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Abstract 
The American lobster (Homarus americanus) is a commercially important crustacean with an 

unusual long life span up to 100 years and a comparative animal model of longevity. Therefore, 

research into its immune system and physiology is of considerable importance both for industry and 

comparative immunology studies. Peptidylarginine deiminases (PADs) are a phylogenetically 

conserved enzyme family that catalyses post-translational protein deimination via the conversion of 

arginine to citrulline. This can lead to structural and functional protein changes, sometimes 

contributing to protein moonlighting, in health and disease. PADs also regulate the cellular release of 

extracellular vesicles (EVs), which is an important part of cellular communication, both in normal 

physiology and in immune responses. Hitherto, studies on EV in Crustacea are limited and neither 

PADs nor associated protein deimination have been studied in a Crustacean species. The current 

study assessed EV and deimination signatures in haemolymph of the American lobster.  Lobster EVs 

were found to be a poly-dispersed population in the 10-500 nm size range, with the majority of 

smaller EVs, which fell within 22-115 nm. In lobster haemolymph, 9 key immune and metabolic 

proteins were identified to be post-translationally deiminated, while further 41 deiminated protein 

hits were identified when searching against a Crustacean database. KEGG (Kyoto encyclopedia of 

genes and genomes) and GO (gene ontology) enrichment analysis of these deiminated proteins 

revealed KEGG and GO pathways relating to a number of immune, including anti-pathogenic (viral, 

bacterial, fungal) and host-pathogen interactions, as well as metabolic pathways, regulation of 

vesicle and exosome release, mitochondrial function, ATP generation, gene regulation, telomerase 

homeostasis and developmental processes. The characterisation of EVs, and post-translational 

deimination signatures, reported in lobster in the current study, and the first time in Crustacea, 

provides insights into protein moonlighting functions of both species-specific and phylogenetically 

conserved proteins and EV-mediated communication in this long-lived crustacean. The current study 

furthermore lays foundation for novel biomarker discovery for lobster aquaculture. 

 

 

Key words: Peptidylarginine deiminases (PADs); protein deimination; American lobster (Homarus 
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1. Introduction 

The American lobster (Homarus americanus) is a coldwater crustacean species of major economic 

importance and is found throughout the coastal and oceanic waters of the Northeastern United 

States and Canada. The lobster forms a vital part of the marine ecosystem throughout New England, 

serving both as both predator and prey for a variety of fish and invertebrates. The lobster belongs to 

the order Decapoda under the phylum Arthropoda, is the heaviest of all Crustacea, as well as all 

living Arthropoda, and can reach a size span of 64 cm and weight over 20 kilograms, with a putative 

livespan of 100 years (Holthuis, 1991). The American lobster is susceptible to a number of bacterial, 

fungal and viral diseases, also due to anthropogenic and environmental factors (Cawthorn, 2011). 

Therefore, investigations into its immune related mechanisms are of major importance to further 

current understanding of host-pathogen responses and for the identification of novel biomarkers 

both for lobster management and aquaculture, and as estimators for environmental pollution. 

Due to the unique longevity of the American lobster, including possibly due to their slow senescence 

and high telomerase activity (Klapper et al., 1998), it is also considered a valuable model for studies 

in ageing and telomerase function; including with relation to external and epigenetic factors (Louzon 

et al., 2019). The lobster may therefore be a valuable model organism which can hold information 

for molecular pathways underlying such unusual longevity traits (Louzon et al., 2019). 

Peptidylarginine deiminases (PADs) are a phylogenetically conserved calcium-dependent family of 

enzymes. In mammals five PAD isozymes are known, while three PAD isozymes have been described 

in chicken and alligator, but only one PAD form in teleost and cartilaginous fish (Vossenaar et al., 

2003; Rebl et al., 2010; Magnadottir 2018a, Magnadottir et al., 2019a; Criscitiello et al., 2019; 

Criscitiello et al., 2020a,b) Furthermore, PAD homologues, also referred to as arginine deiminases 

(ADI) ( Novák et al., 2016) have been described lower in phylogeny, including in parasites (Gavinho et 

al., 2019) and bacteria (Bielecka et al., 2014; Kosgodage et al., 2019), as well as in  fungi (El-Sayed et 

al., 2019). In crustaceans, PADs have hitherto not been reported. 

PADs convert arginine into citrulline in an irreversible manner, leading to post-translational 

modification (citrullination/deimination) in numerous target proteins of cytoplasmic, nuclear and 

mitochondrial origin (Vossenaar, 2003; György et al., 2006; Magnadottir et al., 2018a; Magnadottir 

et al., 2019a; Criscitiello et al., 2020a; Alghamdi et al., 2019). Deimination causes structural protein 

changes which can affect protein function and consequently downstream protein-protein 

interactions. Deimination can amongst other contribute to neo-epitope generation, which results in 

inflammatory responses, as well as affect gene regulation via deimination of histones (Bicker and 

Thompson, 2013; Wang and Wang, 2013; Witalison et al., 2015; Yang et al., 2016; Lange et al., 2017; 
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Mondal and Thompson, 2019). As post-translational changes contribute to protein moonlighting, 

which allows one protein to exhibit different functions within one polypeptide chain (Henderson and 

Martin, 2014; Jeffrey, 2018), deimination may facilitate such functional diversity. It has been noted 

that proteins more susceptible to deimination are proteins rich in beta-sheets and disordered 

proteins, while the position of the arginine is also important (György et al., 2006; Tarsca et al., 1996). 

Hitherto, the majority of studies on PADs and downstream deimination have related to human 

pathological mechanisms, while roles for PADs have recently also focussed on normal physiology in a 

range of taxa, indicating important roles in metabolic and immunological responses throughout the 

phylogenetic tree (Magnadottir et al., 2018a, 2019a,b, 2020a,b,c; Phillips et al., 2020; Pamenter et 

al., 2019; Criscitiello et al., 2019,2020a,b; Bowden et al., 2020). In Crustacea, no data is to date 

available on PADs or protein deimination and therefore warrants further investigation.  

PADs and posttranslational deimination contribute significantly to pathological pathways in 

inflammatory, autoimmune, neurodegenerative diseases and cancer (Mohanan et al., 2012; Wang 

and Wang, 2013; Witalison et al., 2015; Lange et al., 2017; Uysal-Onganer et al, 2020; Darrah and 

Andrade, 2018; Tilvawala et al., 2018; Ruiz-Romero et al., 2019; Fert-Bober et al., 2020; Martinez-

Prat et al., 2019; Svärd et al., 2019; Mastronardi et al., 2006; Moscarello et al., 2013; Wei et al., 

2013; Yang et al., 2016; Faigle et al., 2019; Méchin et al., 2020; Sancandi et al., 2020). PADs have 

furthermore been identified to have roles in mucosal, innate and adaptive immunity in a range of 

taxa (Lange et al., 2019; Magnadottir et al., 2018a and 2018b, 2019a; 2020a,b,c; Criscitiello et al., 

2019, 2020a,b,c; Pamenter et al., 2019; Bowden et al., 2020; Phillips et al., 2020). Importantly, PADs 

have recently been identified as important players in infection and anti-pathogenic responses, 

including anti-viral (Muraro et al., 2018; Casanova et al., 2020) and anti-parasitic ones (Gavinho et 

al., 2019), as well as in anti-bacterial mechanisms (Kosgodage et al., 2019), endotoxemia and sepsis 

(Pan et al., 2017; Biron et al., 2018; Claushuis et al., 2018; Costa et al., 2018; Liang et al., 2018; 

Muraro et al., 2018; Stobernack et al., 2018; Saha et al., 2019). Important roles for PADs have also 

been identified in tissue regeneration (Lange et al., 2011; Lange et al., 2014; Lange, 2016), as well as 

wound healing (Wong et al., 2015; Fadini et al., 2016), while putative roles in ageing have also 

received attention (Ding et al., 2017; Wong and Wagner, 2018).  

Extracellular vesicle (EV) biogenesis, and regulation of EV release from cells, has been found to be 

regulated by PADs and as this has been identified in a range of taxa, it appears to be a 

phylogenetically conserved function (Kholia et al., 2015; Gavinho et al., 2019; Kosgodage et al., 2017, 

2018, 2019). EVs participate in cellular communication and can be isolated from many body fluids, 

including serum and plasma. EVs play physiological and pathological roles via transfer of cargo 

proteins and genetic material, including in inflammatory responses, in infection and host-pathogen 
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interactions (Inal et al., 2013; Colombo et al., 2014; Lange et al., 2017; Turchinovich et al., 2019; 

Vagner et al., 2019; Antwi-Baffour et al., 2019; Gavinho et al., 2019). As EVs carry information from 

their cells of origin, their cargo signatures are usable biomarkers (Hessvik and Llorente, 2018; 

Ramirez et al., 2018). Currently, very few studies on EVs have been conducted in Crustacea and 

therefore warrant further exploration for the identification of biomarkers in relation to physiological 

processes, host-pathogen interactions, for aquaculture as well as environmental effects. Limited 

studies, hitherto carried out on EVs in Crustacea, include assessment of microRNA cargo in 

exosomes (small EVs) of red swamp crayfish haemolymph in response to viral infection (Yang et al., 

2019) and exosomes in hepatopancreas of woodlouse (Rupp and Ziegler, 2019). While a 

considerable body of comparative studies has assessed EVs and EV cargo in a range of taxa (Iliev et 

al., 2018; Gatien et al., 2019; Montaner-Tarbeset al., 2019; Šimundić et al., 2019; Magnadottir et al., 

2019b, 2020a, 2020b,c; Criscitello et al., 2019 and 2020a and 2020b; Lange et al., 2019; Pamenter et 

al., 2019; Bowden et al., 2020), EVs have not been characterised in lobster haemolymph before.  

Immune function in decapod crustaceans is relatively well understood (Cerenius et al 2010). The 

immune system of both extant lobster species has been reviewed (Bowden 2016).  Lobster immunity 

has been studied in relation to disease and climate change (Klymasz-Swartz et al., 2019; Ochs et al., 

2020), including a range of pathogens, as well as, metal sequestration and detoxification (Ahearn et 

al., 2004; Cawthorn, 2011). Conversely, studies on EVs, or roles for post-translational modifications, 

in relation to their immunity and physiology remain to be investigated. Due to the lobsters unusual 

longevity and commercial importance, a study on these parameters in lobster is warranted.  

The current study characterised EVs and assessed post-translational deiminated protein signatures 

in haemolymph of the American lobster, reporting for the first time post-translational deimination in 

a crustacean. This study provides novel insights into lobster immunity and metabolism and may 

further current understanding of the roles for post-translational modifications in functional 

diversification of conserved proteins throughout phylogeny. 
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2. Materials and Methods 

2.1 Haemolymph Sampling from Lobster 

Live American lobsters (Homarus americanus), approximately 600-700g per individual (n=3), were 

obtained from a local supplier (McLaughlin Seafood, Bangor, Maine, U.S.A.). Haemolymph 

(approximately 2 ml per animal) was immediately drawn from the open sinus from the ventral side 

at the base of the tail using a 5 ml syringe and 23G needle. The haemolymph was then frozen at -

80°C until further use for the individual experiments.   

 

2.2 Isolation of Extracellular Vesicles and Nanoparticle Tracking Analysis (NTA) 

Lobster EVs were prepared from haemolymph (thawed on ice) of three individuals, using sequential 

centrifugation and ultracentrifugation. Procedures were carried out according to our previously 

standardised and described protocols (Kosgodage et al., 2018; Criscitiello et al., 2019; Pamenter et 

al., 2019; Phillips et al., 2020; Criscitiello et al., 2020b; Bowden et al., 2020), also following 

recommendations of MISEV2018 (the minimal information for studies of extracellular vesicles 2018; 

Théry et al., 2018). For each individual haemolymp-EV preparation, 100 μl of lobster hemolymph 

were diluted 1:5 in Dulbecco’s PBS (DPBS, ultrafiltered using a 0.22 μm filter, before use). This was 

then centrifuged for 30 min at 4,000 g at 4 °C, to remove of apoptotic bodies and aggregates. 

Supernatants were then collected and ultra-centrifuged at 100,000 g at 4 °C  for 1 h. This resulted in 

EV-enriched pellets, which were resuspended each in 500 µl DPBS and thereafter ultra-centrifuged 

again for 1 h at 100,000 g, at 4 °C. The final resulting EV pellets were resuspended each in 100 µl of 

DPBS. The EVs were kept frozen at -80 °C until used in the procedures described below (all 

assessments where performed with EV preparations that had not been frozen for longer than 1 

week). Haemolymph-EV size distribution profiles were generated and EVs were quantified using 

nanoparticle tracking analysis (NTA), based on Brownian motion, and carried out using the 

NanoSight NS300 system (Malvern, U.K.). Prior to NTA, the EV samples were diluted 1/100 in DPBS 

(10 μl of EV preparation diluted in 990 μl of DPBS). The diluted EV samples were applied to the 

NanoSight NS300 (Malvern Panalytical, UK), recording five repetitive reads, 60 sec each. Particle 

numbers per frame were 40 to 60, camera settings were at level 12 for recording and for post-

analysis the threshold was set at 3. Replicate histograms were generated from these videos using 

the NanoSight software 3.0 (Malvern), representing mean and confidence intervals of the 5 

recordings for each sample. 

 

2.3 Transmission Electron Microscopy (TEM) 
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A pool of lobster haemolymph EVs, from three individual lobsters as described above, was used for 

morphological TEM assessment, as in previously described protocols (Criscitiello et al., 2020b; 

Phillips et al., 2020). Following thawing of isolated EV pellets (stored frozen for 1 week before 

imaging), the EVs were resuspended in 100 mM sodium cacodylate buffer (pH 7.4). One drop (~3-5 

μl) of the EV suspension was placed onto a grid which held a carbon support film which had been 

previously glow discharged. Following partial drying of the EV suspension, the sample was fixed for 1 

min at room temperature by placing the grid onto a drop of a fixative solution (2.5 % glutaraldehyde 

in 100 mM sodium cacodylate buffer (pH 7.0)). The grid was applied to the surface of three drops of 

distilled water for washing of the EV sample, removing excess water using a filter paper. The EVs 

were then stained for 1 min with 2 % aqueous Uranyl Acetate (Sigma-Aldrich), removing excess stain 

with a filter paper and air drying the grid. TEM Imaging of EVs was carried out with a JEOL JEM 1400 

transmission electron microscope (JEOL, Tokyo, Japan), which was operated at 80 kV, using a 

magnification of 30,000x to 60,000x. Recording of digital images was performed with an AMT XR60 

CCD camera (Deben, UK). 

 

2.4 Isolation of Deiminated Proteins using F95-enrichment  

Total deiminated proteins were isolated from lobster haemolymph using the the F95 pan-

deimination antibody (MABN328, Merck) and the Catch and Release®v2.0 immunoprecipitation kit 

(Merck, U.K.). The F95-antibody specifically detects proteins modified by citrullination and has been 

developed against a deca-citrullinated peptide (Nicholas and Whitaker, 2002). Lobster hemolymph 

pools of three individual animals (3 x 50 μl) were used for F95-enrichment, which was performed at 

4 °C overnight, using a rotating platform. Elution of deiminated (F95-bound) proteins from the 

columns was performed according to the manufacturer’s instructions (Merck), and the protein 

eluate was thereafter diluted 1:1 in 2 x Laemmli sample buffer (BioRad, UK). Samples were kept 

frozen at -20 °C until further use for SDS-PAGE analysis, western blotting and in-gel digestion for LC-

MS/MS analysis, as described below.  

 

2.5 Silver Staining 

SDS-PAGE (using 4–20 % gradient TGX gels, BioRad, U.K.) was carried out under reducing conditions 

for the F95-enriched protein eluates from lobster haemolymph, as described in 2.6. The gels were 

then silver stained according to the manufacturer's instructions, using the BioRad Silver Stain Plus Kit 

(1610449, BioRad, U.K.). 

 

2.6 Western Blotting Analysis 
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For western blotting, SDS-PAGE was carried out on lobster haemolymph and haemolymph-EV 

samples, which had been diluted 1:1 in denaturing 2 x Laemmli sample buffer (containing 5 % beta-

mercaptoethanol, BioRad, U.K.) and heated for 5 min at 100 °C. Protein separation was carried out 

using 4-20 % gradient TGX gels (BioRad U.K.), followed by western blotting at 165V for 1h on a Trans-

Blot® SD semi-dry transfer cell (BioRad, U.K.). Membranes were stained with PonceauS (Sigma, U.K.) 

to assess even protein transfer and then blocked with 5 % bovine serum albumin (BSA, Sigma, U.K.) 

in Tris buffered saline (TBS) containing 0.1 % Tween20 (BioRad, U.K.; TBS-T) for 1h at room 

temperature. Primary antibody incubation was carried out overnight at 4 °C on a shaking platform 

using the following antibodies for lobster haemolymp: F95 pan-deimination antibody (MABN328, 

Merck; diluted 1/1000 in TBS-T) and anti-human PAD2 antibody (anti-PAD2, ab50257, Abcam; 

diluted 1/1000), for detection of a lobster PAD protein homologue, due to PAD2 being the most 

conserved PAD isozyme and the anti-human PAD2 antibody was previously shown to cross-react 

with PADs across taxa (Lange et al., 2011; Lange et al., 2014; Magnadottir et al., 2018a and 2019a; 

Criscitiello et al., 2019 and 2020a,b; Pameneter et al., 2019; Phillips et al., 2020; Magnadottir et al., 

2020; Bowden et al., 2020). For characterisation of EVs from lobster haemolymph, two 

phylogenetically conserved EV-markers were assessed using the following primary antibodies: CD63 

(ab216130, Abcam, U.K.; diluted 1/1000) and Flotillin-1 (Flot-1, ab41927; diluted 1/2000). The 

nitrocellulose membranes were washed following primary antibody incubation at RT in TBS-T for 3 x 

10 min and therafter incubated with HRP-conjugated secondary antibodies (anti-rabbit IgG (BioRad) 

or anti-mouse IgM (BioRad) respectively, diluted 1/3000 in TBS-T), for 1h at RT. The membranes 

were washed for 5x10 min TBS-T and digitally visualised, using enhanced chemiluminescence (ECL, 

Amersham, U.K.) in conjunction with the UVP BioDoc-ITTM System (Thermo Fisher Scientific, U.K.).  

 

2.7 Liquid Chromatography with Tandem Mass Spectrometry (LC-MS/MS) Analysis of Deiminated 

Protein Candidates  

 

Liquid chromatography with tandem mass spectrometry (LC-MS/MS) was carried out to identify 

deiminated proteins from H. americanus haemolymph (pool of n=3), according to previously 

described methods in other taxa (Phillips et al., 2020; Criscitiello et al., 2020b). Before LC-MS/MS 

analysis, the F95-enriched protein preparations (diluted 1:1 in 2x Laemmli buffer and boiled for 5 

min at 100°C) were run 0.5 cm into a 12 % TGX gel (BioRad, U.K.). The concentrated protein band 

(containing the F95 eluate) was excised, trypsin digested and subjected to proteomic analysis using a 

Dionex Ultimate 3000 RSLC nanoUPLC (Thermo Fisher Scientific Inc, Waltham, MA, U.S.A.) system in 

conjunction with a QExactive Orbitrap mass spectrometer (Thermo Fisher Scientific Inc, Waltham, 
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MA, U.S.A.). Peptide seperation was performed using reverse-phase chromatography (flow rate 300 

nL/min) and a Thermo Scientific reverse-phase nano Easy-spray column (Thermo Scientific PepMap 

C18, 2 µm particle size, 100A pore size, 75 µm i.d. x 50 cm length). Peptides were loaded onto a pre-

column (Thermo Scientific PepMap 100 C18, 5 µm particle size, 100A pore size, 300 µm i.d. x 5 mm 

length) from the Ultimate 3000 autosampler (0.1 % formic acid for 3 minutes, flow rate 10 µL/min). 

Thereafter, peptides were eluted from the pre-column onto the analytical column. The linear 

gradient employed was 2-40 % solvent B (80 % acetonitrile, 20 % water + 0.1 % formic acid) for 30 

minutes. An Easy-Spray source (Thermo Fisher Scientific Inc.) was used to spray the LC eluant into 

the mass spectrometer. An Orbitrap mass analyser (set at a resolution of 70000), was used to 

measure all m/z values of eluting ions and were scanned between m/z 380-1500. Fragment ions 

were automatically isolated and generated using data dependent scans (Top 20) by higher energy 

collisional dissociation (HCD, NCE:25 %) in the HCD collision cell. The resulting fragment ions were 

measured using the Orbitrap analyser, set at a resolution of 17500.  Singly charged ions and ions 

with unassigned charge states were excluded from selection for MS/MS, employing a dynamic 

exclusion window of 20 seconds. The data was processed post-run, using Protein Discoverer (version 

2.1., Thermo Scientific). All MS/MS data were converted to mgf files. The files were submitted to the 

Mascot search algorithm (Matrix Science, London, U.K.) to identify deiminated protein hits. Search 

was conducted against the UniProt database CCP_Homarus_americanus 

Homarus_americanus_20200327 (318 sequences; 125441 residues), as well as a common database 

against crustacea (CCP_Crustacea Crustacea_20200402; 409366 sequences; 123217886 residues). 

An additional search was conducted against a common contaminant database (cRAP 20190401; 125 

sequences; 41129 residues). The fragment and peptide mass tolerances were set to 0.1 Da and 20 

ppm, respectively. The significance threshold value was set at of p < 0.05 and a peptide cut-off score 

of 14 for the lobster-specific database and  for the common Crustacea database a cut-off score of 40 

was applied (carried out by Cambridge Proteomics, Cambridge, U.K.).  

 

2.8 FoldIndex© Analysis of Deiminated Proteins in Lobster Haemolymph 

As disordered proteins are more susceptible to deimination, the level of protein disorder for the 

identified deimination protein hits from LC-MS/MS analysis was assessed using FoldIndex© analysis 

(Uversky et al., 2000; Prilusky et al., 2005; https://fold.weizmann.ac.il/fldbin/findex). The software 

was used to identify both the number of disordered regions, as well as the length of individual 

disordered regions in the identified lobster-specific deimination protein hits. The number of 

arginines present in the uniprot sequences identified in American lobster were also counted.   
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2.9 Protein-Protein Interaction Network Analysis 

To predict and identify putative protein-protein interaction networks associated to the deiminated 

proteins from lobster haemolymph, STRING analysis (Search Tool for the Retrieval of Interacting 

Genes/Proteins; https://string-db.org/) was performed. Protein networks were generated based on 

protein names and applying the function of “search multiple proteins” in STRING (https://string-

db.org/). For a representative choise of database, either “Drosophila” or “Mus musculus” were 

selected, as no species-specific protein database is available for lobster in STRING, and it is not 

possible either to choose a pan-Crustacean database for this type of analysis in STRING. Networks 

were therefore built representative of the phylum Arthropoda (with Drosophila showing most 

homology protein hits to lobster) and Mammalia (using Mus musculus), respectively. Parameters 

applied in STRING were “basic settings” and “medium confidence”. Nodes are connected with colour 

lines which represent the following evidence-based interactions for the network edges: “known 

interactions” (these are based on experimentally determined curated databases), “predicted 

interactions” (these are based on gene neighbourhood, gene co-occurrence, gene fusion, via text 

mining, protein homology or co-expression). Gene ontology (GO) and KEGG (Kyoto Encyclopedia of 

Genes and Genomes) pathways for the deiminated protein networks were furthermore assessed in 

STRING and are highlighted by colour coding (for each network analysis figure, please see the 

corresponding colour code key included for the individual nodes and connective lines). 

 

2.10 Statistical Analysis 

Generation of NTA curves was carried out using the Nanosight 3.0 software (Malvern, U.K.). The NTA 

curves show mean (black line) and standard error of mean (SEM), and the confidence intervals are 

indicated (red line). Protein-protein interaction networks were generating using STRING 

(https://string-db.org/), applying basic settings and medium confidence. Significance was considered 

as p ≤ 0.05.  

 

3. Results 

3.1 Characterisation of Lobster Haemolymp-EVs 

The NanoSight NS300 was utilised for NTA assessment of particle numbers and size distribution of 

lobster haemolymph EVs.  Haemolymph EVs were found to be poly-dispersed in the size range of 10-

500 nm, with main peaks at approximately 56, 115 and 172 nm. The majority of the EVs fell in the 

size range of 22-115 nm (Figure 1A). Assessment of EVs with the two phylogenetically conserved EV-

specific markers CD63 and Flot-1, by western blotting, showed strong positive reaction for CD63, 

while Flot-1 showed very low positive detectable response (Figure 1B). Transmission electron 

https://string-db.org/
https://string-db.org/
https://string-db.org/
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microscopy (TEM) revealed a majority of small EVs, approximately 20 nm sized (Figure 1C), and this 

corresponds to the main peaks observed by NTA analysis. EV yield from lobster haemolymph of the 

three different individuals ranged from 4.33 - 9.65 x 109 particles/ml (SEM:+/- 8.08 x 108 

particles/ml) and modal EV size was in the range of 56-71 nm.  

 

3.2 PAD Protein Homologue and Deiminated Proteins in Lobster Haemolymph  

Anti-human PAD2 specific antibody was used for assessment of a lobster PAD protein homologue by 

western blotting. A positive protein band at the expected approximate 70 kDa size was identified in 

lobster haemolymph (Figure 2A) and is similar to the protein size expected for mammalian PAD (70-

75 kDa). To assess the presence of total deiminated proteins in lobster haemolymph, western 

blotting analysis was performed and revealed a prominent band between 50-70 kDa (Figure 2B). 

Upon further analysis of F95-enriched fractions with silver staining, protein bands between 10-250 

kDa were identified, with the most prominent band observed at 50-70 kDa (Figure 2C).  

 

3.3 LC-MS/MS Analysis of Deiminated Proteins in Lobster Haemolymp  

Protein identification of deiminated proteins in H. americanus haemolymph was carried out 

following F95-enrichment using LC-MS/MS analysis. Species-specific protein hits with H. americanus, 

as well as hits with other crustaceans were identified using the UniProt Crustacea database (Table 1; 

see Supplementary Table S1 for full details on all peptide hits). Overall, 10 species-specific H. 

americanus deiminated protein hits were identified. Further 42 hits were identified for other 

crustaceans, whereof hemocyanin was a common hit with lobster. (Figure 3 and Table 1; see 

Supplementary Table S1 for full details on peptide hits).  

 

Table 1. Deiminated proteins in haemolymp of American lobster (H. americanus), as identified by F95-
enrichment and LC-MS/MS analysis.  Deiminated proteins were isolated from lobster hemolymph (n=3) by 
immunoprecipitation using the pan-deimination F95 antibody. The resulting F95-enriched eluate was then 
analysed by LC-MS/MS and peak list files submitted to Mascot, using both a lobster-specific as well as a 
common Crustacea database. Both H. americanus species-specific peptide sequence hits, as well as hits with 
other Crustacea are listed, showing number of sequences for protein hits and total score. A full list of protein 
sequence hits and peptides is further provided in Supplementary Table S1. 
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Protein name  Symbol Sequences 
(Matches) 

Total score 
(p<0.05)ⱡ 

 American Lobster  
(Homarus americanus)  

  

Hemocyanin alpha-subunit (Fragment) Q9NFR6_HOMAM 36 2346 

Hemocyanin beta subunit (Fragment) A1YL85_HOMAM 10 701 

Cytoplasmic type actin 3 B6EAV2_HOMAM 10 686 

Cytoplasmic type actin 1 B6EAV0_HOMAM 10 656 

Skeletal muscle actin 3  B6EAU3_HOMAM 10 343 

Prophenoloxidase Q6DN47_HOMAM 6 296 

Hemocyanin alpha subunit (Fragment) A1YL84_HOMAM 5 276 

Glyceraldehyde-3-phosphate dehydrogenase G3P_HOMAM 3 139 

Crustin-like protein A2TEF5_HOMAM 1 75 

Hemocyanin subunit 3 (Fragment) HCY3_HOMAM 1 71 

Slow-tonic S2 tropomyosin Q6E7L4_HOMAM 1 21 

PROTEIN NAME  
(species) 

Other Crustacea  
(common name) 

  

Cytoplasmic-type actin 3   
(Penaeus vannamei) 

A0A2H4V3C6_PENVA 
(Whiteleg shrimp) 

12 736 

Beta-actin  
(Procambarus clarkii) 

A0A0M4J5L0_PROCL    
(Red swamp crayfish) 

11 715 

Hemocyanin subunit 1  
(Hirondellea gigas) 

A0A2P2HW39_9CRUS 
(Hadal amphipod) 

9 441 

Haemocyanin II (Fragment)  
(Nephrops norvegicus) 

Q9U642_NEPNO 
(Norway lobster, langoustine) 

8 443 

Hemocyanin subunit 1  
(Procambarus clarkii) 

A0A142BZ27_PROCL 
(Red swamp crayfish) 

8 417 

Arginine kinase  
(Homarus gammarus) 

KARG_HOMGA 
(European (common) lobster) 

6 377 

Hemocyanin subunit 1 
(Scylla paramamosain) 

A0A0U1ZVT9_SCYPA 
(Green mud crab) 

7 365 

Hemocyanin subunit L3 
( Penaeus vannamei) 

A0A423SGT1_PENVA 
(Whiteleg shrimp) 

7 365 

Hemocyanin subunit Y  
(Penaeus japonicas) 

B0L612_PENJP 
(Kuruma prawn) 

6 310 

Hemocyanin A chain 
(Portunus trituberculatus) 

A0A5B7DUJ6_PORTR 
(Gazami crab/horse crab) 

6 256 

Hemocyanin B chain 
(Armadillidium nasatum) 

A0A5N5ST07_9CRUS 
(Pill-woodlouse) 

5 243 

Hemocyanin  
(Macrobrachium nipponense) 

A0A0A0PM26_MACNP 

(Oriental river prawn) 

4 213 

Hemocyanin  
(Penaeus vannamei) 

A0A3R7PVP7_PENVA 
(Whiteleg shrimp) 

5 197 

Hemocyanin A chain 
(Armadillidium vulgare) 

A0A444TU07_ARMVU    
(Carpenter/pill woodlouse) 

4 194 

Hemocyanin subunit 2 
 (Procambarus clarkii) 

A0A142BZ28_PROCL 
(Red swamp crayfish) 

4 180 

Hemocyanin subunit 2 
(Portunus trituberculatus) 

A0A5B7CEI8_PORTR 
(Gazami crab/horse crab) 

4 178 

Histone H4 
 (Tigriopus californicus) 

A0A553NPY7_TIGCA 
(Splashpool copepod) 

4 155 

Nucleoside diphosphate kinase B 
 (Armadillidium nasatum) 

A0A5N5SU49_9CRUS 
(Pill-woodlouse) 

4 153 

Beta-actin  
(Hirondellea gigas) 

A0A2P2HWK2_9CRUS 
(Hadal amphipod) 

3 125 
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ⱡ
Ions score is -10*Log(P), where P is the probability that the observed match is a random event. Individual ions 

scores > 20 (for H. americanus specific database) or > 40 (for all Crustacea database) indicated identity or 
extensive homology (p < 0.05). Protein scores were derived from ions scores as a non-probabilistic basis for 
ranking protein hits.  

 
3.4 Protein-protein Interaction Network Identification of Deiminated Proteins in American lobster 

Haemolymph 

Histone H2B  
(Armadillidium vulgare) 

A0A444SCS5_ARMVU 
(Carpenter/pill woodlouse) 

3 118 

Histone H2B  
(Lepeophtheirus salmonis) 

A0A0K2U4Y8_LEPSM   
(Salmon louse)   

3 96 

Alpha-2-macroglobulin  
(Pacifastacus leniusculus) 

G9BIX3_PACLE 
(Signal crayfish) 

4 94 

Papilin  
(Armadillidium vulgare) 

A0A444SS31_ARMVU 
(Carpenter/pill woodlouse) 

1 82 

Ubiquitin  
(Penaeus vannamei) 

A0A023H494_PENVA 
(Whiteleg shrimp) 

1 75 

Macroglobulin  
(Palaemon carinicauda) 

A0A0B4KIG1_PALCI    
(Ridgetail white prawn) 

2 71 

Alpha-2-macroglobulin  
(Penaeus vannamei) 

A0T1M0_PENVA 
(Whiteleg shrimp) 

2 58 

Very-high-density lipoprotein 
 (Ibacus ciliates) 

Q7M3L1_IBACI 
(Broad slipper lobster) 

1 56 

Spindle assembly abnormal protein 6 
(Portunus trituberculatus) 

A0A5B7CML1_PORTR 
(Gazami crab/horse crab) 

2 55 

Uncharacterized protein  
(Tigriopus californicus) 

A0A553N744_TIGCA 
(Splashpool copepod) 

2 49 

Elongation factor 1-alpha  
(Neogonodactylus oerstedii) 

Q6JUD7_NEOOE 
(Rock mantis shrimp) 

2 49 

Succinate--CoA ligase [GDP-forming] subunit beta, 
mitochondrial (Armadillidium nasatum) 

A0A5N5T8W0_9CRUS 
(Pill-woodlouse) 

2 47 

Zinc finger protein 
 (Armadillidium nasatum) 

A0A5N5SNF4_9CRUS 
(Pill-woodlouse) 

2 45 

Sphingomyelin phosphodiesterase  
(Armadillidium vulgare) 

A0A444TUU5_ARMVU 
(Carpenter/pill woodlouse) 

1 45 

Hepatocyte growth factor-regulated tyrosine kinase 
substrate  
(Portunus trituberculatus) 

A0A5B7EUX8_PORTR 
(Gazami crab/ Japanese blue 
crab/ horse crab) 

1 43 

Treslin  
(Portunus trituberculatus) 

A0A5B7HSZ5_PORTR    
(Gazami crab / horse crab) 

2 43 

Putative Ras GTPase-activating protein isoform X1 
(Penaeus vannamei) 

A0A423U3P9_PENVA 
(Whiteleg shrimp) 

1 43 

Putative NADPH--cytochrome P450 reductase protein 
(Daphnia magna) 

A0A0N8B1M3_9CRUS 
(Water flea) 

1 42 

Telomere-associated protein RIF1 
 (Armadillidium nasatum) 

A0A5N5TAP5_9CRUS 
(Pill-woodlouse) 

3 42 

Uncharacterized protein 
 (Tigriopus californicus) 

A0A553PA63_TIGCA 
(Splashpool copepod) 

2 41 

DNA-binding protein SMUBP-2-like  
(Hirondellea gigas) 

A0A2P2I3E3_9CRUS 
(Hadal amphipod) 

1 41 

ATP-dependent DNA helicase 
 (Daphnia magna) 

A0A164L421_9CRUS 
(Water flea) 

2 41 

Uncharacterized protein  
(Lepeophtheirus salmonis) 

A0A0K2TJX7_LEPSM 
(Salmon louse)   

1 41 
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For the prediction of protein-protein interaction networks of the deimination candidate proteins 

identified in lobster, the protein names were submitted to STRING (Search Tool for the Retrieval of 

Interacting Genes/Proteins) analysis (https://string-db.org/) (Figure 4). Protein interaction networks 

were based on known and predicted interactions and represent all deiminated proteins identified in 

lobster haemolymph and their interaction partners present in the STRING database, based on 

networks for Drosophila melanogaster for a maximum of protein hits within Arthropoda, as protein 

identifiers for lobster were not available in STRING (Figure 4). The PPI enrichment p-value (based on 

protein name as networks had to be built on Drosophila homologous proteins) was found to be p = 

0.076 for 14 proteins common with Drosophila, but using one expansion for the protein network to 

identify further binding partners, this became p = 0.0033, indicating more interactions than expected 

for a random set of proteins of similar size, drawn from the genome.  For protein-protein network 

analysis based on Drosophila homologues the following enrichment was identified: For biological 

processes, 55 GO-terms were found to be significantly enriched, for molecular function, 1 GO term 

was significantly enriched (succinate-CoA ligase activity); for cellular component, 11 GO pathways 

were significantly enriched; for KEGG pathways, 8 pathways were significantly enriched; for 

reactome pathways, 4 pathways were significantly enriched; 9 UniProt keywords were significantly 

enriched; 4 PFAM protein domains were significantly enriched; 10 INTERPRO protein domains and 

features were significantly enriched, while no significant enrichment was found for SMART protein 

domains.  These are represented in Figure 4 for KEGG pathways (Figure 4A), INTERPRO protein 

domains (Figure 4B), cellular component (Figure 4C), reactome pathways (Figure 4D), UniProt 

keywords (Figure 4E), PFAM protein domains (Figure 4F), biological processes (Figure 4G-L), 

respectively, based on Drosophila homologues. Annotations for the specific pathways are colour 

coded within the figures and connective lines for networks indicate whether protein interactions 

were identified via known interactions (curated databases, experimentally determined), predicted 

interactions (gene neighbourhood, gene fusion, gene co-occurrence) or via text mining, co-

expression or protein homology (Figure 4A-L).  

 

When assessing the deiminated crustacean proteins for homologues with Mus musculus, PPI 

enrichment p-value (based on protein name as networks had to be built on mouse homologous 

proteins) was found to be 0.142 for 19 proteins identified as common with mouse, but using one 

expansion for the protein network to identify further binding partners, this became p = 0.00219, 

indicating more interactions than expected for a random set of proteins of similar size, drawn from 

the genome.  For protein-protein network analysis based on mouse homologues the following 

enrichment was identified: For biological processes, 98 GO-terms were found to be significantly 

https://string-db.org/
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enriched, for molecular pathways 35 GO terms were significantly enriched; for cellular component, 

34 GO pathways were significantly enriched; for KEGG pathways, 7 pathways were significantly 

enriched; for reactome pathways, 2 pathways were significantly enriched; 11 UniProt keywords 

were significantly enriched; 3 PFAM protein domains were significantly enriched; 7 INTERPRO 

protein domains and features were significantly enriched, while no significant enrichment was found 

for SMART protein domains.  The above listed enrichment analysis for deiminated proteins in 

lobster, based on homologue proteins identified in mouse using STRING, are represented in Figure 5 

for KEGG pathways (Figure 5A), INTERPRO protein domains (Figure 5B), reactome pathways (Figure 

5C), UniProt keywords (Figure 5D), PFAM protein domains (Figure 5E), molecular GO functions 

(Figure 5F-H), cellular GO components (Figure 5I-L), Biological GO processes (Figure 5M-V) 

respectively, based on Mus musculus homologues. Annotations for the specific pathways are colour 

coded within the figures and connective lines for networks indicate whether protein interactions 

were identified via known interactions (curated databases, experimentally determined), predicted 

interactions (gene neighbourhood, gene fusion, gene co-occurrence) or via text mining, co-

expression or protein homology are also included (Figure 5A-V).  

 

 3.5 FoldIndex© Analysis of Deiminated Proteins in Lobster Haemolymph 

Deiminated protein hits which were species-specific for H. americanus were assessed for number 

and length of disordered regions using FoldIndex© analysis 

(https://fold.weizmann.ac.il/fldbin/findex). These are presented, alongside number of arginines 

present in the uniprot sequences for the identified deimination protein candidates in American 

lobster (Table 2). 

Table 2. FoldIndex© analysis of deiminated proteins identified by F95 enrichment in haemolymph of 
American lobster (H. americanus). The number of disordered regions, residue length of the longest disordered 
region, total number of disordered residues, as well as number of arginines present in the total number of 
residues for the individual protein hits is shown. 

 

https://fold.weizmann.ac.il/fldbin/findex
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4. Discussion 

The current study is the first to profile extracellular vesicles (EVs) and deiminated protein signatures 

in lobster haemolymph, using American lobster (H. americanus) as a model species. EV profiles of 

the lobster, which showed a size range of 10-500 nm, did show a similar size distribution trend as 

seen for human EVs, which generally mainly fall within 30-300 nm, although some larger peaks 

above 300 nm were observed and a great majority of lobster EVs fell in a small size range of 22-115. 

Overall, the lobster haemolymph EVs were strongly positive for CD63, which is a marker of 

exosomes, and therefore smaller sized EVs (under 150 nm), while Flotillin-1, which generally is a 

marker for microvesicles (larger EVs above 150 nm), was only detected at low levels. A recent study 

by our group on horseshoe crab (Limulus polyphemus) has revealed similar characteristics of 

predominantly small CD63-positive EVs in haemolymph (Bowden et al., 2020), indicating that smaller 

EVs are a common trait in both these Arthropoda. Haemolymph exosomes from a study on whitleg 

shrimp showed size distribution between 15-200 nm alongside strong CD63 positivity (Yang et al., 

2019).  Morphological analysis in the current study by TEM confirmed a high proportion of small 

lobster haemolymph EVs, including with exosome characteristics of “cup-shape”. It can not be 

excluded that the larger peaks observed by NTA analysis may represent aggregates of some of these 

smaller EVs (exosomes), although evidence for aggregation was not apparent by TEM analysis.  

Following F95-enrichment for identification of deiminated proteins from lobster haemolymph, 

numberous immunological and metabolic proteins were revealed as deimination candidates. This 

indicates that such post-translational modification may be a hitherto unrecognized mechanism 

which allows for protein-moonlighting in lobster immunity and physiology and may modulate 

Protein name 
(Homarus americanus)  

Number 
disordered 

regions 

Longest 
disordered 

region 

Number 
disordered 

residues 

Number of arginines 
(out of total residues 

reported) 

Hemocyanin alpha-subunit (Fragment) 
Q9NFR6_HOMAM 

16 76 334 28   
(out of 672 residues) 

Hemocyanin beta subunit (Fragment) 
A1YL85_HOMAM 

2 60 104 10  
(out of 223 residues) 

Cytoplasmic type actin 3 
B6EAV2_HOMAM 

5 17 52 18  
(out of 376 residues) 

Cytoplasmic type actin 1 
B6EAV0_HOMAM 

3 15 30 19  
(out of 376 residues) 

Skeletal muscle actin 3  
B6EAU3_HOMAM 

3 10 24 19  
(out of 377 residues) 

Prophenoloxidase 
Q6DN47_HOMAM 

8 41 192 48  
(out of 683 residues) 

Glyceraldehyde-3-phosphate 
dehydrogenase G3P_HOMAM 

0 0 0 9  
(out of 333residues) 

Crustin-like protein 
A2TEF5_HOMAM 

0 0 0 5  
(out of 112 residues) 

Slow-tonic S2 tropomyosin 
Q6E7L4_HOMAM 

5 87 272 21  
(out of 284 residues) 
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phylogenetically conserved proteins with various roles in immunity and metabolism. A lobster PAD 

protein homologue was identified in haemolymph using an antibody against human PAD2. This 

antibody was chosen in the current study as PAD2 is considered to be the most phylogenetically 

conserved PAD isozyme (Vossenaar et al., 2003; Magnadottir et al., 2018a; 2019a; Criscitiello et al., 

2019,2020a,b; Pamenter et al., 2019). It furthermore cross-reacts with PADs and PAD homologues 

from a range of taxa (Magnadottir et al., 2018a; 2019a; Criscitiello et al., 2019, 2020a,b; Pamenter et 

al., 2019; Bowden et al., 2020; Phillips et al., 2020) and was also recently verified by our group in 

horseshoe crab (Bowden et al., 2020). Searching proteomic and genetic databases, no previous 

report on a PAD or PAD homologue exists for lobster, to our knowledge. Furthermore, our current 

study is the first to assess the presence of post-translationally deiminated proteins in lobster 

haemolymph in lobster and any Crustacea to our knowledge. Furthermore, when assessing the 

lobster-specific protein deimination hits by FoldIndex analysis, many showed a high number of 

disordered residues and regions. These findings correlate to previous reports that protein structures 

identified to be most prone to undergo deimination are beta-sheets and intrinsically disordered 

proteins (Tarsca et al., 1996; György et al., 2006). The position of the arginine is also of importance. 

For example when arginines are placed next to aspartic acid residues they are more susceptible to 

undergo deimination/citrullination, whereas arginines that are next to glutamic acid residues are 

rarely deiminated. When arginines are flanked by proline they are unlikely to be deiminated 

(Nomura, 1992; György et al., 2006). 

Numerous species-specific deiminated protein candidates for lobster (9 hits) and protein hits with 

other Crustacea (41 hits), were identified in the current study using F95-enrichment in combination 

with LC-MS/MS analysis. The functions and roles of the individual proteins, including putative effects 

via post-translational deimination changes, are discussed below: 

 

Hemocyanin was identified as a deimination candidate in lobster haemolymph. This included 

hemocyanin alpha-subunit (fragment), Hemocyanin beta subunit (fragment) and hemocyanin 

subunit 3 (fragment) as species-specific for H. americanus. In addition, a number of hemocyanins 

were identified as hits with other Crustacea, including with Hadal amphipod (Hirondelea gigas), 

Norway lobster (Nephrops norvegicus), red swamp crayfish (Procambarus clarkii), green mud crab 

(Scyllas serrata), whiteleg shrimp (Litopanaeus vannamei), Kuruma prawn (Marsupaneus japonicus), 

Gazami crab (Portunus trituberculatus), pill-woodlouse (Armadillidium vulgare) and Oriental river 

prawn (Macrobranchium nipponense). Hemocyanin is a 75 kDa protein that operates as the oxygen 

carrier in haemolymph of both Arthropoda and Mollusca, serving a similar function as haemoglobin 

in human blood. Lobster hemocyanin is composed of 2 x 6 subunits, with alpha and gamma subunits 
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best described (Kusche and Burmester, 2001). Hemocyanin levels have been linked to molting in 

lobster as well as environmental pollution (Engel et al., 2001). Furthermore it is linked to immune 

responses to pathogens (Clark et al., 2013) and its binding to a range of substances has been found 

to be thermodynamically regulated (Pott et al., 2009). In Arthropoda, hemocyanin is suspended 

directly into the haemolymph, contrary to being in blood cells as is found in human blood 

(Burmester, 2002). Some Arthropoda hemocyanins have been found to have antimicrobial, including 

antibacterial and anti-fungal effects and been suggested as putative novel antimicrobial, including 

against resistant strains (Jolly et al., 2019). The lobster hemacyanins, identified to be deiminated in 

the current study, were found to contain a number of disordered regions, as assessed by FoldIndex 

analysis, with hamocyanin alpha-subunit having higher disorder, with 16 disordered regions, where 

the longest was 76 disordered residues and a total of 334 disordered residues. In comparison, 

hemocyanin beta-subunit contained 2 disordered regions, with the longest disordered region 

containing 60 residues and a total of 104 disordered residues. Furthermore, a large number of 

arginines was present (˜4.5%). These features contribute to a protein’s ability to carry out 

moonlighting functions, as disordered proteins are also most susceptible to post-translational 

deimination. While deimination of hemocyanin was recently identified in L. polyphemus (Bowden et 

al., 2020), this is the first description in the subphylum Crustacea, and may contribute to its 

multifaceted functions in Arthropoda and Mollusca phyla. 

 

Cytoplasmic type actin 1 and 3, as well as skeletal muscle actin 3, were here identified to be 

deiminated in lobster haemolymph. In H. americanus twelve actin tissue isoforms have been 

described, where eight are muscle-related and three are cytoplasmic (Kim et al., 2009). Cytoplasmic 

actin 1 has been found in all tissues, while cytoplasmic actin 3 is found in hepatopancreas and 

skeletal muscle actin 3 is a major isoform in cutter claw closer muscle (Kim et al., 2009). In the 

current study, cytoplasmic actin 1 was identified to contain 3 disordered regions, with the longest 

disordered region containing 15 disordered residues and a total of 30 disordered residues. In 

addition, 19 arginines (out of 376 residues) were identified and all could potentially undergo post-

translational conversion to citrulline. Cytoplasmic actin 3 was here found to have higher level of 

disorder, with 5 disordered regions, the longest region containing 17 disordered residues and a total 

of 52 disordered residues. Furthermore, 18 arginines (out of 376 residues) pose as putative sites for 

post-translational deimination. Skeletal muscle actin 3 contained 3 disordered region, where the 

longest contained 10 disordered residues, and the total protein contained 24 disordered residues 

and 19 arginines (out of 377 residues) which are putative candidates for arginine-citrulline 
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conversion. The roles for deimination in these different actins and its relevance for function at 

differing sites warrants further exploration.  

 

Prophenoloxidase (proPO) was identified to be deiminated in lobster haemolymph. It is a type-3 

copper-containing protein and forms an important part of both crustacean and insect innate 

immunity, both in humoral and cellular immune defences (Söderhäll et al., 1994; Lu et al., 2014). In 

invertebrates, including crustacean, it is activated upon foreign pathogen invasion (Söderhäll et al., 

1994) and participates in elimination of pathogens via melanisation (Söderhäll and Cerenius, 1998; 

Cerenius and Söderhäll, 2004; Tassanakajon et al., 2018). Furthermore, it is involved in pathways for 

longevity and neuronal activity (Lu et al., 2014). ProPO has been identified in lobster and found to 

vary between crustacean species (Masuda et al., 2018).  Lobster proPO was here found to contain 8 

disordered regions, with 41 disordered regions, whereof the longest disordered region contained 

192 residues; the number of arginines was found to be 48, out of 683 residues, indicating that this 

protein is highly prone to post-translational changes via deimination.  

 

Glyceraldehyde-3-phosphate dehydrogenase (GADPH) was identified to be deiminated in lobster 

haemolymph. It is an evolutionarily conserved enzyme (Martin and Cerff, 2017) with key functions in 

the glycolytic pathway, as well as having roles in DNA repair, membrane fusion, and nuclear RNA 

export (Baibai et al., 2010; Nicholls et al., 2012). Lobster GADPH has been assessed for acetylation 

(Davidson, 1970), but post-translational deimination has not been previously identified in lobster, 

while GAPDH has previously been identified as deiminated in teleost fish (Magnadottir et al., 2018a). 

In lobster GAPDH, 9 arginines were identified, out of 333 amino acid residues, but no disordered 

regions were identified. It must though be noted that disorder is not a requirement for deimination, 

while disordered proteins will be more prone to this PTM. To what extent deimination contributes to 

protein folding and function of lobster GAPDH remains to be investigated. 

 

Crustin-like protein was identified to be deiminated in lobster haemolymph. This is an antibacterial 

protein in American lobster (Christie et al., 2007) as well as in European lobster (Hauton et al., 2006), 

with activity against Gram-positive bacteria. Crustin-like protein in lobster is similar to a large family 

of crustacean antimicrobial peptides comprised of four sub-groups, containing a four-disulfide 

core/whey-acidic-protein (WAP) domain, with activities against Gram-negative and Gram-positive 

bacteria (Christie et al., 2007; Amparyup et al., 2008; Barreto et al., 2018). Interestingly, in prawn 

and shrimp, crustin protein was found to act as an antibacterial but to have varying effects on 

responses to viral infection, ranging from promoting antiviral responses, to having no effects, or 
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even facilitating viral infection (Antony et al., 2011; Hipolito et al., 2014; Sun et al., 2017; Jin and Zhu, 

2019). Furthermore in crab, crustin-like protein has been identified as a candidate bioactive peptide 

against a range of bacteria and therefore a candidate for measures relating to food preservation (El 

Menif et al., 2019). In our current study, crustin-like protein was found to contain 5 arginines (out of 

112 amino acid residues) that can pose as sites for arginine-citrulline conversion, while no 

disordered regions were identified. To what extent deimination of crustins plays roles in diverse 

immune reactions to different bacteria and viral infections may be of interest and needs further 

exploration.  

 

Slow-tonic S2 tropomyosin was identified to be deiminated in lobster haemolymph. This was the 

most disordered protein observed, mainly composed of five long disordered regions, with the 

longest region comprised of 87 disordered residues, with a total of 272 disordered residues (out of a 

total of 284 amino acids), and 21 arginines.  In the American lobster, skeletal muscle fibre 

polymorphism has been identified, including a gradation between the slow-twitch (S1) and slow-

tonic (S2) muscle phenotype in the cutter claw closer muscle (Medler et al., 2004; Kim et al., 2009). 

In Christmas Island red crab (Gecarcoidea natalis), a switch has been observed from the slow phasic 

(S1) to slow tonic (S2) and fatigue-resistant muscle fibres, as crabs prepare for long distance 

migration (Postel et al., 2010). Roles for slow and fast fibres have also been investigated in relation 

to muscle adaption to low habitat temperature in Antarctic isopods (Holmes et al., 2002).  Slow-tonic 

S2 tropomyosin has furthermore been identified to play roles in embryo organogenesis and sex 

determination in the oriental river prawn (Macrobrachium nipponense) (Jin et al., 2014). To what 

extent post-translational deimination plays roles in moonlighting functions, for phenotypic muscle 

plasticity and developmental processes, remains to be investigated.  

 

Other proteins identified to be deiminated by assessing hits across the whole Crustacea database 

furthermore included beta-actin, arginine kinase, histones H2B and H4, nucleoside diphosphate 

kinase B, alpha-2-macroglobulin, macroglobulin, papilin, ubiquitin, spindle assembly abnormal 

protein 6, elongation factor 1-alpha, succinate-CoA ligase (mitochondrial), zinc finger protein, 

sphingomyelin phosphodiesterase, hepatocyte growth factor-regulated tyrosine kinase substrate, 

treslin, putative Ras GTPase-activating protein isoform X1, putative NADPH-cytochrome P450 

reductase protein, telomere-associated protein RIF1, DNA-binding protein SMUBP-2-like and ATP-

dependent DNA helicase. These are briefly discussed below. 
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The deimination of histones H2B and H4 was identified here in Crustacea and has previously been 

identified in a range of taxa (Pamenter et al., 2019; Criscitiello et al., 2020b) as well as in relation to 

gene regulation and numerous human pathologies, including cancer (Lange et al., 2017; Fuhrmann 

and Thompson, 2016; Beato and Sharma, 2020). Histones have been identified as antimicrobial 

compounds in crustaceans (Smith and Dyrynda, 2015), to be involved in metamorphosis and 

affected by environmental contaminants (histone H1) (Bauer et al., 2013) and to play role in lobster 

neurogenesis (histone H3) (Harzsch et al., 1999). Deimination of histones have not been studied in 

Crustacea or reported before this current study to our knowledge. Interestingly, H2B was in the 

current study identified as a deimination hit in the carpenter/pill woodlouse (A. vulgare) as well as 

salmon louse (Lepeophtheius salmonis), which is a major pathogen in salmon aquaculture and for 

the salmon industry (McBeath et al. 2006; Igboeli et al., 2014). Histone H4 was identified as a 

deimination hit in Tigriopus californicus, a marine copepod which tolerates high temperatures. This 

is an invertebrate marine model species for ecotoxicology and environmental genomics (Raisuddin 

et al., 2007) as well as adaption to rapid changes in environmental temperature (Scheffler et al., 

2019), including in relation to mitochondrial function (Harada et al., 2019). Interestingly, in reptiles, 

extracellular histones H2A and H4 have been identified to act as inhibitors of viral infections in vitro 

(Kozlowski et al., 2016) and in teleost fish, mucosal H2A has been shown to have anti-microbial 

effects (Fernandes et al., 2002).   The multifaceted functions of histones in immunity, including via 

post-translational regulation, such as deimination identified here, remains to be further investigated 

throughout phylogeny, in relation to physiological, anti-pathogenic responses or other roles, 

including in gene regulation related to multiple pathways, such as development. 

 

Alpha-2-macroglobulin was identified as a deiminated hit with signal crayfish (Pacifastacus 

leniusculus) and whiteleg shrimp (L. vannemei), while macroglobulin was a hit with ridgetail white 

prawn. Alpha-2-macroglobulin is a thioester containing protein and a broad-spectrum protease-

binding protein, which is a phylogenetically conserved part of the innate immune system (Armstrong 

and Quigley, 1999; Sottrup-Jensen et al., 1990). Alpha-2-macroglobulin an abundant plasma protein, 

also present in Arthropoda, including Crustacea (Enghild et al., 1990; Stöcker et al., 1991; Armstrong 

and Quigley, 1999; Swarnakar et al., 2000). Alpha-2-macroglobulin has previously been identified as 

a deimination candidate in serum and plasma of a range of taxa (including camelids, birds and 

alligator, horseshoe crab) (Criscitiello et al., 2020a and b; Phillips et al., 2020; Bowden et al., 2020) 

and such deimination may contribute to its immunological functions throughout phylogeny.  
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Papilin was identified as a deimination hit with woodlouse (A. vulgare). It is a phylogenetically 

conserved proteoglycan like sulfated extracellular matrix glycoprotein with homology to the 

ADAMTS secreted, matrix-associated metalloproteinases (Fessler et al., 2004). Papilin has roles in 

gastrulation, as well as being associated with the basement membrane and wandering phagocytic 

haemocytes in Drosophila (Kramerova et al., 2000). Papilin has important roles in embryonic 

development both in Drosophila and Caenorhabditis elegans, with roles in cell rearrangement, 

organogenesis and organ growth, with different isozymes expressed according to tissue type, 

including in the gut (Kramerova et al., 2003; Kawano et al., 2009; Jafari et al., 2010). Papilin has 

furthermore been identified as a novel wound healing protein in teleost fish mucus (Saleh et al., 

2018). Papilin also has roles in nervous system assembly (Ramirez-Suarez et al., 2019), including in 

spinal cord regeneration (Saunders et al., 2014), and has been identified as a putative biomarker in 

Alzheimer’s disease and major depression (Souslova et al., 2013). The role for post-translational 

deimination of papilin identified here for the first time to our knowledge in any species therefore 

provides novel insights into the multifaceted functions of this protein family, and also correlates with 

association of PADs and deimination in organogenesis and mucosal immunity (Magnadottir et al., 

2018a; Magnadottir et al., 2019a; 2019b), wound healing (Wong et al., 2015; Fadini et al., 2016), CNS 

regeneration (Lange et al., 2011; Lange et al., 2014) and neurodegeneration (Lange et al., 2017; 

Sancandi et al., 2020) 

 

Ubiquitin was here identified as a deiminated protein hit scoring with whiteleg shrimp (L. 

vannamei). Ubiquitin is phylogenetically conserved and causes post-translational ubiquitination in 

multiple proteins, contributing to diversity of protein functions and can furthermore undergo post-

translational modifications itself (Ohtake and Tsuchiya, 2017), although deimination has not been 

reported before to our knowledge. Ubiquitin has important roles in homeostasis and contributes to 

a multitude of cellular functions in physiological and pathological processes (Nakamura, 2018). It is 

for example linked to autoimmune and neurodegenerative diseases and cancer (Popovic et al., 2014; 

Zheng et al., 2016; Fujita et al., 2019),  as well as playing important roles in cellular homeostasis by 

regulation of autophagy, cellular stress and damage (Chen et al., 2019). Furthermore, both 

deimination and ubiquination have been associated with EV biology (Szabó-Taylor et al., 2015; Lange 

et al., 2017). In Crustacea, ubiquitin mediated pathways have been studied in relation to viral 

infections (Leu et al., 2013) as well as other immune and anti-pathogenic responses (Götze et al., 

2017), metabolism (Mykles, 1997; Hand, 1998) including during molting in lobster (Spees  et al., 

2003). Deimination of ubiquitin is here described for the first time to our knowledge and may 

provide insights into its multiple roles in diverse cellular processes. 
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Spindle assembly abnormal protein 6 (SAS-6) was here identified as a deimination candidate 

protein through a hit with Gazami crab (P. trituberculatus). SAS-6 has important functions in 

centriole assembly and its oligomerisation is important in this process (Busch et al., 2019). The 

centriole is a macromolecular structure which is evolutionarily conserved, is fundamental for the 

organisation of microtubules, and of key importance for formation of cilia, centrosomes and flagella 

(Gönczy, 2012; Busch et al., 2019; Gönczy and Hatzopoulos, 2019). The deimination of SAS-6 

revealed here, may provide novel insights into the control of centriole formation via this post-

translational modification. 

 

Elongation factor 1 alpha was here identified as a deimination hit with the rock mantis shrimp. It 

plays roles in nuclear export of proteins and in cytoskeleton organisation (Khacho et al., 2008) 

alongside multiple functions relating to metabolism in all multicellular organisms (Wang et al., 2011). 

Furthermore it has roles in cell growth and apoptosis and is involved in immune responses 

(Talapatra et al., 2002, Vera et al., 2014). In shrimp, elevated elongation factor 1 alpha levels have 

been related to stress responses (Wang et al., 2011), while roles in embryonic development brine 

shrimp (Artemia salina) have been identified (Maassen et al., 1985). Previously, it has been identified 

as a deimination candidate in teleosts (Magnadottir et al., 2018a). The roles for deimination to 

facilitate its multifaceted functions remains to be further investigated. 

 

Succinate CoA ligase (mitochondrial) was a deimination positive hit with woodlouse (Armadillidium 

nasatum). Succinate CoA ligase is a mitochondrial matix enzyme involved in mitochondrial 

metabolism and responsible for the conversion of succinyl-CoA and ADP or GDP to succinate and 

ATP or GTP (Ostergaard, 2008).  Succinyl-CoA synthetase has been identified in a range of taxa and 

indicates conserved functions throughout phylogeny (Johnson et al., 1998; Dacks et al., 2006). 

Modifications in Succinate CoA ligase have been linked to a number of human pathologies including 

hypotonia, deafness and Leigh-like syndrome (Ostergaard, 2008) as well as cancers (Chinopoulos and 

Seyfried, 2018) and infantile mitochondrial disorders (Carrozzo et al., 2007; El-Hattab and Scaglia, 

2017). The identification of deimination in succinate CoA ligase identified here in Crustacea may 

therefore be of importance to understand its multifaceted functions in both physiological and 

pathological processes throughout phylogeny. 

 

Zinc finger protein was identified as a deimination hit with woodlouse (A. nasatum). Orthologues 

zinc finger proteins are considerably conserved in bilaterians (Seetharam et al., 2010). In Crustacea, 
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zinc finger protein has been associated to various immunological functions including pathogenic 

responses (Li et al., 2018; Zuo et al., 2018; Shekar and Venugopal, 2019). Roles in lifespan (Lin et al., 

2019) and germ-line development have also been reported (Sagawa et al., 2005). Deimination may 

add post-translational flexibility to zinc finger protein function and therefore be a contributor to 

moonlighting functions throughout phylogeny. 

 

Sphingomyelin phosphodiesterase was a F95-enriched protein ID with a hit for a deimination hit 

with woodlouse (A. vulgare). It is a hydrolase with pivotal roles in metabolic processes that involve 

sphingomyelin and has been associated with several developmental processes in Arthropoda (Han et 

al., 2018). In mammals, it has been associated with virus-host interactions and viral cell entry 

(Pastenkos et al., 2019) as well as in inflammatory responses (Traini et al., 2014). It has been 

identified as a glycoprotein (Traini et al., 2017), while deimination has not been previously reported 

to our knowledge and may provide novel insights into its functions in vivo.  

 

Hepatocyte growth factor-regulated tyrosine kinase substrate was a deimination hit with Gazami 

crab (P. trituberculatus). It is an early endosomal protein with roles in regulation of growth factor-

receptor complex trafficking through early endosomes (Rayala et al., 2006), including by forming 

part of the ESCRT-0 complex (Kojima et al., 2014), which is also related to EV release (Inal et al., 

2013; Vilette et al., 2015). It also has roles in endothelial cell polarity and cerebrovascular stability 

(Yu et al., 2020) as well as roles in signalling in embryonic development (Miura and Mishina, 2011). 

In Crustacea it has been related to innate immune responses (Sun et al., 2017b). Post-translational 

phosphorylation and ubiquitination of hepatocyte growth factor-regulated tyrosine kinase substrate 

has been described (Gasparrini et al., 2012), while deimination has not been previously reported to 

our knowledge, and may therefore provide further insights into functional diversity via this post-

translational modification 

 

Treslin was identified as a deiminated protein hit with Gazami crab (P. trituberculatus). It is of pivotal 

importance in the cell cycle (Charrasse et al., 2015) as it acts as a regulator of the triggering of DNA 

replication initiation (Kumagai et al., 2010) as well regulating DNA damage response pathways (Boos 

et al., 2013). Post-translational modifications of treslin identified to date include phosphorylation 

(Sansam et al., 2015; Mu et al., 2017), which regulates the length of S-phase (Sansam et al., 2015), 

and epigenetic control of DNA replication via binding of treslin to acetylated chromatin has also 

been reported (Sansam et al., 2018).  The replication function of treslin is broadly conserved from 

yeast to metazoan (Mueller et al., 2011), while further insights into the specific functions throughout 
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phylogeny need further investigation (Köhler et al., 2019). The identification of deimination of treslin 

in the current study therefore provides a novel angle on modulation of DNA replication initiation in 

diverse taxa throughout this post-translational modification and requires further investigation. 

 

Putative Ras GTPase-activating protein isoform X1 was here identified to be deiminated with a 

protein hit with whiteleg shrimp (L. vannamei). Ras-specific GTPase-activating proteins (RasGAPs) 

are regulators of Ras proteins, including in cellular growth control, tissue homeostasis, neuronal 

function and tumourogenesis (Friedman, 1995; King et al., 2013; Zhang and Chen, 2015; Scheffzek 

and Shivalingaiah, 2019). In Crustacea, GTPase stimulatin has been assessed in shrimp (Chang and 

Chuang, 2001) and Ras has been identified to have roles during molting in crab (MacLea et al., 2012). 

A number of post-translational modifications have been identified in Ras GTPases, including 

farnesylation, methylation, diubiquitylation, nitrosylation, palmitoylation, phosphorylation, peptidyl-

prolyl isomerisation, monoubiquitylation, ADP ribosylation and glucosylation (Ahearn et al., 2011). 

Post-translational deimination has hitherto not been reported to our knowledge and may play 

hitherto unrecognized roles in Ras GTPase related functions throughout phylogeny 

 

Putative NADPH-cytochrome P450 reductase protein was identified as a deiminated protein hit 

with water flea (Daphnia magna). Cytochromes P450 (CYP) play major roles in the variable response 

to drugs and this can be affected by regulatory proteins such as NADPH-cytochrome P450 

oxidoreductase (Zanger and Schwab, 2013). NADPH-P450 reductase furthermore plays roles in 

oxidative and ER stress, as well as protein misfolding, also relating to a number of pathologies 

including ischemia, diabetes, atherosclerosis, neurodegenerative diseases, inflammation and liver 

and kidney diseases (Zeeshan et al., 2016). In crustaceans, P450-dependent xenobiotic 

monooxygenation is mainly carried out in the hepatopancreas (James, 1989) and NADPH-

cytochrome P450 reductase protein has been identified in a number of invertebrate marine species, 

including Porifera, Cnidaria, Mollusca, Polychaeta, Crustacea and Echinodermata (Solé and 

Livingstone, 2005). NADPH cytochrome c reductase has amongst other been found to be an 

important part in detoxifying responses of prawn, following oil pollution (Arun and Subramanian, 

2007). Post-translational deimination of NADPH-cytochrome P450 reductase protein has not been 

previously described to our knowledge and may play moonlighting roles in drug and xenobiotic 

metabolism as well as pathologies and inflammatory responses, which will need further exploration. 

 

Telomere-associated protein RIF1 was identified as a deimination candidate scoring with a protein 

homologue from woodlouse (A. nasatum). RIF1 is phylogenetically conserved from yeast to 
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mammals and has diverse functions in telomere length regulation and the maintenance of genome 

integrity (Sreesankar et al., 2012). RIF1 is found to be highly expressed in mouse totipotent and 

pluripotent cells during early development, possibly linked to pluripotency and telomerase length 

(Adams and McLaren, 2004) and has been found to regulate telomerase length homeostasis in yeast 

(Yu et al., 2012) as well as in embryonic stem cells, where the mechanism has been linked to 

heterochromatic silencing (Dan et al., 2014). The identification of deimination in telomere associated 

proteins is of some interest, as this must be a score with conserved motifs in lobster haemolymph, 

although RIF1 is not described in lobster, while the slow senescence of lobster is associated with 

high telomerase activity and related to its unusual longevity (Klapper et al., 1998). 

 

DNA-binding protein SMUBP-2-like, also known as immunoglobulin helicase μ-binding protein 2 

(IGHMBP2) and cardiac transcription factor 1 (CATF1), was identified as a deimination protein hit 

with Hadal amphipod (H. gigas). It regulates various nuclear functions and is a transcription 

regulator that unwinds RNA and DNA duplices in an ATP-dependent reaction (Uchiumi et al., 2010). 

It has been shown to have negative transcriptional effects on Epstein-Barr virus (Zhang et al., 1999) 

and mouse mammary tumor virus (Uchiumi et al., 2004), and to regulation transcription and 

replication of the human neurotropic JCV virus in glial cells (Kerr and Khalili, 1991; Chen et al., 1997). 

In teleost fish, it is involved in transcriptional activation of anti-freeze liver protein gene in winter 

flounder (Pleuronectus americanus) (Miao et al., 2000). Post-translational deimination has not been 

described for SMUBP-2 before to our knowledge and may have implications in its transcriptional 

regulatory functions in diverse taxa.   

 

ATP-dependent DNA helicase was furthermore a deimination protein hit scoring with Hadal 

amphipod (H. gigas). DNA helicases use energy from ATP to unwind double-stranded nucleic acids to 

access genetic information during cell replication (Castillo-Tandazo et al., 2019). Helicases therefore 

play multifaceted roles in cellular activities, which relate to DNA and RNA transactions 

(Limudomporn et al., 2016). Therefore, post-translational modifications in DNA helicases may be of 

considerable importance as these can modify protein structure and therefore function. Deimination 

has not been reported before for DNA halicases to our knowledge and provides a novel angle on 

functional diversity via such post-translational change, requiring further investigation. 

 

Protein network analysis, constructed in the current study using STRING based both on Drosophila or 

mouse homologue proteins, as lobster proteins are not available in the STRING database, correlated 

with various immunological and metabolic functions of the proteins identified to be deiminated in 
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lobster and other Crustacea. KEGG and GO enrichment analysis of deiminated Crustacean proteins 

revealed pathways relating to a number of immune and metabolic pathways. This included 

phagosome and endocytosis as well as anti-pathogenic (viral, bacterial, fungal) and host-pathogen 

interactions. Metabolic pathways included carbon metabolism, glycolysis/gluconeogenesis, 

biosynthesis of amino acids, propanoate metabolism, citrate cycle (TCA cycle), and inositol 

phosphate metabolism. A number of GO pathways revealed related amongst other to the regulation 

of vesicle and exosome release, mitochondrial function, ATP generation, metabolism, glycolysis, 

myoblast fusion, neuronal remodelling, antimicrobial humoral immune responses, regulation of 

symbiosis, viral life cycle regulation, gene regulation and developmental processes such as biological 

regulation, morphogenesis, myoblast fusion and somatic muscle development. These GO and KEGG 

pathways do indeed relate to the various functions of the identified deimination candidates in 

lobster, which are discussed in detail above. This highlights a novel aspect of post-translational 

deimination in the regulation of such multiple immune and metabolic pathways in lobster as a 

model species for Crustacea. Furthermore, post-translational regulation via deimination of these 

pathways may be present for various conserved and moonlighting protein functions throughout 

phylogeny and the findings reported here form the basis of future in depth studies.   

The characterisation of haemolymph EVs and of post-translational deimination signatures revealed 

lobster in the current study, and for the first time in Crustacea, contributes to current understanding 

of deimination and EV-mediated communication in this long-lived Arthropod. Our findings may 

inform conserved and diverse functions of moonlighting proteins via post-translational deimination 

throughout phylogeny and aid biomarker discovery for this commercially valuable Crustacean 

species. 

 

Conclusion 

This is the first study to assess PADs, protein deimination and extracellular vesicle profiles in 

hemolymph of a crustacean, using the American lobster a model species. EV profiles of lobster 

showed a high proportion for small EVs, which were mainly CD63 positive, indicating a majority of 

exosomes (small EVs), compared to larger (microvesicles) EVs. Proteomic analysis of deiminated 

proteins in lobster haemolymph revealed a range of proteins linked to KEGG and GO pathways for 

key immunological, metabolic, gene regulatory and developmental functions. This study highlights 

therefore roles for protein moonlighting function in health and disease via post-translational 

deimination, many of which are phylogenetically conserved. Our study provides novel insights into 

the immunity and physiology of the American lobster, an unusually long-lived crustacean, as well as 
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other Crustacea.  Comparative studies in lobster may be of translational value for furthering current 

understanding of mechanisms underlying conserved physiological and pathogenic pathways, also 

linked to metabolism, immunological responses and longevity, as well as further current 

understanding of diversification of protein functions, facilitated by post-translational deimination. 
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Figure legends 

Figure 1. Extracellular vesicle profiling in lobster haemolymph. A. NTA (Nanoparticle tracking 

analysis) showing EV size profile from lobster haemolymph showing main peaks at approximately 56, 

115 and 172 nm and the majority of EVs in the range of 22-115 nm. B. Western blotting analysis 

shows strongly CD63-positive for lobster haemolymph-EVs, while Flot-1 detection is low, confirming 

presence of phylogenetically conserved EV-specific markers, and dominant for exosomes (small EVs). 

C. Lobser haemolymph EVs as visualised by transmission electron microscopy (TEM), confirming 

majority of small EVs; scale bar is 20 nm.  

 

Figure 2. PAD and deiminated proteins in lobster haemolymph. A. A lobster PAD homologue, 

detected via crossreaction with anti-human PAD2 antibody, was identified in lobster haemolymph at 

the expected size of approx. 70 kDa size, indicative of conserved homologous protein. B. F95 positive 

proteins in lobster haemolymph were dominated by a 50-75 kDa band, when using western blotting 

and the pan-deimination/citrullination specific F95 antibody. C. Silverstaining of F95-enriched 

protein fractions from lobster haemolymph show protein bands in the size range of 10-250 kDa and 

these were further analysed by LC-MS/MS (technical replicates of pools of n=3 animals).  

 

Figure 3. F95-enriched (deiminated) protein hits identified in lobster haemolymph.  The Venn 

diagram shows lobster (Homarus americanus) specific protein hits, as well as protein hits with other 

Crustacean, for F95 (deiminated/citrullinated)-enriched proteins, as analysed by LC-MS/MS.    

 

Figure 4. STRING protein-protein interaction networks for F95-enriched protein hits identified in 

lobster haemolymph – based on Arthropoda (Drosophila melanogaster). Protein-protein 

interaction networks were built for identified deiminated protein hits in lobster haemolymph, based 

on known and predicted interactions, using Drosophila homologue identifiers for STRING analysis. A. 

KEGG pathways relating to the identified deiminated proteins (see colour code for identified 

pathways highlighted in the figure). B. INTERPRO protein domains relating to the identified proteins 

are highlighted (see colour code included in the figure). C. GO cellular component pathways relating 

to the identified proteins are highlighted (see colour code included in the figure). D. Reactome 

pathways relating to the identified proteins are highlighted (see colour code included in the figure). 

E. UniProt keywords relating to the identified proteins are highlighted (see colour code included in 

the figure). F. PFAM protein domains relating to the identified proteins are highlighted (see colour 

code included in the figure). G-L. Biological GO processes relating to the identified proteins are 

highlighted; see colour code included in each of figures G-L to highlight the different GO biological 
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processes. Coloured lines indicate whether protein interactions are identified via known interactions 

(curated databases, experimentally determined), predicted interactions (gene neighbourhood, gene 

fusion, gene co-occurrence) or via text mining, co-expression or protein homology (see the colour 

key for connective lines included in the figure); PPI enrichment p-value = 0.0033. 

 

Figure 5. STRING protein-protein interaction networks for F95-enriched protein hits identified in 

lobster haemolymph – based on mammalian homologues (Mus musculus). Protein-protein 

interaction networks were built for identified deiminated protein hits in lobster haemolymph, based 

on known and predicted interactions, using mouse homologue identifiers for STRING analysis. A. 

KEGG pathways relating to the identified deiminated proteins (see colour code for identified 

pathways highlighted in the figure). B. INTERPRO protein domains and features relating to the 

identified proteins are highlighted (see colour code included in the figure). C. Reactome pathways 

relating to the identified proteins are highlighted (see colour code included in the figure). D. UniProt 

keywords relating to the identified proteins are highlighted (see colour code included in the figure). 

E. PFAM protein domains relating to the identified proteins are highlighted (see colour code 

included in the figure). F-H. GO molecular function pathways relating to the identified proteins are 

highlighted (see colour code included in the figure). I-L. GO cellular component pathways relating to 

the identified proteins are highlighted (see colour code included in the figure). M-V. Biological GO 

processes relating to the identified proteins are highlighted (see colour code included in the figure). 

Coloured lines indicate whether protein interactions are identified via known interactions (curated 

databases, experimentally determined), predicted interactions (gene neighbourhood, gene fusion, 

gene co-occurrence) or via text mining, co-expression or protein homology (see the colour key for 

connective lines included in the figure); PPI enrichment p-value = 0.00219. 
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