replicates for each treatment. Values for 
treatments were normalized to levels in the 
untreated controls after the mean of the 
values for each of the control replicates was 
determined. Reproduced with permission 
from Santiago et al. 2016, Antimicrobial 
Agents and Chemotherapy; published by the 
American Society for Microbiology. 
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regulatory elements in P. aeruginosa and suggest that EIP may act by interacting with this network 336 
[60]. 337 
 338 
5. Conclusions 339 

In response to the global spread of antibiotic resistance, there is a demand for compounds that 340 
have the ability to attenuate microbial pathogenicity yet are not biocidal [61]. The logic for using 341 
compounds with anti-virulence capabilities is to control infections while reducing the strong selection 342 
for resistant phenotypes caused by standard antibiotics. This is particularly important for Gram-343 
negative bacteria such as P. aeruginosa for which the presence of outer membranes renders many 344 
antibiotics impermeable to the cells. To date, there are a limited number of compounds that have both 345 
anti-virulence and anti-biofilm characteristics. A recent review on therapeutics for biofilm eradication 346 
argued that a multi-pronged approach is required to effectively manage biofilm infections, due to 347 
their complexity at many levels [62]. From this standpoint, Escapin has potential as a therapeutic 348 
agent and warrants further attention. Progress in evaluating its use as a therapeutic agent requires a 349 
greater knowledge of its mechanisms of action. As described in this this review, some of the 350 
independent and synergistic actions of EIP and H2O2 are known, but much more detailed information 351 
is necessary. A challenge working with EIP is that there is variation in the activity of the mixture, 352 
since EIP and H2O2 are reactive and the ratios of the components in the equilibrium mixture may be 353 
different with each reaction and over time. To facilitate research into the mechanism of EIP, a 354 
consistent mixture of EIP should be available. The development of a synthetic approach to making 355 
EIP solved part of this requirement [34]. To move beyond the associated uncertainty, a synthetic EIP 356 
made from known concentrations of the chemical components needs to be developed. 357 
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