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Abstract

Infection with the SARS-Cov-2 virus causes COVID-19 in humans, and is the cause of the
pandemic around the world in 2020 and on. However, some animals have been found to be
susceptible to the virus too. This has included the non-human primates, dogs, cats and
mustelids. Mink, and very recently hamsters and deer, have been shown to be able to
contract the virus and pass it back to humans. However, which animals are susceptible to
the virus has been very hard to predict. Many groups have looked at the sequence homology
of the angiotensin converting enzyme 2 receptor (ACEZ2) across species, but this has had
limited success. Similar work on other proteins such as Transmembrane Serine Protease 2
(TMPRSS2), neuropilin-1 and furin have also been unfruitful. Recently it has been suggested
that single nucleotide polymorphisms (SNPs) in the glutathione S-transferase-omega
(GSTO) genes of humans could alter viral susceptibility. Therefore, here, the presence of
related sequences in vertebrates has been investigated. The SNPs in the GST-omega-1
(GSTO1) gene reported to increase COVID-19 in humans do not appear in the vertebrate
species. However, the GST-omega-2 (GSTO2) SNP is represented in several vertebrate

species known to have contracted the SAR-CoV-2 virus. Of course, animals may contain
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unknown SNPs at disruptive points in these genes too. In summary, GST-omega-1 genes
are unlikely, at least at the moment, to be of value in predicting the susceptibility of an
animal to the SARS-CoV-2 virus or disease progression, but a further study of the GST-
omega-2 genes would be worthwhile. Therefore, more work on SARS-CoV-2 infections on

vertebrates is recommended.
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Introduction

The SARS-CoV-2 virus caused the COVID-19 pandemic which has spread across the world.
At present (28" February 2022) there have been 435,626,514 confirmed cases and
5,952,215 deaths worldwide!. The virus is an RNA-containing enveloped virus, and has
been shown to be transmitted through respiratory droplets and being deposited on surfaces?.
The virus interacts and then enters the host cells through the interaction of the viral surface
proteins with the cell surface. This involves spike proteins® which protrude out of the virus
and give it its image, and hence name, as being a coronavirus. The host cell protein of note
that the virus interacts with is the angiotensin converting enzyme 2 receptor (ACE2)*,
although other proteins are also involved, such as neurophilin®. Severe COVID-19 is
underpinned by what is termed the cytokine storm®, and this can lead to death.

The SARS-Cov-2 is thought to have derived from a virus from a bat’, but exactly how
it entered the human population is still contested®. However, regardless of its origin, it is
known that several species of animals have been found to be SARS-CoV-2 positive.
Susceptible animal species include non-human primates, dogs, cats and mustelids. This has
been reviewed before®!3, However, two factors are important here. Firstly, contraction of the
virus has been found to be fatal in some animals. For example, lions have died at zoos in
Honolulu!* and Chennai, India’®. Secondly, the virus can be passed from animal to animal,
such has been found in cats?®, but more concerning, it can be passed back to humans. This

was first reported in mink'’:18, and led to a mass euthanasia programme for mink in several



mink farms, for example in Denmark'®. More recently hamsters were thought to have given
the virus back to humans in a pet shop in Hong Kong?°, and were subsequently culled, whilst
deer were a worry for the same reason in Canada?!. The main concern for human health is
the potential for the virus to mutate in the animal before re-transmission back to humans,
and therefore the efficacy of vaccines may be compromised, and for animals’ health in
relation to the impact on endangered populations which may be susceptible, such as black

footed ferrets (Mustela nigripes), and the culling of domestic species during an outbreak.

There is, therefore, a need to be able to predict which animals are susceptible to the
SARS-Cov-2 virus. This has in the past concentrated on looking at the ACE2 receptor, which
is the primary protein which interacts with the viral spike proteins*. Similarity analysis
between the human ACE sequences and those found in animal genomes has been carried
out extensively by others®2223, However, the predictions do not appear to match reality.
Animals which have been reported to be SARS-CoV-2 susceptible do not show sequence
similarities in their ACE2 genes. Therefore, other proteins were examined too, including
Transmembrane Serine Protease 2 (TMPRSS2), neuropilin-1 and furin'®. Again, limited
usefulness was found. Not surprisingly, the animals most similar to humans, such as non-
human primates, were predicted to be susceptible to the virus, and this has been borne out
in reality?*. At the lower end of the vertebrate evolutionary scale, reptiles, fish, amphibians
and birds all seem to be predicted to not be susceptible to SARS-CoV-2, and there have
been to date no reports of such animals being infected with the SARS-CoV-2 virus.
However, in between this range of animals, viral susceptibility seems hard to predict. For
example, the mustelids such as mink were not predicted to be highly susceptible and yet
mink is one of the species most affected. Similarly, the susceptibility to the virus of dogs and
cats does not jump out of the sequence alignment data reported, and yet again, these
animals seem to be being tested positive for the virus more than predicted. Being companion
animals, this may be due to their close contact with infected people. Therefore, there is a

need for more analysis of the proteins involved in the SARS-Cov-2 infection process.



Recently, single nucleotide polymorphisms (SNPs) within the genes of two isoforms of
glutathione S-transferase- Omega (GST-omega; GSTO) have been found to correlate with
COVID-2 severity?®. Therefore, these gene sequences were aligned in animal species to see
if there was any evidence that the SNPs were represented and therefore could lead to a

better understanding as to why certain animals are SARS-CoV-2 susceptible.

Methods

Representative vertebrate species were chosen and the sequences for GSTO1 and GSTO2
were obtained from the National Center for Biotechnology Information (NCBI) database. For
some animal species there were several isoforms or variants available and these were
extracted too (see Tables 1 & 2). Alignments of the sequences were undertaken using
Clustal Omega?®. The multiple sequence alignment tool, Clustal Omega, is based on seeded
guide trees and Hidden Markov Model (HMM) profile-profile techniques. Further analysis of

functional and control sequences were undertaken using Prosite?’.
Results
Previous analysis of the GSTO SNPs

Glutathione-S transferase (GST) is a superfamily of proteins?®. GST proteins have a range of
roles. They are involved in antioxidant metabolism, and hence reactive oxygen species
(ROS) metabolism, and are instrumental in many cell signalling pathways and in the
detoxification of certain molecules?. In mammals there are eight classes of cytosolic GST
enzymes: alpha ((a)-GSTA); mu ((u)-GSTM); pi ((11)-GSTP); omega ((w)-GSTO); theta ((8)-
GSTT); sigma ((0)-GSTS); kappa ((k)-GSTK); zeta ((¢)-GSTZ). Of relevance here GSTO1
has a role in chronic obstructive pulmonary disease (COPD), through its action as an
antioxidant and its control of glutathione (GSH) homeostasis. GSTOL1 activity also impacts in
the inflammatory response through its action on the lipopolysaccharide (LPS)/Toll-like

receptor (TLR-4) and the subsequent downstream activation of nuclear factor-kappa B (NF-



kB), and hence gene expression. There is also a physiological inhibitor of GSTO1 which can
impact the inflammatory response®. Therefore, it appears that this enzyme has a significant
role in inflammation: COVID-19 severity in humans involves a cytokine storm, and hence
loss of control of the inflammatory response. However, even though some animals are
reported to be virus positive, this does not necessarily result in a cytokine storm, with some
animals appearing to have less severe symptoms. However, GSTO1 polymorphisms were
the focus of a recent study?®. GSTO2, meanwhile, is also involved in redox homeostasis and
control of vitamin C levels. Vitamin C has been shown to be beneficial for patients with
severe COVID-19%. As discussed below, again a SNP in this enzyme’s gene sequence was

analysed with respect to COVID-19 severity too®.

The idea of GST SNPs being important in the onset and severity of COVID-19 has
been reported before. For example, it was found that patients with the GSTT17~ genotype
(i.e., lacking the theta 1 form) had high mortality3'. However, recently a paper focused on
SNPs in the GST-omega genes and how their presence correlates with the susceptibility and
severity of SARS-Cov-2 infection in humans?®. Interestingly, it was found that polymorphisms
in the ACE2 receptor (rs4646116) were not useful as a predictor of susceptibility, similar to
that reported previously®. However, SNPs in GSTO1 (rs4925) and GSTO2 (rs156697)
correlated with COVID-19 infection. 255 COVID-19 patients and 236 matched healthy
individuals were assessed, and the correlation of disease severity and presence of
polymorphisms analysed?®. Haplotype analysis was used to confirm the findings. The
authors say that the presence of these SNPs in GSTO1 or GSTOZ2 reached a “statistically
significant association” with the development of the disease. The presence of GSTO1*AA
(as opposed to GSTO1*CC) showed significantly increased COVID-19 development (2.45
fold), whilst presence of the GSTO2*GG SNP (as opposed to GSTO2*AA) led to a 3.7

increase in disease development.

In GSTO1 the rs4925 SNP leads to the amino acid change of A140D, whilst the

GSTO2 SNP rs156697 leads to a N142D (or N142Y) change in the amino acid sequence of



that polypeptide. Therefore, if, as stated, these changes can increase the development and
disease severity of COVID-19 in humans, are these “new” amino acid sequences present in
the GSTO genes of animals and can their presence be used as a predictor of COVID-19 in

those animal species?

Analysis of GSTO genes, SNPs and animals

As stated above, the GSTO1 SNP (rs4925) leads to a nucleotide change of C to A, and this
translates to an amino change of A140D (Ala to Asp). Here, three GSTOL isoforms from

humans were aligned with homologous sequences from twenty vertebrate species (Table 1).

Tablel: GSTO1 sequences used for alignments

Species

Latin name

Sequence used

Human isoform 1

Homo sapiens

NP 004823

Human isoform 3

Homo sapiens

NM_001191003

Human isoform 2

Homo sapiens

NM_001191002

Chimpanzee

Pan troglodytes

NP_001233486

Gorilla (western lowland) isoform X1

Gorilla gorilla gorilla

XP_004050100

Gorilla (western lowland) isoform X2

Gorilla gorilla gorilla

XP_018890528

Rhesus monkey

Macaca mulatta

NP_001247484

Dog Canis lupus familiaris XP_535007
Cow (cattle) Bos taurus NP_ 001068682
Mouse (house) Mus musculus NP_034492

Rat (Norway)

Rattus norvegicus

NP_001007603

Chicken

Gallus gallus

NP_001264304

Zebrafish

Danio rerio

NP_001002621

Bat (large flying fox)

Pteropus vampyrus

XP_011362082

Bat (Myotis)

Myotis myotis

XP_036191958

Bat (Kuhl's pipistrelle)

Pipistrellus kuhlii

XP_036294846

Ferret (domestic)

Mustela putorius furo

XP_004749360

Mink (American)

Neogale vison

CCP84655

Whale (Killer)

Orcinus orca

XP_033276967

Dolphin (common bottlenose) isoform X1

Tursiops truncatus

XP_033697527

Hamster (Chinese) isoform X1

Cricetulus griseus

XP_003515091

Hamster (Chinese) isoform X2

Cricetulus griseus

XP_007653253

Hamster (Chinese) isoform X3

Cricetulus griseus

XP_035294030

Hamster (Chinese) isoform X4

Cricetulus griseus

XP_007653254

Hamster (Chinese) isoform X5

Cricetulus griseus

XP_027262854

Hamster (Chinese) isoform X6

Cricetulus griseus

XP_027262855

Hamster (Chinese) isoform X7

Cricetulus griseus

XP_027262856

Frog (tropical clawed) isoform X1

Xenopus tropicalis

XP_012821965

Crocodile (Australian saltwater)

Crocodylus porosus

XP_019411533

Squirrel (grey)

Neosciurus carolinensis

MBZ3873070




| Snake | Not found | |

Some animal species had more than one isoform in the NCBI database, so these were also
included. For example, as hamsters are thought to be a species able to cause animal-to-
human viral transmission, seven isoforms were analysed here. The human SNP of interest is
A140D, and is highlighted as yellow in Figure 1. Although the Ala was conserved in humans
and non-human primates there was little conservation of this amino acid across species,
many have a Ser in this position. None analysed had the Asp which would have predicted
greater disease progression. Therefore, looking for the presence of this amino acid change

in GSTO1 appears to have little use in prediction of SARS-Cov-2 infection in vertebrates.

To further investigate the protein, the human isoform 1 sequence of GSTO1 was
analysed using Prosite, to find domains and sequences of interest in functionality and
possible control of the polypeptide. The reported SNP at residue 140 is well within the C-
terminal functional domain of the protein, as shown in purple (Figure 1). Several amino acids
are predicted to be phosphorylated, suggesting possible control, along with amidation and N-
myristoylation sites. However, none of these seem to be impinged upon by the SNP, at least

as predicted by this rather limited analysis (no structure was analysed here).

Similar analysis was carried out with GSTO2. The SNP here (rs156697) was at
amino acid 142. This led to changes of N142D or N142Y. Interestingly, when all the human
GST sequences were aligned the two SNPs are in the same region of the protein (adjacent
amino acids), as can be seen in Figure 2 (highlighted in yellow and purple). This region is
missing from three of the isoforms, and although there are some conserved amino acids in

this section of the protein (shown in blue), the area is not overall heavily conserved.

To analyse the possible use of the GSTO2 SNP (rs156697) in SARS-Cov-2
infections in animals the four human isoform sequences were aligned with those of fifteen

animal species (Table2). The SNP is shown in yellow in Figure 3.

Table 2: GSTO2 sequences used for alignments



Species

Latin name

Sequence used

Human isoform 1

Homo sapiens

NP_899062

Human isoform 2

Homo sapiens

NP_001177942

Human isoform 3

Homo sapiens

NP_001177943

Human isoform 4

Homo sapiens

NP_001177944

Gorilla Gorilla gorilla gorilla XP 004050103

Rhesus monkey Macaca mulatta NP_001276891

Mouse (house) Mus musculus NP 084327
Rat (Norway) Rattus norvegicus AAH79295
Whale (Killer) Orcinus orca XP_033276969
Ferret (domestic) Mustela putorius furo AER99471

Dolphin (common bottlenose) Tursiops truncatus XP_ 019795507

Hamster (golden) isoform X1 Mesocricetus auratus XP_040599162

Hamster (golden) isoform X2 Mesocricetus auratus XP_040599171

Hamster (golden) isoform X3 Mesocricetus auratus XP_040599174

Frog (tropical clawed) Xenopus tropicalis NP_001005086

Cow (cattle) Bos taurus NP_ 001193084

Dog isoform X1 Canis lupus familiaris XP_038296425

Dog isoform X2 Canis lupus familiaris XP_038296426

Cat (domestic) isoform X1 Felis catus XP 023096662
Cat (domestic) isoform X2 Felis catus XP 044896585
Cat (domestic) isoform X3 Felis catus XP_ 044896586

Bat (greater spear-nosed) Phyllostomus hastatus XP_045710275

Bat (common vampire) Desmodus rotundus XP_045047595

Bat (big brown) Eptesicus fuscus XP 008142501

Reptile Not found

Mink Not found

As mentioned above, not all the human isoforms of GSTO2 have the regions in which the
SNP falls, but it does occur in isoforms 1 & 3. The SNP manifests as changes from N to D or
Y. Interestingly, although Y at residue 142 is not represented at all in the vertebrate analysis
here, many animals have a D at this position. Interestingly, gorilla and Rhesus monkey have
identical sequences around the SNP but have the N142D alteration. As this increases
COVID-19 development and disease severity in humans? it is tempting to suggest this
would have the same effect in these primate species and that non-human primates are more
susceptible to the SARS-CoV-2 virus. The D at position 142 is also found in cats, dogs, and
ferrets, all of which are known to contract the virus. It is also represented in two of the
hamster sequences (X1 & X2, but not X3), again, a species known to become infected. It is
also found in rats and mice, suggesting that rodents may be more susceptible, although the
region of the protein is not completely conserved. The susceptibility of mice to the SARS-

CoV-2 virus appears to be strain specific®. Interestingly, two of the bat species analysed



retained the N at position 142, but one also had the D substitution (big brown bat). Does this
suggest that some bat species are more susceptible than others? Also of note, perhaps, is
that marine mammals have the D at position 142, and it is suggested here that these species
ought to be monitored more closely in the future. The frog sequence appears to be quite
different in this region, and amphibians are known, at least to date, to be free from SARS-

CoV-2 infections.

Again, using the human isoform 1 as a model, the GSTO2 protein was analysed by
Prosite. As with GSTO1, the SNP in GSTO2 was hot in a region which appears to conflict
with predicted phosphorylation and other modification sites (Figure 3). However, further
analysis of the gene sequence of GSTO2 may be of use in the prediction of whether

vertebrates are susceptible to the SARS-CoV-2 virus.

Discussion and Conclusions

The factors which lead to severe COVID-19 in humans has been looked at by the analysis of
of genomes. 7,491 critically ill patients were compared to 48,400 controls, and sixteen
independent factors which can lead to severe outcome were identified. Many of these were
involved in the immune response, for example in interferon signalling, but GST was not
listed*3. However, GST-omega SNPs were highlighted by the work of Djukic et al.?® and

these are the focus here.

One of the manifestations of a SARS-CoV-2 infection is the onset of a cytokine
storm, where there is hyperactivation of immune cells and elevated levels of circulating
cytokines®*. There is also a rise in the accumulation of ROS and accompanied oxidative
stress, and it has been suggested that there is a vicious circle of the rise of ROS and
cytokines, which will lead to Acute Respiratory Distress Syndrome (ARDS) and potentially
death®®. GSTO has a role in dampening the oxidative stress response, which can have

profound effects on disease®. Oxidative stress during COVID-19 can lead to the oxidation of



cellular components, such as lipids, which can be part of the disease mechanism?®’. GST
homologues, including GSTO, are known to be involved in reducing oxidative stress and to
catalyse the reduction of oxidative factors in a variety of animal species®®°. Because of their
structures, and having a Cys in the active site, GSTOs catalyse reactions which cannot be
carried out by other GST enzymes, and GSTOs are often involved in thiol transferase and
reduction reactions®. Therefore, they are instrumental in redox signaling and ROS
metabolism. GSTOs are also involved in mediating aspects of apoptosis and autophagy**.
Downstream effects of GSTO1-1 in macrophages, for example, were mediated by c-Jun N-
terminal kinases (JNK), which were upstream of the cytochrome c/caspase pathway.
Therefore, GSTOs will have an important role in the onset and maintenance of COVID-19,

as well as other diseases which have a redox element to their manifestation.

Predicting the susceptibility of animals to the SARS-CoV-2 virus is turning out to be
very hard to do, and little sequence analysis seems to be helpful. Despite sequence
alignments across a wide range of vertebrates, using the sequence of ACE2%1°22 there was
little correlation with predictions and the reality of the animals reported to be SARS-CoV-2
positive. This was more recently confirmed by Djukic et al.?®. Therefore, other proteins were
also investigated by sequence alignment, including TMPRSS2, neuropilin-1 and furin®.
Again, little prediction could be made, with some of the sequences being well conserved
across vertebrate species. Therefore, here, the report that GST-omega gene sequences can
predict COVID-19 severity in humans? seemed like an observation worth investigating
across vertebrate species. Although little could be predicted from the GSTO1 sequences,

the GSTO2 genes may give an indication of viral susceptibility in animals.

There are some species which are not represented in the study here. For example,
no snake sequence could be found for GSTO1, and neither mink nor reptiles were found for
GSTO2. There are obviously thousands of species not analysed here: estimates suggest
around 65000 vertebrate species exist. Furthermore, there will be SNPs in the animal

species which are not looked at either. Therefore, the lack of finding a predictive use here,



for example with the GSTO1 sequences, does not rule out that some animal GST
sequences cause an animal species, or an individual animal, to be more SARS-CoV-2
susceptible. The same will be true for all the other proteins analysed in this way, including
ACE2, TMPRSS2, neuropilin-1 and furin®1%22, Of course, in the analysis shown here there
was no structural analysis of the polypeptides which would potentially highlight the
significance of amino acid changes. However, although structural analysis would be better
here, it is both more complex and long-winded. On the other hand, such a quick prediction
by sequence analysis would be useful to guide structural work, especially considering how
many vertebrate species there are. Here it is suggested that further analysis of the GSTO2
sequences would be worthwhile. There are many factors which dictate the viral entry into the
cells and the production of new viruses which can be subsequently released. A simple
analysis of some of the proteins involved, especially GST-omega-2 isoforms, at the present

time seems like a useful pursuit.

There are now at least three animal species which are thought to be able to transmit
the virus back to humans. These are mink*®, hamsters?® and deer?!. There is a need
therefore to have a way to predict which animals are likely to be susceptible. There are many
circumstances in which humans and animals are in close contact, including companion
animals, zoos and at conservation sites. There are also many vertebrate species which may
be at risk but have had little investigation. These include the marine mammals, which have
been predicted to be susceptible*?, and may be exposed through human waste**** which is a
potential source of infection. Here, the data from the GSTO2 genes may be useful to inform

future monitoring and research.

Although the virus probably originated in a bat*®, and then possibly infected humans
through an intermediate host, this has been disputed®. Bat species are not the only ones
which need to be considered as able to transmit the virus to humans. SARS-CoV-2 is the
latest in a series of coronavirus outbreaks, which includes SARS and MERS*6. Therefore,

the COVID-19 pandemic is unlikely to be the last. Any work which can be used to predict, or



be ruled out as a method for prediction, which animals (including humans) are likely to be
affected by coronaviruses in the future should aid in epidemic/pandemic control. Therefore,
there needs to be far more of a focus on the impact of the SARS-CoV-2 virus in animal
populations, both in monitoring what is happening in the real world and how to predict what
happens, or may happen, during this and future pandemics. As already suggested by
others*’, a One Medicine approach needs to be taken where the impact of
epidemics/pandemics on human and animal populations are considered holistically.
Certainly, it is likely that new coronaviruses will emerge and work is being undertaken to
predict in which animal hosts this might take place“®. With more genomic analysis and more
awareness of the interactions of animals with other species, and with humans, on the spread
of viruses, such as SARS-CoV-2, amongst humans and animals, we will be better prepared

for future challenges.
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Figure 1: Clustal Omega alignments GSTO1 across animal species. Sequence details are in
Table 1. “*” indicates sequence identity (“:” indicates a conserved change, whilst “.” Indicates
less of a conserved change). Position of SNP indicated in yellow. The predicted (using
Prosite and human isoform 1 sequence) N-terminal GST domain is highlighted in green,
whilst the N-terminal domain is highlighted in purple. Predicted interesting sites in human
isoform 1 are marked (from Prosite: protein kinase C target: grey; tyrosine phosphorylation:
brown; amidation site: bright blue; Casein kinase Il phosphorylation site: red; cAMP-

dependent kinase: light blue: myristoylation;dark green)
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Figure 2: Alignments of seven isoforms of human GSTO1 and GSTO2, showing positioning
of relevant SNPs. rs4925 in yellow and rs156697 in purple. Conserved residues in that
region are highlighted in blue. Sequences from Tables 1 & 2.

CLUSTAL O(1.2.4) multiple sequence alignment

Human-GSTOl-isoform-2

MSGESARSLGKGSAPPGPVPEGSIRIYSMRFCPFAERTRLVLKAKGIRHEVININLKNKP 60
Human-GSTOl-isoform-1
MSGESARSLGKGSAPPGPVPEGSIRIYSMRFCPFAERTRLVLKAKGIRHEVININLKNKP 60

Human-GSTOl-isoform-3 = - —=—=—--—————-mm—
MREFCPFAERTRLVLKAKGIRHEVININLKNKP 32

human-GSTO2-isoform-1
MSGDATRTLGKGSQPPGPVPEGLIRIYSMRFCPYSHRTRLVLKAKDIRHEVVNINLRNKP 60
human-GSTO2-isoform-3 = - ———————————--mm—
MREFCPYSHRTRLVLKAKDIRHEVVNINLRNKP 32

human-GSTO2-isoform-2
MSGDATRTLGKGSQPPGPVPEGLIRIYSMRFCPYSHRTRLVLKAKDIRHEVVNINLRNKP 60
human-GSTO2-isoform-4 = = —=———————————————
MREFCPYSHRTRLVLKAKDIRHEVVNINLRNKP 32

kA hkkk oo KhkAhkkhAhkkh Kdhkkkhkkokhkkhk okt

Human-GSTOl-isoform-2

EWFFKKNPFGLVPVLENSQGQLIYESAITCEYLDEAYPGKKLLPDDPYEKACQKMILELF 120
Human-GSTOl-isoform-1
EWFFKKNPFGLVPVLENSQGQLIYESAITCEYLDEAYPGKKLLPDDPYEKACQKMILELF 120
Human-GSTOl-isoform-3
EWFFKKNPFGLVPVLENSQGQLIYESAITCEYLDEAYPGKKLLPDDPYEKACQKMILELF 92
human-GSTO2-isoform-1
EWYYTKHPFGHIPVLETSQCQLIYESVIACEYLDDAYPGRKLFPYDPYERARQKMLLELF 120
human-GSTO2-isoform-3
EWYYTKHPFGHIPVLETSQCQLIYESVIACEYLDDAYPGRKLFPYDPYERARQKMLLELF 92
human-GSTO2-isoform-2
EWYYTKHPFGHIPVLETSQCQLIYESVIACEYLDDAYPGRKLFPYDPYERARQKMLLELF 120
human-GSTO2-isoform-4
EWYYTKHPFGHIPVLETSQCQLIYESVIACEYLDDAYPGRKLFPYDPYERARQKMLLELF 92

KK .. K e kKK e kAhkhkk Kk KAAkKkAKAKk Kekhkkk Ak oekkhkkhkkoekhkkeoek *hkkhk ok

* ok koo ok k ok x

Human-GSTOl-isoform-2 SK—————
VLTNKKTTFFGGNSISMIDYLIWP 146
Human-GSTOl-isoform-1 SKVPSLVGSFIR-
SONKEDYAGLKEEFRKEETKLEEVLTNKKTTFFGGNSISMIDYLIWP 179
Human-GSTOl-isoform-3 SKVPSLVGSFIR-
SONKEDYAGLKEEFRKEETKLEEVLTNKKTTFFGGNSISMIDYLIWP 151
human-GSTO2-isoform-1
CKVPHLTKECLVALRCGRECTILKAALRQEFSNLEEILEYQNTTFFGGTCISMIDYLLWP 180
human-GSTO2-isoform-3
CKVPHLTKECLVALRCGRECTILKAALRQEFSNLEEILEYQNTTFFGGTCISMIDYLLWP 152
human-GSTO2-isoform-2 CKmmmm e
ILEYQONTTFFGGTCISMIDYLLWP 146
human-GSTO2-isoform-4 CK-mmmm e
ILEYQONTTFFGGTCISMIDYLLWP 118

* -k

e e kk Kk kKK KAk kA kKK o kK

Human-GSTOl-isoform-2

WFERLEAMKLNECVDHTPKLKLWMAAMKEDPTVSALLTSEKDWQGFLELYLONSPEACDY 206
Human-GSTOl-isoform-1
WFERLEAMKLNECVDHTPKLKLWMAAMKEDPTVSALLTSEKDWQGFLELYLONSPEACDY 239
Human-GSTOl-isoform-3
WFERLEAMKLNECVDHTPKLKLWMAAMKEDPTVSALLTSEKDWQGFLELYLONSPEACDY 211

human-GSTO2-isoform-1
WFERLDVYGILDCVSHTPALRLWISAMKWDPTVCALLMDKSIFQGFLNLYFQNNPNAFDFE 240



human-GSTO2-isoform-3
WFERLDVYGILDCVSHTPALRLWISAMKWDPTVCALLMDKSIFQGFLNLYFQNNPNAFDE
human-GSTO2-isoform-2
WFERLDVYGILDCVSHTPALRLWISAMKWDPTVCALLMDKSIFQGFLNLYFQNNPNAFDFE
human-GSTO2-isoform-4
WFERLDVYGILDCVSHTPALRLWISAMKWDPTVCALLMDKSIFQGFLNLYFQNNPNAFDFE

*‘k*‘k*:' . :*‘k'*** ‘k:‘k*::**‘k ‘k*‘k*.***

:****:**:**-*:* *:

Human-GSTOl-isoform-2 GL- 208
Human-GSTOl-isoform-1 GL- 241
Human-GSTOl-isoform-3 GL- 213
human-GSTO2-isoform-1 GLC 243
human-GSTO2-isoform-3 GLC 215
human-GSTO2-isoform-2 GLC 209

human-GSTO2-isoform-4 GLC 181

* K

212

206

178
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Figure 3: Clustal Omega alignments GSTO2. Sequence details are in Table 2. “*” indicates
sequence identity (“:” indicates a conserved change, whilst “.” indicates less of a conserved
change). Position of SNP indicated in yellow. The predicted (using Prosite) N-terminal GST
domain (of human GST isoform 1) is highlighted in green, whilst the N-terminal domain is
highlighted in purple. Predicted phosphorylation sites are marked (from Prosite: protein
kinase C: grey; tyrosine phosphorylation: brown; amidation site: bright blue; Casein kinase Il

phosphorylation site: red; N-glycosylation site: teal; myristoylation;dark green).

CLUSTAL O(1.2.4) multiple sequence alignment

Frog -
MTGSEKSLAKGSPAPGPVSEETIRVYSMRFCPYAQRARLVLAAKGIKHEVININLKNKP 59
Hamster-isoform-x2 = ——-—————————o——m— MEI---—-

DVWGCDQKLGERYEVININLKNKP 27
Hamster-isoform-X1

MSGDATRSLGRGSSPPGPVPEGVIRIYSMRFCPYSHRARLVLKAKGIRYEVININLKNKP 60
Hamster-isoform-X3
MSGDATRSLGRGSSPPGPVPEGVIRIYSMRFCPYSHRARLVLKAKGIRYEVININLKNKP 60
Bat- (big-brown)
MGEDASRSLGKGSVPPGPVPEGLIRIYSMRFCPFAHRTRLVLLAKGISHEVININLRNKP 60
Bat- (greater-spear-nosed)
MAEDASRALGKGSHPPGPVPEGLIRIYSMRFCPYAHRTRLVLQAKGISHEVININLRNKP 60
Bat- (common-vampire)
MAEDASRALGKGSHPPGPVPEGLIRIYSMRFCPYAHRTRLVLOQAKGIRHEVININLRNKP 60
Cow

MTDDATRTLGKGSIPPGPVPEGVIRLYSMRFCPYAHRTRLVLRAKGIRHEVININLRNKP 60
Whale

MTDDAARTLGRGSAPPGPVPEGLIRLYSMRFCPYAHRTRLVLQAKGIRHEVININLRNKP 60
Dolphin

MTDDAARTLGRGSAPPGPVPEGLIRLYSMRFCPYAHRTRLVLQAKGIRHEVININLRNKP 60

Dog-isoform-X1 -
MEDASRTFGKGSLPPGPVPEGLIRIYSMRFCPYAHRTRLVLRAKGIRHEVININLRNKP 59
Dog-isoform-X2 -
MEDASRTFGKGSLPPGPVPEGLIRIYSMRFCPYAHRTRLVLRAKGIRHEVININLRNKP 59
Ferret  m e
HEVVNINLRNKP 12

Cat-isoform-X1 -
MEDATRTFGKGSCPPGPVPEGLIRVYSMRFCPFAHRTRLVLRAKGIRHEVININLRNKP 59
Cat-isoform-X2 -
MEDATRTFGKGSCPPGPVPEGLIRVYSMRFCPFAHRTRLVLRAKGIRHEVININLRNKP 59
Cat-isoform-X3 -
MEDATRTFGKGSCPPGPVPEGLIRVYSMRFCPFAHRTRLVLRAKGIRHEVININLRNKP 59
Rhesus-monkey

MSQDATRTLGKGSQPPGPVPEGLIRIYSMRFCPYSHRTRLVLKAKDIRHEVVNINLRNKP 60
Human-GSTO2-isoform-2
MSGDATRTLGKGSQPPGPVPEGLIRIYSMRFCPYSHRTRLVLKAKDIRHEVVNINLRNKP 60

Human-GSTO2-isoform-4 = —————————————————————
MRFCPYSHRTRLVLKAKDIRHEVVNINLRNKP 32

Gorilla

MSEDATRTLGKGSQPPGPVPEGLIRIYSMRFCPYSHRTRLVLKAKDIRHEVVNINLRNKP 60
Human-GSTO2-isoform-1

MSGDATRTLGKGSOPPGEY P NI HREORY SHRTREVERARDIRREVVNINERNEE 60

Human-GSTO2-isoform-3 = ——————-——————————mmm—
MRFCPYSHRTRLVLKAKDIRHEVVNINLRNKP 32

Mouse

MSGDLSRCLGKGSCPPGPVPEGVIRIYSMREFCPYSHRARLVLKAKGIRHEVININLKSKP 60
Rat

MSGDLTRCLGKGSCPPGPVPEGVIRIYSMRFCPYSHRTRLVLKAKSIRHEI ININLKNKP 60

ek e ek hkhkk o KKk

Frog

DWFIEKSPFGLVPSLETSSGQVIYESPIVCDYLDEVYIGKKLTPVDPFQKAQQKMIVEHF 119
Hamster-isoform-X2
EWYFTKHPFGQIPVLENSQGQLIYESVIACEYLDDLYIGRKLFPFDPYERARQKMLLELF 87



Hamster-isoform-X1
EWYFTKHPFGQIPVLENSQGQLIYESVIACEYLDDLYIGRKLFPFDPYERARQKMLLELF
Hamster-isoform-X3
EWYFTKHPFGQIPVLENSQGQLIYESVIACEYLDDLYIGRKLFPFDPYERARQKMLLELF
Bat- (big-brown)
DWYITKHPFGQIPVLENSRCQLIYESVIACEYLDDAYIGRKLYPYDPYERARQKMLLELF
Bat- (greater-spear-nosed)
DWYITKHPFGQIPVLENSKCQLIYESVIACEYLDDAYIGRKLYPFDPYERARQKMLLELF
Bat- (common-vampire)
DWYITKHPFGQIPVLENSKCQLIYESVIACEYLDDAYIGRKLYPFDPYERARQKMLLELF
Cow
EWYFTKHPFGQIPVLENSKCQLIYESVIACEYLDDAYIGRKLYPYDPYERARQKMLLELF
Whale
EWYFTKHPFGKIPVLENSKCQLIYESVIACEYLDDAYIGRKLYPCDSYERARQKMLLDLF
Dolphin
EWYFTKHPFGKIPVLENSKCQLIYESVIACEYLDDAYIGRKLYPCDSYERARQKMLLDLF
Dog-isoform-X1
EWYITKHPFGQIPVLENSKCQLIYESVIACEYLDDAYIGRKLYPYDPYERARQKMLLELF
Dog-isoform-X2
EWYITKHPFGQIPVLENSKCQLIYESVIACEYLDDAYIGRKLYPYDPYERARQKMLLELF
Ferret
EWYITKHPFGQIPVLENSKCQLIYESVIACEYLDDAYIGRKLYPYDPYERARQKMLLELF
Cat-isoform-X1
EWYITKHPFGQIPVLENSKCQLIYESVIACEYLDDAYIGRKLYPYDPYERARQKMLLELF
Cat-isoform-X2
EWYITKHPFGQIPVLENSKCQLIYESVIACEYLDDAYIGRKLYPYDPYERARQKMLLELF
Cat-isoform-X3
EWYITKHPFGQIPVLENSKCQLIYESVIACEYLDDAYIGRKLYPYDPYERARQKMLLELF
Rhesus-monkey
EWYITKHPFGHIPVLETSQCQLIYESVIACEYLDDAYIGRKLFPHDPYERARQKMLLELF
Human-GSTO2-isoform-2
EWYITKHPFGHIPVLETSQCQLIYESVIACEYLDDAYIGRKLFPYDPYERARQKMLLELF
Human-GSTO2-isoform-4
EWYITKHPFGHIPVLETSQCQLIYESVIACEYLDDAYIGRKLFPYDPYERARQKMLLELF
Gorilla
EWYITKHPFGHIPVLETSQCQLIYESVIACEYLDDAYIGRKLFPYDPYERARQKMLLELF
Human-GSTO2-isoform-1

EWYETKHPFGHI PVLETSQCOLIYESVIACEYLDDAYIIGRK .- - DN ERARORMEREEN
Human-GSTO2-isoform-3
EWYITKHPFGHIPVLETSQCQLIYESVIACEYLDDAYIGRKLFPYDPYERARQKMLLELF
Mouse
DWYITKHPFGQIPVLENSQCQLVYESVIACEYLDDVYIGRKLFPYDPYERARQKMLLELF
Rat
DWYITKHPFGQVPVLENSQCQLIYESVIACEYLDDVFIGRKLFPYDPYERARQKMLLELF

sk *ookokk ek Kok ok *oeekokk ok keokkok.
R I A

Frog SKISTLFYKILLAKKNNEDVSGVKAEVQEKLVKLDE
———————— 155

Hamster-isoform-X2 CKVPHLAKECLVALRCGRECMDLKTALRQEFRNLEE
———————— 123

Hamster-isoform-X1 CKVPHLAKECLVALRCGRECMDLKTALRQEFRNLEE
———————— 156

Hamster-isoform-X3 CKV-——m—mmmm oo oo
———————— 123

Bat- (big-brown) YKVPHLTKECLVALRCGKECCDLKLALREEFCNLEE
———————— 156

Bat- (greater-spear-nosed) YKIPHLTKECLVALRCGKECANLKLALREEFCNLEE
———————— 156

Bat- (common-vampire) YKIPHLTKECLVALRCGKECGNLKLALREEFCNLEE
———————— 156

Cow YKVPHLTKECLVALRCGRDCGDLKLALRQEFCNLEE
———————— 156

Whale YKVPHLTKECLIASRCGRECADLKLALRQEFCNLEE
———————— 156

Dolphin YKVPHLTKECLIASRCGRECADLKLALRQEFCNLEE

120

120

120

120

120

120

120

120

119

119

72

119

119

119

120

120

92

120

120

92

120

120
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Dog-isoform-X1 YKVPHLTKECLVALRCGRECTDLKLALRQEFCNLEE

———————— 155

Dog-isoform-X2 D e
———————— 121

Ferret YKVPHLTKECLVALRCGRECADLKLALRQEFCNLEE

———————— 108

Cat-isoform-X1

YKVPHLTKECLVAIRCGRECADLKLALRQEFCNLEEVFPVVISSTAFTNRKSSTPSGEME

Cat-isoform-X2 YKVPHLTKECLVAIRCGRECADLKLALRQEFCNLEE
———————— 155
Cat-isoform-X3 YK-———
———————— 121
Rhesus-monkey CKVPHLTKECLVALRCGRECTDLKAALRQEFCNLEE
———————— 156
Human-GSTO2-isoform-2 CKemmm e
———————— 122
Human-GSTO2-isoform-4 CKemmm e
———————— 94
Gorilla CKVPDLTKECLVALRCGRECTDLKAALRQEFGNLEE
———————— 156
Human-GST02-1.soform-1 CKVPHLTKECLVALRCGRECT” LKAALROEFBNLEE
———————— 156
Human-GSTO2-isoform-3 CKVPHLTKECLVALRCGRECTNLKAALRQEFNLEE
———————— 128
Mouse CKVPPLSKECLIALRCGRDCTDLKVALRQELCNMEE
———————— 156
Rat CKVPQLSKECLVALRCGRDCTDLKVALRQELCNLEE
———————— 156
*
¥rog  —omm———————-

ILAKQNGLFFGSDVEMVDYMIWPWFERLI IFDSKDCLNKTPHIDKWY
Hamster-isoform-X2 = ————————————
VLEYONITFFGDRIJMIDYLFWPWFERLDVYGLSDCVSHTPMLRLWI
Hamster-isoform-X1 === ———=———————-—-
VLEYONITFFGDRIJMIDY LFWPWFERLDVYGLSDCVSHTPMLRLWI
Hamster-isoform-X3 = ————————————-
LEYQNITFFGDRIJMIDYLFWPWFERLDVYGLSDCVSHT PMLRLWI
Bat- (big-brown) = ——mmm——————
ILSYONTVFFGEDCIEMIDYLFWPWFERLDVYJTADCVNHT PALRLWI
Bat- (greater-spear-nosed) = -———————————-
I1LSYONTVFFGPCIEMIDYLFWPWFERLDVYJTADCVNHT PALRLWI
Bat- (common-vampire) = 00————————————
I1LSYONTVFFGPCIPMIDYLFWPWFERLDVYJTADCVNHT PALRLWI
Cow  mmm—————————
ILGYONTVFFGEDCIEMIDYLFWPWFERLEVYJTADCVNHT PALRLWI
whale  —o——————————
ILGYQONTVFFGEDCIEMIDYLFWPWFERLDVYJTADCVNHT PALRLWI
Dolphin mmmm—
ILGYQONTVFFGEDCIEMIDYLFWPWFERLDVYJTADCVNHT PALRLWI
Dog-isoform-Xx1 @ ———————————
ILGYQONTVFFGEDCIEMIDYLFWPWFERLEVYJIADCLNHT PALRLWT
Dog-isoform-x2 @ ———————————
ILGYQONTVFFGEDCIEMIDYLFWPWFERLEVYJIADCLNHT PALRLWT
Ferret  —o—————————
ILGYQONTIFFGEDCIEMIDYLFWPWFERLDVYJIADCLNHT PALRLWT
Cat-isoform-X1

NIFFHPRSITLKILGYQITVFFGIDCIIMIDYLFWPWFERLDVYIIADCLNHTPALRLWT

Cat-isoform-x2 = —-—————————
ILGYQNTVFFGDCIEMIDY LFWPWFERLDVYJIADCLNHTPALRLWT
Cat-isoform-Xx3 oo -————————=
ILGYQNTVFFGDCIEMIDY LFWPWFERLDVYJIADCLNHTPALRLWT
Rhesus-monkey  ———-mo——————
ILEYQNTTFFCTCTRMIDY LLWPWFERLDVYJIADCVSHTPALRLWI
Human-GSTO2-isoform-2 = ————————————
ILEYQRTTFFGrCIMIDYLLWPWFERLDVYJJILDCVSHTPALRLWI
Human-GSTO2-isoform-4 = ————————————
ILEYQRTTFFGrCIMIDYLLWPWFERLDVYJJILDCVSHTPALRLWI

203

171

204

170

204

204

204

204

204

204

203

169

156

203

169

204

170

142

239



Gorilla

ILEYONTTFFGTCIEVMIDYLLWPWFERLDVYJILDCVSHTPALRLWI 204

Human-GSTO2-isoform-1

TLEYONTTFFOlTCTBMIDYLLWPWFERLOVYNILOCVSHTPALRLNT

Human-GSTO2-isoform-3

ILEYONTTFFGTCIPMIDYLLWPWFERLDVYJILDCVSHTPALRLWI 176

Mouse

ILEYQITTFFGIDCIIMIDYLVWPWFERLDVYGLADCVNHTPMLRLWI 204

Rat

ILEYQITTFFGIDSIIMIDYLVWPWFERLDVYGLADCVNHTPMLRLWI 204

* Kk . .ok x . *

Frog
Hamster-isoform-X2
Hamster-isoform-X1
Hamster-isoform-X3
Bat- (big-brown)

Bat- (greater-spear-nosed)
Bat- (common-vampire)
Cow

Whale

Dolphin
Dog-isoform-X1
Dog-isoform-X2

Ferret

Cat-isoform-X1
Cat-isoform-X2
Cat-isoform-X3
Rhesus-monkey
Human-GSTO2-isoform-2
Human-GSTO2-isoform-4
Gorilla
Human-GSTO2-isoform-1
Human-GSTO2-isoform-3
Mouse

Rat

* * % * % Kk ok kkoekk o Kkhkkkkkhkk

QOMLODPAVKATYIEPDLLLGFFKLYSQNDVEACDYGL--————
STMKQDPTVCALLTDKNIFLGFLHLYFONNPCAFDFGLCAPAIR
STMKQDPTVCALLTDKNIFLGFLHLYFQONNPCAFDFGLCAPAIR
STMKQDPTVCALLTDKNIFLGFLHLYFONNPCAFDFGLCAPAIR
EAMKQDPTVCALLIDKNIFLGFLNLYFQNHPDAFDYGLSC——---
AAMKRDPTVCALLIDKNIFLGFLNLYFONHPEAFDYGLSC————
AAMKRDPTVCSLLIDKNIFLGFLNLYFONHPEAFDYGLSC———-—
AAMKQDPTVCSLLTDKNTFLGFLNLYFONNPGAFDYGLSC—-———
AAMKQDPTVCALLIDKNIFLGFLNLYFQONNPDAFDYGLSC———--
AAMKQDPTVCALLIDKNIFLGFLNLYFONNPDAFDYGLSC————
AAMKQDPTVCALLIDKSVESGFLNLYFONNPDAFDYGLIC—----
AAMKQDPTVCALLIDKSVESGFLNLYFONNPDAFDYGLIC—-———
AAMKQDPTVCALLIDKNIFLGFLNLYFONNPDAFDYGLA-———-
AAMKQDPTVCALLIDRSIFLGFLNLYFONNPDAFDYGLTC—-———
AAMKQDPTVCALLIDRSIFLGFLNLYFONNPDAFDYGLTC———--
AAMKQDPTVCALLIDRSIFLGFLNLYFONNPDAFDYGLTC—-———
SAMKWDPTVCALLTDKSIFQGFLNLYFONNPNAFDFGLC————--
SAMKWDPTVCALLMDKSIFQGFLNLYFONNPNAFDFGLC—-————
SAMKWDPTVCALLMDKSIFQGFLNLYFQONNPNAFDFGLC————-—
SAMKWDPTVCALLMDKSIFQGFLNLYFONNPNAFDFGLC—-————

ONNPNAFDFGLC-—---
SAMKWDPTVCALLMDKSIFQGFLNLYFONNPNAFDFGLC-————
ASMKQDPAVCALHTDKSVEFLGFLNLYFQONNPCAFDFGLCNPIIR
SSMKQDPAVCALHIDKNIFLGFLNLYFONNPCAFDFGLCGPIVR
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215
248
214
244
244
244
244
244
244
243
209
195
279
243
209
243
209
181
243
243
215
248
248



