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Abstract: Genes encoding snake venom toxins have been studied extensively. However, genes
involved in the modification and functioning of venom proteins are little known. Protobothrops is a
genus of pit vipers, which are venomous and inhabit the Nansei (Southwest) islands of Japan, Taiwan
China, Vietnam, Thailand, Myanmar, Nepal, Bhutan, and India. Our previous study decoded the
genome of Protobothrops flavoviridis, a species endemic to the Nansei Islands, Japan, and revealed
unique evolutionary processes of some venom genes. In this study, we analyzed genes that are
highly expressed in venom glands to survey genes for candidate enzymes or chaperone proteins
involved in toxin folding and modification. We found that, in addition to genes that encode venom
proteins and ribosomal proteins, genes that encode protein disulfide isomerase (PDI) family members
(orthologs of human P4HB and PDIA3), Selenoprotein M (SELENOM), and Calreticulin (CALR) are
highly expressed in venom glands. Since these enzymes or chaperones are involved in protein
modification and potentially possess protein folding functions, we propose that P4HB, SELENOM,
CALR, and PDIA3 encode candidate enzymes or chaperones to confer toxic functions upon the
venom transcriptome.

Keywords: venom protein modification enzyme; disulfide-bond; PDI; venom protein folding;
P4HB; PDIA3

Key Contribution: P4HB and PDIA3 from the PDI gene family, the selenoprotein, SELENOM, and the
ER-resident protein, CALR, are highly expressed in venom glands of habus (Protobothrops flavoviridis),
suggesting the most likely involvement of these proteins in protein folding and modification during
snake venom production.

1. Introduction

Several crotalid snakes inhabit the Nansei (southwestern) Islands of Japan (Amami-Oshima,
Tokunoshima, Okinawa, and Sakishima) and Taiwan [1]. They include Protobothrops
flavoviridis (Amami-Oshima, Tokunoshima, and Okinawa islands), Ovophis okinavensis
(Amami-Oshima, Tokunoshima, and Okinawa islands), P. elegans (Ishigaki and Iriomote
islands of the Sakishima Islands), P. mucrosquamatus (Taiwan), and Trimeresurus stejnegeri
(Taiwan) (The Reptile Database: http:/ /www.reptile-database.org/ (accessed on 31 March
2019)). From the point of view of snake envenomation in Japan, the habu, P. flavoviridis, is
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the greatest threat to people, with more than 1000 people bitten per year, and a fatality rate
of 1% [2].

To clarify snake venom repertoires, as well as the evolution and physiological function
of these venoms, many proteomic and transcriptomic studies have been performed [3-5].
These have revealed that snake venom proteins are produced as isoforms with various phys-
iological functions and considerable inter- and intraspecific variation. This diversification of
venom proteins may be caused by various molecular evolutionary mechanisms, including
the accelerated evolution of venom genes [6-9] and alternative splicing of transcripts [10].

Since genomic information is essential for further studies on snake venom, we de-
coded the P. flavoviridis genome in 2018 [9]. In that study, we identified 60 venom genes
belonging to 18 protein families. Interestingly, those genes arose through multiple duplica-
tion processes, resulting in many paralogs for each gene [9]. The habu genome analysis
also demonstrated that six protein families (metalloproteinase (MP), serine protease (SP),
C-type lectin-like proteins (CTLP), phospholipase A, (PLA;), three-finger toxins (3FTX),
and cysteine-rich secretory proteins (CRISP)) show accelerated evolution [9].

However, there are many questions to be answered in order to understand snake
venom evolution, physiology, and pharmacology. One important question concerns how
venom proteins are processed post-translationally to acquire their toxic functions. For
example, one of the salient characteristics of venom proteins and peptides from venomous
snakes, scorpions, spiders, and sea snails is that they are rich in disulfide bonds that
stabilize their 3D structures [11,12]. PLAjs, which are major habu venom components,
contain seven disulfide bonds. Type III svMPs, such as flavorase, HR1A, HR1B, and HVI]1,
possess 17 disulfide bonds, and a metalloprotease domain with disintegrin-like and cysteine
(Cys)-rich domains at the C-terminus. In addition, CTLP, 3FTXs, and CRISP family proteins
also contain four or more disulfide bonds. Furthermore, a certain type of CTLP forms an
interchain disulfide bond with type IIIl MPs, resulting in type IV MPs [13]. Thus, most
P. flavoviridis snake venom proteins are Cys-rich proteins. It is thought that venom proteins
pass through several modification processes to assume fully functional forms.

As mentioned above, although studies of venom transcriptomes have been conducted
for many venomous snakes [3-5], there is little information on non-toxin transcripts ex-
pressed in venom glands. Moreover, there are even fewer reports focused on genes for
enzymes that modify protein structure. Rokyta et al. (2012) [14] carried out transcriptomic
analyses of venom glands of the eastern diamondback rattlesnake (Crotalus adamanteus)
and found that genes for protein disulfide isomerases (PDIs) are highly expressed in the
venom glands. In addition, Luna et al. (2013) [15] carried out proteomic analysis of the
venom glands of Bothrops jararaca and found that proteins from the endoplasmic reticulum
(ER), such as PDI and GPR78, and cytoplasmic proteins, such as 40S ribosomal protein, are
enriched in venom glands. We expect that more genes involved in protein-modification
functions are also highly expressed in venom glands of habus. Thus, to identify genes
for candidate enzymes or chaperones of venom protein modification in P. flavoviridis, we
carried out comprehensive transcriptomic analyses of venom glands and other organs.
Here, we propose P4HB, PDIA3, SELENOM, and CALR as candidate enzyme genes for
regulating /modifying venom proteins, since these genes are suggested to be strongly
associated with the oxidative folding of venom proteins with multiple disulfide bonds.

2. Results
2.1. Identification of Candidate Genes for Modification, Folding, and Quality Control of Venom Proteins

In the Protobothrops flavoviridis whole-genome decoding project, we carried out thor-
ough transcriptomic analyses of 20 organs and tissues of an adult snake, which included
the venom gland (sample name: venom gland-specimen#1), venom fang-forming tissue,
lung, liver, kidney, small intestine, colon, stomach, pancreas, heart, masseter muscle, brain
(brain-specimen#1), eye, nose, pit organ, spleen, and ovary (accession # DRA006600, see
Supplementary Table S2 of Shibata et al. [9]). In addition, we also analyzed mRNAs of the
venom gland (venom gland-specimen#2), brain (brain-specimen#2), and accessory gland of
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another adult, as well as the neonate venom gland, and fetal fibroblasts from a neonate.
We carried out comprehensive comparative analyses of these data to identify genes for
enzymes with protein modification functions. All mRNAs were identified and character-
ized from habu whole-genomic information [9]. We expected that genes for venom-protein
modification enzymes would also be more highly expressed in venom glands than in other
organs and tissues, such as in digestive organs.

We first identified the 50 genes that are most highly expressed in habu venom glands
(Table 1 and Supplementary Table S1). Based on the number of transcripts per million
reads (TPM), there were no differences between the expression profiles of the two brains.
The two venom glands also showed similar profiles of highly expressed genes. However,
there were different numbers of venom protein genes in these two specimens (Table 1 and
Supplementary Table S1). The venom gland from the second adult specimen included
more venom protein genes (19 genes) (Table 1) than that from the first specimen (12 genes)
(Supplementary Table S1), suggesting that the second specimen (Table 1) may have been ac-
tively synthesizing venom (Supplementary Table S1). Therefore, we profiled the expression
of protein modification enzymes in the venom gland from the second specimen as a main
focus (Table 1).

Table 1 shows the 50 most highly expressed genes in the venom gland from the second
specimen. Fourteen of the top sixteen genes were categorized as venom protein genes:
including bradykinin-potentiating and C-type natriuretic peptides (CNP01), suPLA2-02 and
-03, suMPO06, svPLA2-01,-07, and -08, suMP07 and -08, svCTLP06, and -07, suMP04, svCLTP08,
suMPO05, svSP04 and LAAOO1 (Table 1), which were all the same as in the venom gland
from the other adult specimen except for svSP04 and LAAOO1 (Supplementary Table S1).
Moreover, other venom protein genes, such as CRISP01 and 02, svSP11, stMP09 and -10,
suMPO01, and sv5Nase, were also included in the top 50 genes of only the second adult
specimen (Table 1).

Interestingly, we found that a gene for protein disulfide isomerase (PDI), also known
as the beta-subunit of prolyl 4-hydroxylase (P4HB), was the ninth most highly expressed
gene in one adult venom gland (Table 1) and the sixth most highly expressed in the other
specimen (Supplementary Table S1). In addition, genes for Selenoprotein M, Calreticulin,
and protein disulfide isomerase A3 (SELENOM, CALR and PDIA3) were ranked as the 19th,
23rd, and 31st most highly expressed genes, respectively (Table 1). These four genes are
likely involved in the folding and quality control of venom proteins. The high expression
profiles of these genes were further confirmed with another venom gland from the first
adult specimen and in neonate venom glands (Figure 1 and Table 2). The high expression of
PDI genes in habu venom glands was consistent with the PDI expression profile of Crotalus
adamanteus [14], suggesting that snake venom glands actively express genes not only for
toxic proteins, but also for enzymes that fold and modify proteins in other vertebrate tissues.

Table 1 also shows that many genes associated with translation and protein biosynthe-
sis, including 40S and 60S ribosomal proteins, elongation factor 1 (EF1)-alpha 1 and EF1-beta
are highly expressed in habu venom glands, an observation reported previously [14,15].
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Table 1. Highly expressed genes in venom glands from an adult habu (venom gland-specimen#2: a

main adult specimen).

Gene Model ID Gene Name Annotation by Blast2GO TPM
habul_s258676_g24318.1 CNPO1 Bradykinin-potentiating and C-type  438,781.0 Venom protein
natriuretic peptides
habul_s47459_g23397.t1 svPLA2-02, svPLA2-03 phospholipase a2 88,799.1 Venom protein
habul_s14911_g21429.t1 svMP06 p-ii partial 76,130.9 Venom protein
habul_s9571_g19434.t1 svPLA2-01 phospholipase a2 44,208.4 Venom protein
habul_s9570_g19432.t1 svPLA2-07 phospholipase a2 34,366.9 Venom protein
habul_s9571_g19433.t1 svPLA2-08 phospholipase a2 31,067.9 Venom protein
habul_s14911_g21430.t1 soMPO07, suMP08 snake venom metalloproteinase 30,773.7 Venom protein
habul_s10061_g19809.t1 svCTLPO6 flavocetin-A beta 15,201.6 Venom protein
habul_s3443_g11710.t1 P4HB protein disulfide-isomerase 8572.4 Modification enzyme for
proteins analyzed in this study
habul_s10061_g19810.t1 SUCTLSI;(():%IS%%; Lpo4, snaclec stejaggregin-a subunit alpha 6786.0 Venom protein
habul_s3258_g11210.t1 suMP04 metalloprotease piia 4821.0 Venom protein
habul_s3168_g10977.¢1 soCTLP08 venom c-type lectin mannose binding - 3305 5 Venom protein
habul_s3258_g11211.t1 suMP05 snake venom metalloproteinase 2659.2 Venom protein
habul_s6789_g17480.t1 suSP04 snake venom serine protease 2a homolog ~ 2416.4 Venom protein
habul_s2955_g10552.t1 elongation factor 1-alpha 1 2283.4
habul_s402940_g24950.t1 LAAOO1 lI-amino acid oxidase 2124.7 Venom protein
habul_s158_g00895.t1 forkhead box protein j1 2102.3
habul_s5309_g15576.t1 40S ribosomal protein 525 1678.5 Ribosomal protein
habul_s2696_g09642.t1 SELENOM Selenoprotein M 15147 Modification enzyme for
proteins analyzed in this study
habul_s68614_g23647.t1 60s ribosomal protein 17 1508.8 Ribosomal protein
habul_s1917_g07050.t1 60s ribosomal protein 17a 1458.7 Ribosomal protein
habul_s4106_g13431.t1 serine partial 1457.8 Venom protein
habul_s3471_g11839.t1 CALR Calreticulin 1422.0 Modification enzyme for
proteins analyzed in this study
habul_s4158_g13542.t1 55 kda erythrocyte membrane protein 1406.7
habul_s4037_g13262.t1 low quality protein: glutathione 1337.9
peroxidase 3
habul_s3765_g12603.t1 40s ribosomal protein s3a 1259.4 Ribosomal protein
habul_s22025_g22470.t1 CRISPO1, CRISPO2 cysteine-rich venom partial 1201.7 Venom protein
habul_s22023_g22469.t1 suSP11 snake venom serine protease 2 1194.1 Venom protein
habul_s6274_g17028.t1 ubiquitin-40s ribosomal protein s27a 1159.9 Ribosomal protein
habul_s1466_g05403.t1 peptidyl-prolyl cis-trans isomerase a-like 11494
habul_s399953_g24864.t1 soMP09, suMP10 metalloproteinase precursor 1138.2 Venom protein
habul_s1390_g04983.t1 PDIA3 protein disulfide-isomerase a3 1085.9 Modification enzyme for
proteins analyzed in this study
habul_s2087_g07635.t1 ribosomal protein 1075.8 Ribosomal protein
habul_s7284_g17906.t1 40s ribosomal protein s13 1019.6 Ribosomal protein
habul_s9530_g19385.t1 Elongation factor 1-beta 999.5
habul_s4833_g14854.t1 tmsb4x partial 971.8
habul_s2449_g08987.t1 60s ribosomal protein 131 965.9 Ribosomal protein
habul_s7991_g18513.t1 40s ribosomal protein partial 934.3 Ribosomal protein
habul_s37466_g23178.1 growth-related translatlor}ally 928.1
controlled tumor protein
habul_s16120_g21649.t1 60s ribosomal protein 118a 906.8 Ribosomal protein
habul_s7978_g18472.t1 60s acidic ribosomal protein p2 902.7 Ribosomal protein
soMP01, suMP02, suMPO3, disintegrin and metalloproteinase .
habul_s2862_g10314.t1 soMP11, noMP57 domain-containing protein 28 902.6 Venom protein
habul_s1408_g05043.t1 60s ribosomal protein 15 892.3 Ribosomal protein
habul_s74_g00428.t1 60s ribosomal protein 111 872.1 Ribosomal protein
habul_s6028_g16570.t1 svbNase ecto-5 -nucleotidase 852.8 Venom protein
habul_s399842_g24584.t1 60s ribosomal protein 16 852.5 Ribosomal protein
habul_s188_g01057.t1 60s ribosomal protein partial 852.1 Ribosomal protein
habul_s1608_g06024.t1 40s ribosomal protein s4 837.9 Ribosomal protein
habul_s1167_g04045.t1 polyadenylate-binding protein 1 834.0
isoform x1
habul_s2592_g09366.t1 cytoplasmic 2 819.2

Transcripts are expressed as “Transcripts per million” (TPM). red: Venom protein genes, blue: Protein modification

genes analyzed in this study.
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Figure 1. Heat map representing genes predominantly expressed in habu venom glands and other
organs. Numbers for each gene correspond to genes in Table 1. Genes for candidate modification
enzymes or chaperones related to protein folding are indicated with yellow boxes.

2.2. Expression Profiles of Highly Active Genes, PAHB, SELENOM, CALR, and PDIA3, Are Specific
to Venom Glands

Our analysis confirmed the highly active expression of P4HB, SELENOM, CALR, and
PDIA3 genes in habu venom glands. However, since P4HB, SELENOM, CALR, or PDIA3
participate in protein folding and modification as part of the ER chaperone system, the
active expression of these genes in the venom gland does not necessarily imply the lower
expression of these genes in other organs and tissues. To examine the expression profiles of
these genes in various organs, we compared the expression levels of the top 50 venom gland
genes in other tissues (Figure 1). The expression profiles of those 50 genes were shared only
by adult and neonate venom glands, but not by other tissues, clearly indicating that the
venom gland gene expression profile is unique and specific and is quite distinct from those
of other tissues (Figure 1 and Table 2). Interestingly, the expression profile of the neonate
venom gland was similar to that of two adult venom glands. This similarity is especially
clear for chaperone proteins, such as PDIs, Selenoprotein M, and Calreticulin (Figure 1). In
the 50 most highly expressed venom gland genes, another common expression profile was
seen among the lungs, kidneys, small intestine, colon, stomach, and pit organ (Figure 1). In
the case of genes encoding ribosomal proteins, high expression profiles were observed not
only in venom glands, but also in the lungs and small intestine.
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Table 2. Gene expression level of P4HB, PDIA3, SELENOM, CALR, PDI family genes and PDI family related genes by RNA-seq analysis of tissues and organs of

Protobothrops flavoviridis.

Venom Venom Venom Brain Brain Pit, In-
Gene Gland  Gland Fang Small Stom-  Pan- Masse- (Speci-  (Speci- frared Fetal
Gene Model ID Name (Speci-  (Spec- Form- Lung Liver Kidney Intes- Colon ach creas Heart ter nl1)en nlljen Eye Nose Sens- Spleen Ovary  Fibrob-
men imen ing tine Muscle #1) #2) ing last
#1) #2) Tissue Organ
habul_s2696_g09642 SELENOM  1928.2 1514.7 273.2 104.5 3.9 12.1 38.7 179.5 31.5 311.1 53.2 15.0 178.8 72.2 675.8 1184.5 407.1 213.1 4.1 261.9
habul_s3471_g11839 CALR 361.1 1422.0 531.0 258.3 71.7 172.5 295.9 375.4 167.4 78.4 139.7 141.8 281.4 319.0 184.1 569.8 413.7 159.2 464.0 1859.1
habul_s3443_g11710 P4HB 13,3039 85724 955.2 15649 37652 18744 40839 17895 2381.0 22653  349.7 601.7 249.8 213.4 771.6 12683  1256.5 1916.5 645.9 917.0
habul_s2789_g10033 PDIA2 0.1 0.2 04 0.7 0.1 0.0 0.4 0.3 59.1 0.1 0.2 0.6 0.6 0.5 0.3 1.1 0.5 0.1 0.5 0.2
habul_s1390_g04983 PDIA3 2266.3 1085.9 601.2 856.4 420.2 614.1 1074.1 857.4 675.8 425.2 272.4 214.7 270.0 276.4 434.1 892.6 728.6 455.6 427.0 872.6
habul_s10239_g19902 PDIA4 95.7 172.3 159.4 164.9 68.8 83.5 61.6 121.6 164.6 129.3 63.4 29.2 47.0 50.3 82.5 141.3 182.9 122.6 134.7 252.0
habul_s2439_g08885 PDIAS 15.8 27.7 35.9 14.1 9.9 7.1 26.8 44.1 249 3.0 5.6 1.5 17.4 13.8 14.4 38.1 34.2 6.5 72.8 79.6
habul_s604_g02858 PDIA6 181.2 388.5 146.1 71.4 18.6 33.8 35.9 146.4 40.3 29.6 344 30.5 68.4 66.3 62.9 195.6 149.5 83.5 135.3 541.2
habul_s25599_g22719 ERp27 0.1 0.7 1.5 29 0.0 1.2 0.2 24 0.7 402.7 0.5 1.6 1.1 0.8 1.6 0.6 49 240.8 0.3 2.0
habul_s66_g00353 ERp27 15.7 5.9 119.4 203.5 20.6 32.1 414 170.0 50.9 885.9 49.8 12.0 275.5 312.6 39.9 86.8 134.5 791.5 6.4 262.6
habul_s399842_g24580 ERp29 53.1 384 112.9 84.2 19.5 22.6 100.1 109.9 43.6 10.1 36.5 15.4 449 483 40.5 180.2 102.4 32.8 52.0 239.2
habul_s32648_g23040 ERp44 15.2 15.5 45.5 17.9 5.8 13.1 19.6 22.8 15.6 43 12.3 4.5 24.3 229 14.8 32.1 27.2 10.4 425 25.7
habul_s1939_g07114 TMX1 6.9 5.0 23.1 254 17.1 229 20.3 23.8 11.2 47 21.4 11.9 30.5 38.9 12.9 21.1 21.6 17.8 46.5 26.3
habul_s5624_g16107 TMX2 18.9 9.5 36.8 43.6 25.9 455 30.2 35.9 428 9.1 93.2 29.3 122.0 142.7 35.3 43.4 425 14.8 101.2 26.9
habul_s4708_g14660 TMX3 8.0 3.8 433 23.1 54 19.7 13.0 19.3 13.6 2.2 20.5 45 427 43.6 15.3 54.6 33.7 12.5 25.6 56.0
habul_s8507_g18763 TMX4 1.7 1.4 9.9 8.6 25.7 14.9 6.0 6.6 3.1 0.5 3.4 1.0 19.5 16.5 6.5 5.5 9.5 4.5 51.4 10.8
habul_s3682_g12384 TXNDC5 53.1 38.4 112.9 84.2 19.5 22.6 100.1 109.9 43.6 10.1 36.5 15.4 449 48.3 40.5 180.2 102.4 32.8 52.0 239.2
habul_s2744_g09787 TXNDC12 99.8 160.0 134.1 101.1 28.8 51.5 72.6 75.0 58.3 21.8 54.4 24.5 99.7 70.7 60.8 127.3 127.1 50.3 49.0 2243
habul_s49803_g23445 AGR2 224 3.0 406.3 183.2 0.3 779 199.0 777.2 649.1 1.8 0.5 12.3 6.8 14 33.8 884.0 356.9 0.7 0.7 0.2
habul_s49803_g23446 AGR3 0.0 0.0 0.3 0.0 0.6 0.1 0.0 0.0 0.1 0.5 0.2 0.1 0.0 0.1 0.4 11.4 0.6 0.1 0.3 0.0
habul_s2168_g07811 DNAJC10 2.2 57 10.8 3.3 0.6 48 4.5 6.8 9.6 0.4 11.0 52 18.1 16.3 3.8 10.0 10.7 29 102.0 58.3
habul_s2370_g08604 CASQ1 3732.7 97.1 485.9 6.5 47 129 118.6 5.1 16.0 1.2 19.3 42,708.5 61.8 59.8 142.0 114.3 1277.6 4.3 39.8 9.4
habul_s8721_g18867 CASQ2 13 0.1 0.5 2.6 0.0 0.5 0.2 19 0.8 0.1 662.8 11.7 222 20.0 222 0.9 26.3 1.3 1.7 0.6
habul_s1275_g04450 Erola 1.8 3.3 21.0 9.2 1.2 32 74 13.3 16.7 0.3 2.0 0.4 252 18.9 4.6 12.0 59 3.3 7.7 29.3
hﬁ:ﬁiﬁiggégﬁgggf Ero1p 751 2476 918 440 504 242 207 371 451 1828 215 85 196 598 601 4989 1252 2008 2559 1179
habul_s27414_g22805 PRX4 211.6 229.4 118.4 280.8 342.2 98.1 245.3 154.7 157.9 229.6 711 28.8 52.8 53.5 68.6 121.5 144.5 187.7 104.7 2159
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active TRX-like domains

2.3. Characterization of Genes for PDI Family Proteins and PDI-Related Proteins in Habu
Venom Glands

As already mentioned, major venom proteins, such as PLA,, MPs, CTLP, and 3FTXs contain
many disulfide bonds. Genes for PDI are ultra-highly expressed in venom glands. Therefore,
to identify and characterize genes for PDI family members (Figure 2) in the habu genome,
we carried out molecular phylogenetic analysis, taking advantage of the habu whole
genome. We constructed molecular phylogenetic trees using ORTHOSCOPE, a species
tree-based ortholog group identification tool [16], with human PDIA3, PDIA4, P4HB, PDILT,
PDIA? (Figure 3), PDIA5 (Supplementary Figure S1), and PDIA6 (Supplementary Figure S2)
as query sequences for each. In addition, genes for other PDI family-related proteins
were also analyzed using ORTHOSCOPE to identify orthologs in P. flavoviridis. These PDI
family-related proteins include oxidoreductases, such as ERP27 (Supplementary Figure S3),
ERP29 (Supplementary Figure S4), and ERP44 (Supplementary Figure S5), anterior gra-
dient protein 2 (AGR2) (Supplementary Figure S6), anterior gradient protein 3 (AGR3)
(Supplementary Figure S7), and transmembrane oxidoreductases, such as TMX1, TMX2,
TMX3, and TMX4 (Supplementary Figures S8-S11), CALR members (Figure 4), TXNDC5
(Figure 512), and TXNDC12 (Supplementary Figure S13), redox partner proteins of PDlIs,
and selenoproteins. Genes identified in the habu (P. flavoviridis) genome and in transcrip-
tomes of a related snake (P. mucrosquamatus) are summarized in Figure 2 and Table 2.

(catalytic domain) inactive TRX domains ER retention sequence Gene ID
b b' a P. flavoviridis P. mucrosquamatus

P4HB [ ceHC | [ . CGHC m KDEL | habui_s3443 g11710.t1 XP015680645.1
PDIA2 [ ceHC | [ I ctic  H  KEEL ]  habut_s2789_g10033.2 XP015667472.1
PDIA3 [ ceHC | | Bl ceoHc M QEDL | habul_s1390_go4983.t XP015674084.1
PDIA4 | CGHC | CGHC | [ Bl coHC | KEEL | hebulst0230 1990241  XPO15677064.1
PDIAS | [ csmc | ceHc | cpic  H_ keeL | habu1_s2439_g08885.12 XP015669463.1
PDIAG [ cohc H cGHC | W koL | habu1_s604_g02858.t1 XP015679526.1
PDILT [ sKkas | | [ skkc  H  KkeEeL | ! !

| | H e et 0 G101 o
ERP29 ] habu1_s309842_g2458041  XP015670906.1
ERP44 | CRFs | [ H ROEL ] habu1_s32648 g23040.t2  XPO15667557.1
TMX1 CPAC -] habu1_s1939_g07114.t1 XP015674493.1
TMX2 —{H snoc H kkEl ] habu_s5624_g16107.1  XPO15680503.1
TMX3 CGHC D KKKD habu1_s4708_g14660.t1 XP015673736.1
TMX4 [_cpsc_—{ N habu1_s8507_g18763.3 XP015669029.1
TXNDC5 [ cGHC | ceHC H cGHC [ KbEL | habu1_s3682_g12384.t1 XP015666323.1
TXNDC12 KTEL habu1_s2744_g09787.11 XP015666390.1
AGR2 [ _cPHs p——— KIEL habu1_s49803_g23445.1 XP015666288.1
AGR3 ‘ QSEL habu1_s49803_g23446.t1 XP015666289.1

Figure 2. Schematic representation of PDI gene family members in humans and their domain
composition. Catalytically active domains (a) and (a”) are shown in red; inactive domains in light blue
(b) and dark blue (b’); Asp/Glu rich Ca?*-binding domains are designated in green; orange represents
transmembrane domains; x-linker regions (brown); COOH terminal ER retention sequences (white).
Habu PDI family Gene IDs for P. flavoviridis and P. mucrosquamatus that are orthologs of human PDI
family genes, are shown on the right side. This figure on the left side was adapted and modified with
permission from [17] (under the terms of the Creative Commons Attribution License).
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(A) Query sequence: PDIA3

Ps. textilis_P4HB_XP026557629.1
. scutatus_P4HB_XP026523093.1
! mucrosguamatus_P4AHB_XP015680645.1
> flavoviridis_s3443-g11710.t1
100 Th. sirtalis_P4HB_XP013916852.1
Py. bivittatus_P4HB_XP007436274.2
. P4HB_XP020669908.1
A. carolinensis_P4HB_ENSACATO00000010638.3
A. carolinensis-1_P4HB_XP008102802.1
Pod. muralis_P4HB_XP028571707.1
G. japonicus_P4HB_XP015282055.1
78 B. taurus_P4HB_ENSBTAT00000007943.4
‘IE!DH‘ sapiens_P4HB_ENST00000331483.8
M. musculus_P4HB_ENSMUSPO00000026122.4
Al mississippiensis_P4HB_XP019350941.1
Ga. gallus_PAHB_ENSGALTO0000055031.2
&5 X. tropicalis_P4HB_ENSXETT00000011920.3
——— Ca. milii_P4HB_XP007886902.1
77— Br. floridae_BRAFL126559
100 ———— Ci. savignyi_ENSCSAVTO00000019269.1

95

LI00 ¢ intestinails ENSCINT00000006342.3

- R. typus_P4HB_XP0203825%4.1

Ps. textilis_PDIA4_XP026558096.1

N. scutatus_PDIA4_XP026537719.1

1&' mucrosquamatus_PDIA4 XP015677064.1
P, flavoviridis_s10239-g19902.t1

Th. sirtalis_ PDIA4_XP013919521.1

Py. bivittatus_PDIAZ XP007428602.1

Po. vitticeps_PDIA4_XP020666772.1

A. carolinensis-1_PDIAA_XP003222269.1

A. carolinensis_PDIA4_ENSACAT00000014191.3

Pod. muralis_XP028587975.1

G. japonicus_PDIA4_XP015277637.1

Al mississipplensis_PDIA4_XP014452893.1

Ga. gallus_PDIA4_ENSGALT00000079713.1

M. muscuius_PDIA4_ENSMUSP00000076521.7

H. sapiens_PDIA4_ENST00000286081.8

B. taurus_PDIA4_ENSBTAT00000022782.4

X. tropicalis_PDIA4_ENSXETT00000038855.3

Ca. milii_PDIA4_XP007904513.1

Rh. fypus_PDIA4_XP020375309.1

L. oculatus_PDIA4_ENSLOCT00000016449.1

Or. latipes_PDIA4_ENSORLT00000008420.1

E. calabaricus_PDIA4_XP028659757.1

Ci. savignyl ENSCSAVT00000005556.1

a1
T2

a7 Ci. intestinalis_ENSCINT00000013204.3

Bo. schlosseri_botctg050372g16848

a7 _EAQ planci_oki10-235
Br. floridas_BRAFL220927

Of, dipica GS0IDT00005822001
9;3. textilis_PDIA3_XP026565245.1 =
sN. scutatus_PDIA3_XP026540438.1
Th. sirtalis_PDIA3_XP013917608.1
1 mucrosquamatus PDIA3_XP015674084.1
a3 > flavoviridis_s1390-g04983.11
Py. bivitiatus PDIAZ XP025029779.1
Po. vitticeps_PDIA3_XP020645768.1
Pod. muralis_PDIA3_XP028561958.1
7 A. carolinensis_PDIA3_ENSACAT00000004936.2
. carolinensis-1_PDIA3_XP008121024.1
G. japonicus_PDIA3_XP015265877.1
90 Al mississippiensis_PDIA3_XP014465481.2
100 Ga. gallus_PDIA3_ENSGALT00000013589.5
] M. musculus_PDIA3_ENSMUSPO0000028683.7
YOURSEQ1_H.sapiens_PDIA3
mDH, sapiens_PDIA3_ENST00000300289.9
B. taurus_PDIA3_ENSETAT00000022854.3 PDI A3
X. tropicalis_PDIA3_ENSXETT00000065827.1
L. oculatus_PDIA3_ENSLOCT00000017571.1
D. rerio_PDIA3_ENSDARTO0000171137.1
Or. latipes_PDIA3_ENSORLT00000001826.1
E. calabaricus_PDIA3_XP028647246.1
Ca. milii_PDIA3_XP007304890.1
R. typus_PDIA3_XP020382097.1
L. oculatus_ENSLOCTO0000008782.1
D. rerio_ENSDARTO00000018504.7
D. rerio_ENSDART00000134455.1
Or. latipes_ENSORLT00000001918.1
E. calabaricus_XP028650897.1_protein-disulfide-i

51
T

Br. floridae_BRAFL59159

ﬁu-[l'qc‘ planci_oki7-169

Ac. planci_oki7-172
Ci. savignyi_ENSCSAVT00000016065.1

Ci. intestinalis_ENSCINT00000005773.4

r=— Bo. schlosseri_botctg026140g4793

1185, schlosseri_botctg112726g63294

a7

0. dioica_GS0IDT00003858001

0. dioica_GS0IDT00009378001
0.08

Figure 3. Cont.

P4HB

PDIA2
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(B) Query sequence: PDIA4

P.mucrosquamatus_PDIA3_XP015674084.1
"p_flavoviridis_s1390-g04983.t1
T.sirtalis_PDIA3_XP013917608.1
Pstnxtms PDIA3_XP026565245.1
“N.scutatus_PDIA3_XP026540438.1
Py.bivittatus_PDIA3_XP025029779.1
5 lii is_PDIAZ_ENSACATDO000004936.2
“}.carolinensis-1 anz XP0O0B121024.1
Pod.muralis_PDIA3_XP028561958.1
Po.vitticeps_PDIA3_XP020645768.1
G.japonicus_PDIA3_XP015265877.1

Al.mississippiensis_PDIA3_XP014465481.2
Ga.gallus_PDIA3_ENSGALT00000013589.5

B.taurus_PDIA3_ENSBTAT00000022854.3
Y H.sapiens_PDIA3_ENST00000300289.9
M.musculus_PDIA3_ENSMUSP00000028683.7
X.tropicalis_PDIA3_ENSXETTO000p065827.1
L.oculatus_PDIA3_ENSLOCT00000017571.1
D.rerio_PDIA3_ENSDARTO0000171137.1 PDIA3

Or.latipes_PDIAZ_ENSORLTO00000001826.1
E.calabaricus_PDIA3_XP028647246.1

—: Ca.milii_PDIA3_XP007904890.1
R.typus_PDIA3_XP020382097.1

o
- D.rerio_zgc-T7086_ENSDARTO00000018504.7
i e _4T| Or.Jatipes_zgc100906_ENSORLT00000001918.1
E.calabaricus_PDIA3_XP028650897.1

a8

Bo.schiosseri_botctg026140g4793

—
1"Bo.schiosseri_botctg112726g63294

Br.fleridas_BRAFL59159
Ac.planci_okiT-169

C.savignyi_ENSCSAVTO00000016065.1

C.intestinalis_ENSCINT00000005773.4

a5

ar

O.dicica_GSOIDTO0009378001
53 P 5-toxtilis_PDIA4_XP026558096.1
Nscurnus PDIAZ_XP026537719.1
T.sirtalis_PDIA4_XP013919521.1
Pmu:msqmmms PDIA4_XP015677064.1
P.flavoviridis_s10239-g19902.t1
Py.bivittatus_PDIA4_XP007428602.1
Po.vitticaps_PDIA4_XP020666772.1
‘“ﬁ .carolinensis_PDIA4_ENSACAT00000014191.3
carolinensis-1_PDIA4_XP003222269.1
Pod.muralis_PDIA4_XP028587975.1
G.japonicus_PDIA4_XP015277637.1
Ga.gallus_ENSGALT00000073397.1
Ga.gallus_PDIA4_ENSGALTO00000079713.1
Almississippiensis_PDIA4_XP014452893.1
.sapiens_PDIA4_ENST00000286091.8
EQ1_H.sapiens_PDIAS PDIA4
M.musculus_PDIA4_ENSMUSPO000000TE6521.7
B.taurus_PDIA4_ENSBTAT00000022782.4
X.tropicalis_PDIA4_ENSXETTO00000038855.3
Ca.milii_PDIA4_XP007904513.1
R.typus_PDIA4_XP020375309.1
D.rerio_PDIA4_ENSDART00000018868.6
Or.latipes_PDIA4_ENSORLT00000009120.1
L I _PDIA4_ENSLOCTO0000016449.1
E.calabaricus_PDIA4_XP028659757.1
e C.savignyi ENSCSAVT00000005556.1

[ B C.intestinalis_ENSCINTO0000013204.3

Bo.schlosseri_botctg050372g16848

Ac.planci_oki10-235

Br.floridae_BRAFL220927

0.dioica_GSOIDT00005822001 .
R.typus_PDIL_XP020382594.1

|
L 1o Al.mississippiensis_PDIA2_XP006277763.1

B,

T C.savignyi ENSCSAVT00000019269.1

C.intestinalis_ENSCINT00000006342.3
O.dioica_GSOIDT 10001 =

100

Ps.textilis_P4HE_XP026557629.1
.scutatus_P4HB_XP026523093.1
mumsquamms_FdHB_)(PMSi!DBdSJ
.flavoviridis_s3443-g11710.t1
T.sirtalis_P4HB_XP013916852.1
Py.bivittatus_P4HB_XP007436274.2
\odA-carolinensis | P4HB_ENSACAT00000010638.3
carolinensis-1_P4HE_XP008102802.1
Po.vitticeps_P4HB_XP020669908.1
Pod.muralis_P4HB_XP028571707.1 P4HB
G.japonicus_P4HB_XP015282055.1
B.taurus_P4HB_ENSBTAT00000007943.4
o 4&”@-“ P4HB_ENSTO0000331483.8
M.musculus_P4HE_ENSMUSP00000026122.4
X.tropicalis_P4HB_ENSXETT00000011920.3
1 L.oculatus_P4HB_ENSLOCT00000017165.1
75 Ca.milli_P4HB_XP007886902.1

&7 Br.floridae_BRAFL126559
Ac.planci_okiéT-67

0.07

Figure 3. Cont.
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(C) Query sequence: P4HB

— Or hl}pas P4HB_ENSORLTO00000002112.1
— D. rerio_P4HB_ENSDARTO00000163035.1
baricus_P4HB_XP028675699.1
_|_— Cal. milii_P4HE_XP007886902.1
—— Rh.typus_P4HB_XP020379516.1
o’ _P4HB_XPD
P. flavoviridis_s3443-g11710.t1
. textilis_P4AHB_XP026557629.1
scutatus_PaHB, XP026523093.1
00Th. sirtalis_P4HB_XP013916852.1
Py. bivittatus P4l
Pod. muralis_P4HB_XP028571707.1
. carolinensis_P4HB_ENSACAT00000010638.3
. carolinensis-1_P4HB_XP008102802.1
Po vitticeps_P4HB_] XPB!WSQ9081
_PAH

i_XPO
1‘&0 sapiens_P4HE _| ENSTMIIIIHMBS.B
URSEQ1_H.sapiens_P4l
00 B. taurus_P4HB_| ENSETATI]BIIIIWIIT!«IJ 4
M. musculus_P4HB_ENSMUSP00000026122.4
Al. mississippiensis_P4HB_XP019350941.1
Ga. gallus_PAHB_ENSGALT00000055031.2
X. tropicalis_P4HB_ENSXETT00000011920.3

o

100

_P4HB_ENSLOCTO0000017165.1

P4HB

's. tﬁ:ﬂl.‘: PDIAZ_XPO26560335.
. scutatus_PDIA2_XP026539140.1
Th. sirtalis_PDIAZ_XP013925399.1
P. mucrosguamatus_PDIA2 XP015667472.1
Py. bivittatus_PDIA2_XP025026058.1
o=t

0]
5!

ATO0000015465.3

sis_PDIAZ_ENSAC,
Il -_|
) carolinensis-1_PDIA2_XP003230231.1
Po. vitticeps_PDIA2_XP020667652.1
Pod. muralis_PDIA2_XP028561117.1

_PDIA2_XP006277763.1

PDIA2

g

B2 :
100

24

100

D. rerio_PDIA2_ENSDART00000005895.7

_PDIA2_ENSLOCTO00000007610.1
Cel' milii_PDIA2_XP007891944.1
Rh. typus_PDIAZ_XP020382594.1

Ga. gallus_PDIAZ_ENSGALT00000064944.1
taurus_PDIA2_ENSBTATO0000048134.3
sapiens_PDIA2_ENST00000219406.10

M. musculus_PDIAZ_ENSMUSP00000035584.7
X -alis_PDIA2_ENSXETT00000063830.1

Or. fatipes_PDIAZ_ENSORLT00000010750.1

1@, carolinensis_PDILT_ENSACAT00000001375.3
. carolinensis-1_PDILT_XP008120149.1
Po. vlfﬂl:aps PDILT_XP020634056.1

o7 L2 pod, mwaﬂs PDILT

_PDILT_XP015271596.1
XP028562062.1

L. Al jensis_PDILT_XP019350202.1
Ga. gallus_PDILT_ENSGALT00000003124.6
E B. taurus_PDILT_ENSBTAT00000021853.3
e H. sapiens_PDILT_ENST00000302451.8 PDILT
\— M. musculus_PDILT_ENSMUSP00000033267.2
; PDILT_ENSXETT00000036340.3
T D. nda ENSDART00000055011.6
l_'IEIO Or. latipes_ENSORLT00000010770.1
— 100 50 T E . PDILT_XP028670211.1
L. oculatus_ENSLOCTC0000007587.1
] L [ Cal miliPDILT XP0078920151
Rh. typus_PDILT_XP020382595.1
Bot. schi i_botctg076984g31311 o
Br. floridae_BRAFL126559
Ci. savignyi_ENSCSAVT00000019269.1
Ci. intestinalis_ENSCINT00000006342.3
Bot. schlosseri_botctg020397g2259
0. dioica_GS0OIDT00010531001
Ol. dioica_GSOIDT00009810001
Ac. planci_okiG7-67 N
2 mucrosquamatus_PDIA3_XP015674084.1
2 flavowviridis_s1390-g04983.t1
Th. sirtalis_PDIA3_XP013917608.1
. toxtilis_PDIA3_XP026565245.1
scutatus PDIA3 XP026540438.1 —
G. japonl:ua XP015265877.1
6 labaricus_PDIA3_XP028647246.1 PDIA3
. Ac. p.lan:l oki7-169
Br. floridae_BRAFL59159
100 {73 Ci savignyl ENSCSAVT00000016065.1
Ci. lis_ENSCINT00000005773.4
42 Bot. i_botetg112726963294
Oi. dioica_GSDIDT00009378001
100 €i. savignyi ENSCSAVT00000005556.1
— Ci.intestinalis_ENSCINT00000013204.3 :
| ; PDIA4_XP007428602.1
Libe- oIvie flavoviridis_s10239-g19902.t1 PDIA4
02 A; planci_oki10-235 |

Figure 3. Cont.
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(D) Query sequence: PDILT

100
(]
100
100

Ps. textilis_PDIA2_XP026560335.1
N. scutatus_PDIA2_XP026539140.1

Th. sirtalis_PDIA2_XP013925399.1
P. mucrosquamatus_PDIA2_XP015667472.1

L— py _PDIA2_XP025026058.1
100 .1 og carolinensis_PDIAZ_ENSACAT00000015465.3
% 119%, carolinensis-1_PDIAZ_XP003230231.1
88 88 Po. vitticeps_PDIA2_XP020667652.1
Pod. lis_PDIA2_XP028561117.1
= AL mississippiensis_PDIA2_XP006277763.1
100 Ga. gallus_PDIA2_ENSGALT00000064944.1
B. taurus_PDIA2_ENSBTATD0000048134.3
[100 H. sapiens_PDIA2_ENST00000219406.10
M. lus_PDIA2_ENSMUSP00000035584.7
X. trapicalis_PDIAZ_ENSXETT00000063830.1
labaricus_PDIA2_XP028670464.1
PDIA2_ENSLOCTO00000007610.1

L Iat

D. reric_PDIA2_ENSDART00000005895.7

"Or. latipes_PDIAZ_ENSORLT00000010750.1

Ca. milii_PDIA2_XP0078291944.1
Rh. typus_PDIA2_XP020382594.1

|10ﬂﬂ _PDILT_ENSACATO0000001375.3
A. carolinensis-1_PDILT_XP008120149.1

71
Po. vitticeps_PDILT_XP020634056.1
_PDILT_XP015271596.1

G.
Pod. mu\rﬂMs _PDILT_XP028562062.1
Al jensis_PDILT_XP019350202.1

Ga. gallus_PDILT_ENSGALT00000003124.6
. sapiens_PDILT_ENST00000302451.8

too B. tsurus PDILT_ENSBETAT00000021853.3
X. tropicalis_PDILT_ENSXETT00000036340.3

D. rerio_PDILT_ENSDART00000055011.6
Or. latipes_ENSORLT00000010770.1

100

a5

—wm

100
E. calabaricus_PDILT_XP028670211.1

139 L. oculatus_PDILT_ENSLOCTO0000007587.1

Ca. milii_PDILT_XP007892015.1
typus_PDILT_XP020382595.1

Bo. schiosseri_botctg076984g31311

 mucrosquamatu_P4HBs_XP015680645.1
) flavoviridis _s3443-g11710.11
0 Ps. textilis_P4HB_XP026557629.1
N. scutatus_P4HB_XP026523093.1
Th. sirtalis_P4AHB_XP013916852.1
Py. bivittatus_PAHB_XP007436274.2

. muralis_P4
Po. vﬂﬂ:nps_PdHB XPOZI]EESNB 1

1°°: carolinensis-1_P4HB_XP008102802.1
G. japonicus_PAHB_XP015282055.1

- ,B. taurus_P4HB_ENSBTAT00000007943.4
H. sapiens_PAHB_ENST00000331483.8

100

Al mississipplensis_P4HB_XP013350941.1
Ga. gallus_P4HB_ENSGALT00000055031.2

L. oculatus_P4HB_ENSLOCTO00000017165.

D. rerio_P4HB_ENSDART00000169035.1
E. calabaricus_P4HB_XP028675699.1
Ca. milii_P4HB_XP007886902.1
Rh. typus_P4HB_XP020379516.1
Br. floridas_BRAFL126559

100
59
Bo. schi

Ac. planci_oki67-67

8

carolinensis_P4HB_ENSACAT00000010638.3

M. musculus_P4HBE_ENSMUSP00000026122.

P4HB_ENSXETT00000011920.3

‘O latipes_PAHB_ENSORLT00000002112.

P4HB

4

1
1

Ci. savignyl_ENSCSAVT00000019269.1
Cil. intestinalis_ENSCINT00000006342.3
ri_botctg020397g2259
Oi. dioica_GSO0IDT00009810001

1

. textilis_PDIA4_XP026558096.1
. scutatus_PDIA4_XP026537719.1
1|fl mucrosquamatus _PDIA4_XP015677064.1
P. flavoviridis _s10239-g19902.11
Py bivittatus_PDIA4_XP007428602.1
Th sirtalis_PDIA4_XP01
G. japonicus_PDIA4_XP015277637.1
Ci. savignyi_ ENSCSAVT00000005556.1
Ci. intestinalis_ENSCINT00000013204.3
Ac. planci_oki10-235

_BRAFL220927
0Oi. dioica_GS0IDT00005822001

1100

a4
Br. florid:

100 7 Ci. savignyi_ENSCSAVT00000016065.1
Ci. intestinalis_ENSCINT 5773.4
99 Oi. dioica_GSOIDT00009378001
BRAFL59159
e ’_E””— Bo. schiosseri hgjmjjlzzﬁgsnsd
{29 _s1390-g04983.41 |
——Ac. planci_oki7-169

02

Figure 3. Cont.

" oURsEm _H.saplens_PDILT
_PDILT_ENSMUSP00000033267.2

PDIA2

PDILT

PDIA4

PDIA3
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(E) Query sequence: PDIA2

Ps.toxtilis_PDIA2_XP026560335.1
s | "*N.scutatus_PDIAZ_XP026539140.1
= T.sirtalis_PDIAZ_XP013925399.1
P.mucrosquamatus_PDIA2_XP015667472.1

100

Py.bivittatus_PDIA2_XP025026058.1

Pog.vitticeps_PDIA2_XP020667652.1
A

linensis-1_PDIAZ_XP003230231.1

[
98
| it
Po.muralis_PDIA2_XP028561117.1

is_PDIA2_ENSACATO0000015465.3

I.
il Es

_PDIA2_XP006277763.1

100

’_F

Ga.gallus_PDIA2_ENSGALTO0000064944.1
B.taurus_PDIA2_ENSBTAT00000048134.3
SEQ1_H.sapiens_PDIAZ
H.sapiens_PDIAZ_ENST00000219406.10
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Figure 3. Molecular phylogenetic trees of protein disulfide isomerases (PDIs). These trees were estimated
using ORTHOSCOPE with human PDIA3 (A), PDIA4 (B), P4HB (C), PDILT (D), and PDIA2 (E) as
query sequences (highlighted in purple-colored), respectively. Sequences highlighted in blue indicate
human orthologs. Those highlighted in pink represent habu (P. flavoviridis) orthologs, and those in
red boxes represent other snake species. Values beside branches represent the percentages of times
that nodes were supported in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE. The
scale bar indicates an evolutionary distance of 0.2 substitutions per position.



Toxins 2022, 14, 300

13 of 31

Ci. savignyi_ENSCSAVT00000016508.1
100
53 Ci. ;_ENSCIN 3
Bo. _botctg109019g58940
Al mississippiensis_CANX_XP006263597.2
Ga. gallus_CANX_ENSGALT00000078423.1
A. carolinensis_CANX_ENSACAT00000016329.2 CANX
X. tropicalis_CANX_ENSXETT00000018426.2
. CANX_XI 16.1
L. oculatus_CANX_ENSLOCTO00000014088.1

H. sapiens_CLGN_ENST00000325617.9

B. floridae_BRAFL204584

Ac. planci_oki24-9

0. dicica_GSOIDT00012360001

100

Bo. it 3421
C. savignyi_ENSCSAVT00000001574.1
Ci. intestinalis_ENSCINT00000016510.3

Oi. dicica_GS0OIDT00011422001

Ac. planci_oki136-47

B. fioridae_BRAFL129027
. bivittatus_CALR_XP007432164.1
Ps. textilis_CALR_XP026572586.1
P nucrosquamatus_CALR_XP015668768.1
¥ flavoviridis_s3471-g11839.11
Th. sirfalis_CALR_XP013924238.1
N. scutatus_CALR_XP026535360.1
ﬁn:Iral'imnslsiCALkiENSAcATnlwmm 7217.2
carolinensis-1_CALR_XP016846634.1
Po. vitticaps_CALR_XP020647285.1
Po. muralis_CALR_XP028568520.1
41G. Japenicus_CALR_XP015262715.1 CALR
= AL _CALR_XP 2
Ga. gallus ENSGALT00000067189.2
£16 H. sapiens_CALR_ENST00000316445.9
YOURSEQ1_H.sapiens_CALR
B. taurus_CALR_ENSBTAT00000020111.2

M. museulus_CALR_ENSMUSPO0000003912.6
X. tropicalis_CALR_ENSXETT00000017402.3
Ca. milii_CALRL_XP007882669.1
R. typus_CALR_XP020363090.1

E _CALRL ) gl
L. oculatus_CALR_ENSLOCT00000011588.1
D. rerio_CALR_ENSDART00000101655.4
Or. latipes_CALR_ENSORLTO0000021485.2
= Ca. milii_CALRL_XP007888148.1 & -
R typus_CALRL_XP0Z0383903.1
S.mucmsquamam_CALRL_me5556:152‘1
Phavoviridis_s27a4-g09792.1
s textiis_CALRL_XP026562861.1
] 'N. scutatus_CALRL_XP026521640.1
Th. sirtalis_ CALRL_XP013918805.1
Po. vitticeps_CALRL_XP020643796.1
Py. bivittatus_CALRL_XP025024333.1 CALRL
00 Po. muralis_CALRL_XP028589341.1
. carolinensis_CALRL_ENSACAT00000025568.2
& 2 mﬁ_ carolinensis-1_CALRL_XP008107781.1
L G.japonicus CALRL_XP015267451.1
700 B. taurus_ENSBTAT00000033333.4
L s7 56 L M. . CALR4 | 7
X . CALR3_ENSXETT 76.2 ~
hﬁ ;_CALR3_XP015665401.1
d favoviridis_s2279-g08248.11
textilis_CALR3 XP026554220.1
. scutatus CALR3_XP026526590.1
— & |L— Py bivittatus CALR3 XP015745240.2
61 G. japonicus_CALR3_XP015280145.1
Th. sirtalis_CALR3_XP013926416.1
Po. vitticeps_CALR3_XP020636663.1
Po. muralis CALR3_XP028569600.1
100 A 1_CALR3 XPO0S123870.1
AL CALR3 12
100 %8 Ga. gallus_CALR3_ENSGALT00000006232.5 CALR3
1* I I ‘:1 c.ALn_ac 2'&.2313::;';;9.31 7 o
. sapiens B
L B. taurus_CALR3_ENSBTAT00000013175.5
D. rerio_CALR3b_ENSDARTO0000158147.2
D. rerio_CALR3a_ENSDART00000162291.1
Or. latipes_CALR3a_ENSORLT00000003651.1
Or. latipes_CALR3b_ENSORLTO00000022553.1
L. oculatus_CALR3a_ENSLOCT00000004446.1
E. calabaricus_CALR3_XP0Z8672364.1
Ca. milli_CALR3_XPOOT899244.1
R. typus_CALR3_XP020383036.1

007

Figure 4. Molecular phylogenetic tree of CALR. This tree was estimated using ORTHOSCOPE with
human CALR as the query sequence (highlighted in purple-colored). The tree includes CALR, CALR-
like, CALR3 and CANX clades. Sequences highlighted in blue indicate human orthologs. Those
highlighted in pink represent habu (P. flavoviridis) orthologs, and those in red boxes represent other
snake species. Values beside branches represent the percentages of times that nodes were supported
in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE. The scale bar indicates an
evolutionary distance of 0.07 substitutions per position.

(a) PDI family

Molecular phylogenetic trees of PDI family genes were estimated with ORTHO-
SCOPE using human PDIA3 (Figure 3A), PDIA4 (Figure 3B), P4HB (Figure 3C), PDILT
(Figure 3D), and PDIA?2 (Figure 3E) as query sequences, showing that these trees constitute
discrete clades of PDIA3, PDIA4, and P4HB. Each clade contained one habu ortholog:
habul_s3443_g11710.t1 for the P4HB clade, habul_s1390_g04983.t1 for the PDIA3 clade,
and habul_s10239_g19902 for the PDIA4 clade, indicating these habu gene model ID tran-
scripts are the same genes as in humans. However, these molecular phylogenetic trees
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failed to support P. flavoviridis orthologs for PDIA2 (Figure 3E) and PDILT (Figure 3D).
Interestingly, genes for PDILT were not found in snakes.

These PDI gene family phylogenetic trees also contain clades other than PDIA3,
PDIA4, P4HB, PDIA2, and PDILT, so we next examined molecular phylogenetic trees of
the other PDI gene family members, including the human and habu genomes. Molecular
phylogenetic analysis using ORTHOSCOPE showed that the habu genome contains one
copy of each of the same genes as humans in the PDIA5 (Supplementary Figure S1) and
PDIAG6 clades (Supplementary Figure S2), since in each clade there is only one habu ortholog
of the human gene, without any habu paralogs. These results indicate that in contrast
to the extensive duplication of habu venom protein genes, genes for the PDI family are
present as only single copies in the habu genome, although they are actively expressed in
venom glands.

(b) Other PDI family-related members

The molecular phylogenetic tree of ERP44 analyzed by ORTHOSCOPE using other
PDI family member human ERP44 (Supplementary Figure S5) as query included the
four main clades (ERP44, PDIA4, PDIA3, and P4HB) that contained one habu ortholog each,
habul_s32648_g23040.t2 for the ERP44 clade, habul_s10239_g19902.t1 for the PDIA4 clade,
and habul_s1390_g04983 for the PDIA3 clade.

Molecular phylogenies of AGR2 and AGR3 using human genes as queries are shown
in Supplementary Figures S6 and S7, respectively. First, the AGR2 and AGR3 trees both
consisted of three main clades (AGR3, AGR2, and TXNDC12), and each clade contained
one habu ortholog, habul_s49803_g23446.t1 for the AGR3 clade, habul_s49803_g23445.t1
for the AGR2 clade, and habul_s2744 g09787.t1 for the TXNDC12 clade.

Molecular  phylogenies of TMXI, TMX2, TMX3, and TMX4
(Supplementary Figures S8-511, respectively) using human genes as queries indicated
that a single habu ortholog exists in each clade: habul_s1939_g07114.t1 for the TMX1 clade,
habul_s5624_g16107.t1 for the TMX2 clade, habul_s4708_g14660.t1 for the TMX3 clade,
and habul_s8507_g18763.t3 for the TMX4 clade.

Molecular phylogenetic trees for TXNDC5 and TXNDC12 using each human gene
as a query (Supplementary Figures S12 and S13) also indicated that the tree for TXNDC5
contains three main clades (PDIA4, PDIA6, and TXNDC)), each of which includes a single
habu ortholog: habuls_10239_19902.t1 for the PDIA4 clade, habul_s604_g02858.t1 for the
PDIAG6 clade, and habul_s3682_g12384.t1 for the TXNDCS5 clade. The tree for TXNDC12
contains the three main clades (AGR2, AGR3, and TXNDC12) (Supplementary Figure 513),
and each clade contains a single ortholog: habul_s49803_g23446.t1 for the AGR3 clade,
habul_s49803_g23445.t1 for the AGR2 clade, and habul_s2744 g09787.t1 for the TXNDC12 clade.

Molecular phylogenetic trees for CASQ1 and CASQ?2 each using the human gene as a query
showed that only a single habu ortholog exists in each: habul_s2370_g08604.t2 for the CASQ1
clade and habul_s8721_g18867.t1 for the CASQ?2 clade (Supplementary Figures S14 and S15).

(c) Calreticulin members

In a similar fashion, to examine how many genes are present for CALR members
in the habu genome, a molecular phylogenetic tree of CALR was constructed using
ORTHOSCOPE, with human CALR as a query sequence (Figure 4). We found that a
gene annotated as habu CALR, habul_ s3471_g11839.t1, was included in the human CALR
clade (Figure 4), indicating that the gene annotation for habu CALR is correct, since the
habu gene annotated as CALR is an ortholog of human CALR. In addition, we found
CALR3, CANX and CLGN homologs in the habu genome, habul_ s2279_g08248.t1 for
CALR3 gene, habul_s3471_g11839.t1 for CALR gene, habul_ s4907_g14941.t1 for CANX
gene (Supplementary Figure 517), habul_ s2744_g09792.t1 for CALRL gene, and habul_
s67827_g17445.11 for CLGN gene (Figure 4). These observations were confirmed by molecu-
lar phylogenies of CALR3 (Supplementary Figure S16), CANX (Supplementary Figure 517),
and CALRL (Supplementary Figure S18). As with PDI and related families, members of the
CALR family exist as single copies in the habu genome.
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SH
Unfolded protein

(d) Redox partner proteins of PDI family proteins, Erolo and Erolf

Erol, which has two kinds of paralogs, Erolo and Erolp, is the re-oxidizing enzyme
specific for P4AHB in the PDI gene family (Figure 5) [18-20]. The Erol gene is conserved
evolutionarily from yeast to humans. Although the functional difference between Erolx
and Erolp has not yet been clarified, it is well known that they show different expression
profiles. Erola is expressed ubiquitously in various organs, while Ero1 is expressed only
in secreting tissues [21]. We examined the number of Erol copies in the habu genome and
their expression profiles in different organs.

02 H202

<
wa
2
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=
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Figure 5. The relationship between PDI and Erol during protein folding by PDI. Redox regulation of
PDI by Erol produces H,O,. PDI®X: oxidized PDI; PDIREP: reduced PDI; PDIMXED: PDI with the
bound substrate; Ero19%: oxidized Erol; Ero1REP: reduced Erol. PDI domains are colored as shown
in Figure 2. This figure was adapted and modified with permission from Ref. [22]. (2012, Claudio
Hetz et al., John Wiley and Sons).

The molecular phylogeny of Erol (Figure 6) indicated two distinct clades of Erola
and Erolf, each of which contains habu orthologs, habul_s1275_g04450.t1 (Erolx) and
habul_s4277_g13858.t1 (Ero1p). Although the habu ortholog of Erolp was a single copy,
the gene was divided into two scaffolds tentatively annotated as habul_s114618_g23966
(N-terminal side) and habul_s4277_g13858 (C-terminal side).
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Figure 6. Molecular phylogenetic tree for Erola and Erolf. This tree was estimated using
ORTHOSCOPE with human Erola and Erolf as query sequences (highlighted in purple). Sequences
highlighted in blue indicate human orthologs. Those highlighted in pink represent habu (P. flavoviridis)
orthologs, and those in red boxes represent other snake species. Values beside branches represent the
percentages of times that nodes were supported in 100 bootstrap pseudoreplications implemented in
ORTHOSCORPE. The scale bar indicates an evolutionary distance of 0.09 substitutions per position.

(e) TXN and PRX members

The molecular phylogeny of thioredoxin (TXN) members using ORTHOSCOPE, with
human TXN as query sequences is shown in Figure 7. The tree consists of four main clades,
namely TXN2, TXN, TXNL, and TXNL1, and clades TXN2, TXN, and TXNL1 each contained
one habu ortholog: habul_s6210_g16942.t1 for TXN2 clade, habul_s3891_g12904.t1 for
TXN clade, and habul_s4406_g14149 for TXNL1 clade. However, we failed to find an
ortholog for TXNL.
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Figure 7. Molecular phylogenetic tree for TXN. This tree was estimated using ORTHOSCOPE with
human TXN as the query sequence (highlighted in purple). The tree includes the clades TXN2, TXN,
TXNL, and TXNL1. Sequences highlighted in blue indicate human orthologs. Those highlighted in
pink represent habu (P. flavoviridis) orthologs, and those in red boxes represent other snake species.
Values beside branches represent the percentages of times that nodes were supported in 100 bootstrap
pseudoreplications implemented in ORTHOSCOPE. The scale bar indicates an evolutionary distance

of 0.1 substitutions per position.



Toxins 2022, 14, 300

18 of 31

Molecular phylogenic trees of peroxiredoxin (PRX) isoforms genes were analyzed,
with human PRX1 (Figure 8A), PRX2 (Figure 8B), PRX3 (Figure 8C) and PRX4 (Figure 8D)
as query sequences. The tree comprises four discrete clades of PRX1, PRX2, PRX3, and
PRX4. Each PRX clade contained a habu ortholog, habul_s1518_g05675.t1 for the PRX1
clade, habul_s2388_g08681.t1 for the PRX2 clade, habul_s1132_g03944.t1 for the PRX3
clade, and habul_s27414_g22805.t1 for the PRX4 clade.
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Figure 8. Molecular phylogenetic tree for PRX1, PRX2, PRX3, and PRX4. These trees were estimated
using ORTHOSCOPE with human PRX1 (A), PRX2 (B), PRX3 (C), and PRX4 (D) as query sequences
(highlighted in gray-colored), respectively. Sequences highlighted in blue indicate human orthologs.
Those highlighted in pink represent habu (P. flavoviridis) orthologs, and those in red boxes represent
other snake species. Values beside branches represent the percentages of times that nodes were sup-
ported in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE. The scale bar indicates

an evolutionary distance of 0.1 substitutions per position.
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(A)

2.4. Characterization of the Habu SELENOM Gene

Although the PDI gene family has been studied in detail, SELENOM has been poorly
characterized, including its exact function. Selenocysteine (U) is a unique, rare amino
acid encoded by the codon, UGA. It is highly conserved in selenoproteins. We therefore
performed an alignment with habu Selenoprotein M and confirmed that the position of
selenocystein (U) is highly conserved in all gene sequences, including habu Selenoprotein
M (Figure 9A).

In addition, to confirm whether the habu gene annotated as SELENOM,
habul_s2696_g09642.t1, is a human SELENOM ortholog, a molecular phylogenetic tree of
SELENOM was constructed using ORTHOSCOPE, with human SELENOM as the query
sequence (Figure 9B). The resulting phylogenetic tree includes a single habu gene anno-
tated as SELENOM in the same clade as human SELENOM, and we found no paralogs of

habu SELENOM

Signal Sequences B1 al

| | -
| =

H. sapiens SELENOM MSLLLPPLALLLLLAALVAPATAATAYRPDWNRLSGLTRARVETCGGPQLNRLKEVKAFVTQD
M. musculus_SELENOM MSILLSPPSLLLLLAALVAPATSTTNYRPDWNRLRGLARGRVETCGGPQLNRLKEVKAFVTED
Ga. gallus_SELENOM --MRRAALAALLLLAARAG----— IERRP----PRGLARGKVETCGGPRLSRLPEVKAFVSQD
A. carolinensis_SELENOM MAARVALRLLPVLLLAGPGPLLGAFQLHP-~ARLEGLARGKVESCRGURLNRLKEVKAFITED
P. flavoviridis_ SELENOM METPLLWLPLLLGLLSAVAPLRAVQLDRS - - -RLQWLARGKVESCGGURLNRLPEVKAFLNED
P. mucrosquamatus_SELENOM METPLLWLPLLLGLLSAVAPLRAVQLDRS---RLOWLARGKVESCGGPRLNRLPEVKAFLNED
T. sirtalis SELENOM MGTPLLLPLLLLGLLSAVAPLRAVQTDRS---RLOWLARGKVESCGGPQLNRL PEVKAFINED

Selenocystein  (U)

B2 B3 B4 as C-terminal Extension

TPFYHNLVMKHLPGADPELVLLGRRYEELERT PLSEMTREE INALVQELGFYRKAAPDAQVPPEYVHAPAKPP-—=— == === —==—————— EETSDHADL
IQLYHNLVMKHLPGADPELVLLSRNYQELERIPLSQMTRDEINALVQELGFYRKSAPEAQVPPEY LWAPAKPP~ === == === ==-————~— EEASEHDDL

IPLYHNLEMKHLPGADPELVLLSFRYEELERIPLSDMTREEINQLVQELGFYRKETPEAPVPEEFQFAPAKPLPTLTPRRAPAADGKTLSEQDKKDHPDL
LPLYHNLVMKHLPGSDPELVLLSFQYKELERIPLSDMTREEINHLVQELGFYRKEAPDAPVPKEYQLSPARPDTQATKAKAE-———————— GKGAAGNEL
LPLYHNMDLKYLAGADPELILLNIKFEELQRIPLSDMSREE INQLMQELGFYRKDTPDSPVPDAFQMAPANSLPSDVEAMKN----RHAKEKKGAG----
LPLYHNMDLKYLAGADPELILLNIKFEELQRIPLSDMSREEINQLMQELGEFYRKDTPDSPVPDAFQMAPANSLPSDVEAMKN----RRAKEKKGAGSPDL

LPLYHNMDLKYLAGADPELILLNIKFEELQRIPLSDMSRDEINQLMQQOLGEFYRKETPDSPVPDAFQMAPANSLPPDVEAMKG----KPGKQKKGAGGSDL

Figure 9. Cont.
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Figure 9. Aligned amino acid sequences (A) and a molecular phylogenetic tree (B) for SELENOM.
The conserved selenocysteine (U) residue, which is characteristic of selenoproteins, is shown in
red. Secondary structures, x-helix and p-strand, are shown with blue boxes and orange arrows,
respectively. The signal sequence is also shown in gray. This tree was estimated using ORTHOSCOPE
with human SELENOM as the query sequence (highlighted in purple). Sequences highlighted in blue
indicate human orthologs. Those highlighted in pink represent habu (P. flavoviridis) orthologs, and
those in red boxes represent other snake species. Values beside branches represent the percentages of
times that nodes were supported in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE.
The scale bar indicates an evolutionary distance of 0.06 substitutions per position.

2.5. Expression Profiles of Genes Encoding PDI and PDI-Related Proteins in the Habu

To determine the functions of candidate enzymes or chaperones of venom protein mod-
ification more specifically, we next investigated expression profiles of not only PDI family
genes, but also their redox partner proteins in various organs and tissues of P. flavoviridis, in-
cluding venom glands (Table 2). First, we focused on organ-specific genes in venom glands.
Four genes for venom protein folding candidate enzymes or chaperones, P4HB, SELENOM,
CALR, and PDIA3, showed higher expression levels in venom glands (TPM > 1000) than
in other organs. However, except for SELENOM, they all showed high and ubiquitous
expression in all organs (Table 2).

For example, P4HB showed a considerably higher expression level in venom glands
(TPM (venom gland1/venom gland?2) = 8572.4/13,303.9) than in other organs, in the range
of (TPM =) 213-4084 (40 times higher than brain). CALR and PDIA3 also showed high
expression levels in venom glands (361.1/1422 and 2266.3/1085.9, respectively) and in other
organs. SELENOM showed high expression levels in venom glands (1514.7/1928.2), and in
other organs, except for the liver, ovary, kidney, stomach, and small intestine. In addition
to these genes of the four protein-modification enzyme candidates, PDIA4, PDIA6 (P5),
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TXNDC12, and CASQ]1, also showed high expression levels in venom glands (95.7/172.3,
181.2/388.5,99.8/160, and 3732.7/97.1, respectively), while the expression levels of other
protein-modification enzymes genes, such as PDIA2, PDIA5, ERp46, ERp27, ERp29, TMX1,
TMX2, TMX3, TMX4, AGR2, AGR3, DNAJC10, and CASQ?2, in the venom gland were lower
than those in other organs.

Among the redox partner proteins of PDIs, PRX4 is an ER-localized PRX isoform that
reduces hydrogen peroxide produced during Erol-mediated oxidation of P4HB [23-25].
PRX4 oxidizes PDIA6 and TXNDC5 most efficiently [19,24,26]. In habus, PDIA6 tends to
have ubiquitously high expression, and especially in venom glands and fetal fibroblasts,
specifically (TPM = 388.5 and 541.2, respectively). Additionally, in habus, all organs,
including venom glands, showed high expression of PRX4 (TPM = 229.4).

On the other hand, the expression level of Erol in various habu organs showed that
two kinds of paralogs of Erol, Erola, and Erolf, exhibit different expression profiles.
Erola was ubiquitously expressed in all organs, but at low levels (TPM = 0.3-29.3). The
expression level of Erola was especially low (TPM = 3.3) in venom glands, whereas Erolp
was comparatively highly expressed in venom glands (TPM = 75.1 to 247.6) as well as in
the ovary, spleen, pancreas, and nose (TPM = 182.8-498.9). Thus, the expression levels of
Erola and Erolf differ, depending on organs and tissues, as noted in other vertebrates [27].

2.6. No Accelerated Evolution of Genes for Candidate Venom Protein Modification Enzymes
or Chaperones

Our previous study of the habu genome revealed that most venom protein genes
have been extensively duplicated and that major venom genes including svMPs exhibit
accelerated evolution when examined by K4/Kg analysis. In contrast, as shown here, genes
involved in the modification of venom proteins are present as single copies in the habu
genome. However, since these genes are also highly expressed in the venom gland, we
examined whether accelerated evolution occurred in these genes by calculating K4/Ks
values using the Nei—Gojobori method.

We first examined the possible accelerated evolution of P4HB and PDIA3. However,
K4/Ks analysis against P4HB and PDIA3 genes showed no accelerated evolution of the P4HB
and PDIA3 genes (Supplementary Figure S19). Further, K4/Kg analysis indicated that habu
CALR and SELENOM also showed no accelerated evolution (Supplementary Figure S20).
Ka/Ks values for PDI family genes, P4HB and PDIA3, were almost 0, indicating that these
two genes are highly conserved.

3. Discussion

In this study, in addition to genes that encode venom and ribosomal proteins, genes
that encode PDI family proteins (human P4HB and PDIA3 orthologs), Selenoprotein M
(SELENOM), and Calreticulin (CALR), are highly expressed in habu venom glands. Since
these enzymes or chaperones are involved in protein modification and folding in the
cellular secretory pathway, the present results suggest the most likely involvement of PD],
PDIA3, Selenoprotein M, and Calreticulin in protein folding and modification during snake
venom production as candidate modification enzymes or chaperones. Therefore, it is likely
that PDI, PDIA3, Selenoprotein M, and Calreticulin are critical to confer toxic functions
upon the disulfide bond-rich venom transcriptome.

Although studies of venom transcriptomes or proteomes have been conducted for
many venomous shakes [3-5], there have been only a few reports focused on non-toxin
transcripts or proteins, especially genes for enzymes that are involved in venom protein
modification. In transcriptomic analysis of venom glands of the eastern diamondback
rattlesnake (Crotalus adamanteus), Rokyta et al. (2012) [14] demonstrated that genes for PDIs
are highly expressed in venom glands. Furthermore, proteomic analysis of Bothrops jararaca
venom glands [15] found that proteins from the endoplasmic reticulum (ER), such as PDI
and GPR78, and cytoplasmic proteins, such as 40S ribosomal protein, are enriched in venom
glands. Our present transcriptome analysis indicated that P4HB, PDIA3, SELENOM, and
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CALR, which are non-toxin genes, are among the 50 most highly expressed venom gland
genes. Consistently, the 20 most highly expressed non-toxin transcripts listed by Rokyta
et al. (2012) [14] included PD], calreticulin, and PDIA3. Thus, our findings for habu venom
glands support results for other pit vipers, which manifest compositional similarities.

In this context, with transcriptomic data for the Indian cobra (Naja naja), venom of
which is rich in post-synaptic neurotoxins, Suryamohan et al. (2020) [28] showed the
high expression of PDI (log (CPM) = 13.27~15.65 (1 = 6)), as well as the moderately high
expression of PDIA3 [28]. While their transcriptomic data for 109 differentially upregulated
genes (DUGs) in cobra venom glands did not include P4HB and PDIA3, these genes were
more highly expressed in venom glands than in other organs. This seems reasonable since
PDIs are expressed ubiquitously due to their essential functions as protein modification
enzymes or chaperones. DUG analysis is undoubtedly useful to find genes of venom
proteins since venom proteins are exclusively expressed in venom glands. However, this
type of analysis may not always be useful to find genes that are ubiquitously and highly
expressed, but more so in specific organs. When focusing on essential genes encoding non-
toxic proteins, we need to consider the most appropriate analytical method. Nevertheless,
all data shown herein for various snake species allow us to speculate that PDIs are essential
for the modification and folding of venom proteins with abundant cysteines and multiple
disulfide bonds.

Given that PDI works together with Erol as the primary catalyst for disulfide bond
formation (Figure 5), we surmised that high expression of habu PDI accompanies high
expression of habu Erol. Indeed, our transcriptomic data from habu venom glands indicate
high co-expression of Ero1B and PDI, whereas Erola is expressed to a much lesser extent.
This was an unexpected result. However, previous studies demonstrated that Ero1p is con-
stitutively and abundantly expressed in professional secretory tissues and can be strikingly
induced in the course of the unfolded protein response [27,29]. Moreover, recombinant
human Erolf is twice as active as Erolo in enzymatic assays [30]. Thus, it is possible that
PDl is oxidized by Erolf more efficiently than by Erol«, leading to the efficient catalysis of
oxidative protein folding by the PDI-Erolf3 combination [30]. The present finding of the
high expression of PDI together with Ero18 supports our notion that habu PDI could be the
primary venom protein modification enzyme.

In this study, ORTHOSCORPE, the leading tool for phylogenetic analysis, enabled us
to estimate phylogeny for all PDI family orthologs and paralogs and their redox partner
genes, SELENOM and CALR. This program is a species tree-based ortholog or paralog
relationship identification tool, and all orthologs and paralogs for a specific gene are
estimated automatically using this software [16]. Our previous data showed that each habu
venom protein gene has many paralogs and undergoes accelerated evolution. In contrast,
habu genes encoding candidate venom protein modification enzymes are orthologs for
those of humans, and consistently there are no paralogs. Furthermore, our K4/Kg analysis
indicates that these genes never undergo accelerated evolution. In contrast to habus,
proteomic analysis of cone snails, which have conotoxin, by Safavi-Hemami et al. (2011)
demonstrated multiple PDI isoforms in cone snail venom glands, suggesting that cone
snail PDI does undergo accelerated evolution [31]. Therefore, this contrast suggests that in
habus, venom modification enzymes modify a wide variety of venom proteins, without
requiring multiple isoforms derived from gene duplication or accelerated evolution. This
difference between habus and cone snails may also help clarify molecular mechanisms for
venom protein modification.

Variables relative to venom gland sampling conditions can also affect results. Luna
et al. (2013) [15] indicated that a venom production cycle has two stages: a quiescent stage
and an active stage. In Bothrops jararaca, this cycle continues for about 30-50 days [15].
Moreover, they demonstrated that the kinds and quantities of proteins detected in these
two steps were totally different, suggesting that although there are differences in the length
of this cycle among snake species, timing is quite important for venom gland sampling for
transcriptomic or proteomic analysis. Results of venom gland proteomic analysis change
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dramatically depending on the timing of sampling [15]. Thus, in this study, the number of
samples was insufficient for statistical analysis. However, our results are consistent with
those of other studies. Time-course single-cell RNA-seq analysis might allow for a better
understanding of the accurate transition of the venom glands expression profile according
to the entire timing of the cycle, as well as mechanisms of venom protein modification.

4. Conclusions

In this study, we identified four non-toxin genes quite highly expressed in venom
glands of P. flavoviridis, namely P4HB, PDIA3, SELENOM, and CALR, and in general all
of which encode protein folding enzymes or molecular chaperones in the ER. These are
single-copy genes and are highly conserved among Protobothrops species, in contrast to
the multiple copies and accelerated evolution of venom protein genes. Gene for a redox
partner protein of PDI, Erolp is also highly expressed in venom glands. The highly active
expression of P4HB, PDIA3, SELENOM, and CALR in habu venom glands, which is also
supported by previous reports, together with the disulfide bond-rich nature of venom
proteins and the high co-expression of PDIs’ redox partner genes, suggests that PDI, PDIA3,
Selenoprotein M, and Calreticulin are strongly associated with venom protein modification.
It is most likely that folding enzymes or molecular chaperones such as habu PDIs are critical
to endow them with toxic functions.

5. Materials and Methods
5.1. Transcriptomic Data and Comparative Analyses

For transcriptomic analyses, a total of 22 samples were used as follows: 20 samples for
18 tissues and organs from two adult animals, and 2 samples for 2 tissues and organs from
one neonate, including two venom glands specimens from two adult (sample name: venom
gland-specimen#1, venom gland-specimen#2); two brains specimens from two adult (brain-
specimen#l, brain-specimen#2); one specimen of eye, nose, infrared sensing pit organ,
and venom fang-forming tissue, from one female adult; one specimen of lungs, liver,
kidneys, small intestine, colon, stomach, pancreas, heart, masseter muscle, spleen, ovary,
and accessory glands from the other female adult; one neonate venom gland tissue, as
well as fibroblast cells, from one neonate. We extracted total RNA using a standard TRIzol
protocol (Thermo Fisher Scientific, Waltham, MA, USA), and prepared cDNA libraries
using an NEBNext® Ultra™ Directional RNA Library Prep Kit for Illumina (New England
Biolabs, Ipswich, MA, USA). RNA quality was checked with an Agilent Technologies 2100
Bioanalyzer using an Agilent RNA 6000 Nano Kit. Sequencing was performed using an
Ilumina Hiseq2500. De novo assembly of whole RNA sequence reads was performed using
a de Bruijn graph-based program, Trinity [32,33]. Assembled transcripts were annotated
with BLASTX against UniProt. All Illumina reads are available from DRA under accession
No. DRA006600.

Raw Illumina reads were quality filtered and trimmed with Trimmomatic (v0.36) [34].
After adapter trimming and quality filtering of RNA-seq reads, index files for Kallisto [35]
psudoalignment were generated with transcriptome information of our habu gene model.
Gene expression levels (TPM) were calculated with Kallisto.

The 50 most highly expressed genes in venom glands were identified, and high-expression
profiles of genes in the venom gland are listed in order (Table 1 and Supplementary Table S1).

5.2. Molecular Phylogenetic Analysis

We performed molecular phylogenetic analysis using ORTHOSCOPE, which is a
novel pipeline for molecular phylogenetic analysis [16]. This unique pipeline, which is a
species tree-based ortholog identification tool, automatically estimates the phylogenetic
trees, which can detect all orthologs and paralogs automatically from whole genomic
databases of selected species among all registered species. The software judges the range
of the ortholog clade, which is the monophyletic group (clade), including the operational
taxonomic unit (OTU) of interest, based on the topology of the species trees, which are
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given as quide trees. All phylogenetic trees were rearranged with Fig-TREE using the
Newick format results of ORTHOSCOPE analysis.

To identify orthologs or paralogs of not only P4HB, PDIA3, SELENOM, and CALR, but
also the other PDI family genes and PDI related redox partner genes, phylogenetic analy-
sis was conducted with protein-coding DNA sequences of human PDIA3, PDIA4, P4HB,
PDILT, PDIA2, CALR, both of Erola and Ero1B, TXN, PRX1, PRX2, PRX3, PRX4, SELENOM,
PDIA5, PDIA6, ERP27, ERP29, ERP44, AGR2, AGR3, TMX1, TMX2, TMX3, TMX4, TXNDC5,
TXNDC12, CASQ1, CASQ2, CALR3, CANX, and Danio rerio CALRL/CALR3b as queries,
respectively, using ORTHOSCOPE, a species tree-based ortholog identification tool [16]
with the following settings: analysis group, all Lepidosauria species and the default setting
species for vertebrata analysis; E-value threshold for reported sequences, 1 x 10~3; number
of hits to report per genome, 3; aligned site rate threshold within unambiguously aligned
sites, 0; data set, DNA (Exclude 3rd); rearrangement BS (bootstrap) value threshold, 60%.
In ORTHOSCOPE analysis, to construct neighbor joining (NJ) trees of all the above genes,
all of the following analysis were carried out: amino acid sequences of each query gene
were aligned with MAFFT (v7.221) [36] using the —auto strategy. Unaligned regions were
trimmed with TrimAl (v1.2rev59) [37] using the —gappyout option. To generate nucleotide
alignments, the corresponding DNA sequences were converted into the amino acid align-
ment using PAL2NAL [38]. For phylogenetic analyses, the N] method [39] implemented
in APE in R [40] for DNA alignments and FastME [41] for amino acid alignments were
applied. Analyses of DNA alignments employ the most parameter-rich model in the pro-
gram, the TN 93 model [42], with a gamma-distributed rate for site heterogeneity [43].
Analyses of amino acid alignments employ a widely used substitution model for nuclear
gene analysis, the WAG model [44], with the gamma model. To evaluate the robustness of
internal branches, 100 bootstrap replications are calculated for each data set.

5.3. Alignment and Molecular Evolutionary Analysis

We conducted the alignment of amino acid sequences of Selenoprotein M in a represen-
tative vertebrate using MUSCLE (v.3.8.31) alignment algorithms [45]. For K4/Kg analysis,
DNA sequences were aligned by using the ClustalW multiple alignment program (http:
//clustalw.ddbj.nig.ac.jp (accessed on 31 August 2021)) [46]. Due to the complicated struc-
ture of the genes for this K4/Ks analysis, all alignments were manually curated. For pairwise
comparisons of nucleotide sequences of each the organism genes, the number of nucleotide
substitutions per synonymous site (Ks) and per non-synonymous site (Kp) for protein-
coding regions was computed according to the Nei—Gojobori method [47] using the Sqdif
Plot online (http://www.gen-info.osaka-u.ac.jp/~uhmin/study/sqdifPlot/index.html
(accessed on 31 August 2021)).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/toxins14050300/s1, Figure S1: Molecular phylogenetic tree estimated using ORTHOSCOPE
with human PDIAS as the query sequence (highlighted in purple). Sequences highlighted in blue
indicate human orthologs. Those highlighted in pink represent habu (P. flavoviridis) orthologs, and
those in red boxes represent other snake species. Values beside branches represent percentages of
times that a node was supported in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE.
The scale bar indicates an evolutionary distance of 0.2 substitutions per position; Figure S2: Molec-
ular phylogenetic tree estimated using ORTHOSCOPE with human PDIA6 as the query sequence
(highlighted in purple). Sequences highlighted in blue indicate human orthologs. Those highlighted
in pink represent habu (P. flavoviridis) orthologs, and those in red boxes represent other snake species.
Values beside branches represent percentages of times that a node was supported in 100 bootstrap
pseudoreplications implemented in ORTHOSCOPE. The scale bar indicates an evolutionary distance
of 0.2 substitutions per position; Figure S3: Molecular phylogenetic tree estimated using ORTHO-
SCOPE with human ERP27 as the query sequence (highlighted in purple). Sequences highlighted in
blue indicate human orthologs. Those highlighted in pink represent habu (P. flavoviridis) orthologs,
and those in red boxes represent other snake species. Values beside branches represent percentages of
times that a node was supported in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE.
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The scale bar indicates an evolutionary distance of 0.2 substitutions per position; Figure S4: Molec-
ular phylogenetic tree estimated using ORTHOSCOPE with human ERP29 as the query sequence
(highlighted in purple). Sequences highlighted in blue indicate human orthologs. Those highlighted
in pink represent habu (P. flavoviridis) orthologs, and those in red boxes represent other snake species.
Values beside branches represent percentages of times that a node was supported in 100 bootstrap
pseudoreplications implemented in ORTHOSCOPE. The scale bar indicates an evolutionary distance
of 0.1 substitutions per position; Figure S5: Molecular phylogenetic tree estimated using ORTHO-
SCOPE with human ERP44 as the query sequence (highlighted in purple). Sequences highlighted in
blue indicate human orthologs. Those highlighted in pink represent habu (P. flavoviridis) orthologs,
and those in red boxes represent other snake species. Values beside branches represent percentages of
times that a node was supported in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE.
The scale bar indicates an evolutionary distance of 0.1 substitutions per position; Figure S6: Molec-
ular phylogenetic tree estimated using ORTHOSCOPE with human AGR?2 as the query sequence
(highlighted in purple). Sequences highlighted in blue indicate human orthologs. Those highlighted
in pink represent habu (P. flavoviridis) orthologs, and those in red boxes represent other snake species.
Values beside branches represent percentages of times that a node was supported in 100 bootstrap
pseudoreplications implemented in ORTHOSCOPE. The scale bar indicates an evolutionary distance
of 0.2 substitutions per position; Figure S7: Molecular phylogenetic tree estimated using ORTHO-
SCOPE with human AGR3 as the query sequence (highlighted in purple). Sequences highlighted in
blue indicate human orthologs. Those highlighted in pink represent habu (P. flavoviridis) orthologs,
and those in red boxes represent other snake species. Values beside branches represent percentages of
times that a node was supported in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE.
The scale bar indicates an evolutionary distance of 0.09 substitutions per position; Figure S8: Molec-
ular phylogenetic tree estimated using ORTHOSCOPE with human TMX1 as the query sequence
(highlighted in purple). Sequences highlighted in blue indicate human orthologs. Those highlighted
in pink represent habu (P. flavoviridis) orthologs, and those in red boxes represent other snake species.
Values beside branches represent percentages of times that a node was supported in 100 bootstrap
pseudoreplications implemented in ORTHOSCOPE. The scale bar indicates an evolutionary distance
of 0.2 substitutions per position; Figure S9: Molecular phylogenetic tree estimated using ORTHO-
SCOPE with human TMX2 as the query sequence (highlighted in purple). Sequences highlighted in
blue indicate human orthologs. Those highlighted in pink represent habu (P. flavoviridis) orthologs,
and those in red boxes represent other snake species. Values beside branches represent percentages
of times that a node was supported in 100 bootstrap pseudoreplications implemented in ORTHO-
SCOPE. The scale bar indicates an evolutionary distance of 0.2 substitutions per position; Figure S10:
Molecular phylogenetic tree estimated using ORTHOSCOPE with human TMX3 as the query se-
quence (highlighted in purple). Sequences highlighted in blue indicate human orthologs. Those
highlighted in pink represent habu (P. flavoviridis) orthologs, and those in red boxes represent other
snake species. Values beside branches represent percentages of times that a node was supported
in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE. The scale bar indicates an
evolutionary distance of 0.1 substitutions per position; Figure S11: Molecular phylogenetic tree
estimated using ORTHOSCOPE with human TMX4 as the query sequence (highlighted in purple).
Sequences highlighted in blue indicate human orthologs. Those highlighted in pink represent habu
(P. flavoviridis) orthologs, and those in red boxes represent other snake species. Values beside branches
represent percentages of times that a node was supported in 100 bootstrap pseudoreplications im-
plemented in ORTHOSCOPE. The scale bar indicates an evolutionary distance of 0.2 substitutions
per position; Figure S12: Molecular phylogenetic tree estimated using ORTHOSCOPE with human
TXNDC5 as the query sequence (highlighted in purple). Sequences highlighted in blue indicate
human orthologs. Those highlighted in pink represent habu (P. flavoviridis) orthologs, and those in
red boxes represent other snake species. Values beside branches represent percentages of times that
a node was supported in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE. The
scale bar indicates an evolutionary distance of 0.2 substitutions per position; Figure S13: Molecular
phylogenetic tree estimated using ORTHOSCOPE with human TXNDC12 as the query sequence
(highlighted in purple). Sequences highlighted in blue indicate human orthologs. Those highlighted
in pink represent habu (P. flavoviridis) orthologs, and those in red boxes represent other snake species.
Values beside branches represent percentages of times that a node was supported in 100 bootstrap
pseudoreplications implemented in ORTHOSCOPE. The scale bar indicates an evolutionary distance
of 0.2 substitutions per position; Figure S14: Molecular phylogenetic tree estimated using ORTHO-
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SCOPE with human CASQ1 as the query sequence (highlighted in purple). Sequences highlighted in
blue indicate human orthologs. Those highlighted in pink represent habu (P. flavoviridis) orthologs,
and those in red boxes represent other snake species. Values beside branches represent percentages of
times that a node was supported in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE.
The scale bar indicates an evolutionary distance of 0.2 substitutions per position; Figure S15: Molec-
ular phylogenetic tree estimated using ORTHOSCOPE with human CASQ?2 as the query sequence
(highlighted in purple). Sequences highlighted in blue indicate human orthologs. Those highlighted
in pink represent habu (P. flavoviridis) orthologs, and those in red boxes represent other snake species.
Values beside branches represent percentages of times that a node was supported in 100 bootstrap
pseudoreplications implemented in ORTHOSCOPE. The scale bar indicates an evolutionary distance
of 0.2 substitutions per position; Figure S16: Molecular phylogenetic tree estimated using ORTHO-
SCOPE with human CALR3 as the query sequence (highlighted in purple). Sequences highlighted in
blue indicate human orthologs. Those highlighted in pink represent habu (P. flavoviridis) orthologs,
and those in red boxes represent other snake species. Values beside branches represent percentages of
times that a node was supported in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE.
The scale bar indicates an evolutionary distance of 0.2 substitutions per position; Figure S17: Molec-
ular phylogenetic tree estimated using ORTHOSCOPE with human CANX as the query sequence
(highlighted in purple). Sequences highlighted in blue indicate human orthologs. Those highlighted
in pink represent habu (P. flavoviridis) orthologs, and those in red boxes represent other snake species.
Values beside branches represent percentages of times that a node was supported in 100 bootstrap
pseudoreplications implemented in ORTHOSCOPE. The scale bar indicates an evolutionary distance
of 0.2 substitutions per position; Figure S18: Molecular phylogenetic tree estimated using ORTHO-
SCOPE with Danio rerio CALRL as the query sequence (highlighted in purple). Sequences highlighted
in blue indicate human orthologs. Those highlighted in pink represent habu (P. flavoviridis) orthologs,
and those in red boxes represent other snake species. Values beside branches represent percentages of
times that a node was supported in 100 bootstrap pseudoreplications implemented in ORTHOSCOPE.
The scale bar indicates an evolutionary distance of 0.2 substitutions per position; Figure S19: K4/Kg
plot for major venom protein modification candidate enzyme or chaperone genes P4HB (left) and
PDIA3 (right). K4 and Kg values were calculated by the Nei-Gojobori method for each pairwise
genes: venomous snake vs venomous snake (o), venomous snake vs other animal (including human)
(A), and other animal vs other animal (O). Venomous snakes include Protobothrops flavoviridis and
P. mucrosquamatus, and other animals include human, mouse, chicken, anole and non-venomous
snakes (Python bivittatus and Thamnophis sirtalis); Figure S20: K4/Kg plot for major venom protein
modification candidate enzyme or chaperone genes, CALR (left) and SELENOM (right). K4 and Kg
values were calculated by the Nei-Gojobori method for each pairwise genes: venomous snake vs
venomous snake (), venomous snake vs other animals (including human) (A), and other animals vs
other animals (O). Venomous snakes include Profobothrops flavoviridis and P. mucrosquamatus, and
other animals include human, mouse, chicken, anole and non-venomous snakes (Python bivittatus
and Thamnophis sirtalis); Table S1: Genes highly expressed in venom glands from the first adult habu
(venom gland-specimen#1: a sub-adult specimen).
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