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Abstract 

Metallo-aminopeptidases (mAPs) control many physiological processes. They are classified in different 

families according to structural similarities. Neutral mAPs catalyze the cleavage of neutral amino acids from 

the N-terminus of proteins or peptide substrates; they need one or two metallic cofactors in their active site. 

Information about marine invertebrate’s neutral mAPs properties is scarce; available data are mainly derived 

from genomics and cDNA studies. The goal of this work was to characterize the biochemical properties of 

the neutral APs activities in eight Cuban marine invertebrate species from the Phyla Mollusca, Porifera, 

Echinodermata, and Cnidaria. Determination of substrate specificity, optimal pH and effects of inhibitors 

and ions (1,10-phenanthroline, cobalt, amastatin and bestatin) on activity led to the identification of distinct 

neutral AP-like activities, whose biochemical behaviors were similar to those of the M1 and M17 families of 

mAPs. Additionally, M18-like glutamyl AP activities were detected. Thus, marine invertebrates express 

biochemical activities likely belonging to various families of metallo-aminopeptidases. 
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1 Introduction 

Proteases are involved in almost all physiological processes [1,2]. Their importance is underscored 

by overlapping and redundant activities, and functional conservation throughout the eukaryotic 

lineage [3]. Proteases have adapted to the wide range of biochemical conditions found in complex 

organisms displaying different catalytic mechanisms for substrate hydrolysis. They are classified 

according to their hydrolytic mechanism, one of them being the metallo type [1]. Metallo-

aminopeptidases catalyze the cleavage of neutral amino acids from the N-terminus of substrates; 

they need one or two metallic cofactors in their active site, often zinc. Depending on enzyme 

structure, they have been classified in several metallo-peptidase families such as M1, M17 and M18 

[1,3,4]. Excluding viruses, most of these families are present in all living organisms [1,3,4]. 

Neutral metallo-aminopeptidase (APN, EC 3.4.11.2) is a M1 family member [3]. APN catalyzes the 

cleavage of neutral and basic amino acids from the N-terminus of substrates, leading to their 

activation/inactivation in the extracellular space. In mammals, APN is a type II membrane protein 

generally found as a homodimer [5,6]. Mammalian APN has an ectodomain containing the zinc-

binding active site sequence HEXXHX18E (underlined amino acids being zinc-ligands) and the 

exopeptidase signature GXMEN [5,6]; it processes peptides like enkephalins, peptides of the renin 

angiotensin system and chemokines, and is involved in cell adhesion, endocytosis, and as a receptor 

for coronavirus [7]. Mammalian leucyl aminopeptidase (LAP, EC 3.4.11.21, M17 family) is 

cytosolic and breaks down peptide products of intracellular proteinases [4]; its two metal ions are 

'co-catalytic'; both are zinc in mammals [4]. M18 enzymes in mammals are preferentially expressed, 

with high enzymatic activity, in neurons and neuroendocrine tissues, but they also regulate the 

renin-angiotensin system and blood pressure [8,9]. Metallo aminopeptidases from M1, M17 and 

M18 families are also critical in single cell eukaryotes; for example, in Apicomplexan protist 

parasites like Plasmodium falciparum they are involved in the final steps of hemoglobin digestion 

[10,11,12].  



Marine invertebrates are an important source of bioactive molecules such as peptidases [13] of 

different mechanistic classes. These biomolecules are involved in nutrition, reproduction, and 

communication. However, knowledge about marine invertebrate metallo-aminopeptidase activities 

[14,15] and inhibitors [16,17] is scarce; data regarding the presence of metallo-aminopeptidases 

come mainly from genomic and cDNA studies [18-21]. 

Recently, we identified neutral aminopeptidase-like activities in crude extracts from eight Cuban 

invertebrate species from the Phyla Mollusca, Porifera, Echinodermata, and Cnidaria [22]. Based 

on the antecedents, and the relevance for phylogenetic studies of the identification of M1, M17 and 

M18 activities in marine invertebrates, the main goal of the current study was to characterize the 

functional biochemical properties (using kinetic approaches) of the neutral and glutamyl 

aminopeptidase-like activities detected in these species.  

2 Materials and methods 

2.1 Materials and animals 

L-Leu-AMC, L-Ala-AMC, L-Phe-AMC, L-Tyr-AMC, L-Arg-AMC, L-Asn-AMC, L-Ser-AMC, L-

Asp-AMC, L-Glu-AMC, bestatin, amastatin, and 1,10-phenanthroline were purchased from Sigma-

Aldricht. L-Leu-pNA and L-Glu-pNA were purchased from Bachem. Microsomes containing 

porcine kidney cortex glutamyl aminopeptidase (pAPA) and human placental APN (hAPN) were 

prepared as described [22], based on a previous report [23]. LAP (hLAP) was prepared from 

human placenta as described [22]. The recombinant form of PfA-M17 aminopeptidase (rPfA-M17) 

was produced as described [22]. Other reagents were of analytical grade. Marine invertebrates 

(Supplementary Material, Table 1) were identified by Luis Alvarez Lajonchere, a researcher of the 

Museum of Natural History “Felipe Poey” (Faculty of Biology, University of Havana, Cuba). 

2.2 Preparation of crude extracts from marine invertebrates 

Crude extracts from marine invertebrates were prepared as described [22]. Organisms were 

collected along the coast of Havana (Cuba), classified, transported alive on ice, and stored at –20 

ºC until aqueous extract preparation. Specimens for each species were thawed, washed with 



distilled water, dried on paper filter, weighted, cut into small pieces with sterile scissors and 

homogenized in distilled water 2:1 (mL/g) at 4 °C in a warring blender (10 s for 3 repeated cycles). 

Homogenates were centrifuged at 10 000 g for 30 min at 4 °C. The supernatants were filtered on 

fiberglass to yield aqueous crude extracts. These extracts were extensively dialyzed versus 50 mM 

Tris-HCl pH 7.5 (buffer A) using dialysis membranes with a 10 000 Da cut off (Spectrapor) and 

kept at -20 ºC until assayed for aminopeptidase activities. 

2.3 Protein concentration determination for marine extracts 

The protein concentration was determined at 280 nm as described by Scopes [24] using one unit as 

an arbitrary extinction coefficient (0.1%, 1 cm) and bovine serum albumin as standard in a 

GENESYS 10S UV-V spectrophotometer (Thermo Scientific).  

2.4 Monitoring of aminopeptidase enzymatic activities 

The activities of the neutral aminopeptidases used as controls (hAPN, rPfA-M17, hLAP) were 

measured using the substrate L-Leu-AMC in the specific conditions for each enzyme as described 

[22]. Briefly, in all cases kinetic assays were run at 37 °C during 40 minutes in 96 well plates, and 

the linear region of the typical progress curve was used to calculate the initial rate. The AMC 

fluorescence was measured at 460 nm (bandwith: 40) upon excitation at 360 nm (bandwith: 40) in a 

BioTek FL600 fluoromark spectrofluorometer operating in the kinetic mode [22]. To avoid 

competition during inhibition assays, we used L-Leu-AMC at a concentration (10-500 µM) equal 

or lower than one KM value [22]. Human placental aminopeptidase N activity (0.25 mg/mL) was 

measured using buffer A, with 0.030 mmol/L of L-Leu-AMC in a final assay volume of 200 µL. 

Human placental leucyl aminopeptidase activity (0.84 mg/mL) was measured using buffer A, with 

0.200 mmol/L of L-Leu-AMC in a final assay volume of 200 µL. rPfA-M17 activity (0.113 

mg/mL) was measured using buffer Tris HCL 50 mmol/L pH 8, 1 mmol/L Cobalt (Buffer B) with 

0.050 mmol/L of L-Leu-AMC in a final assay volume of 100 µL. All enzymes were preincubated 

at 37 °C for 30 min before the addition of the substrate. One Unit of Enzyme Activity was defined 



as the amount of enzyme needed to produce 1 µmol of AMC per min per mL of enzyme using a 

standard curve of AMC. 

2.5 Preliminary functional characterization of the invertebrate extract neutral 

aminopeptidase-like activities  

We previously reported that some marine invertebrate crude aqueous extracts increased the rate of 

substrate hydrolysis in aminopeptidase assays [22]. To confirm the presence of aminopeptidase-like 

activities, different amounts of the various crude extracts were assayed with L-Leu-AMC (0.025 

mM) in buffer A, in a final assay volume of 200 µL [22]. The kinetic assays for the preliminary 

functional characterization described below were done as described above, and with a fixed amount 

of each crude extract inside the linear range of initial rate vs protein concentration: Nerita 

peloronta (0.42 mg/mL), Nerita versicolor (0.29 mg/mL), Lissodendoryx (Lissodendoryx)  

isodictyalis (1.31 mg/mL), Tripneustes ventricosus (0.74 mg/mL), Echinaster (Othilia) 

echinophorus (0.07 mg/mL), Stichodactyla helianthus (0.42 mg/mL), Bunodosoma  granuliferum 

(0.09 mg/mL) and Physalia physalis (5.47 mg/mL).  

2.6 Effect of metallo-inhibitors on enzyme activity 

To test the effects of the metallo-peptidase inhibitor 1,10-phenanthroline (1 mM), and of the 

metallo-aminopeptidase inhibitors amastatin (100 µM) and bestatin (eight different concentrations 

in the range 0.05-50 µM), each aqueous crude extract and the control enzymes, were preincubated 

for 30 min at 37 °C with the inhibitor prior to the addition of L-Leu-AMC at 0.025 mM as 

described above. The half maximal inhibitory concentrations (IC50) for bestatin were determined by 

non-linear regression adjustment of the dose-response curves using the software GRAFIT 6.0 

(n=3).  

2.7 Effect of pH on enzyme activity 

The effect of pH on enzyme activity was determined using the following buffers, at 50 mM: 

sodium acetate for pH 2.0-6.0; sodium phosphate for pH 6.0-7.5; Tris-HCl for pH 7.5-9.0; glycine 

for pH 9.0-12.0. 



2.8 Effect of substrates on initial rate, determination of KM for L-Leu-AMC and effect of 

cobalt on the activities vs L-Leu and L-Glu substrates 

L-aa-AMC substrates (aa: Ala, Phe, Tyr, Arg, Asn, Ser, Asp and Glu) were tested at 100 µM in 

buffer A. Extracts and control enzymes were preincubated for 30 min at 37 °C before substrate 

addition. For activity vs L-Glu-AMC, the effect of calcium at 1 mM was assayed. Analysis of the 

results was based on initial rate for each substrate, setting the highest value to 100% and adjusting 

the other results accordingly. hAPN and rPfA-M17 were tested in parallel as control enzymes for 

M1 and M17 families, respectively, and data for PfA-M1 from [25] was also included in the 

analysis. To corroborate a Michaelis-Menten behavior (characteristic of an enzyme) for each crude 

extract, we determined the effect of the L-Leu-AMC concentration (seven different concentrations 

in the range 10-500 µM) on initial rate of reaction and determined KM values. To identify potential 

M17 and M18 activities using a biochemical kinetic approach, we studied the effect of cobalt 

(CoCl2 1 mM) on the activity of crude extracts versus L-Leu-paranitroanilide (L-Leu-pNA; 300 

µM) and L-Glu-paranitroanilide (L-Glu-pNA; 300 µM), respectively. For L-Glu-pNA activities, 

the effect of bestatin 100 µM (with or without CoCl2 1 mM) was also assayed. In parallel, pAPA 

activity was assayed as a control for glutamyl aminopeptidase activity from the M1 family [1,3]. 

These assays were done in buffer A and in this case one Unit of Enzyme Activity was defined as 

the amount of enzyme needed to produce 1 µmol of paranitroaniline per min per mL of enzyme. 

The results were expressed as percentage of Enzyme Activity vs control activity. 

2.9 Bioinformatic search for M1, M17 and M18 sequences in marine invertebrates 

A search for sequences belonging to the M1, M17 and M18 families in organisms closely related to 

those listed in Table 1 was performed in the UNIPROT database (www.uniprot.org). A multiple 

sequence alignment (MSA) was carried out using ClustalW [26]. The amino acid conservation of 

each position in the MSA was calculated using Consurf server [27]. 

3 Results  

3.1 Effect of metallo-inhibitors on enzyme activity 



During the screening of aqueous extracts of marine invertebrates from the Cuba coastline for the 

detection of inhibitory activities against neutral aminopeptidases we detected that some extracts 

increased L-Leu-AMC hydrolysis rate over the control values. These extracts were from: Nerita 

peloronta, Nerita versicolor, Lissodendoryx (Lissodendoryx) isodictyalis, Tripneustes ventricosus, 

Echinaster(Othilia) echinophorus, Stichodactyla helianthus, Bunodosoma granuliferum and 

Physalia physalis [22]. 

To initiate the biochemical characterization of these neutral aminopeptidase-like activities, we 

tested their susceptibility to metallo- and/or amino-peptidase inhibitors in assays using L-Leu-AMC 

as a substrate at pH 7.5. The neutral aminopeptidase activities were inhibited by more than 80 

percent by 1 mM of the metallo-peptidase inhibitor 1,10-phenanthroline. They were also reduced by 

the metallo-aminopeptidase inhibitor amastatin tested at 100 µM, with percentage of inhibition 

ranging from 30 to 75 depending on the species. The inhibitory effects of bestatin were dose 

dependent in all cases, with IC50 values in the range of 0.2-86 µM (r2 values of the adjustment to the 

IC50 equation included in GRAFIT 6.0 software higher to 0.9971 in all cases) and concave 

behaviors indicating reversibility of the interaction (representative curves are shown in Fig. 1 A,B 

for the species Echinaster echinophorus and Stichodactyla helianthus; see also Supplementary 

Material, Fig. 1 for the rest of the species under study) (Table 1). Similar results were observed for 

the activities of the positive controls, hAPN, hLAP and rPfA-M17, assayed in parallel (Table 1; see 

Supplementary Material Fig. 1). 

3.2 Effect of pH on enzyme activity 

The effect of pH on the activities versus L-Leu-AMC depended on crude extract (Table 1); 

however, all extracts displayed a maximal activity in the 7-9 pH range, characteristic of neutral 

aminopeptidases from the M1 and M17 families. Furthermore, for five of the extracts, an additional 

peak of neutral aminopeptidase-like activity was also detected in the 4-5 pH range of values; this 

unexpected result indicates that these extracts contained at least two different molecular entities 



with neutral aminopeptidase activities, distinct in their optimal pH. The optimal range of pH values 

for hAPN activity was 7.0-8.0 (Table 1). 

3.3 Effect of different substrates on the initial rate; determination of KM for L-Leu-AMC 

The hydrolysis rates at increasing substrate L-Leu-AMC concentrations displayed hyperbolic 

Michaelis-Menten behaviors (r2 values of the adjustment to the Michaelis-Menten equation 

included in GRAFIT 6.0 software higher to 0.9712 in all cases); the KM values for L-Leu-AMC at 

pH 7.5 were determined for each extract and were in the 7-66 µM range (Table 1). These results 

corroborate the presence of neutral aminopeptidases in these extracts. Some of the hyperbolic 

curves are shown in Fig. 1 C,D for the species Echinaster echinophorus and Stichodactyla 

helianthus (see also Supplementary Material Fig. 2 for other species).  

We also evaluated the initial hydrolysis rate of different L-aa-AMC substrates (aa: Leu, Ala, Phe, 

Tyr, Arg, Asn, Ser, Asp, Glu), tested at 100 µM, pH 7.5 to preliminary study the specificity of each 

crude extract. Analysis of the results was based on initial rate for each substrate, setting the highest 

value to 100% and adjusting the other results accordingly (Fig. 2), as previously described [23]. 

Crude extracts from Nerita peloronta, Nerita versicolor and Stichodactyla helianthus had the 

highest initial rate of hydrolysis for L-Phe-AMC (Fig. 2 A,B,F); Stichodactyla helianthus extract 

also displayed a high hydrolysis rate for L-Tyr-AMC. The aqueous crude extracts from Echinaster 

(Othilia) echinophorus and Bunodosoma granuliferum had the highest initial rate of hydrolysis for 

L-Leu-AMC (Fig. 2 E,G), and that from Physalia physalis the highest initial rate of hydrolysis for 

L-Ala-AMC (Fig. 2 H). Interestingly, the crude extracts from Lissodendoryx (Lissodendoryx) 

isodictyalis and Tripneustes ventricosus showed the highest initial hydrolysis rate for L-Glu-AMC 

(without added calcium, Fig. 2 C,D); the hydrolysis rates were similar when 1 mM CaCl2 was 

added (not shown). All the aqueous crude extracts hydrolyzed L-Leu-AMC, L-Ala-AMC, L-Phe-

AMC, L-Tyr-AMC and L-Arg-AMC with initial rates at least 20% of the highest rate (Fig. 2). The 

extracts also hydrolyzed L-Asn-AMC and L-Ser-AMC, but with lower initial rates than for other 

substrates, except for Lissodendoryx (Lissodendoryx) isodictyalis that showed significant hydrolysis 



of both substrates (Fig. 2 C). All crude extracts also hydrolyzed L-Glu-AMC with low initial rates, 

except those of Lissodendoryx (Lissodendoryx) isodictyalis and Tripneustes ventricosus, which 

showed the highest activities with this substrate. Extracts from Nerita versicolor, Nerita peloronta 

and Lissodendoryx (Lissodendoryx) isodictyalis produced a low initial rate of hydrolysis of L-Asp-

AMC (Fig. 2 A,B,C). In parallel, we determined that for both hAPN and rPfA-M17 the highest 

activity was detected with L-Leu-AMC. hAPN activity with L-Ala-AMC was more than 80% that 

of the activity with L-Leu-AMC, and with L-Arg-AMC, L-Phe-AMC, and L-Tyr-AMC, 20-40% of 

the activity with L-Leu-AMC. For rPfA-M17, we also detected some activity for L-Phe-AMC (31% 

of the L-Leu-AMC activity) (Fig. 2). Data for PfA-M1 from [25] were also included for comparison 

(Fig. 2). Supplementary Material Table 2 shows substrate specificity for each extract and for hAPN, 

rPfA-M17 and PfA-M1 [25], according to decreasing order of initial rates. 

Since cobalt increases M17 activities [28 stack], we tested the effect of 1 mM of CoCl2 on the 

hydrolysis of L-Leu-pNA by the crude extracts at pH 7.5. Except for the Lissodendoryx 

(Lissodendoryx) isodictyalis extract, whose activity was barely changed by addition of CoCl2, for 

the other species, CoCl2 addition increased the activities by 16 to 48% (Table 2). 

To determine whether the activities hydrolyzing L-Glu-pNA in crude extracts were M18- or M1-

like, we evaluated the effect of cobalt and the susceptibility to bestatin 100 µM at pH 7.5. In 

parallel, we assayed the effects of both on pAPA (as control of the M1 family) activity. In all the 

crude extracts, the addition of 1 mM CoCl2 increased the hydrolysis of L-Glu-pNA by 10% to 34% 

(Table 2). Additionally, the hydrolytic activities towards L-Glu-pNA at pH 7.5 were not susceptible 

to bestatin 100 µM (Table 2). On the contrary, 1 mM CoCl2 and 100 µM bestatin decreased the 

activity of pAPA by 68% and 36% respectively (Table 2). 

3.4 Marine invertebrate M1, M17 and M18 sequences in data bases 

We detected 57 sequences highly related to M1 neutral aminopeptidase members in marine 

invertebrate species closely related (Phylum:Class) to those characterized in the present 

contribution. Most of the sequences are related to Mollusca:Gastropoda species; sequences from 



Echinodermata, Cnidaria:Anthozoa, Cnidaria:Hydrozoa and Porifera:Demospogiae were also 

identified. Most of these sequences have been described in genomic, transcriptomic and/or 

proteomic studies [20,21,29-31]. Studies specifically directed to M1 neutral aminopeptidases were 

done for Littorina species [19] and for Aplysia californica [18]. For the alignment shown in Fig. 3, 

we considered the conservation of the canonical sequences 352GxMEN356 (red rectangle Fig. 3) and 

385abxHEbbHbcx16E411 (numbers from human APN), where 'x' is any amino acid, 'a' is most often 

valine or threonine, 'b' is an uncharged residue, and 'c' a hydrophobic residue. Conservation grade 

was calculated in the Consurf server [27], using as input the MSA of all sequences; it ranged from 3 

(variable) to 9 (conserved) (Fig. 3, see Supplementary Material, Table 3).  

On the other hand, we identified 18 sequences highly related with M17 leucyl aminopeptidase 

members in marine invertebrate species closely related (Phylum:Class) to those characterized in the 

present contribution. Sequences from Mollusca:Gastropoda, Echinodermata, Cnidaria:Anthozoa, 

Cnidaria:Hydrozoa and Porifera:Demospogiae were identified; they have been described in 

genomic, transcriptomic and/or proteomic studies [20,21,29-31]. For the alignment shown in Fig. 

4A, we considered the conservation of amino acids involved in catalysis and metal coordination 

K282, D287, K294, D305, D364 and E366, and of the canonical sequence 362NTDAEGR368 (numbers from 

human LAP, red rectangle Fig. 4A). The conservation grade was 9 (conserved) for all the 

sequences, independently of the Phylum (Fig. 4A, see Supplementary Material, Table 4).  

Finally, we found six sequences highly related with M18 aminopeptidase members in marine 

invertebrate species closely related (Phylum:Class) to those characterized in the present 

contribution. Sequences from Mollusca:Gastropoda, Cnidaria:Anthozoa, Cnidaria:Hydrozoa and 

Porifera:Demospongiae were identified, but none from Echinodermata; they have been described 

in genomic, transcriptomic and/or proteomic studies [20,21,30,31]. For the alignment represented in 

Fig. 4B, we considered the conservation of amino acids involved in catalysis and metal coordination 

H170, D260, E301, E302, D346, H349, K374, Y381, H440 (numbers from human glutamyl aminopeptidase). 



The conservation grade was 9 (conserved) for all the sequences, independently of the Phylum (Fig. 

4B, see Supplementary Material, Table 5).  

4 Discussion 

Marine invertebrate peptidases are involved in nutrition, reproduction, communication, and 

contribute to protection against predator, infection and competition [13-15]. In the present 

contribution we identified and characterized for the first time, using a biochemical kinetic approach, 

neutral aminopeptidase-like activities (that hydrolyze L-Leu-AMC at neutral pH) in crude aqueous 

extracts from eight species of marine invertebrates from the Caribbean Sea: two mollusks, one 

sponge, two echinoderms and three cnidarians. These aminopeptidases have in common a great 

susceptibility to decreased pH and/or to the chaotropic agent TCA at 2.5%, because their activities 

were lost after clarification [22] and minimal at pH values lower than 3 (not shown). 

In all extracts, the activity vs L-Leu-AMC was highly susceptible to the general chelating agent 

metallo-inhibitor 1-10-phenantroline, indicating that the hydrolysis of the substrate is due to the 

presence of metallo-enzymes, as previously shown for Leu-aa hydrolyzing activities in marine 

invertebrates like Aplysia californica [15]. Additionally, hydrolysis was susceptible to the specific 

metallo-aminopeptidase inhibitors amastatin and bestatin, but bestatin IC50 values were extremely 

variable. Echinaster (Othilia) echinophorus showed the lowest IC50 value, in the submicromolar 

range, similar to Plasmodium falciparum M1 [25] and M17 aminopeptidases, which were used as 

positive control.  

The neutral aminopeptidase activities found in Nerita peloronta, N. versicolor, Echinaster (Othilia) 

echinophorus, Stichodactyla helianthus and Bunodosoma granuliferum were characterized by 

similar optimal pH in the neutral range, and preference for neutral (including large hydrophobic 

side chains like Phe and Tyr) and basic substrates (Fig. 2, see Supplementary Material Table 2). 

These features, which agree with the data obtained in parallel for the native placental hAPN, used as 

a reference control, and with those reported for PfA-M1 [25] and for porcine kidney APN, rat 

kidney APN and human kidney APN [23, 32], strongly suggest that these marine species contain 



enzymes that belong to the M1 family [1,3]. These results are in accordance with the presence of 

M1 family enzymes/sequences in closely related marine invertebrates belonging to 

Mollusca:Gastropoda, Echinodermata, Cnidaria:Anthozoa and Cnidaria:Hydrozoa [15,18-21,29-

31,33-35]. Additionally, this is the first biochemical evidence, based on kinetic results with a 

specific substrate, of the expression of M1 enzymes in these Caribbean species. The high degree of 

conservation of the alignment of human APN with marine invertebrate sequences, independently of 

the Phylum, agrees with the essential roles and multiple functions that APN display in all living 

organisms [1,3]. A direct association with the processing of endogenous peptides has been 

established for Aplysia californica neutral aminopeptidase [15]. Additionally, a L-Leu-aa 

hydrolyzing activity has also been detected in the digestive system of bivalves, such as 

Bathymodiolus thermophiles and Lucinoma aequizonata [34]. In Mytilus edulis, the neutral 

aminopeptidase activity is associated with the microvillous border (brush border) of the stomach, 

intestinal and digestive duct cells; increased salinity enhances its activity [36].  

A preference for neutral and basic substrates is also observed for the cnidarian Physalia physalis, 

but in this case, the 9-10 optimal pH value is closer to that observed for mammalian M17 enzymes 

[1,4]. Additionally, except for the L. isodictyalis extract, in all other extracts, addition of cobalt 

increased L-Leu-pNA hydrolysis, strongly indicating that the hydrolysis could be due, at least in 

part, to the presence of M17 enzymes, suggesting that both M1 and M17 enzymes coexist in these 

species. These results are in perfect agreement with the existence of sequences for M17 enzymes in 

closely related species from Mollusca:Gastropoda, Echinodermata, Cnidaria:Anthozoa, 

Cnidaria:Hydrozoa and Porifera:Demospongiae, which were identified mainly by genomic, 

transcriptomic and/or proteomic approaches [20,21,29-31]. The high conservation degree observed 

in the alignment of M17 sequences in marine invertebrates, independently of the Phylum, agrees 

with the essential roles associated to intracellular protein turnover, a fundamental housekeeping 

process in all living organisms, in addition to other functions beyond aminopeptidase activity that 

have also been attributed to M17 family members [1,4]. Additionally, these results constitute the 



first biochemical evidences (using kinetic approach with specific substrate) for the expression of 

M17 enzymes in these Caribbean species. 

Surprisingly, the activities from Lissodendoryx (Lissodendoryx) isodytyalis (Porifera) and 

Tripneustes ventricosus (Echinodermata) extracts were characterized by two ranges of optimal pH 

values with L-Leu-pNA as substrate, suggesting at least two different molecular entities. These 

extracts were also characterized by a higher rate of hydrolysis of L-Glu-AMC compared to other aa-

AMC substrates at pH 7.5. In these two extracts, activities versus L-Glu-AMC at pH 7.5 were 

independent of the concentration of calcium, indicating that they differ from the mammalian 

glutamyl aminopeptidase (APA), which needs calcium for activation. These extracts were also able 

to hydrolyze with good initial rates, basic and neutral substrates including L-Leu-AMC, suggesting 

the presence of M1 aminopeptidases, in agreement with the presence of M1 sequences in 

Echinodermata and Porifera:Demospongiae species [21,29]. This constitutes the first biochemical 

evidence (using kinetic approach) of this type of activity in these Caribbean species. 

Since all extracts hydrolyzed L-Glu-AMC to some extent, and because in L. isodytyalis and T. 

ventricosus extracts L-Glu-AMC activities were independent of calcium, we tested the effect of 

cobalt on the hydrolysis of L-Glu-pNA at pH 7.5, an indicator of the M18 family [1,8,12,37,38]. 

The addition of 1 mM cobalt in the assay buffer increased the hydrolysis of L-Glu-pNA by at least 

10 percent. Additionally, bestatin 100 µM did not modify the hydrolysis rate. On the contrary, we 

observed, in parallel assays, that pAPA (M1 family) activity was inhibited by bestatin and cobalt. 

These data strongly suggest that the glutamyl aminopeptidase activities detected in Nerita 

peloronta, Nerita versicolor, Lissodendoryx (Lissodendoryx) isodictyalis, Tripneustes ventricosus, 

Echinaster (Othilia) echinophorus, Stichodactyla helianthus, Bunodosoma granuliferum and 

Physalia physalis do not belong to the M1 family, but rather to the M18 family, since the 

stimulatory effect of cobalt, and the insensitivity to inhibition by bestatin, are properties of M18 

enzymes from Plasmodium to mammals [1,8,12,38]. These results are in perfect agreement with 

previous reports, using genomic, transcriptomic and/or proteomic approaches, of M18 sequences in 



the marine species Mollusca:Gastropoda, Cnidaria:Anthozoa, Cnidaria:Hydrozoa and 

Porifera:Demospongiae [20,21,30,31]. Unlike neutral aminopeptidases, few M18 aminopeptidases 

have been biochemically characterized; those derived from human [8,9], yeast [39] and Plasmodium 

falciparum [38]. Based on their restricted specificities for the N-terminal acidic amino acids, which 

cannot be cleaved by other aminopeptidases, it is proposed that they can act in concert with other 

aminopeptidases to facilitate protein turnover and peptide metabolism. In humans, a more specific 

function in the conversion of angiotensin II to the vasoactive angiotensin III in the central nervous 

system has been implicated [40]. This is the first report of a biochemical characterization (based on 

a kinetic approach with a specific substrate) of M18 enzymes in these marine Caribbean 

invertebrates, and the first evidence for Echinodermata species.  

Aminopeptidase expression is crucial for healthy cells but aminopeptidases are also markers in 

some diseases [3,4,7]. Thus, methods to rapidly identify them in complex biological samples are 

welcome. These methods can allow in depth clarification of physio- and pathophysio-logical 

processes, when the relevance of these enzymes remains unclear. In the present contribution, we 

combined the well-established screening of a substrate library of natural and/or unnatural 

aminoacids [23, 32, 41,42, 43] with the use of inhibitors and ions, to identify the specific type of 

aminopeptidase expressed by Cuban marine invertebrates. Specifically, we proposed a kinetic 

approach that combines substrate specificity and discrimination of M1 vs M17 family, according to 

cobalt effect on hydrolysis of L-Leu (M1 inhibited, M17 activated). This general approach should 

facilitate the identification of M1 and/or M17 enzymes in complex biological samples. 

Additionally, we proposed the use of calcium, cobalt, and bestatin, to distinguish if hydrolysis of L-

Glu is due to a M1 or M18 family enzyme. If hydrolysis of L-Glu is activated by calcium, inhibited 

by cobalt and by micromolar bestatin, the aminopeptidase probably belongs to the M1 family. If the 

hydrolysis of L-Glu is not susceptible to calcium, activated by cobalt, and not inhibited by bestatin, 

the aminopeptidase is probably of the M18 family.   

5 Conclusion 



In conclusion, using a biochemical kinetic approach combining substrate specificity and sensitivity 

to ions and inhibitors, we demonstrate that aqueous extracts from Caribbean invertebrate species 

belonging to the Phyla Mollusca, Porifera, Echinodermata and Cnidaria contain metallo-

aminopeptidase activities alike those of the M1, M17 and M18 families. This is the first evidence 

for M18-like activities in Echinodermata species.  
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Figure legends 

Figure 1: Characterization of neutral aminopeptidase-like activities from crude aqueous extracts 

from Echinaster echinophorus and Stichodactyla helianthus. (A) and (B): dose-response curves for 

the inhibition by bestatin (0.05-50 µM) of the neutral aminopeptidase-like enzymes detected in 

crude aqueous extracts from Echinaster echinophorus and Stichodactyla helianthus, respectively. 

Individual data are represented as residual activity (RA, fraction of the control assay) vs bestatin 

concentration in the assay. (C) and (D) Michaelis-Menten behavior versus L-Leu-AMC (10-500 

µM) of the neutral aminopeptidase-like activities detected in crude aqueous extracts from 

Echinaster echinophorus and Stichodactyla helianthus, respectively. Data are represented in terms 

of initial rate vs L-Leu-AMC concentration. The protein concentration in the kinetic assays was: 

Echinaster (Othilia) echinophorus (0.07 mg/mL) and Stichodactyla helianthus (0.42 mg/mL). 

Pictures were kindly supplied by Professor Jose Espinosa, PhD, from the National Institute of 

Oceanology, CITMA, Cuba. 

 

Figure 2: Summary of the hydrolysis rates at pH 7.5 of L-aminoacyl-AMC substrates by aqueous 

crude extracts from marine species, and by the control metallo-aminopeptidases hAPN, PfA-M1 

and rPfA-M17. L-aa-AMC substrates were tested at 100 µM. Results are mean of 2 experiments 

expressed as percentage of initial rate of hydrolysis normalized to that of the substrate with the 

highest value taken as 100%. Data for PfA-M1 are from [25] taking Lys-AMC hydrolysis as 100%. 

(A) Np: Nerita peloronta, (B) Nv: Nerita versicolor, (C) Li: Lissodendoryx (Lissodendoryx) 

isodictyalis, (D) Tv: Tripneustes ventricosus, (E) Ee: Echinaster (Othilia) echinophorus, (F) Sh: 

Stichodactyla helianthus, (G) Bg: Bunodosoma granuliferum, (H) Pp: Physalia physalis. 

 

Figure 3: Multiple sequence alignment of representative sequences belonging to the 

aminopeptidase M1 family in marine invertebrates. The MSA was carried out using ClustalW [26]. 

For clarity, we present only one sequence per organism. We show the canonical sequences 



352GxMEN356 (red font) and 385abxHEbbHbcx16E
411, where 'x' is any amino acid, 'a' is most often 

valine or threonine, 'b' is an uncharged residue, and 'c' a hydrophobic residue. The conservation 

grade ranged from 1 (variable) to 9 (conserved) and was calculated in the Consurf server [27] using 

as input the MSA of all sequences (Supplementary Material Table 3). Uniprot codes: Homo sapiens 

(P15144), Littorina obtusata (Q6UZ69), Littorina plena (Q6UZ70), Littorina saxatilis (Q6UZ67), 

Littorina scutulata (Q6UZ71), Littorina sitkana (Q6UZ53), Littorina subrotundata (Q6UZ63), 

Arion vulgaris (A0A0B7AVU0), Aplysia californica (Q9U0D1), Lottia gigantea (V4AT03), 

Haliotis discus hannai (A0A1I9W307), Strongylocentrotus purpuratus (W4ZH25), Nematostella 

vectensis (A7S394), Hydra vulgaris (T2MFK7), and Amphimedon queenslandica (A0A1X7V0N8). 

Residue numbers are for the human sequence. 

 

Figure 4: Multiple sequence alignment of representative sequences belonging to aminopeptidase 

M17 and M18 families in marine invertebrates. The MSA was carried out using ClustalW [26]. For 

clarity, we present only one sequence per organism. The conservation grade ranged from 1 

(variable) to 9 (conserved) and was calculated in the Consurf server [27] using as input the MSA of 

all sequences (Supplementary Material Tables 4 and 5). Residue numbers are for the human 

sequence. (A) Aminopeptidase M17 family. We show amino acids involved in catalysis and metal 

coordination and the canonical sequence 362NTDAEGR368 (red font). Uniprot codes: Homo sapiens 

(P28838), Lottia gigantea (V3ZPM6), Arion vulgaris (A0A0B7AAC1), Strongylocentrotus 

purpuratus (W4ZBD0), Nematostella vectensis (A7SX56), Hydra vulgaris (T2M8Q9), and 

Amphimedon queenslandica (A0A1X7V5U6). (B) Aminopeptidase M18 family. We show the 

amino acids involved in catalysis and metal coordination. Uniprot codes: Homo sapiens (Q9ULA0), 

Lottia gigantea (V3Z7I6), Arion vulgaris (A0A0B7ACW1), Nematostella vectensis (A7RHL4), 

Hydra vulgaris (T2M3F8), and Amphimedon queenslandica (A0A1X7UM67, A0A1X7T6D9). 
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Abstract 

Metallo-aminopeptidases (mAPs) control many physiological processes. They are classified in different 

families according to structural similarities. Neutral mAPs catalyze the cleavage of neutral amino acids from 

the N-terminus of proteins or peptide substrates; they need one or two metallic cofactors in their active site. 

Information about marine invertebrate’s neutral mAPs properties is scarce; available data are mainly derived 

from genomics and cDNA studies. The goal of this work was to characterize the biochemical properties of 

the neutral APs activities in eight Cuban marine invertebrate species from the Phyla Mollusca, Porifera, 

Echinodermata, and Cnidaria. Determination of substrate specificity, optimal pH and effects of inhibitors 

and ions (1,10-phenanthroline, cobalt, amastatin and bestatin) on activity led to the identification of neutral 

AP-like activities, whose biochemical behaviors were similar to those of the M1 and M17 families of mAPs. 

Additionally, M18-like glutamyl AP activities were detected. Thus, marine invertebrates express 

biochemical activities likely belonging to various families of metallo-aminopeptidases. 

 

Keywords  

Metallo-aminopeptidase; marine invertebrate; M1 family; M17 family; M18 family 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1 SM. Marine invertebrate´s species from the Havana coastline studied in the present 

contribution. 

 

Species Phyla: Class: Family 

Nerita peloronta (Linnaeus, 1758) Mollusca: Gastropoda: Neritidae 

Nerita versicolor (Gmelin, 1791) Mollusca: Gastropoda: Neritidae 

Lissodendoryx (Lissodendoryx)isodictyalis (Carter, 1882) Porifera: Demospongiae: Coelosphaeridae 

Tripneustes ventricosus (Lamarck, 1816) Echinodermata: Echinoidea: Toxopneustidae 

Echinaster (Othilia) echinophorus (Lamarck, 1816) Echinodermata: Asteroidea: Echinasteridae 

Stichodactyla helianthus (Ellis, 1768) Cnidaria: Anthozoa: Stichodactylidae 

Bunodosoma granuliferum (Le Sueur, 1817) Cnidaria: Anthozoa: Actiniidae 

Physalia physalis (Linnaeus, 1758) Cnidaria: Hydrozoa: Physaliidae 

Species names were validated on the reference WORMS database (http://www.marinespecies.org/index.php). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 1 SM. Dose-response curves for the inhibition by bestatin (0.05-50 µM) of the neutral aminopeptidase-like 

enzymes detected in crude aqueous extracts from marine invertebrates. These assays were done in Tris HCl 50 

mM pH 7.5, with a fixed amount of each crude extract inside the linear range of initial rate, in a final assay volume of 

200 µL. Each aqueous crude extract was preincubated for 30 min with bestatin prior to the addition of L-Leu-AMC at 

0.025 mmol/L. A: Nerita peloronta (0.42 mg/mL), B: Nerita versicolor (0.29 mg/mL), C: Tripneuste ventricosus (0.74 

mg/mL), D: Echinaster echinophorus (0.07 mg/mL), E: Stichodactyla helianthus (0.42 mg/mL), F: Bunodosoma 

granulifera (0.09 mg/mL), G: rPfA-M17 (280 nM), H: hAPN (0.25 mg/mL). 



 

Figure 2 SM. Michaelis-Menten behavior versus L-Leu-AMC (10-500 µM) of the neutral aminopeptidase-like 

activities detected in crude aqueous extracts from marine invertebrates. These assays were done in Tris HCl 50 

mM pH 7.5, with a fixed amount of each crude extract inside the lineal range of initial rate, in a final assay volume of 

200 µL. A: Nerita peloronta (0.42 mg/mL), B: Nerita versicolor (0.29 mg/mL), C: Echinaster (Othilia) echinophorus 

(0.07 mg/mL), D: Stichodactyla helianthus (0.42 mg/mL), E: Bunodosoma granuliferum (0.09 mg/mL), F: Tripneustes 

ventricosus (0.74 mg/mL). Pictures were kindly supplied by Professor Jose Espinosa, PhD, from the National Institute 

of Oceanology, CITMA, Cuba. 



Table 2 SM. Substrate specificity for each extract, and control aminopeptidases, according to decreasing order of initial rate based in Figure 2. 

Np Phe Ala Leu Tyr Arg Glu Ser Asn Asp 

Nv Phe Ala Leu Arg Tyr Glu Asp Ser Asn 

Li Glu Ala Phe Ser Tyr Asn Arg Leu Asp 

Tv Glu Phe Arg Leu Ala Tyr Asn Ser - 

Ee Leu Arg Ala Phe Tyr Asn Ser Glu - 

Sh Phe Tyr Ala Leu Arg Ser Glu Asn - 

Bg Leu Arg Phe Ala Tyr Glu Ser Asn - 

Pp Ala Leu Arg Phe Tyr Glu Ser Asn - 

hAPN Leu Ala Arg Phe Tyr Ser Asn - - 

PfA-M1 Ala Arg Leu Phe Tyr Asn Ser - - 

rPfA-M17 Leu Phe - - - - - - - 

Np: Nerita peloronta, Nv: Nerita versicolor, Li: Lissodendoryx (Lissodendoryx)isodictyalis, Tv: Tripneustes ventricosus, Ee: Echinaster (Othilia) echinophorus, Sh: Stichodactyla 

helianthus, Bg: Bunodosoma granuliferum, Pp: Physalia physalis. 



Table 3 SM. UNIPROT ID, Species and Taxonomy of all entries of the M1 family used for MSA.    1 

UNIPROT ID Species Taxonomy 

P15144 Homo sapiens 

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; 

Euteleostomi;Mammalia; Eutheria; Euarchontoglires; 

Primates; Haplorrhini;Catarrhini; Hominidae; Homo 

Q6UZ69 Littorina obtusata 

Eukaryota; Metazoa; Lophotrochozoa; Mollusca; 

Gastropoda; Caenogastropoda; Hypsogastropoda; 

Littorinimorpha; Littorinoidea; Littorinidae; Littorina. 

Q6UZ70 Littorina plena 

Q6UZ67; Q6UZ65 

Q6UZ68; Q6UZ66 
Littorina saxatilis 

Q6UZ71 Littorina scutulata 

Q6UZ53; Q6UZ75 

Q6UZ52; Q6UZ74 
Littorina sitkana 

Q6UZ63; Q6UZ64 

Q6UZ62; Q6UZ57 

Q6UZ58; Q6UZ60 

Q6UZ72; 

Littorina subrotundata 

A0A0B7AVU0; 

A0A0B7AIS9; 

A0A0B7AIS9; 

A0A0B7BBW7 

Arion vulgaris 

Eukaryota; Metazoa; Lophotrochozoa; Mollusca; 

Gastropoda; Heterobranchia; Euthyneura; 

Panpulmonata; Eupulmonata; Stylommatophora; 

Sigmurethra; Arionoidea; Arionidae; Arion. 

Q9U0D1 Aplysia californica 

Eukaryota; Metazoa; Lophotrochozoa; Mollusca; 

Gastropoda; Heterobranchia; Euthyneura; 

Euopisthobranchia; Aplysiomorpha; Aplysioidea; 

Aplysiidae; Aplysia. 

V4AT03; V3ZTC8 

V4AZ53; V4CEL3 

V4CEL6; V4AU50 

V4BLS2; V3ZAN6 

V4AGZ2 

Lottia gigantea 

Eukaryota; Metazoa; Lophotrochozoa; Mollusca; 

Gastropoda; Patellogastropoda; Lottioidea; Lottiidae; 

Lottia. 

A0A1I9W307 Haliotis discus hannai 

Eukaryota; Metazoa; Lophotrochozoa; Mollusca; 

Gastropoda; Vetigastropoda; Haliotoidea; Haliotidae; 

Haliotis. 

W4ZH25; W4XIN9 

W4XXN4; Q29VH4 

W4ZL24; W4Y982 

W4YHU2; W4Z6D1 

W4Y430; W4YIX9 

W4YD32; W4Y8B9 

Strongylocentrotus 

purpuratus 

Eukaryota; Metazoa; Echinodermata; Eleutherozoa; 

Echinozoa; Echinoidea; Euechinoidea; Echinacea; 

Echinoida; Strongylocentrotidae; Strongylocentrotus. 

A7S394; A7S5H5 

A7SCU3; A7SCT9 

A7RL33; A7SLF6 

A7S604; A7TCI3 

A7RUV9 

Nematostella vectensis 
Eukaryota; Metazoa; Cnidaria; Anthozoa; 

Hexacorallia; Actiniaria; Edwardsiidae; Nematostella. 

T2MFK7; T2M4D3 Hydra vulgaris 

Eukaryota; Metazoa; Cnidaria; Hydrozoa; 

Hydroidolina; Anthoathecata; Aplanulata; Hydridae; 

Hydra. 

A0A1X7V0N8 Amphimedon queenslandica 

Eukaryota; Metazoa; Porifera; Demospongiae; 

Heteroscleromorpha; Haplosclerida; Niphatidae; 

Amphimedon. 
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The UNIPROT IDs of the sequences used for MSA in figure 2 in the main manuscript have been underlined. The common 3 

taxonomic category between the organisms of the Caribbean Sea and the organisms containing aminopeptidases in 4 

UNIPROT database is in bold.   5 

Table 4 SM. UNIPROT ID, Species and Taxonomy of all entries of the M17 family used for MSA.    6 

UNIPROT ID Species Taxonomy 

P28838 Homo sapiens Eukaryota; Metazoa; Chordata; Craniata; 

Vertebrata; Euteleostomi;Mammalia; Eutheria; 

Euarchontoglires; Primates; Haplorrhini;Catarrhini; 

Hominidae; Homo 

V3ZPM6; V4AML6; 

V4AD59  
Lottia gigantea 

Eukaryota; Metazoa; Lophotrochozoa; Mollusca; 

Gastropoda; Patellogastropoda; Lottioidea; 

Lottiidae; Lottia. 

A0A0B7AAC1; 

A0A0B7A4L9 
Arion vulgaris 

Eukaryota; Metazoa; Lophotrochozoa; Mollusca; 

Gastropoda; Heterobranchia; Euthyneura; 

Panpulmonata; Eupulmonata; Stylommatophora; 

Sigmurethra; Arionoidea; Arionidae; Arion. 

W4ZBD0; W4ZBJ1 

W4YD71; W4Y6L8 

W4Z491 

Strongylocentrotus 

purpuratus 

Eukaryota; Metazoa; Echinodermata; Eleutherozoa; 

Echinozoa; Echinoidea; Euechinoidea; Echinacea; 

Echinoida; Strongylocentrotidae; Strongylocentrotus. 

A7SX56; A7SX56 

A7T409; A7SGM8 
Nematostella 

vectensis 

Eukaryota; Metazoa; Cnidaria; Anthozoa; 

Hexacorallia; Actiniaria; Edwardsiidae; 

Nematostella. 

T2M8Q9; T2MGD2 Hydra vulgaris 

Eukaryota; Metazoa; Cnidaria; Hydrozoa; 

Hydroidolina; Anthoathecata; Aplanulata; Hydridae; 

Hydra. 

A0A1X7V5U6; 

A0A1X7UYT5 
Amphimedon 

queenslandica 

Eukaryota; Metazoa; Porifera; Demospongiae; 

Heteroscleromorpha; Haplosclerida; Niphatidae; 

Amphimedon. 

 7 

The UNIPROT IDs of the sequences used for MSA in the figure 3A in the main manuscript have been underlined. The 8 

common taxonomic category between the organisms of the Caribbean Sea and the organisms containing aminopeptidases 9 

in UNIPROT database is in bold.  10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 



Table 5 SM. UNIPROT ID, Species and Taxonomy of all entries of the M18 family used for MSA. 21 

UNIPROT ID Species Taxonomy 

Q9ULA0 Homo sapiens 

Eukaryota; Metazoa; Chordata; Craniata; 

Vertebrata; Euteleostomi;Mammalia; Eutheria; 

Euarchontoglires; Primates; Haplorrhini;Catarrhini; 

Hominidae; Homo 

V3Z7I6 Lottia gigantea 

Eukaryota; Metazoa; Lophotrochozoa; Mollusca; 

Gastropoda; Patellogastropoda; Lottioidea; 

Lottiidae; Lottia. 

A0A0B7ACW1 Arion vulgaris 

Eukaryota; Metazoa; Lophotrochozoa; Mollusca; 

Gastropoda; Heterobranchia; Euthyneura; 

Panpulmonata; Eupulmonata; Stylommatophora; 

Sigmurethra; Arionoidea; Arionidae; Arion. 

A7RHL4 
Nematostella 

vectensis 

Eukaryota; Metazoa; Cnidaria; Anthozoa; 

Hexacorallia; Actiniaria; Edwardsiidae; 

Nematostella. 

T2M3F8 Hydra vulgaris 

Eukaryota; Metazoa; Cnidaria; Hydrozoa; 

Hydroidolina; Anthoathecata; Aplanulata; Hydridae; 

Hydra. 

A0A1X7UM67; 

A0A1X7T6D9 
Amphimedon 

queenslandica 

Eukaryota; Metazoa; Porifera; Demospongiae; 

Heteroscleromorpha; Haplosclerida; Niphatidae; 

Amphimedon. 

 22 

The UNIPROT IDs of the sequences used for MSA in the figure 3B in the main manuscript have been underlined. The 23 

common taxonomic category between the organisms of the Caribbean Sea and the organisms containing aminopeptidases 24 

in UNIPROT database is in bold.  25 

 26 
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 37 



Table 1: Summary of preliminary studies on neutral aminopeptidase-like activities of crude extracts from marine invertebrates and control 38 

metallo-aminopeptidases. 39 

Species Optimal pH % residual Activity vs 

1.10-phenantroline (1 

mM)a 

% residual Activity 

vs amastatin (100 

µM)a 

IC50 bestatin  

(µM)b 

KM vs L-LeuAMC 

(µM)b 

Nerita peloronta 4.0-5.0/7.5 6 59 1.43 ± 0.01 8.83 ± 0.84 

Nerita versicolor 4.0-5.0/7.5 8 59 2.10 ± 0.01 7.95 ± 0.91 

Lissodendoryx (Lissodendoryx) isodictyalis 4.5/9.0 12 59 86.0 ± 22.8 17.56± 3.41 

Tripneustes ventricosus 4.5/7.0 3 53 9.37 ± 0.01 15.77 ± 3.85 

Echinaster (Othilia) echinophorus 7.0 0.3 35 0.27± 0.02 10.84 ± 2.46 

Stichodactylahelianthus 6.0-8.0 6 70 3.34 ± 0.02 20.93± 1.81 

Bunodosoma granuliferum 8.0 9 51 4.33 ± 0.01 66.84 ±13.67 

Physalia physalis 5.0/9.0-10.0 6 61 15.2 ± 4.25 24.91 ± 5.42 

rPfA-M17 8.526 6 71 0.43 ± 0.05 43.33 

hLAP 9.0-9.51 19 73 34.4 ± 7.67 ND 

hAPN 7.0-8.0 1 57 19.9 ± 5.47 25.53 

PfA-M1 7.430 +30 +30 0.2837 6027 

rPf-M18 7.512 812 NI12 NI12 NA41 

The substrate was L-Leu-AMC at 0.025 mmol/L. a: Inhibition by 1,10-phenanthroline and amastatin in percentage of residual Enzyme Activity; results for rPfAM17, 40 
hLAP and hAPN are from this study or from references indicated in superscript. NI: No inhibition. ND: Not determined. b: data are expressed as mean ± standard 41 
deviation, n=3. The protein concentration for each crude extract was: Nerita peloronta (0.42 mg/mL), Nerita versicolor (0.29 mg/mL), Lissodendoryx (Lissodendoryx)  42 
isodictyalis (1.31 mg/mL), Tripneustes ventricosus (0.74 mg/mL), Echinaster (Othilia) echinophorus (0.07 mg/mL), Stichodactyla helianthus (0.42 mg/mL), 43 
Bunodosoma  granuliferum (0.09 mg/mL) and Physalia physalis (5.47 mg/mL). 44 


