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Astacins

The astacin genes were after RACE found to be between 1066-1661 nt long, with ORFs
encoding from 310 to 473 amino acids. The metallopeptidase domains were quite similar in
size, and all were found to contain the conserved zinc-binding and catalytic site consensus
sequence (HExxHxxGxxH) immediately followed by a family-specific glutamate as part of
the consensus motif ExxRxDRD (Fig. 1). The last negatively charged aspartic acid within this
motif was, however, found to be substituted with the similar but uncharged aspargine in
LsLGAS. Moreover, some substitutions were also seen in the downstream SIMHY -motif that
in other astacins encompasses a “Met-turn” methionine and a zinc-binding tyrosine (Gomis-
Riith and Stocker 2023). It was fully conserved in all LsLGAs but LsLGAS and 7, where

isoleucine was found to be substituted by the similar amino acid residues leucin or valine.

After the astacine domains, all genes encode a short linker sequence rich in threonine and
proline followed by either 1, 2 or 4 Stichodactyla helianthus potassium channel toxin (ShK)
domains. The ShK domain is 35-37 amino acid residues long with six cysteines scattered
along the domain in a distinct pattern forming three disulfide bridges stabilizing a globular
tertiary structure (Honma and Shiomi 2006). All LsLGA ShK domains show conservation of
all six cysteines (Fig 2), predicted to form the canonical disulphide bridges between cysteine 1
and 6, 2 and 4, and 3 and 5. Only the second ShK domain of LsLGA7 displayed a
conservation of the functional Lys-Tyr dyad, with the first and the third ShK domain of
LsLGA?7 and the second ShK domain of LsLGA6 having only the lysine. However, other
lysine residues were predicted to protrude from the globular tertiary structure in one or more

ShK domains of all LsLGAs besides LsLGA2 and 4 (Fig 3).

As the combination of astacins and ShK domains is restricted to invertebrate species, BlastP
searches (NCBI) was done with the astacin domains only. All LsLGA astacin domains shows
the highest similarity to one or more Caligus rogercresseyi astacins, besides LsLGAS that
were found to have the highest similarity to astacin sequences from the primitive ray-finned
fishes Polyodon spathula and Acipenser ruthenus annotated as high choriolytic enzyme 1-
like. The other LsLGAs also showed some similarities with astacins from fish, though
LsLGA4-7 were more alike various insect astacins particularly from flies and mosquitos with
various annotations. Limiting the BLAST search to invertebrate species with more functional

data available, the LsLGAs were found to have the highest resemblance to Ixodes scapularis



Nas-14, Caenorhabditis elegans Nas-15 and Aedes aegypti Nas-7 (LsLGA1 and 7), 4
(LsLGAZ2 and 6) or 14 (LsLGA3, and 8) in addition to a seminal metalloproteinase 1
(LsLGA4) and a gene only annotated as astacin (LsLGAS5). We also looked into the similarity
between the LsLGAs and the LsAstl found to be expressed in tegmental type 1 glands
(Qvergard, Hamre et al. 2016). LsAG1-4 have a 78-83 % sequence similarity to each other,
while LsLG5-8 displayed a sequence similarity of around 34-53 % to each other and to
LsAG1-4 (Table 1). Interestingly, LsLGA6 was more similar to LsAst1 than to the other
LsLGAs, with a similarity of 67 %.

LsLGA8 -———--- RNIV---DSRWPRGKVPYKFTSNYSR-KEINLIRRAMKDIQSRSCVKFVKARPKH-THYVDIGSDQKGCHASLGEN
LsLGA6 ~  -———--- NFIGGRSNRWPNGIVPYTISSDFSS-SQRQTIMDAFKHISDRTCVTYVE-RTNE-ANYLDIFTGGDGCFANIGYN
LsAstl -—---- RNFIGGRSNRWPNGIVPYTISSNFSS-SQRQTIMDSIKHISDRTCVKFVQ-RTNQ-ANYVDIFTGASGCNANLGYN
LsLGA5 ~  -———--- RNYVSDERKHWPNKEVPYTISNSYPP-KYNKLLRKAMKATESMSCVKWI P-RTNQ-RNYVYISPKQSGCFANLGYD
LsLGAT ~  -———--- NLL--GGKVWPNNTVPYILAGGFSK-DDLSLIQSAMDGIEKKTCVRWVP-RNGE-KSYVY IKNDESGCFAVLGYN
LsLGA2 ~ -———--- NFV--GGEKWPNNEVPYEISFGYNR-YEVSVIKSAMKEIESKTCVKWVP-RSGQ-KNYVTINPREKGCFAVMGYN
LsLGA4 ~ -———--- NFI--AGEKWPNNEVPYEISSEYSS-SDVDVIKSAMKEIGNKTCVKWVP-RSGE-KNYVLINPQORGCSAVLGYN
LsLGAl —------ NFI--AGAKWPNNEVPYEISSGYSS-SDLDVIKSAMREIESKTCVKWVP-RSGQ-KSFVLINPREDGCFAVLGYN
LsLGA3 —------ NLI--AGENWPNNEVPYVISSEYSS-SDVDVIKSAMKEIESKTCVKWVP-RSGQ-KSYVTINPREEGCFAVLGYN
IsNasl4L  ------—- GVKDETLLWPEGKVFYKIDKGFDSDSDRKVILDAMELLQSKTCVKFIE-RTDE-ENYVLIAPRPGRCASFVGMQ
CeNasl5  --—-—--- NAIKNRLQLWPEGRIPYTISSQYSS-YSRSLIAASMQEYASHTCIRWVP-KEAADVNYVHIYP-DRGCYSMVGKM
SSHE1.2L  NAMICFSAGCFWKKGSNGLVEVPYTVSSSFSS-SDKQSIENALRAFPSKTCIRFVP-RONQ-VDFISYEP-RDGCWSSLGRV
RAaNas7 ~  -----—- NAVKFKSRKWAKAVVPYKISDSFGY-SDVQRIQMAFKMFHOKTCVRFVP-RASQ-RDFIATEKSSSGCWSTVGRA
. % . . .. o k. .. . .. * . .k
LsLGAS8 KDIGRHYVNLERP----GCMFLSGIQ| oN NSYVRINWQYLNQDSFKSFFRSVEKSTAPLPOKCDPSR
LsLGA6 XRRGRSQLHLOSN----GCVVLGIIT| QTIPSO Y VK INWENLK I GTHSNFWRALGENEPAATPYCGSVG
LsAstl SGRARSVLHLQSD----GCVHLGII QTIPIJINOYVT I SWENIRSGTY SNFWRALGENEAVTIPYCGIVG
LsLGAS VRRGKHTLNLOMPHGRSTCMVLGIA QCIIPIJINS YVKVHWRNMENDK YNNY FKS IGPKTQTRMPVCDPKK
LsLGA7 EYRGKHVLNLQRSNGFSTCMIFGIAQ QTIPS YVRTHWDMI QRDAT SNYFKSTYDNTT IVPPQCRPRS
LsLGA2 RNRGVHNLNLQRNNGYTTCMSMR T QTRIPNOFVRT YWSRIKRSSTSNYFRATDINSRERPPVCDPMS
LsLGA4 RNRGVHNLNLQRNDGSTTCMIMGIA QTIPIJANOFVQT FWSRIKRNY ISNYFRAIDINATDI PPVCDSTS
LsLGAl PNRGMHVLNLQRSNGRSTCMIMGIA. QTIPIJANOFVQT YWSRIKRDSTSNYFRAIDINARERPPVCDPRS
LsLGA3 RNRGVHNLNLQRTNGGRTCMIMGT QTRPNOFVHT YWSRIQRDS T SNYFRATDINARERPPVCDPRS
IsNasl4L ~ --GEEQALALDLY----RCPNVGQS S PJaS Y TS TQWNNT EEDAKQSFELKTE - ————————————-
CeNasl5 --GGKQSLSLGS----- GCIQKGIIL QSIITIANDH I TIMWNN I QAGMQGQFEKYGH-—————=-—=———-
SSHE1.2L  --GGQQTVSLQMD----GCVYFGVIQ QTS0 YVE INWSNI DSNNAYNF - - ~DR-———===-—————-
AaNas7 --GGRQVVNLQSS----CLRQIGTVL H TS HK FVDINY LNVRFDAT GNFWKETK—————————————~
. % . . . . .
LsLGAS -GYTFDDCYSGYFTDTLGLPYDYMRERIAKDS FTKY PGYNVMEPLOQ - ~GGENM---GKSRKMTDLDHDKLYKAYGCK 222
LsLGA6 -VDQYDNCYAGFRASTFGLNYDY GERBUIMGLRY FSTN-GRNTMTLKKST -~ TAQI - -~ PNRRGMSSLDVQKTKLAYECQ 222
LsAstl - IDQYDNCNAGFRTSTFGMAY DY GEREVi8GL TYFSTN-GQNTITLKKST -~ TARI - -~ PNRSGMSDLDVQKTKAAYECQ 223
LsLGAS -RMDFDRCWSGYRTNTFGFAYDYQH GLNDFTQT-GYPTMSTKKPVPSGIKI---GQRIGMTRLDVSKLNAAYKCQ 229
LsLGA7 TATTFDDCYSGFTTDTFGYPYEYGEVIU:MGLDDFQTS - DKNTMDVLRPVPFGIRI -~ ~GORIGMTELDALKVKAKYNCD 227
LsLGA2 TQASFDNCYSGFKTRTFGLDYDYGEERUMGLKDFTTT-TQDTMRVLKPVPPGIVI - --GKAEAMTKLDALKVQARYDCN 227
LsLGA4 TQASFDNCYSGYKARTFGLSYDYGERRUMGLNYFTST-GQDTMGI LKTVPVGAV T - -~ GNRNGMTKLDALKVQARYDCN 227
LsLGAl TQTSFDNCYSGFKTRTFGLEYDYGERSU:MGLDDFTTT-GQDTMRVLRPVPTGIVI - - ~GNRKGMTNLDALKVKMRYDCN 227
LsLGA3 TQTSFDNCYSGFKTRTFGLRYDYGERRUEMGLNYFTST-GQDTMGI LKPVPVGAVI - - -GNRKGMTKLDALKVQARYDCN 227
IsNasl4L — ------———--- LIADTLGQPYDYEfSYi:MPQDAFSKSPPTPTLI PKSPDIDPATLGKGY LENFLTDTDVIKVNLLYGCA 202
CeNasl5 — —--——---—-- GTIQSLGTGYDYGEREYiz4GTKAFSRNGQ-PTMI PKKN-G-—AT I ---GQORNGFSKVDKFKINTLYGCP 194
SSHE1.2L  --————-—--- SNTNNLNTPYDY SEVUi:8GKTAFS INGM-DTITPIPNPN--VSI---GQRQGLSTTDILRINRLYSC- 198
AaNas7 ~  ——------——- DRTSTLGTGYDLGEVL$SRKAFSWNGF-NTIDPKVKFS--GKI---GQRNGFSNSDIKRIKAMYCN- 195
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Figure 1. The astacin domains of Lepeophtheirus salmonis labial gland astacins (LsLGA) 1-8
aligned with the astacin domain of Lepeophtheirus salmonis astacin 1 (LsAstl) expressed in
tegumental type 1 glands (EMLSAT00000007463), Ixodes scapularis zinc metalloproteinase
nas-14-like (IsSNAS14L, XM _040213241), Caenorhabditis elegans zinc metalloproteinase
nas-15 (CeNas15, NM_075753), Salmo salar hatching enzyme 1.2-like (SSHE1.2L,

XM 045707985) and Aedes aegypti zinc metalloproteinase nas-7 (AaNas7, XM 021842178).
The zinc-binding site consensus sequence (HExxHxxGxxH) marked in black was conserved.



The family-specific glutamate as part of the consensus motif ExxRxDRD is highly conserved
(marked in green), except from a substitution of the last negatively charged aspartic acid with
the similar but uncharged asparagine in LsLGAS8. The downstream SIMHY -motif marked
gray also had one substation in LsLGAS and LsLGA7.

Table 1. Sequence identity between the Lepeophtheirus salmonis labial gland astacins
(LsLGA) and Lepeophtheirus salmonis astacin 1 (LsAstl) expressed in tegumental type 1
glands, calculated in Clustal omega. The intensity of green increases with higher similarity.

LsLGAS8 | LsLGAG | LsAstl | LsLGAS | LsLGA7 | LsLGA2 | LsLGA4 | LsLGA1 | LsLGA3
LsLGA8 | 100 3431 | 3431 | 37.54 | 39.07 | 38.74 | 36.75 | 37.42 | 38.08
LsLGA6 | 34.31 100 | 67.42 | 38.49 | 37.5 | 38.99 | 43.45 | 41.37 | 40.48
LsAstl | 3431 | 6742 | 100 | 36.28 | 37.5 | 39.29 | 41.67 | 40.18 | 40.48
LsLGA5 | 37.54 | 38.49 | 36.28 | 100 45.12 | 45.71 | 45.08 | 46.35 | 46.67
LsLGA7 | 39.07 | 37.5 37.5 | 45.12 100 49.42 | 47.69 | 53.76 | 51.73
LsLGA2 | 38.74 | 38.99 | 39.29 | 45.71 | 49.42 100 78.45 | 79.89 | 82.18
LsLGA4 | 36.75 | 43.45 | 41.67 | 45.08 | 47.69 | 78.45 100 79.89 | 82.76
LsLGA1 | 37.42 | 41.37 | 40.18 | 46.35 | 53.76 | 79.89 | 79.89 100 83.62
LsLGA3 | 38.08 | 40.48 | 40.48 | 46.67 | 51.73 | 82.18 | 82.76 | 83.62 100
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Figure 2. The ShK domain of human matrix metalloproteinase 23 (HsMMP3, AJ005256) and
the Stichodactyla helianthus potassium channel toxin (ShK, AB595206) aligned with the ShK
domains of the LsLGAs. The conserved cysteines forming disulfide bridges and stabilizing
the globular terterary structure are marked in black. The Lys-Tyr dyad that can block
potassium channels is marked in green, which was only fully or partly conserved in ShK-
domains in LsLGAS5 and LsLGA7. Other potential potassium channel docking lysine residues
are marked in blue, predicted to protrude from the globular structure in AlphaFold2.
Threonine and proline residues in the linker sequence is marked with lighter and darker grey,
respectively.
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Figure 3. AlphaFold2 prediction of protein folding, showing the ShK domains where lysine
residues were found to protrude from the globular structure of the domain, hence maybe
taking part in potassium channel docking. If a nearby tyrosine residue is also present, this is
marked. The numbering of the residues is related to the numbers in the alignment (Figure 2).
An overview of a typical LsLGA ShK domain is exemplified with the first ShK of LSLGA1,
where a linker region is seen as an elongated region prior to two alpha helixes making up the
ShK domain. The astacin domain of LSLGA?7 is also shown together with its four ShK
domains.



Serine protease

LsLGST1 was after RACE found to be shorter at the 5’-end as compared to the 1351
nucleotide (nt) long sequence predicted from the salmon louse genome
(EMLSAT00000010949), leaving only 1262 nucleotides including the polyA tail. A signal
peptide was not predicted in the original sequence; however, this was predicted in the protein
sequence encoded from the new truncated ORF. After the signal peptide, putative trypsin and
chymotrypsin domain was found. Both are serine proteases that have an active site serine, that
together with a histidine and an aspartic acid, forms a catalytic triad that catalyses the
hydrolysis of amid bonds (Muhlia-Almazan, Sanchez-Paz et al. 2008). The catalytic triad
residues, His, Asp and Ser, were found to be conserved in LsLGST1 (Fig. 4). Trypsin-like
serine proteases have a negatively charged aspartic acid in their substrate binding pocket and
can therefore specifically cleave the amide bonds after the positively charged amino acids
arginine and lysine. The specificity pocket of LsLGSP1 was accordingly found to consist of
Asp, Gly, and Gly, indicating it is a trypsin (Perona and Craik 1995). Moreover, an activation
cleavage site Ile (IVGG) was identified within a partly conserved consensus sequence 1°°IGG,
where the cleavage site Ile is preceding an Arg, but lacks the enteropeptidase consensus
sequence, DDDK/R. No potential sites for GPI-anchoring were identified, whereas one

potential N-linked glycosylation site were identified with a weak probability.

BlastP searches (NCBI) revealed that LsLGST1 showed the highest resemblance to an
unannotated Caligus rogercresseiy chymotrypsin and a prostasin-like gene in Eurytemora
affinis, followed by various insect and decapod trypsin-like genes annotated as trypsin 1-like,
trypsin 7-like, transmembrane protease serine 9-like, venom protease, proclotting enzyme-
like, serine protease filzig-like and serine protease stubble-like. Looking specifically into
invertebrate species with more functional data available, LsLGST1 was found to have the
highest resemblance to Ixodes scapularis serine proteinase stubble, Caenorhabditis elegans
serine protease svh-1 and Aedes aegypti venom protease. Limiting the blast search to
vertebrate species, LsSLGST1 showed the highest resemblance to type II transmembrane serine

proteases, particularly hepsin, prostasin and matriptase in various fish species.
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Figure 4. Alignment of Lepeophtheirus salmonis labial gland serine protease 1 (LsLGST1)
with the trypsin domains of Caenorhabditis elegans svh-1 (AB693146), Ixodes scapularis
serine proteinase stubble (XM_042288799) and from Salmo salar serine protease hepsin-like
(XM_014201488), ST14 transmembrane serine protease matriptase b (XM_014128968) and
prostasin (XM_014193631). The activation cleavage site (IVGG) is underlined and marked in
green, where the preceding R/K is in bold where cleavage is executed between the R/K and
the 1. All sequences lack the enteropeptidase consensus sequence (DDDK/R), though a single
D is seen in Salmo salar hepsin-like gene. The active site triad residues, H, D and S which
catalyze the hydrolysis of amide bonds are marked in gray. While the key residues in the
specificity pocket, D, G and G, are marked in black.



Apyrase

After RACE, the LsLGApl mRNA was found to be 1836 nt having an ORF of 1671 nt
encoding 556 aa’s. A signal peptide was identified N-terminally, and preceding this signal
peptide, a 5'-Nucleotidase/apyrase domain was predicted. The apyrase domain contained an
N-terminal metal ion binding and catalysis domain and a C-terminal nucleotide substrate
binding domain identified (Fig. 5). Within the N-terminal domain, aspartic acid, asparagine
and histidine residues known to take part in binding the two zinc-ions needed for catalysis
were found to be conserved in LsSLGApl, corresponding to D¥, H3!, D, N!!!, H2!!  H?** and
H23¢ (Heuts, Weissenborn et al. 2012, Knapp, Zebisch et al. 2012). Also, the histidine and the
aspartate that forms a catalytic Asp-His-dyad that stabilizes the transition state is found, so
where cysteines known to be involved in intramolecular disulfide bridge formation. Such
cysteines were, however, not found to be conserved within the C-terminal substrate binding
domain. Here, cysteines in human CD73 are probably important to stabilize a conserved loop
involved in homodimerization by the means of hydrogen bonds and hydrophobic interactions
(Heuts, Weissenborn et al. 2012). Though, some residues found to be involved in this non-
covalent dimerization are found in LsLGAp1 (D*®, P**® and D°%°), but as the dimerization
interface of human CD73 is connected through a network of hydrophobic interactions and
hydrogen bonds (Heuts, Weissenborn et al. 2012, Knapp, Zebisch et al. 2012), it is difficult to
extrapolate this to the potential of LsLGAp1 dimer formation. The C-terminal domain is also
involved in substrate binding, where phenylalanine residues is found to sandwich the
nucleobase in adenosine (Knapp, Zebisch et al. 2012). The two phenylalanine is seen as
tyrosine residues in LsLGApl1, that also is an aromatic residue that can allow strong hydrogen
bonds to form with an adenosine base. Moreover, charged residues important in binding the
ribose moiety is found. No potential N-linked glycosylation or GPI-modification sites were

found, while three possible O-linked glycosylation sites were found with a weak probability.

BlastP searches (NCBI) with LsLGAp1 showed the highest resemblance to genes annotated as
snake venom 5'-nucleotidase in various daphnia species, followed by various 5'-nucleotidases
from crustacean, hexapod and chelicerate species. None of the apyrases from C. elegans was
found to be similar to LsLGApl when limiting the Blast search to this species, while multiple
S'-nucleotidase-like genes or genes annotated as ecto-5'-nucleotidase were retrieved from D.
melanogaster, I. scapularis and 4. aegypt. Limiting the blast search to vertebrate species,

LsLGAp1 was found to have the highest resemblance to fish apyrases annotated as snake



venom 5'-nucleotidase and ecto-5'-nucleotidase, or CD73, with 37 % identity and 56 %

similarity to human CD73.
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Figure 5. Lepeophtheirus salmonis labial gland apyrase 1 (LsLGAp1) aligned with an Aedes
aegypti apyrase (XM_001648629), Ixodes scapularis 5’-nucleotidase-like protein
(XM_029966494), Daphnia pulex snake venom 5'-nucleotidase-like protein
(XM_046593699) and CD73 from Salmo salar (XM_014204939) and Homo sapiens
(BC065937). The N-terminal metal ion binding and catalysis domain and the C-terminal
substrate binding domain are indicated above the sequences in dark and light grey,
respectively. Residues taking part in binding the two zinc-ions are marked in dark grey. The
histidine and the aspartate that forms a catalytic Asp-His-dyad is marked in black. Cysteines
known to be involved in intramolecular disulfide bridge formation are marked in blue, while
residues found to be involved in non-covalent dimerization are marked in green. The aromatic
and charged residues in the C-terminal domain found to interact with the substrate are
underlined and marked in black and grey, respectively.
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