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The Carbonic Anhydrases are a superfamily of proteins, a type of
metalloenzyme that are found ubiquitously throughout the most diverse clades in
the tree of life. Since first identified as a catalyst for the reversible hydration and
dehydration of carbon dioxide almost 90 years ago, the interest in research for its
pharmacological and industrial applications is constantly growing and counting
with tools like the one here discussed becomes prevailing.

When assembly errors or gaps are in exonic regions, misses or misplacing
exons occur and it is because of these errors that approaches like homology-based
gene models fail due to the lack of correct data. Instead, a similar length of poorly
matching sequence may be predicted. Performing exon analysis for the carbonic
anhydrases in the context of CAbase aims to identify the mis predicted exons and
refers to a set of actions that are possible to perform over them, be they
computationally or humanly conducted. Analysis like the comparison of any
relevant exon to a desired prototype, the curated addition of labels to them,
indicating different important features, or simply, a visual guide to understand their
distribution in transcripts or genes of interest.

CAbase is a web-based Third Party Annotation System (TPA). A toolkit
that allows to browse, annotate and perform analysis over sets of data related to the
Carbonic Anhydrases protein family. CAbase is an effort to centralise, normalise
and analyse information and annotations over the CA family.

To date, 47 CAs (14 Human) genes have been incorporated and currently,
more than 50 thousand exons are possible to be characterized based on their splicing
site as well as analyse their predicted translations and alignment to the precursor
homolog.

CAbase continues to be developed, more improvements are included and in
conjunction with the usage by the experts in the field of CAs, this inferal type of
TPA, could become a central tool in the CA research community, creating better
consensus data on this ever-growing protein family.

Keywords: Carbonic Anhydrases, Exon Analysis, Bioinformatics online tool, Third
party Annotation system, Genome annotation, Protein family database.
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Chapter 1

INTRODUCTION, THE CARBONIC ANHYDRASES

Carbonic Anhydrases are a superfamily of proteins, a type of metalloenzymes that
catalyses the reversible reaction of carbon dioxide hydration to bicarbonate and proton.
To this date, 8 genetic families have been identified showing the convergent evolution
present throughout all life forms. All life kingdoms use this catalysation for managements
of high levels if CO,, pH regulation and other important processes. First discovered 87
years ago, in 1933 from erythrocytes in human blood (Brinkman R et al., 1932), Carbonic
Anhydrases have been at the front of research, given its capacities to catalyse a reaction

in one of the most abundant carbon forms, a core molecule to all life on Earth.

0
0=C=0 + H’O\H = Iclv/ + H*
HO™ O

Equation 1-1: The reversible reaction of carbon dioxide into bicarbonate and proton.

While the carbon dioxide hydration reaction is very effective at pH values above
12, it is particularly slow at a pH value of 7.5 and lower, which usually marks many

tissues and organisms.
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1.1. The a-CA family

Whilst all the CAs from the eight currently identified families (a-, 8-, y-, 8-, {-, -
, 8- and t-CAs)(Alterio et al., 2012), have in common the CO; hydration catalysation, with
the catalytically active isoforms conformed by a hydroxyl molecule bound to a metal ion,
these families present low sequence similarities and different three-dimensional
structures among each other. While from delta- to iota-CAs are linked to more specific
and simpler forms of life, gamma-CAs are related to bacteria and plants and are probably
an earlier form (Smith et al., 1999), and beta-CAs appear in all organisms groups except
from vertebrates (Smith & Ferry, 2000). However, it is the alpha-CA family of our
interest, the one present in vertebrates, also present in protozoa, algae corals bacteria and

the cytoplasm of green plants.

This family is present among many living organisms, rendering it as the most
populous family of CAs. Within the a-CA family there are differences in their cellular
location, oligomeric arrangement as well as their catalytic activity, nonetheless all of them
have Zn (Zinc) as their metal ion found in the active site together with three histidine

residues and a hydroxide ion as part of their fundamental structure.

Figure 1-1 Human CA Il. Secondary structure (left) showing the coordinating histidine residues as blue and
beige sticks the Zn light purple sphere. (Right) the surface representation of hCA I, at the centre, the Zn?* ion (cyan
sphere) in the catalytic pocket. PDB accession ID: 1FW2. Rendered using UCSF Chimera 1.14 (Pettersen et al., 2004)



Different a-CAs (CA, here onwards) isozymes have been identified in mammals
and in general three distinct groups of CA can be outlined. One group can be addressed
as the cytoplasmic CAs, another the membrane-bound and a third group of rather
interesting members, called Carbonic Anhydrase-related proteins (CARP). The first
group include the mammalian CA 1, II, IIL, V, VII and XIII found in the cytoplasm, with
the exception of the mitochondrial confined CAs V namely, CA VA and CA VB. The
second, consist of mammalian CAs IV, IX, XII, XIV and XV. Lastly, the CARP group is
composed by CAs VIII, X and XI, this CAs have lost classical CA activity as they have
lost one or more of the histidine residues that coordinate the zinc ion in the catalytic
pocket and their roles have not been completely understood to date. Yet, while CARP
VIII has been found to be associated with motor coordination in human and mouse, CARP
XI has been associated with several cancers and CARP X the precursor for CARP XI,
suggests a regulation in the circadian cycles due to their night/day expression likelihood

(Aspatwar et al., 2013).
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Figure 1-2: Phylogenetic analysis for both cytoplasmic and membrane bound CAs. This phylogenetic
tree was constructed using neighbour joining by using parsimony analysis with support for nodes assessed using

bootstrap analysis, and ordered using drosophila CA as an outgroup. Fig. 1A in (Aspatwar et al., 2013).Open access.

1.2. Human CAs

hCA isoforms play an important role in many physiological functions, their
normal or abnormal catalytic activity has been linked to diseases, epilepsies, obesity,
altitude sickness and glaucoma (Supuran & De Simone, 2015) as well as the participation
in some cancer progression due to alternative splicing. Malentacchi et. al, described how
CA IX isoform, when in lack of exons 8 and 9 (AS) influences cell proliferation and
tumour progression by regulation of pH under hypoxic conditions, becoming a urinary
marker for bladder cancer(Malentacchi et al., 2012). Indicating the clear relevance of

understanding different splicing events for the CA family.
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Special attention can be put on the case of CA XV, although characterized for
other mammalians it was not found expressed in humans nor chimpanzees (Hilvo et al.,
2005), this study pointed out that several similarities with CA 1V, therefore being a GPI-
anchored membrane protein, an important structural feature. Until, its expression in
humans was found in the thick ascending limb of Henle (Saari et al., 2010). These studies
have opened new possibilities for gene ancestry analyses, grouping the most recently
added hCA isozyme with the known CA IV, revealing yet another GPI-linked CA, CA
XVII, while lost in mammals it is found in fishes as multiple isozymes as well as a single

isozyme in non-fish vertebrates (Tolvanen et al., 2013).
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. . . . : . . .80
hCA-I = ——=———————————- MASPDWGYD-DKNGPEQWSKLYP—-———— TANGNNQSPVDIKTSETKHDTSLKPISVS-Y--NPAT

hCA-II ———————m——— MSHHWGYG-KHNGPEHWHKDFP--~—~ IAKGERQSPVDIDTHTAKYDPSLKPLSVS-Y--DQAT
hCA-III = ————=————————— MAKEWGYA-SHNGPDHWHELFP--——~ NAKGENQSPVELHTKDIRHDPSLQPWSVS-Y~--DGGS
hCA-IV LSAARPSASAESHWCYE-VQAESSNYPCLVPVKWGGNCQKDRQSPINIVITKAKVDKKLGRFFFSGY -~ DKKQ
hCA-VA APLWSRSMRPGRWCSQRSCAWQTS -NNTLHPLWTVPVS————~ VPGGTRQSPINIQWRDSVYDPQLKPLRVS-Y--EAAS
hCA-VB RKFQIPRFMPARPCSLYTCTYKTR-NRALHPLWESVDL--—-~ VPGGDRQSPINIRWRDSVYDPGLKPLTIS-Y~-DPAT
hCA-VI = ——=——m—mm e GQAQHVSDWTYSEGALDEAHWPQHYP-——~~ ACGGQRQSPINLQORTKVRYNPSLKGLNMTGYETQA-G
hCA-VII = ——=———————m e MTGHHGWGYG-QDDGPSHWHKLYP—--~—~ IAQGDRQSPINIISSQAVYSPSLQPLELS-Y--EACM
hCA-IX DPQEPQNNAHRDKEGDDQSHWRYG-~~~GDPPWPRVSP-—~~~ ACAGRFQSPVDIRPQLAAFCPALRPLELLGFQLPPLP
hCA-XII ~ =—=-=-——=—-—- PSSPAPVNGSKWTYF-GPDGENSWSKKYP----— SCGGLLQSPIDLHSDILQYDASLTPLEFQGYNLSANK
hCA-XIII  ——=—==————————mm MSRLSWGYR-EHNGPIHWKEFFP———-— IADGDQQSPIEIKTKEVKYDSSLRPLSIK-Y--DPSS
hCA-XIV ~ —==—=——m— IWILAADGGQHWTYE-GPHGQDHWPASYP-——~~ ECGNNAQSPIDIQTDSVIFDPDLPALQPHGYDQPGTE
81 . 1 . . . . : .160
hCA-I AKEIINVGESFHVNFEDNDNRSVLKGGPFSDSYRLFQFEFEWGS TN--EHGSEHTVDGVKY SAELEVAHWNSAK-YSSLA
hCA-II SLRILNNGEAFNVEFDDSQDKAVLKGGPLDGTYRLIQFEFENWGSLD--GOGSEHTVDKKKYAAE LEHLVHWNT -K-YGDFG
hCA-III AKTILNNGKTCRVVFDDTYDRSMLRGGPLPGPYRLROFELEWGS SD--DHGSEHTVDGVKYAAELELVHWNP-K- YNTFK
hCA-IV TWTVONNGESVMMLLEN---KASISGGGLPAPYQAKQLELEWSDLP- - YKGSEHS LDGEHFAMEMEI VHEKEKGT SRNVK
hCA-VA CLYIWNTGYLFQVEFDDATEASGISGGPLENHYRLKQFEFEWGAVN--EGGSEHTVDGHAYPAELEILVHWNSVK-YONYK
hCA-VB CLHVWNNGYSFLVEFEDSTDKSVIKGGPLEHNYRLKQFEFEWGAID--AWGSEHTVDSKCFPAELEILVHWNAVR-FENFE
hCA-VI EFPMVNNGETVQISLPSTMRMT ——--VADGTVY IAQOMEFEWGGASSEISGSEHTVDGIRHVIEIFIVHYNS-K-YKSYD
hCA-VII SLSITNNGEISVQVDFNDSDDRTVVTGGPLEGPYRLKQFEFENWGKKH- - DVGSEHTVDGKSFPSELELVHWNAKK-YSTFG
hCA-IX ELRLRNNGESVOLTLPPGLEMA----LGPGREYRALOLELEWGAAG-RP-GSEHTVEGHRFPAE IFIVVHLST-A-FARVD
hCA-XII QFLLTNNGESVKLNLPSDMHIQ-—--~ GLOSRYSATQLELEWGNPN-DPHGSEHTVSGOHFAAELEIVHYNSDL-YPDAS
hCA-XIII  AKIISNSGESFNVDFDDTENKSVLRGGPLTGSYRLRQVELEWGSAD--DHGSEHIVDGVSYAAELEVVHWNSDK-YPSFV
hCA-XIV PLDLHNNGEITVQLSLPSTLYLG--—-~ GLPRKYVAAQLELEWGOKG-SPGGSEHQINSEATFAELHIVHYDSDS-YDSLS
161 . . . 2 . . . .240
hCA-I EAASKADGLAVIGVLMKVGEA--NPKLQKVLDALQAIKTKGKRAPFTNFDPSTLLPS-~-SL-DFWTYPGSLEHPPLYESV
hCA-II KAVQQPDGLAVLGIFLKVGSA--KPGLQKVVDVLDS IKTKGKSADFTNFDPRGLLPE--SL-DYWTYPGSLETPPLLECV
hCA-III EALKQRDGIAVIGIFLKIGHE--NGEFQIFLDALDKIKTKGKEAPFTKFDPSCLFPA--CR-DYWTYQGSFETPPCEECT
hCA-IV EAQDPEDEIAVLAFLVEAGTQ-VNEGFQPLVEALSNIPKPEMSTTMAESSLLDLLPKEEKLRHYFRYLGSLETPTCDEKV
hCA-VA EAVVGENGLAVIGVFLKLGAH--HQTLQRLVDILPEIKHKDARAAMRPFDPSTLLPT-~-CW-DYWTYAGSLETPPLTESV
hCA-VB DAALEENGLAVIGVFLKLGKH--HKELQKLVDTLPS IKHKDALVEFGSFDPSCLMPT~--CP-DYWTYSGSLETPPLSESV
hCA-VI IAQDAPDGLAVLAAFVEVKNYPENTYYSNFISHLANIKYPGQRTTLTGLDVQDMLPR--NLQHYYTYHGSLETPPCTENV
hCA-VII EAASAPDGLAVVGVFLETGDE--HPSMNRLTDALYMVRFKGTKAQFSCFNPKCLLPA-~-SR-HYWTYPGSLETPPLSESV
hCA-TIX EALGRPGGLAVLAAFLEEGPE-ENSAYEQLLSRLEEIAEEGSETQVPGLDISALLPS--DFSRYFQYEGSLETPPCAQGY
hCA-XTT TASNKSEGLAVLAVLIEMGSF--NPSYDKIFSHLOHVKYKGQEAFVPGFNIEELLPE--RTAEYYRYRGSLETPPCNPTV
hCA-XIIT  EAAHEPDGLAVLGVFLQIGEP--NSQLQKITDTLDSIKEKGKQTRFTNFDLLSLLPP--SW-DYWTYPGSLEVPPLLESV
hCA-XIV EAAERPQGLAVLGILIEVGET-KNIAYEHILSHLHEVRHKDQKTSVPPFNLRELLPK--QLGQYFRYNGSLETPPCYQSV
241 : . . . . 3 . ] 317
hCA-T TWITCKESISVSSEQLAQFRSLLSNVE-~-GDNAVPMQHNNRPTQPLKGRTVRASF —— === ———==————————————
hCA-TT TWIVLKEPISVSSEQVLKFRKLNFNGE--GEPEELMVDNWRPAQPLKNRQIKASFK— === —=—==————————————
hCA-TIT VWLLLKEPMTVSSDOMAKLRSLLSSAE--NEPPVPLVSNWRPPQPINNRVVRASFK-——=—==—=————————————
hCA-TV VWTVFREPTQLHREQILAFSQKLYYDK---EQTVSMKDNVRPLOQLGQRTVIKSGAPG--—————~ RPLPWALPALL
hCA-VA TWIIQKEPVEVAPSQLSAFRTLLFSAL--GEEEKMMVNNYRPLQPLMNRKVWASFQATNEGTRS —————=——————~
hCA-VB TWITKKQPVEVDHDQLEQFRTLLFTSE--GEKEKRMVDNFRPLQPLMNRTVRSSFRHDYVLNVQA-KPKPATSQATP
hCA-VI HWFVLADFVKLSRTQVWKLENSLLDHR--~—~ NKTIHNDYRRTQPLNHRVVESNFPNQEY —==—-=—=—==———~ TL
hCA-VIT TWIVLREPICISERQMGKFRSLLFTSE--DDERIHMVNNFRPPQPLKGRVVKASFRA-—————==—==————=————~
hCA-TIX IWTVENQTVMLSAKQLHTLSDTLWGPG-—-~~ DSRLQLNFRATQPLNGRVIEASFPAGVDSSPRAAEPVQLNSCLAA
hCA-XIT LWTVFRNPVQISQEQLLALETALYCTHMDDPS PREMINNFRQVQKFDERLVYTSFSQV - === —=————~— QVCTAA
hCA-XIIT  TWIVLKQPINISSQQLAKFRSLLCTAE--GEAAAFLVSNHRPPQPLKGRKVRASFH-——=-—==—=—-=—————— -
hCA-XIV LWTVEFYRRSQISMEQLEKLQGTLFSTEE--EPSKLLVONYRALQPLNQRMVFASFIQA GSSYTT

Figure 1-3 MSA for catalytically active hCA isoforms, depicting the Histidines coordinating the Zn ion in
cyan. Glu106, and Thr199 in grey, while in red, the Histidine proton shuttle. MSA produced with Mview (Brown et al.,
1998).



1.3. Non-Vertebrate CAs

CAs in fishes are studied with great emphasis, due to the abundant presence of
CAs in their gills, they follow a non-trivial homologue relationship to their tetrapod
counterparts, particularly, in the case of the cytoplasmic CAs, in a 2-to-4 orthologue
relationship. For CAs I, I1, III and XIII of tetrapod, cahz and ca2 can be found. These two
genes were part of a duplication process that took place only in teleost fishes, the vast
majority of species under bony fishes, 96% of all fishes (Datovo & Vari, 2013). They
have been proposed to be grouped under the clade called cal7a and cal7b (Ferreira-
Martins et al., 2016). This, with the caveat that a CA17 name had already been proposed
by Tolvanen et al., 2013. Although, to this date, this naming problem was brought to a
discussion by the authors, it shed a light in naming conventions and a need to structurally

classify the newly sequenced and discovered CAs.
1.4. Latest aditions to the CA superfamily

The next two classes of CAs with proven activity have been recently

characterized, 8- and (-CA in 2016 and 2019 respectively:

1.4.1 The 6-CA

First described after identifying a novel CA in the lumen of pyrenoid-penetrating
thylakoid of the diatom Phaeodactylum tricornutum, a photosynthetic aquatic
microeukaryote, showed no significant sequence homology with previously characterized
CAs, placing it in its own family group (Datovo & Vari, 2013). This protein named
Pt43233, have been recognized as an important player in the CO2-concentrating
mechanism (CCM). Thus, understanding the role of these enzymes in the CCM could

offer directions for improving photosynthetic yields with genetic engineering.

The crystallography structure of Pt43234, a homologous protein from P.
tricornutum was solved (Jin et al., 2016), showing high sequence identity in a specific
region with Pt43233, these two monomers showed B-fold presenting the typical features
of B-CAs. Structurally, certain similarities can be drawn against the B-CA class, the

general fold and the amino acids that make the metal-binding site are similar, yet, the
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active-site is built differently, since the residues come from different parts of the

sequence.
1 . . . . : . . .80
Pt43233 FETTMAK\/QQAFTGAATNDQLVAKTKSALSRFGFGS*NSLVATSFSDEVNRPLETDFAKEFKDTFSLGGLAGFPFSGV
Pt43234 MN\/TLTAVKKAFPDALTNAEL\U—\M\/SKRLSQFGYHKYNTLLATSLSDEVTRPLEQDFGEVYGKHFTMGGLAGFPFGGL
81 . 1 . . . . : .160

Pt43233 TGFGAMAKEI PDGGSCLVVYGPEVGVDLDGNVGTVNRRGREKGGTCGSAVAAAGYISKVFNGEADPAPAVPESS****
Pt43234 TGFGAMAGEI PDGGSCLLIYGSEVGVSWEGKWGTVARRGREKGGACGSAVAAAQAVTQAYQATLDESSSSSSSSATST

16l . . . 2 . . . .240
Pt43233  ———--———- MDAQQLYVGNMLLPYAERIGNAQDAMVELPYATYEPLDDLMOKIVAKGCGKVGGDGKIALLGGLQINTPA
Pt43234 PVYRYSNDPLDAQQGYVRDMLRPYAAT]lseaedvMVTLPVSVYDAQQKLVTRILDEGSNHIDGDGQIAVVGGIQINTPK

241 : . 1262
Pt43233 GCPDYFLPLRFEVRDNQNNVLDNLL
Pt43234 EMSDFFVVRRFCIRDSSGNMVENEM

Figure 1-4 Sequence alignment Pt43233 (263-521) and Pt43234. Zn coordinating residues in red, catalytic

Asp-Arg in gray, whereas the stabilizing histidine in blue.

1.4.2 The -CA

With the emergence of bacterial antibiotic resistance worldwide (Davies, 1996),
understanding of functional bacterial CAs has increased. Recently discovered in the
marine diatom 7. pseudonana. A newly sequenced CA that has low identity with any
known CA has given birth to a new family the (-CA (iota-CA) (Jensen et al., 2019). This
bacterial CA usually prefers Mn** over Zn>' as a cofactor. Furthermore, the -CA
identified in the genome of Burkholderia territorii (BteCAt) proved to be a good catalyst
in the hydration of CO2 and sensitive to inhibition (Del Prete et al., 2020).

Chrysochromulind sp-

Corynepy, eFinin o,
s

Figure 1-5 Phylogenetic tree of proteins containing LCIP63-like domains. Bootstrap values are shown
between nodes. The scale represents the number of substitutions per site. Diatoms (orange), bacteria (black),
cyanobacteria (blue), green algae (green), and other Chromista algae (brown) are shown. Fig. S4B from (Jensen et al.,

2019). Open access.
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Using protonography (De Luca et al., 2015) has been proven that BteCAt can be

presented as a dimer, the resulting molecular model showed a butterfly-shaped di-dimer.
1.5. Applications of CAs

Their involvement in crucial processes to sustain life, such as pH homeostasis,
transportation of CO, , respiration, as well as biosynthetic transformations like
gluconeogenesis, ureagenesis, etc. makes carbonic anhydrases an ideal target for
pharmacological applications. Among an extensive drug target repertoire, especially on
CAls, a recent work proposes CA IX as a novel candidate in liquid biopsy (De Luca et

al., 2015), showing the potential of a transmembrane-CA as a cancer marker.

Also, CAs are among the fastest catalytic enzymes known to date, the hydration
reaction accelerated by CAs lights a path in what could be a CA-based solution for CO»
capture, putting CAs as an outstanding research opportunity for environmental

purposes(De Luca et al., 2015)(Gonzalez & Fisher, 2014).
1.6. Scope of this work

Considering how spread and varied the carbonic anhydrases are inserted in life
forms as previously described, there is need for having a centralized database that can
hold information about them for researchers alike. Even more, to process information and
annotate this gene and protein family is a necessary development. On top of this, having
an application with concurrent access that allows to perform annotations over the data

about CAs is at this point, a necessary tool in the field.
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Chapter 2

LITERATURE REVIEW

Before proceeding to describe the proposed solution to the problem previously
described, multiple platforms can be found online dedicated to study, analyse, review and
inform about genomic information, some including exonic. To a greater extent, some web
platforms are dedicated to particular protein families. In this chapter, different tools are
reviewed, some of which have serve as a model when the proposed tool that is discussed

and analysed in the following chapters.
2.1. Protein family databases

In an effort to analyse the state of the art of tools to analyse protein families (super-
and sub-families as well) the following databases have been analysed and when possible,
extracted their origin, main aim, technologies used to construct it, their current status and
maintenance. For this a resource list created and curated, has been used to find protein
family dedicated databases (Health Sciences Library Systems, 2014). Several of them are
no longer accessible due to several factors, fortunately one of them being the availability
of upgraded versions residing in different servers. From this list, their current
development and technologies, it is a safe assumption that research groups dedicated to

study protein families develop their own pipelines, scripts and in general utilize well-
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established bioinformatics and genomic browsing tools. There is nevertheless, an
application that stand out for its fast growth, continuous and active development due to

the constant interest in the protein family that it tackles
2.1.1 BioCatNet

“The BioCatNet database system is a repository of sequence, structure and
biocatalytic data on protein families to facilitate protein engineering.” This online
database system, or collection of databases, for protein families is maintained by the
bioinformatics group at the Institute of biochemistry and Technical Biochemistry at the
University of Stuttgart, Germany. Already in its version 4, it separates different protein

families utilising the BioCatNet concept:

superfamily superfamily groups
homologous homologous
family family groups
proteins
positions experiments
.
annotations structures taxonomy biochemical function

homology models

Figure 2-1 BioCatNet, Hierarchically grouping of protein families

Where proteins are assigned to homologous families by similarity of their

sequence. Then a similar system to DWARF (Fischer et al., 2006).



Abbreviation

CYPED

ExED

GHI19ED

HYED

IRED

LCCED

LED

oTAED

SDRED

TEED

TEMLACED

TTCED

Database

CYtochrome P450 Engineering Database

Expansin Engineering Database

Glycoside Hydrolase 19 Engineering Database

Hydratase Engineering Database

Imine Reductase Engineering Database

LaCCase and multicopper oxidase Engineering Database

Lipase Engineering Database

®-Transaminase Engineering Database

Short-chain Dehydrogenase / Reductase Engineering Database

Thiamine

Database

diphosphate-dependent

Enzymes

TEM LACtamase Engineering Database

TriTerpene Cyclase Engineering Database

Engineering

No. of

sequences

52674

15089

22461

2046

1409

51058

280638

114655

168212

119567

483

2794

Table 2-1 Database collection available under BioCatNet

No. of

structures

595

21

27

229

1557

234

688

308

65

18

This collection of databases allows to browse using the native DataTables package

for displaying the tables of information, providing a good UX while browsing data. Some

earlier versions allowed the direct querying ofthe database, this was a big security breach.

2.1.2

CyBase

This database dedicated to the cyclic proteins(Fischer et al., 2006), it hosts and

analyses their sequences and structures together with applications in protein discovery.

Although currently maintained and updated it lacks on the use of current technologies,

making difficult to browse the data. It possess appropriate tools to analyse structures, such

as the termini distance distributions, yet the tools are hard to use in modern browsers.

This example of a database shows that regardless of the validity of the data, if

wrongly presented can deter the usage by having a poor UI/UX implementation


http://cyped.biocatnet.de/
http://cyped.biocatnet.de/
http://exed.biocatnet.de/
http://exed.biocatnet.de/
http://gh19ed.biocatnet.de/
http://gh19ed.biocatnet.de/
http://hyed.biocatnet.de/
http://hyed.biocatnet.de/
http://ired.biocatnet.de/
http://ired.biocatnet.de/
http://lcced.biocatnet.de/
http://lcced.biocatnet.de/
http://led.biocatnet.de/
http://led.biocatnet.de/
http://otaed.biocatnet.de/
http://otaed.biocatnet.de/
http://sdred.biocatnet.de/
http://sdred.biocatnet.de/
http://teed.biocatnet.de/
http://teed.biocatnet.de/
http://teed.biocatnet.de/
http://temlaced.biocatnet.de/
http://temlaced.biocatnet.de/
http://ttced.biocatnet.de/
http://ttced.biocatnet.de/

2.1.3 GPCRdb

Originally introduced in 2015(Fischer et al., 2006), GPCRdb is a continuous
development by the David E. Gloriam group. This Database is focused on G-protein
coupled receptors. This portal on continuous development (Kooistra et al., 2020) focuses
on GPCR protein family, an abundant protein that regulates many pathways in human
physiology, making this protein family account for 34% of targets of marketed drugs
(Hauser et al., 2017). Its due to this that many research groups focuses on them, making
GPCRs the most heavily studied drug targets. GPCRdb contains reference data,
interactive visualisation and experiment design tools for this protein family, as stated by
their website their current statistics vary from holding 423 Human proteins with 43,808
orthologues; 500 GPCR structures with 418 of them refined. In terms of usability, their
platform has had more than 38 thousand users in the last year, showing the broad interest

in this protein family.

IUPHAR  Rmcesior ity

o
I
=3

Figure 2-2 GPCRdb Model Statistics view: In the latest version for GPCRdb (Kooistra et al., 2020)
compelling views as the Model statistics analyses the accuracy of its models upon release of experimental structures.
Views like this make use of interactive tables to visualize and condense the information as the user needs, in-table

searches, exportable information as well as column modifiers and filtering.

Since GPCRdb curates sequence alignments, structures and receptor mutation and
builds interactive diagrams to visualise receptor residues and relationships (phylogenetic

trees). It is a great comparison tool for what a protein family portal can aim for.



2.14 CAbase as command-line

In 2015 a first approach to tackle a centralised CA database took part as a thesis
at the University of Tampere, Isokangas, 2016, a python-script oriented approach, with
programmatic access to ensembl, NCBI and other databases. This project with similar
initial motivations became a specific pipeline for CA and their Exons analysis tool, it also
provided the possibilities to perform protein analysis by using third-party software such
as SignalP (Nielsen et al., 1997) and TargetP (Armenteros et al., 2019). The approach
taken, produced two pipelines, one that handled the data and a second one that analysed

the conservation of exons per CA, visually displaying the location for cleavage sites.

Alignment for CA11
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[

Exon rank key:

Signal Peptide Arrow key:  Raw cleavage site l Signal peptide site l Combined cleavage site l Predicted presequence length

Methionine location: i Stop Codon location: l
Figure 2-3 Phylogenetically aware codon alignment of cDNA sequences using PRANK(L6ytynoja, 2014)
in CAbase

It is with certainty that the results obtained in this work are the direction that this

present work intends to follow, an in-depth analysis for CA-related exons.

2.2. Ensembl

As part of the European Bioinformatics Institute, the Ensembl genome database
project is a major actor in bioinformatics and a recurrent tool to find, browse, compare

and analyse genomic data.

Ensembl provides services and tools for comparative genomics procedures,
allowing to understand gene evolution, differences and similarities between species at the
gene levels, inferring gene functions based on homology and highly conserved regions,

important when identifying functional genes.



Comparative genomics is carried out in different taxa clouds, Ensembl Compara,
for vertebrates, Ensembl Metazoa Compara, for metazoa, etc. At the same time, there is
a Pan-taxonomic, a service which takes a subset of each of the divisions of taxa available

in ensembl, in addition to the previous, plants, fungi, protist are some of the examples.

EnsemblProtists} a

EnsemblMetazoa

EnsemblMetazoa

Figure 2-4 Ensembl Pan-taxonomic Compara. Comparative genomics can be carried out in greater detail in
each of the taxa clouds of ensebl, or in a more general manner in the pan-taxonomic view. Figure adapted from ensembl
comparative genomics website.

Gene trees is one of the ways Ensembl uses to carry out comparative genomics.
Gene trees are computed based on protein alignment, where each protein coding gene has
a representative protein, they are clustered using BLAST (Altschul et al., 1990) to create
multiple alignments which are then reconciled against the species tree allowing to infer
the homologues, indicating orthologues and paralogues, genes that come from speciation

and duplication events respectively.

The gene tree view graph has green areas that indicate alignment regions, and
their different shades indicated the level of clustering, depending whether the node is

collapsed or expanded. This view can be also exported in several formats. A more detailed



alignment view is possible, by selectign sub-regions in the gene tree and

WASABIAPP (Veidenberg & Loytynoja, 2021)
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Figure 2-5 Gene tree view for Human CA2. Light purple shaded region shows the expanded gene tree view,

where in red, the selected gene and species.

The orthologue section (of special interest for the current work), shows first, a

summary the table for which the selected gene possess different types of orthology. This

general table can be turned into a more detailed view, this table is built with

but allows minimum table interactions to browse the orthologues.

raw HTML

Orthologues @
Summary of orthologues of this gene Hide ©
Click on ‘Shaw delails' o display the orlhologues for on or more groups of species. Alematively, click on ‘Configure this page’ to choose a cusiom list of species
Speciea set Show detalls with 1:1 with y with
Primates (26 species) O 24 0 0
jumans and ather primales
Rodents and related species (32 specios) 0 al 0 0 1
Rodents, lagomorphs and iree shrews
Lauraslatheria (45 spocios) O 44 0 0
Camivores, ungulales and insectivores.
Placental Mammals (108 spocios) 0 104 0 0
Al placental mammals
Sauropsida (69 spacias) 0 a6 2 0
Birds and Repliles
Fish (86 spocies) 0 0 0 0
Ray-linned fishos
All (200 speclas) 181
Al species, including inveribrates

Selected orthologues Hide &

Avingdon island giant ortoise  1-10-1 7000 % 7000% [50] (42.57] vos
(Chelonoicils abingdon)
African ostrich 63.97 % 65.92 % m (93,64 Yos
(Siruihio camelus ausiralis)
15 (KL20B309.1:487,043-619,740:1)

Yiew Sequence Algnmants
Agassiz's desert loroise Vo1 CA2 (ENSGAGGO0000020035 020 % 8023% 2 (02.60] You
(Gopherus agassizi)

Vigw G r Faglons (PPEBO1002727.1:84,124-107,684:+1)

Viaw Sequence Alignments

Algerian mouse 1-10-1 Car2 (MGP_SPRETEL GO026788) 81.16 % 8116 % 50 100,00 Yo

(Mus sprotus)

mpare Reglons (3:11,825.730-11,830,849;1)

View Sequence Algnmants

Figure 2-6 Ensembl Ortholog table view. As exemplified by the human CA2 gene.
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The selection of specific orthologues allows to view the pairwise alignment
between the selected gene and the orthologue of interest, computed by Clustal

W(Thompson et al., 1994).
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Chapter 3

TOOLS AND METHODOLOGY, BUILDING CABASE

As described in previous sections, CAs are a ubiquitous, well-studied and, in
terms of dedicated tools, a de-centralized family of proteins. With this big scope in mind,
a system in which the analysis of such proteins and its genetic units is possible has been
conceived, enter, CAbase, a TPA:inferal database that aims to agglomerate information
related to CAs. With an initial motivation to solve some of the problems encountered
when newly sequenced CA members could be named, following naming conventions that
will structure and give sense to their names, it became clear that the potential of a tool of

this nature could extend beyond merely an informative archive.

Is for this reason that more dedicated bioinformatics tools were decided to be
included as part of its development. In this chapter the proposed solution is described,

from its architectural design and implementation, to its use and views. First an
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introduction to the technologies used to build the TPA. Second, an overview ofthe system

and its main capabilities are described. Lastly, the building of features for Exon analysis.

Figure 3-1CAbase logo: “From gene to protein”. Depicting a double helix

and a GPI anchor
The status of novel approach that CAbase claims, is in part due to the type of
development, it uses non- conventional technologies for Bioinformatic tools. CAbase is
a PHP-based web-application, that uses the Laravel Framework, allowing a robust and
secure multi-purpose application. Given its aim, it implements user access, with different
roles accessing different sections and tools. From being merely informative for guest

users, to allow the edit of raw sequences by higher administrative profiles.
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3.1. MVC

Laravel framework is a web application framework with expressive and elegant
syntax. A robust multi-purpose framework, backed-up by the most varied cross-industry
projects. The Model View Controller pattern of programming was proposed as an

approach for CAbase, allowing to modularize the different sections of the software.

3.1.1 Models

Models are the framework entities that define how to manipulate the data. It is a
programming layer between the application and the data. Following, an example of a

Model definition for the Gene model used by CAbase:

1 class EnsemblGene extends Model

2

3 use SoftDeletes

4

5 public 'ensembl genes'
6

7 protected 'deleted_at'
8

9 protected 'ensembl genomic_id'
10

11 public [

12 'ensembl genomic_id',

13 'taxon_id"',

14 'assembly name',

15 'source',

16 'db_type',

17 'display name',

18 'logic_name',

19 'description’',

20 'seq_region name',

21 'strand',

22 'start',

23 'end',

24 'sequence’,

25 'version'

26 1

27 public function taxonomy () {

28 return $this->belongsTo (\App\Models\Taxonomy: :class, 'taxon_id','id");
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29 }

30

31 public function homologyAsTarget () {

32 return $this->belongsTo (\App\Models\Homology::class, 'ensembl genomic_ id',
'target genomic id');

33 }

34

35 public function homologyAsSource () {

36 return $this->belongsTo (\App\Models\Homology::class, 'ensembl genomic_ id',
'source genomic id');

37 }

38

39 public function ensemblTranscripts () {

40 Return $this->hasMany (\App\Models\EnsemblTranscript::class,
'ensembl genomic_ id', 'ensembl genomic id');

41 }

This model is related to other models via ordinal relationships, for example, a
Gene, has many Transcripts Indicating that any given gene in the system can have, at
least one transcript. This defines the flexibility of each Model and what data can be

manipulated with them.

3.1.2 Controllers

In an MVC application the Controllers are the part that is in charge of handling
the requests an passes data from the Model to the views. This layer is the link between
the Model and the View. For a software that dissects its requests in an API, it is the
Controller the one handling the HTTP requests (properly routed by the routing engine of
the framework). In the following example the storage of a new Carbonic Anhydrase in

the system is shown:

1 public function store (CreateCarbonicAnhydraseRequest Srequest

2 {

3 Sinput Srequest->all () ;

4

5 ScarbonicAnhydrase carbonicAnhydraseRepository ~create ($input
6

7 success ('Carbonic Anhydrase saved successfully.'

8

9 return redirect (route ('carbonicAnhydrases.index'

10 }
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The following table summarises how the Requests are handled and implemented

in CAbase

Table 3-1CAbase Request structure Five basic manipulation are noted, followed by examples on how
CAbase implements them. Note: if soft delete is implemented, the destroy Request does not permanently delete the

resource, instead a PATCH request updates the resource indicating the date of alleged deletion

URI
Request  Description

example

/resource
index List all resources GET
/ensembl/genes/
- /resource/ {resourceId}
Show specific
show GET
resource .
/ensembl/transcripts/ENSABRT00000021194
/resource
store Store a new resource POST
/ensembl/proteins/
. resource/ {resourceld
Update the uniquely / v /" v !
update PATCH

identifiable resource
/ensembl /exons/ENSABRE00000115621

. Show possible edits /resource/ {resourceld}/edit
edit GET

for a resource

/taxonomies/9606/edit

/resource/ {resourceld}

destroy Delete specific id. DELETE

/carbonic_anhydrase isozymes/2

Another example in which the Controller plays a crucial role in CAbase, is the
handling of the tables, the DataTable entity, these entities will render views containing

interactive tables.
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1 public function {

2 EloquentDataTable

3 $dataTable

4 addIndexColumn

5 'action', 'ensembl/genes.datatables actions'
6 'fastaSeq'

7 'ensembl/genes.datatables details' 'ensemblGene'

9 'fastaSeq', 'action'

12 public function {

18 -> ( -> 0))

In order to generate a DataTable, the controller needs 3 parts. First, the data from
the Model and its relationships, EnsemblGene with faxonomy in the example above (in
order to render the species attributes), this in the query function,. Secondly, the html
function that will build the table for the view. Lastly, the dataTable function that will

return the dataTable object to the view.

3.1.3 Views

Views are the visual representation of the application; this layer of the software is

responsible for displaying the data that the Controller gathered from the Model. In Laravel
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an engine to render dynamic data is used, called Blade templating, this engine extends
HTML by injecting data retrieved from the Models. The following code block shows how
the Transcript sequences are included in the view, pre-processed before building the final

HTML passed to the client:

1 < = >
2 "col-md-4"
3 Genomic sequence:< >{!! toFASTA (SensemblTranscript->genomic_sequence, 60)!!}</ >

4 </ >

5 "col-md-4"

6 cDNA sequence:< >{!! toFASTA (SensemblTranscript->cdna_ sequence, 60)!!}</ >
7 </ >

8 "col-md-4"

9 CDS sequence:< >{!! toFASTA (S$SensemblTranscript->cds_ sequence, 60)!!}</ >
10 </ >

11 </ >

Or how the Exon edit view form is dynamically created

1 "card-body"

2 {!! Form::model ($ensemblExon, ['route' => ['exons.update',
3 SensemblExon->ensembl exon id], 'method' => 'patch']) !!}
4

5 @include ('ensembl/exons.edit fields"')

6

7 {!! Form::close() !!}

8 </ >

For the previous example, the @include directive will search for the edit fields in

the following route:

1 app/resources/views/ensembl/exons/edit fields.blade.php

This file, another blade template will include the rest of the form. Then, the final

view can be observed:
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Home | ensembl [ exons | ENSABREQ0000115621 | edit

Edit Ensembl Exon
Ensembl Exon Id:
ENSABRE00000115621

Start:

1377581

End:

1377617

Sequence:

ATGGCCCAGTCCGTGTGGGGCTATGACAGCGACAACG

Save ‘ Cancel

Figure 3-2 Exon edit view: The three editable attributes of an exon are shown in the form.
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3.2. The Database

As any TPA, there is a heavy database load on the application. For this, CAbase

relies MySQL as its RDBMS. An overview of the main accessed tables can be seen in the

following figure, the full diagram is listed in Appendix 2:

"] carbonic_anhydrase_isozymes ¥ | carbonic_anhydrases ¥ | homologies v | notes v | ensembl_exons v
id INT(10) id INT(10) id INT(10) id BIGINT(20) ensembl_excn_id VARCHAR(255)
& ca_id INT(10) # taxon_id INT(10) @ ca_id INT(10) | title VARGHAR(258) start VARCHAR(255)

ca_isozyme_name VARCHAR(255)
activity_type VARCHAR(255)
location VARCHAR(255)

ea_name VARCHAR(255)

=+ duplication VARCHAR(255) | H—
family VARCHAR(255)

orthology_type VARGHAR(255)
dn_ds INT{11)

& source_genomic_id VARCHAR(255)

content TEXT
| = note_type VARCHAR(255)
| - applies_to_cate DATE

| 2 end VARCHAR(255)
|  sequence BLOB
| 2 version VARCHAR(255)

created_at TIMESTAMP comment TEXT source._cigar_ine VARCHAR(255) | & users_id INT(10)
updated_at TIMESTAMP source_perc_pos DOUBLE(8.2) | & status_id INT(10) =
deleted_at TIMESTAMP e < source_perc_identity DOUBLE(8.2) |
+ source aligned_sequence BLOB = T—*
|  target_genamic_id VARCHAR(255)
| target_cigar_jina VARCHAR(255) | ensembl_transcripts v | ensembi_transeripts_exons ¥
=== target_perc_pos DOUBLE(S,2) snsembl_transcript_id VARCHAR(255) | ranscript_id VARCHAR(255)
| targst_perc_identity DOUBLE(8.2) | # ensembi_genomic_id VARCHAR(255) :e'mn _id VARCHAR(255)
: target_aligned_sequence BLOB | - display_name VARCHAR(255) i exon_number INT(11)
F | * logic_name VARCHAR(255) |
" users v | taxanomies ¥ 5 start INT{11) >
id BIGINT(20) id INT(10) w v o | end INT(11)
name VARCHAR(255) parent_id INT(10) T T | is_canonical TINYINT(1)
email VARCHAR(2SS) taxon_name VARCHAR(255) [y = **Ir** 3 I genomic_sequence MEDIUMBLOB
email_verified_at TMESTAMP comman_name VARCHAR(25S) I F E E | > cds_sequence MEDIUMBLOB
password VARCHAR(255) lineage._lavel VARCHAR(255) | " ensembl_genes v |  cdna_sequence MEDIUMBLOB
menuroles VARCHAR(255) » : ensembl_genomic_id VARCHAR(255) | = version INT(11)
remember_tokan VARCHAR(100} | & taxon_id INT(10) 3
created_at TIMESTAMP ! assembly_nama VARCHAR(255) >
updated_at TIMESTAMP : source VARCHAR(255) T
deleted_at TIMESTAMP | db_type VARCHAR(255) |
> " annatations ¥ I display_name VARCHAR(255) | " ensembl_proteins v
s A R0 | ogic_name VARCHARI(255) I ensembl_profein_id VARCHAR(255)
| # user_id BIGINT(20) L 4« description TEXT | # ensembl_transcript_id VARGHAR(258)
: staus VARCHAR(255) seq_region_name VARCHAR(255) : length INT(11)
I annolzted_enfty VARCHAR(ZSS) strand INT(11) I start INT(11)
________ he annotated_attribute VARCHAR(255) start INT(11) L end INT(11)
annotated_content VARCHAR(255) and INT(11) saencs OB
object_jd VARCHARI25E) sequence MEDIUMBLOB is_primary TINYINT(1)
m version INT(11)
= >

Figure 3-3 Database Model diagram for CAbase

3.3. Third-party tools

3.3.1 TaxaDB

As one of the first steps in development, CAbase has included the full NCBI
taxonomies entries from the Taxonomy Database (Federhen, 2012), using a third-party
application, TaxaDB (Gourl¢, 2019), this application is python based and focuses on
building a local taxonomy database for faster accession and local manipulation of the
data. Nevertheless, for the usage of CAbase it was requested for modification, allowing
the local implementation of the database to include not only scientific names, but also

common species names.
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3.3.2 Yajra DataTables

In order to build interactive tables, as the one implemented by 2.1.3, a plugin like
jQuery’s DataTables was needed. Yajra DataTables is a package that allows the usage of
DataTables, powerful tables with the Laravel framework. Making use of the full potential
by accessing the data via the Models and configuring the tables via Controller as shown

in3.1.2.

333 MView

Depicting the alignments and the colouring for their conservation has been done
incorporating a Perl-based application, MView (Brown et al., 1998). Here an example of

a call to the program from the CAbase environment

1 exec("resource path('views/mview/mview’)"

2 " ".$fileInput." > ".S$fileHtml

3 " -in plain"

4 " -width 60"

5 ." -coloring identity"

6 ." -html data"

7 , Soutput);

8 Sthis->comment ( implode ( , Soutput ) );

This block uses the app and uses the output to be later manipulated. The output is

an HTML version of the alignment with a fixed width. This information is persisted as a

file.

In MView, the percent of coverage reported in each alignment row is calculated

with respect to the reference sequence, the first sequence in $fileinput:

R - : : '
Yooy = FA % 100 Where R, is the number of residues in row aligned
l with reference row; U; = length of ungapped reference row.

As for the identity percentage reported in each alignment row is calculated with

respect to the aligned portion of the reference sequence.
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Where [ is the number of identical residues;

x 100
Ui(4) U, (A) = length of ungapped reference

row over aligned region.

3.4. CA Classification

In order to solve possible future naming conflicts, CAbase proposes a naming system for
consensus CAs. In order to achieve this, a simple three-way entity relationship, ensures

each species gets both its gene and isoforms named.

| carbonic_anhydrase_isozy v | carbonic_anhydrases ¥
id INT(10) id INT(10)

» ca_id INT(10) & taxon_id INT(10)
ca_isozyme_name VARCHAR(255) ca_name VARCHAR(255)
activity_type VARCHAR(255) r—# . duplication VARCHAR(255) +
location VARCHAR(255) - family VARCHAR(255)

created_at TIMESTAMP comment TEXT
updated_at TIMESTAMP S more.
deleted_at TIMESTAMP

| taxonomies v
id INT(10)
parent_id INT(10)
taxon_name VARCHAR(255) 'y
common_name VARCHAR(255)
lineage_level VARCHAR(255)
>

Figure 3-4 CAbase Gene-Isoform-Taxonomy database relationship model

With this structure, the following table (and landing page) of CAbase can be

generated:
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Search in CAbase

Family M. Species CAgene CAlsozyme Activity type Location Comments

cA active Cytoplasmic CA1 for Homo Sapiens

CARP VIl

Figure 3-5 CAbase Isoforms summary. This visible part of a more complete table, is the summary from the CAs

in human, showing the distinctive groups.
3.5. Ensembl as data provider
Originally developed in the Perl language, since 2012 has released a language-
agnostic API (besides the opening of a more compelling Perl API). The source of raw
data for CAbase is incorporated by the software by making use of this API. Prior to
populate the database, the API endpoints(Kumari & Kline, 2020) are here discussed. All

the following endpoints have the parameter content-type set to application/json in order

to obtain an easy to manipulate JSON object (Bray, 2017).
3.5.1 Homology Endpoint

The homology-based approach that CAbase possess and moreover the ortholog
approach is tackled by this endpoint. Particularly CAbase uses

2 https://rest.ensembl.org/homology/symbol/9606/ca4/
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type

taxonomy_level

dn_ds

method_link_type
id
taxon_id
species
protein_id

source
cigar_line

data perc_pos
(homology:sym bol) homologies

perc_id

align_seq
id
taxon_id
species

protein_id
target
cigar_line

perc_pos
perc_id

align_seq

Figure 3-6 Ensembl Homology symbol endpoint hierarchical representation of the response body

3.5.2 Lookup Endpoint

CAbase utilises this endpoint to obtain the main set of information for each entity,

Genes, Transcripts, Translations and Exon. The endpoint:
3 https://rest.ensembl.org/lookup/id/ENSG00000167434?expand=1;
shows the two required parameters, the StableID and expand 1, Each entity is

identified with its StableID and the expand parameter will show, for a gene ID, its

Transcripts, Exons and Translation. CAbase only stores protein coding transcripts.
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As Ensembl (and the major Biological databases too) stores the data, it might

happen that the same exon is under different transcripts

id id i
i assembly_name
seecies _5% y_
Parent db_type
biotype
obéctjxge end
._ODIM Exon object_type
assembly_name biotype seq_region_name
is_canonical species
source e —————
source start
db_ﬂee
assembly_name strand
|__description db_type version
lookuprid Transcript display_name
. Iogm_name id
display_name
seq_region_name db_type
Iogm_nmne q
strand en
seqg_region_name . length
Translation
object_type
start start
Parent
end end
Species
d version
stran —_— otart
version
S

Figure 3-7 Ensembl Lookup endpoint response body

CAbase does not hold duplicated information that comes from higher hierarchical

levels, i.e., the species for the exon or transcript, as well as the as db_type.
3.5.3 Data retrieval

In order to obtain the raw data from which CAbase and its users will perform
analysis and annotations, it is necessary to persist the data for it to be manipulated. The
way in which CAbase obtains this data is utilizing a common interface in web design, a

step-by-step wizard, or assistant. It has been designed this way due to the Homology-
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based approach to obtain the different genes and their information. The assistant view can
be summarized by the following steps with their use of different endpoints of the REST
API:

1. Select the CAbase of interest
1.1. Select the species source of the homology
1.2. Select one of their associated CAs
2. Collect their homologue
2.1. The main Gene Stable ID for the selected CA is
shown
2.2. Using the homology/symbol endpoint a summary of
the number of homologies and orthologues are
displayed
3. Collecting the entities data
3.1. With the list of ortholog genes, their
information is obtained by using the lookup/id
endpoint
3.2. Using the sequence/id endpoint, the sequence of
each entity is obtained
3.2.1. Genomic for Genes
3.2.2. CDS, c¢DNA and Genomic for Transcripts
3.2.3. Peptide Sequence for Translations
4. All the previously collected data is persisted in CAbase

In the following figures, the process of bringing novel data into the system is
exemplified by downloading information for cal2 gene for zebrafish

(ENSDARG00000045644).
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1. Selecting the Reference species and the Reference Carbonic Anhydrase:

Ensembl Data Wizard

[ @ © @ ®

Select CA Homology Lookup Sequence

CAbase will download all the information related to the Carbonic Anhydrase here selected. This information
includes all the references species homologies, their gene, transcripts, exons and translations, as well as full
genomic and protein seguences (where it applies)

Reference species:

Danio rerio

Reference Carbonic Anhydrase:

cal12 v
Orthology type Homologies Annotated Last update
One to One 0
One to Many 0
Many to Many 0

Figure 3-8 Ensembl wizard, step 1 CA selection

When the aforementioned CA is selected, a table displays that there are no

orthologues found in CAbase, indicating it is new data being incorporated to the system.
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2. Accepting the symbol found.

The second step will show the symbol found using the homology/symbol

endpoint:

O—8—O0—0—=0

Select CA Homology Lookup Sequence

Homology search result:

Previously selected CA: cal2
Ensembl genomic ID: ENSDARGO0000045644
Homologies found : 315

Orthologues found : 296

ChAbase will download the genomic, transcript, exon and protein data for each homology of the type
ortholog for this dataset, if the information is ok, press next.

Figure 3-9 Ensembl wizard, step 2 Homology search

CAbase will discard the paralogs homology, accepting only orthologs in ‘one to

one’, ‘one-to-many’ and ‘many to many’ relationships.
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3. Downloading the gene tree information

@ @ © @ ®

Select CA Homology Lookup Sequence

Loading IDs: ENSDLAG00005022828, ENSGFOGO00000013852, ENSCUSG00005014825,
ENSMMDGO0005011332, ENSCAFGO0000016930, ENSMGAGO0000004066, ENSGAFG00000020662,
ENSCMMGO0000003147, ENSMZEG00005022519, ENSCCRGO00015032068, ENSCCRG00015003070,
ENSCSEGO0000002347, ENSPTXGO0000012828, ENSJHYGO0000015682, ENSGEVGO00050179086,
ENSPEMGO0000020817, ENSPMRGO0000022998, ENSPVIG00000017674, ENSOMEGO0000008116,
ENSOMEGO0000022269, ENSTNIGO0000008411, ENSCLAGO0000009814, ENSAPEGO0000019875,
ENSOTSGO00005025839, ENSBGRGO0000026023, ENSFALGO0000010565, ENSNMLGO0000006434,
ENSCPIG00010009743, ENSS0CG00000017350, ENSECAGO0000017217, ENSOABGO0000021059,
ENSTRUGO0000013194, ENSG0O0000074410, ENSCHOGO00000013483, ENSPSNGO0000000410,
ENSIPUGO0000021729, ENSZLMGO00000005783, ENSATEGO0000008047, MGP_CAROLIEIJ_GO032381,
ENSSFAGOD005023269

Figure 3-10 Ensembl wizard, step 3 Detailed gene information retrieval

The figure shows the culmination of the download, this process utilises a POST
request, meaning a group of maximum 500 identifiers are sent as a request to the lookup
endpoint to the ensembl servers. Given that this request is used utilising the parameter
‘expand’, that retrieves the whole gene tree (transcripts-translations-exons) and in order
to reduce the server’s workload, batches of 50 symbols are sent per request. It is worth
mentioning this endpoints response body does not contain sequences, for this reason a

separate step for this is needed.
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4. Downloading the gene tree information

In a similar manner to the previous step, the sequences are retrieved using the

same homology dictionary (gene ids), expanded by the ids for transcripts, translations and

exon ids from the previous step.

@ @ ® 0 ©

Select CA Homology Lookup Sequence Results
100% 100%
Gene sequences Transcript seguences
Total ortholog genes: 297 Total transcripts: 734
100% 100%
Protein sequences Exon sequences
Total proteins: 734 Total exons: 6360

Figure 3-11 Ensembl wizard, step 4 Sequences. Indicating the number of sequences in download process.

5. Results table

@ @ ® @ 5]
Select CA Homaology Lookup Sequence Results

Results Table for cal2 of danio_rerio. The data is being inserted in CAbase and will be ready shortly to be
used. You can close this assistant by going to the last step.

Status Entity Sequence type Count
Genes Genomic 297
Transcripts Genomic, CDS, cONA 734
Proteins Peptide 734
Exons cDs 6360
Orthologs Peptide 296/315

Figure 3-12 Ensembl wizard, step 5 Results.
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3.6. The platform

CAbase uses a profile system that differentiates 3 types of users, guest, researcher
and administrator. Guest user can only access the homepage and browse the different
Carbonic Anhydrases in the system, whereas the researcher can have full access to the
information and its distinction with the administrator profile is that in order to perform
any change in the data, this has to pass a process of validation. With the exception of the
Manual annotation’s description, the views here onwards described are proposed from
the administrator’s point of view, in which any changes proposed are immediately

reflected in the views.
3.7. The entities tables

As seen in 3.2 each of the basic information is hold in separated entities, where
each of them has a separate view in the platform. These views are CAs with CAs Isozymes
as a separate view), then, the Homology table, finally the ensembl entities, Genes,
Proteins, Transcripts and Exons, with this information the following analysis views have
been developed. Since the Exon analysis is the focus of the present work, the Exon view

1s now described.
3.7.1 Exon view

The information that the Exon holds has been already discussed in , and to this
there are some attributes that needs to be added. As ensembl (and the major Biological
databases too) stores the data, it might happen that the same exon is under different
transcripts for this reason, each exon might have a different exon number, hence, the link
to the transcript(s) that the exon is present indicates in parenthesis the exon number for
that transcript. Each exon, is a row in the table that has 3 actions view, edit and delete.!

The editable information is the raw sequence (CDS), its start and the ending positions.

'View is accessible by all users, Edit and Delete is seen by administrator user whereas the

researcher will see Annotate.
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Exons

& ‘ X Jo | B | c ‘ £ Column visibility =

Search:
TranscriptiD (eNumber) . ExonID Start End Length (bp) Sequence
ENSABRT00000009138(1) ENSABRECOOQ0050411 2683115 2683538 423 = 52 2 i
ENSABRT00000009138(2) ENSABRE00000050413 2678962 2679086 124 = 0 s B
ENSABRTO0000009144(3)
ENSABRT00000009138(3) ENSABREOOOQ0050415 2655739 2655801 62 = 52 2 o
ENSABRT00000009156(5)
ENSABRTO0000009138(4) ENSABRE00000050417 2654317 2654365 8 = 6 2
ENSABRTO0000009156(6)
ENSABRT00000009138(5) ENSABRE00000050419 2651407 2651519 12 = ¢ s om
ENSABRT00000009156(7)
ENSABRT00000009138(6) ENSABRE00000050421 2646177 2646349 172 = PR
ENSABRTO0000009156(8)
ENSABRT00000009138(7) ENSABREOOO00050425 2633850 2634430 580 = 52 2 i
ENSABRTO0000009156(9)
ENSABRTO0000009144(1) ENSABRE00D00050450 2683460 2683538 78 = PR
ENSABRT00000009144(2) ENSABRE00000050451 2683115 2683306 191 = ¢ s om
ENSABRTO0000009156(4) ENSABRE00000050452 2658202 2658297 95 = 6 2 B
ENSABRT00000009156(1) ENSABREOOOQ0050497 2683115 2683306 191 = 52 2z L)
ENSABRT00000009156(2) ENSABRE00D00050498 2681894 2682033 139 = 0 s B
ENSABRT00000009156(3) ENSABRE00000050500 2678962 2679086 124 = PRI

Figure 3-13 Full Exon Table.

Exon Details Full Exons Table

Sequence:

CDS Sequence

Ensembl Exon ID: TGTTAATAGG TGGGCCGTTA CCTCGAGGAC ATGAGTTTGA ACTACACGAT GTTCGATTTC ACTGGGGGAG AGAAAACCAG CGTGGTTCTG AGCACACAGT 100

ENSABREO0000050413 TAATTTTAAA GCCTTTCCCA TGGAG
Ensembl Transcript(s) ID: Reading frames
ENSABRT00000009138 exon: 2 RF1: C++VGRYLED MSLNYTMFDF TGGEKTSWVL STQLILKPFP W
ENSABRT00000009144 exon: 3 RF2: VNRWAVTSRT #V#TTRCSIS LGERKPAWF+ AHS#F#SLSH G
Length: RF3: LIGGPLPRGH EFELHDVRFH WGRENQRGSE HTUNFKAFPM E
124 bp
Aligned frames (5'->3")
Start: 10 20 EL] a0 50 60 70 80 1]
2678062 | I 1 | | | 1 I |

TGTTAATAGGTGGGCCGTTACCTCGAGGACATGAGT TTGAACTACACGATGTTCGATTTCACTGGGGGAGAGAAAACCAGCGTGGTTCTGAGCACACAGT 100
C = *x V6 RYLEDMSTLNYTMFDFTSGGEI KTSVVLSTH® OL

e VNRWAVTSRT*V s+ TTRTCSTISLGERTIEKTPAWTF+AHS
2679086 LIGGGPLPRGHETFETLHDVRFHWNSGREIMNTE ERGSEHTYV
Version: TAATTTTAAAGCCTTTCCCATGGAG

I LKPFP W
# F » 5§ L S HG
N F K A F P ME

1

Edit this exons”

Figure 3-14 Detailed Exon view will display the CDS code in a maximum of 100 bp per line. Reading frames

are possible to visualize too.
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Exemplified by the exon view, this general view (Figure 3-13), and detailed view
(Figure 3-14) can be applied to all the previously discussed entities of the system. In the
views themselves, upper buttons allow to export the table to different formats (plain text,
csv, xIs or PDF) or access the printable view. Reset and reload buttons are available in
case the view wants to be taken back to its original state. Colum visibility allows to have
a clear view on the attributes of interest. The views implement a saved state where the

column viewed, their reordering and sorting is saved for future logged sessions?.
3.8. Predicted translation

This function indicates, if any of the possible peptide sequences from the exon’s
CDS code i1s matched within the translation of the transcript, with the following

convention for the labels:

aa  The Reading frame in which there is a complete match in the full

translation, next to the label, the amino acid chain length of the exon

aa Indicates a partial match in the full translation, indicating the ORF with a

greater length matched. Next to it, the length of the match.

There is no match found within the full peptide sequence. Matches of

single aa are not counted.

3.9. Exon Tagging

On both sides of the exons, reside the intronic regions, parts of non-coding DNA.
these sequences are proportionally much more extense than the exonic or coding regions.
The importance of identifying these sites for each exon cannot be understated, and they

can allow to better understand the role they play in the expression pathway of the gene.

2 This applies when the user logs in with the same browser
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This process is not only for the canonical spliced transcriptome. Analysing all
exon for the Carbonic anhydrase family can incorporate new knowledge in areas such as
Alternative Splicing, mechanism that plays an utterly fundamental role in gene function

and expression.

The feature called ‘Exon tagging’ is a process that analyses all exon
presents in CAbase and annotates them by looking for the predecessor and successor
dinucleotides, taking advantage of the fact that introns have consensus dinucleotides in
each end. ‘GT’ is in the beginning of most introns (after each exon except the last one)
and AG is in the end of each intron, before each exon except the first one. They serve as
marker for exon cleavage to transform pre-mRNA into mRNA. Knowing the exon start
and endpoints, the transcript length and its start and endpoints also makes it easy to
retrieve those dinucleotides and with them, label each exon with the following annotation

structure:

1. *Splicing OK’: The exon is tagged with this label when the exons
neighbouring introns end and start with the consensus dinucleotides. If the transcript starts
or end at different positions than the first or last exons, the end or the start of the non-

coding regions, respectively, are not considered.

2. ‘Non-standard 5'’: When only the 5’ ending of the neighbouring

intron does not contain the expected dinucleotides.

3. ‘Non-standard 3'’: When only the 3° ending of the neighbouring

intron does not contain the expected dinucleotides.

4. ‘Non-standard 3’ & 5’ “:Theexondoesn’t have any of the 2

expected endings and start of the flanking introns..

A 5th and 6th tags have been proposed that indicate a higher degree of

manual curation:

5. ‘OnlyExon’: When the exon does not possess intronic regions

because its length is marked the same as the transcript that it belongs.
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6. ‘Error-': The calculations might fail due to erroneous or missing

data, inconsistent lengths, in these cases an extra start of the tag indicates it.

The following code block shows the approach taken to tag the exon. This is the

script that runs on the server side and persist the data in a simple if-else manner.

3.9.1 Manual annotations

CAbase user management system allows three different profiles, administrator,
guest and researcher. Researchers are the profiles that can perform manual annotations
over different entities in the system. These annotations undergo a process from when they

are created, until they are public information to guest and general public of the system.
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At first, the researcher browses the entity that wishes to annotate, this can be
achieved from any of the previously discussed views of the system, in particular, the exon

analysis related views

As described before, this can only be performed by researcher users. In any entity
or view that a change in the information wants to be perform, it will undergo a validation

process of the annotation.

Where the user initiates the process and the data is persisted with a status of new
annotation. This marks the start on which the administrator has to take action and the new

data proposed can have the following status:

a) Accepted: Data in this status is reflected for all users
b) Rejected: For which no further interaction takes place.

¢) More info: For this status, the researcher provides more information.

The manual annotation process is considered complete when the modified data is

set to either a) or b).
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Chapter 4

RESULTS AND DISCUSSION

In the present work, the results obtained using CAbase for different exon analyses
are described in this chapter, utilizing graphical and programming codes as resources.
The resulting Exon analysis tool, uses the features previously described. Firstly, a review
of the present CAs in the system and how the information in CAbase relates to current

literature. Second results obtained in selected CAs for their Exon analysis view.
4.1. Carbonic Anhydrases

Of the total of 47 CAs as genesis for the dataset can be summarized in the
following table, in which the amount of orthologs is shown, this amount is calculated with
the relationships ‘One to one’ and ‘One to many’, since from these homologues is
possible to extract more meaningful information for this analysis, still, CAbase holds the

3 types of ortholog.
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Table 4-1 Source CAs and their orthologs

CA1 ENSG00000133742 156
CA2 ENSG00000104267 196
CA3 ENSG00000164879 249
CA4 ENSG00000167434 453
CA5A ENSG00000174990 109
CA5B ENSG00000169239 302
CA6 ENSG00000131686 286
Human CA7 ENSG00000168748 294
CA8 ENSG00000178538 293
CA9 ENSG00000107159 176
CA10 ENSG00000154975 206
CA11 ENSG00000169605 160
CA12 ENSG00000074410 280
CA13 ENSG00000185015 187
CA14 ENSG00000118298 262
Car1 ENSMUSG00000027556 168
Car2 ENSMUSG00000027562 211
Car3 ENSMUSG00000027559 264
Car4 ENSMUSG00000000805 468
Carba ENSMUSG00000025317 124
Car5b ENSMUSG00000031373 317
Car6 ENSMUSG00000028972 301
Mouse Car7 ENSMUSG00000031883 294
Car8 ENSMUSG00000041261 308
Car9 ENSMUSG00000028463 191
Car10 ENSMUSG00000056158 221
Car11 ENSMUSG00000003273 137
Car12 ENSMUSG00000032373 295
Car13 ENSMUSG00000027555 201
Car14 ENSMUSG00000038526 277
Car15 ENSMUSG00000090236 235
cahz ENSDARG00000011166 104
ca2 ENSDARG00000014488 79
ca4b ENSDARG00000042293 275
cada ENSDARG00000043589 255
cadc ENSDARG00000044512 264
caba ENSDARG00000101778 306
cab ENSDARG00000056499 287
Zebrafish ca’ ENSDARG00000045139 294
ca8 ENSDARG00000039098 293
cal0a ENSDARG00000052644 286
ca10b ENSDARG00000009568 286
cal2 ENSDARG00000045644 279
cal4 ENSDARG00000061697 257
calba ENSDARG00000015654 47
cal5b ENSDARG00000040510 68
ca15¢c ENSDARG00000002259 47,
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Also, due to the known differences among classes of CA, the results have been

grouped by location of the CAs isozymes.

Table 4-2 CA distribution by attribute

Active
Inactive

Cytoplasmic
Mitochondrial
Transmembrane
GPl-anchored
Secreted

291,6
260,2

253,6
2845
330,0
2946
367.,6

890
1100

627
890
678
876
704

67
79

71
67
79
96
78

19 333,04
145 937,42

18 083,23
27 958,32
20971,99
10 826,80
17 075,16

266907
1345934

266907
227238
266907
206163

80351

219
240

219
240
240
532
576

Interestingly, the gene length for inactive CAs (CARPs) is considerably greater
than those active, the biggest gene being ENSOARG00020021387, from domestic sheep.

Table 4-3 CA isoforms with their average and maximum length of peptides (aa) and nucleotides (nt)

CAIl
CATI
CA I
CAIV
CAVA
CAVB
CA VI
CAVII
CARP VIII
CAIX
CARP X
CARP XI
CA XII
CA XIII
CA XIV

Cytoplasmic
Cytoplasmic
Cytoplasmic
GPI-anchored
Mitochondrial
Mitochondrial
Secreted
Cytoplasmic
Cytoplasmic

Transmembrane

Cytoplasmic
Cytoplasmic

Transmembrane

Cytoplasmic

Transmembrane

240,78
253,68
262,16
294,57
277,66
289,34
367,58
255,06
269,82
321,25
285,24
192,21
339,87
260,25
325,93

627
393
527
876
726
890
704
527
527
678
383
1100
578
527
527

20 335,36
15 167,71
23 504,53
10 826,80
23 114,54
31 341,56
17 075,16
10 926,88
51357,97
10 854,76
353 009,50
6 094,63
34 055,19
21555,73
13 930,12

266 907
266 907
189 013
206 163
200 314
227238
80 351
72 227
210 888
266 907
1345934
27 506
223 441
266 907
117 423

A more detailed view in a per-isozyme table allows to see how transmembrane

CAs are longer in comparison with the rest of CA types, with the exception of the only

secreted CA, due to the pentraxin domain (Patrikainen et al., 2017).
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4.2. Exon Analysis

This view is the development result of combining the different entities and their
attributes. In this table view, each row of the table is a transcript, a detailed-row approach
has been implemented. The following schematic shows the different sections that this

view holds. Next, each section is described.

Tl

+
I

Figure 4-1 Schematic representation of Exon Analysis table, when expanded, each transcript will show 3
distinctive sections, (1) Exon table, (2) Pairwise Alignment and (3) Exon distribution prediction

The Exon table section shows the following information, the exon number, the
linkable exon ID, the base pair length the splicing tag, the 5’ and 3’ dinucleotides of the

flanking intronic zones where it applies and finally, the predicted translation per exon.

In the pairwise alignment section, the aligned peptide sequence visualization
utilizing MView (MView) between the selected transcript aligned against the primary
protein (the canonical transcript) of the selected source CA for the view. Alignment has
been calculated using CLUSTAL W. The alignment is shown using the default colouring
of MView based on identity.

The exon distribution prediction has been designed following patterns that are not
common in other bioinformatic tools, trying to adjust the visualization for a better
understanding of their distribution against a prototype transcript. The prototype transcript

is the canonical transcript for the selected CA gene.

This Exon table allows to perform annotations over the whole transcript as well

as per exon, taking the user to the previously described editing view.
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Lastly, this view calculates the order of the exons based in their assorted starting
points, depending on the strand. The response body from ensembl’s lookup endpoint does
not include the exon number for the transcript as an attribute, this information can be only
derived from the index ordering of the object. Given that the response object ()The
ordering usually matches with the index of the response. Nevertheless, cases where found

in which following this pattern, the exon numbering was reversed

A complete view that took the Homology-based approach and agglomerated the

information in a table as shown in this chapter.

The main table view possesses different sorting, search and filtering in order to
best find the matches needed by the researcher. In the advanced search functionality
different filtering options allow to only show and search within certain fields, possible to
focus in desired attributes, i.e., the orthology type or only canonical translations per

species.

This table is the first step in order to proceed onto an Exon analysis. This analysis
is performed on a Transcript based set. From the previous table described in Figure 4-1,

column 3 is a button that opens up the Exon analysis view per row.
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Exon Analysis

Ortholog CA:

ca7 (zebrafish) w

@ @ | XX B | [ Columnyvisibility= | Show advanced search

Ortholog Transeript Protein
Exons  CA Orthology . Name lengthaa 4 TranscriptiD Translation ID Gene iD Species
(S I a7 One 2 One 480 ENSCAFT00040036798 ENSCAFROD040031183*  ENSCAFGO0040019310 Canis lupus familiaris dog
o 2 = ca? One 2 One CA7-203 480 ENSCAFT00030020180 ENSCAFPOD030017697* Canis lupus familiaris dog
o 3 *= ca? One 2 One 4869 ENSCAFT00040035836 ENSCAFP0O0040031215 ENSCAFGO0040019310 Canis lupus familiaris dog
o 4 = ca? One 2 One CA7-201 403 ENSRFET00010019815 ENSRFEPOO010018179* ENSRFEGO0010012260 Rhinalophus ferrumequinum
T
o 8 *= ca? One 2 One ca7-201 353 ENSONITDOO )68878 ENSONIPOOQ00036344% ENSONIGO0000003072 Oreochromis niloticus  Nile tiapla
o 7 = ca? One 2 One CA7-201 347 ENSDLET00000004202 ENSDLEPQ0000003734* ENSDLEG00000002922 Delphinapterus leucas beluga
o -] = ca? One 2 One CA7-201 330 ENSLLETO0000026172 ENSLLEPOD000025210* ENSLLEGO0000016009 Leptobrachium leishanense
O i += o One20ne  CA7-202 a26 ENSDLETO0D00004208 ENSDLEPOOO00003740 | ENSDLEGO0D00002022 Delphinapterus leucas ‘eliga
o m += ca? One 2 One CA7-201 324 ENSOCUT00000054939 ENSOCUP00000032002* ENSOCUGO00000027920 Oryctolagus cuniculus
O = One20ne  car-210 310 ENSENLTO000D054884 ENSENLPODO00DS3410* | ENSENLGODD00022256 Echeneis naucrates
o 13 = ca? One 2 One ca7-206 308 ENSCLMTO00005001191 ENSCLMPQO00S001103* ENSCLMGO0005000592 Cyclopterus lumpus  lumefish
0wz o One2Many  a7-202 306 ENSSANTO00D0034952 ENSSANPO0DD0032844¢ | ENSSANGOODDO016694 Sinacyclocheilus anshulensis
o 15 = ca? One 2 One CA7-202 308 ENSCAFTO0000043868 ENSCAFPOD000039305* ENSCAFG00000020399 Canis lupus familiaris dog
o 16 = ca? One 2 One ca?-209 305 ENSENLTO0000054682 ENSENLP0O0000053408 ENSENLGO0000022256 Echeneis naucrales live sharksucker
o 17 *= ca7 One 2 One ca7-201 305 ENSIPUTQ0000036320 ENSIPUPOQ000034943¢ ENSIPUGOQ000023469 Ietalurus punctatus chanmel catfish
o 8 *= ca? One 2 One CA7-201 305 ENSSSUTO0005037163 ENSSSUP00005032589* ENSSSUG00005020980 Suricata suricatla meerkat
o 19 = ca? One 2 Many ca7-201 209 ENSHHUT00000041393 ENSHHUPOO000033847* ENSHHUGO0000024665 Huche hucho  huehen

Figure 4-2 Main Exon Analysis view, this example shows each row an ortholog for ca7 (zebrafish) [stablD:
ENSDARG00000045139]. The table shows 19 out of 311 found orthologues, sorted by protein length. Multiple selection
shows red piranha and rainbow trout selected. Note: due to their length, some common name species have been removed

for representational purposes.

4.2.1 Exon Analysis Case

The following results were obtained by defining a CA of interest, the GPI-
anchored CA4, Using Car4 as a source for the homology, choosing the orthology type as

‘One to one’
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Nr. Exon id Length Splicing 5" 3 Predicted translation

1 H00602€ 54 (bp) Splicing OK [CL &7 BT
MRAVLSLLTL LCSAPGAA

26 (bp) Non-Standard 3' & § A o (D=
KKDRSYEF
3 N YO0 32 (bp) Non-Standard 3' A cc  IED 0

LESHEYPISS

164 (bp) Splicing OK a6 6T CEED sa
PAHWADOHPY CGGRROSPIN VWTRKAQYDS SLEPFTFEGY 49
DQTHSVTAEN LGHS

145 (bp) Splicing OK a6 6T (TEDas
HFALSSSVRT QGGHMPOWYK AVNFHLHWGH EAGPGSEHTI 40
DGEQFPME

53 (bp) Splicing OK a6 6T CIED s

LNTKOSWNTT KHIMGGNV

7 NSLOX 6 27 (bp) Non-Standard 3' ac ot e
LEGCMNALA

80 (bp) Non-Standard 5' ac o1 CEED 2s

LSLOESSQON PYYKVLIDAL DEVKHA

9 ENSLOK 603 1e 163 (bp) Splicing OK A 6T (D sa
NATIITALOL VSILPKPQOL RKYYYYSGSV TVPOCDEAVY 48
WAVFETPIRI SREQ

10 | ENSLOC y 107 (bp} Splicing OK AC D 3

Figure 4-3 Exon table details for transcript ENSLOCT00000006442

The exon annotation based on their cleavage sites, shows that 4 exons have non-
standard intron termination, start or both. This result, aligns with the predicted exon

distribution as shown in the following figure:

Prototype transcript Car4-201 @G LIILIDEIEEYTY 8256 bp

ENSMUSE00000661552
84965611

Predicted exon distribution ca4c-201 7571 bp
s Sy T I ¥ T 1

Figure 4-4 Exon distribution prediction for ENSLOCT00000006442 against ENSMUST00000103194. Note:

Mouse is hovering over the prototype’s exon Nr. 4, denoting the difference in length for the same numbered exon.
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As for the pairwise alignment, it was possible to observe that such prediction for
this particular transcript the expected results were based in known base pairs that usually

act in the splicing machinery. With a %;; of only 27%.

Pairwise Alignment

cov pid 1 [ . . i . 2 . 60
1 ENSMUSGOP0Q0000805 100.0% 100.0% MOLL---LALLALAYVAPSTEDSGW ——-—==——=——= YEI--QTK---DPRSS L-GPE
2 ENSLOCGO@0Q00R5339 80.0% 27.0% MRAVLSLLTLL————————— SAPGAADKKDRSYEFSLESHEYPIS-—-S——E-PA

cov pid 61 i . . 1 . o 120
1 ENSMUSGOP0Q0000805 100.0% 100.0% KWP—-GA KENQQSPINIVTARTKVNPRLTPFILVGYDQKQQWPIKNNQHTVEMTLGGG
2 ENSLOCGO0000085339 80.0% 27.0% HWADQHPY GGRRQSPINVVTRKAQYDSSLEPFTFEGYDQTHSVTAENLGHSVHFALSSS

cov pid 121 z g : 5 ; . 180
1 ENSMUSG0O0000000805 100.0% 100.0% A IIGGDLPARYEAVQLHLHWSNGNDNGSEHSIDGRHFAMEMHIVHKKLTSSKE——-DSK
2 ENSLOCGOPO@P0B5339 80.0% 27.0% VRTQGGHMPDWYKAVNFHLHWGWEAGPGSEHTIDGEQFPME——LNTKQ-SVNTTKH-——

cov pid 181 - 2 o . - . 240
1 ENSMUSGO0000000805 100.0% 100.0% - ——————————] DKFAVLAFMIE-VGD-KVNKGFQPLVEALPSISKPHST-STVRES-SLQ
2 ENSLOCGOP0@P0@5339 80.0% 27.0% IMGGNVLEQCMNALAVLSL-——-QESSQD-NPYYKVLIDALDEVKHAG-NRTII-TALQLV

cov pid 241 5 - = = 5 3 300
1 ENSMUSGO00Q0000805 100.0% 100.0% DMLPPSTKMYTYFRYNGSLTTPN DETVIWTVYKQPIKIHKNQF-LEFSKNLYYDEDQKL
2 ENSLOCGO@0Q0005339 80.0% 27.0% SILPKPQDLRKYYYYSGSVTVPD DEAVVWAVFETPIRISREQLT-AFSQKLLFRTEK——

cov pid 301 i - . % 1 348
1 ENSMUSGO00Q0000885 100.0% 100.0% NMKDNVRPLQPLGKRQVFKSHAPGQLLSLPLPTLLYPTLT LVANFLQ
2 ENSLOCG@P0Q0@05339 80.0% 27.0% PMKMTFRPTQPLNGRVVLRSS A

Figure 4-5 Pairwise Alignment for gene ENSMUSG00000000805 with ENSLOCG00000005339.

As indicated by (Dou et al., 2006)., identifying exon cleavage zones can serve as
an indicator for Alternative splicing Transcripts. This can be summarized by the
following table where all the present exons in CAbase have been annotated with the

splicing tag described in 3.9:
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Table 4-4 Exon tagging results

Splicing OK 48 891
Non-Standard 5' 460
Non-Standard 3' & 5' 294
Non-Standard 3' 2 535
OnlyExon 17

From this, the distribution of splicing cites corresponds to the one by. yet, it begs
the attention the tag on the 3-prime end, that stands with a 5,42% (considering the exons
tagged on both ends). These exons are grouped by species and by doing so, this tagging
could be attributed to the quality of the genomes.

4-51



Carp 79

Sinocyclocheilus anshuiensis
Goldfish

Medium Ground-Finch
Common S ing Turtle
Goodes Thornscrub Tortoise
Midas Cichlid

Duck

Ocean Sunfish

Mexican Tetra

Live Sharksucker

Little Spotted Kiwi
Eurasian Sparrowhawk
Pinecone Soldierfish
Komodo Dragon
Burrowing Owl
Yellow-Billed Parrot
Agassiz'S Desert Tortoise
Rainbow Trout

Japanese Medaka

Ruff

Spoon-Billed Sandpiper
Half-Smooth Tongue Sole
Gouldian Finch

Chinese Goose

Monterrey Platyfish

River Trout

Zebra Finch
White-Cheeked Gibbon
Argentine Black And White Tegu
Periophthalmus magnuspinnatus
Eastern Happy

Reedfish

Javanese Ricefish
Bengalese Finch

Tammar Wallaby
White-Throated Sparrow
Eurasian Shrew
Pundamilia nyererei
Huchen

Carolina Anole
Broad-Nosed Bamboo Lemur
Sooty Mangabey

Tiger Puffer

Blue-Crowned Manakin
Eurasian Red Squirrel
Human

Chinese Soft-Shelled Turtle
Coelacanth

Brazilian Guinea Pig

Red Piranha

Japanese Quail

Round Goby

Australian Ghost Shark
Lowland Gorilla

Leopard Danio
Chimpanzee

Giant Panda

Black Ferret

Greater Amberjack
Ring-Necked Pheasant
Red Fox

Crab Eating Macaque
Mongolian Gerbil

Inshore Hagfish

Atlantic Killifish

Common Marmoset
Common Turkey

Coho Salmon

Indian Medaka
Roundworm

Damara Mole Rat

Upper Galilee Mountains Blind Mole Rat
Spiny Chromis

Leishan Moustache Toad
Black Snub-Nosed Monkey
Clown Anemonefish
Coquerel's Sifaka

Yarkand Deer

Bovine

Struthio camelus australis
Mound-Building Mouse
Ursus thibetanus thibetanus
Siberian Musk Deer
Chacoan Peccary

Leopard

Figure 4-6 Frequencies of Non-Standard 3' Exon cleavage sites by nucleotide comparison
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Chapter 5

CONCLUSIONS

In the present work, a new Exon analysis tool for the Carbonic Anhydrase protein
family has been proposed. This novel approach utilises a web platform a novel tool for
this type of analysis. Yet, it allows different user profiles to explore and centralise

information regarding the carbonic anhydrases gene/protein family.

The usage of the solution described through this work, has been limited to a test
environment, having produce no significant changes to the current Carbonic Anhydrases
standardized information. In order to produce significant results, CAbase is set to be

deployed and open to the scientific community, in particular to researchers in CAs.

The Exon analysis produced, both views and tools are arguably a good start in
terms of the functionalities as a novel approach. The upcoming implementation of GFF3
will possibly be a major change in terms of the visualization of the exon alignment,
producing results that are in line with current online major alignment tools, or the ones

discussed in 2.1.4

Considering that the central work of this thesis project has been the Exon analysis

part, the discussion should consider the designs of the platform, views, database
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architecture as well as data sources. Is with this platform that the set of tools of CAbase

can be expanded.

Although the platform has been conceived using web technologies that are not
recurrent in daily use for bioinformatics analysis, the technologies chosen allow for both

replicate this analysis and to incorporate external calls for such tools.

Where the present work fails is to discuss is the validity of the results obtained.
Given the users constraints and the nature of the platform, a community of experts in this
protein family coming together to create consensus data is required to validate the results
obtained. This use case has not yet been implemented at the moment of writing this work,

hence this has not produced meaningful data.

In second place, the results that are discussed in this chapter refer to the ones
inherited to the design of the features and tools that CAbase has to offer to perform Exon

Analysis as well as other projected usage.
5.1. Exon Analysis

The exon analysis made utilising CAbase can be divided into automated and
manual work. In the first group the tools for exon tagging, the automated annotations
that allow to deeper understand the splicing machinery, and once fully implemented,

will allow to properly annotate the predicted (alternative) splicing of certain transcripts.
5.1.1 Exon tagging

As seen in the results section, different attempts were made on the exon tagging, to further
explain the difference in the proportions where in the 3-prime end, 5% of all the present
exons were tagged unexpectedly with a non-standard splicing site. Here these results are

discussed.

First, for this discussion, the dinucleotides counted are the ones encountered in
exons labelled as both ‘Non-Standard 3’’and ‘Non-Standard 3’ & 5’ which

are 2,743 and 298 out of 59,081 total exons annotated.
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Second, the tools used for this analysis are direct SQL queries to the database,

CAbase does not count with an interface for this type of analysis in a case-by-case basis.

Also, the exons that are discussed are the ones with valid genomic nucleotides.
From the source of data, a near neglectable number of cases in which the sequence
presented amino acids in their transcript’s genomic sequence (13 exons in 4 transcripts).
This will be further investigated. However, a bigger number of exons (or expected lengths
of nucleotides positions) were encountered in non-determined regions, or regions with

gaps, N-filled regions, 139 for this case.

Altogether, the CA-related exons of interest are 2,701. At the same time, the exons

labelled for the 5° are 300.

The dinucleotides on the 3-prime had to be dissected by classes at their lineage

level, resulting in the following table:

Table 5-1 Non-Standard 3' splicing per organism classes

Mammals 106 41 % 795 28 %
Fishes 80 31% 995 35%
Amphibians 2 1% 8 0%

Birds 49 19% 740 26 %
Reptiles 19 7% 344 12 %

Where, interestingly, Birds seem to contribute more to the number of exons

labelled as non-standard splicing on the 3’. However, for the mammalian class:
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Table 5-2 Dinucleotides on the 3' end for mammalian

Dinucleotides ~ Exons %
AA 26 3%
AC 21 3%
AG 24 3%
AT 22 3%
CA 27 3%
CC 26 3%
CG 6 1%
CT 39 5%
GA 49 6 %
GC 350 44 %
GG 55 7%
TA 52 7%
TC 17 2%
TG 51 6%
TT 30 4%

It was not possible to prove the already discussed expected ratio concluded by
(Burset et al., 2000), since the dinucleotide pair GC presents in a great percentage.
Nevertheless, this analysis brought the overall case of correct, or expected splicing label
of a 94% to a 95,5%. Furthermore, be this analysis expanded to a greater degree of
nucleotides, i.e. 6 as Dou et al., in 2006 proposed and the conclusions could be more

significant.
5.1.2 Exon distribution prediction

The graphical interpretation of the exon distribution lacks of features inherited to
the common exon representation. Intronic regions need to be better and more
proportionately displayed. It is firmly believed that with the integration of the GFF3 file
format to read exon positioning, the visualization will improve considerably. This in
conjunction with the already implement front-end will allow a refreshed way of
visualizing and navigating over the exon unit. As pointed out by (Movassat et al., 2019),
the exon size (and not necessarily sequence) conservation, is a strong predictor of

Alternative Splicing.

5-56



5.1.3 Pairwise Alignment

The Pairwise alignment available in CAbase, it can only be obtained against a
prototype transcript, hence little flexibility for the analysis is provided by CAbase. A
server-side implementation of pairwise alignment or even multiple sequence alignment

is possible given the described modularized development.
5.2. The designed platform

Even in fields diametrically opposite, platforms of this type offer a sustainable
and scalable solution, where online users can concurrently perform actions over
centralised data. The creation of such tool in the present field, and narrowed it for a
determined protein family is a solid first step in creating a complex and scalable platform
that could provide the necessary means for a targeted group of scientific knowledge, to

consolidate information and create consensus data.

Albeit CAbase performance has only been tested extensively in local
environments and in a more seldom manner in a commercial hosting service, the amount
of data does not propose any computational exigence thus far. It is the views themselves
that can be evaluated in their performance, and it was found that although easier to
program, Yajra’s DataTables package comes short in comparison with the features of the
original package (DataTables, s.f.). Even though Yajra’s package continues to adapt the
original jQuery version into Laravel, more complex sorting, searches, filtering and data
display in general have a longer expected time to be implemented. A good improvement
is to migrate to the original package which would allow more tables features, a good
example of the usage of this package can be found in 2.1.3. This, together with the
additional editor package (paid-package) or the CloudTables® (subscription) version
would take the UI/UX of CAbase to an eye-catching usability and design.

First, a pipeline with a more detailed planning is required to produce a that can
take CAbase to be an official TPA:inferal of database, and become a platform that can
not only creates consensus data in a specific area such as Carbonic Anhydrases, but that
can funnel information to well-established platforms that can broaden the knowledge here

inferred, namely NCBI/GeneBank, EMBL-EBI/Ensembl] itself.
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The iterative process of creation of such platform proves to be implementable in
other areas or protein families that deserve the centralisation of their ever-growing

scientific research.
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APPENDIX 1

CABASE INSTALLATION

In this appendix, the installation of CAbase is covered. From cloning the
Bitbucket repository, to access the portal in a new deployment. Also, the package
dependency manager for both front- and back-end, npm and composer respectively, are

covered.
Steps to deploy CAbase

1. Clone the repository:

1 git@bitbucket.org:NachoSinColor/cabase.git

2. create .env file in server directory

2 cp .env.example .env

3. edit .env and add environment variables needed, i.e., mysql credentials

5-1



1 APP NAME=CAbase

2 APP ENV=local

B APPiKEY=base64:/gZPFx67GXsm3h9xjETthUJGUrJDthtV/SS+M3LC4=
4 APP DEBUG=true

5 APP_URL=http://cabase.app

7 LOG_CHANNEL=stack

9 DB CONNECTION=mysql
10 DB_HOST=localhost
11 DB PORT=3306

12 DB DATABASE=CAbase
13 DB _USERNAME=root

14 DB_PASSWORD=secret

4. The following two options are for local development. For production server
deployment skip this step.

A) With Laravel Homestead
Laravel Homestead is a ready for development virtual machine that includes
all the necessary applications in an Ubuntu distribution package.

1. Install vagrant

2. Install virtual box (or other VM provider)
3. Install Homestead
4. Add domains to host file
5. Run Vagrant machine:
1 wvagrant up (--provision for the first run or if the file has been modified)

B) Laravel valet
Similar to Homestead, Valet is a lightweight approach for MacOS systems
1. Install Valet
2. Terminal in the CAbase-app/public folder
1 valet park;

2  valet link;

3 wvalet open;




5. Next, the necessary Laravel configuration continues

1 composer install

2 php artisan key:generate

3 php artisan config:cache

4 composer dump-autload

5 npm install // install packages.json

6 npm run dev // to create assets and public content

6. Migrate the database (create the tables)

1 php artisan migrate

7. Seed the database (feed initial data)

Feed initial data such as Taxonomy information, Initial CAs (Human, Mouse,

Zebrafish)

2 php artisan db:seed

8. Taxonomy table initialization

3 php artisan taxa:build

9. go to the configured URL. i.e., cabase.local/login
user:admin
pass:password
10. These steps allow the basic initialization of CAbase, allowing to explore

routes views and getting acquainted with the system in general.




APPENDIX 2

CABASE DATABASE MODEL
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Figure 0-1 CAbase Entity Relationship diagram
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APPENDIX 3

CABASE DATABASE Ul

CAbase User interface is composed by the following list of views. This appendix
is generated with administrator privileges, accessing to all the data available. The exon

view is excluded from this appendix as it was cover extensively in Chapter 3 and 4.
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5.4. Side Menu CAbxse

Q Home

News

FEATURES
& Annotations

=

Exon Analysis

DATA EDIT

Taxonomy

Carbonic Anhydrases

CA Isozymes

CA Homologies

Ensembl

Genes

Transcripts

Exons

Proteins

DATA SUPPLY

Ensembl Wizard

SETTINGS

Users

Notes

Messages

API Generator

APl Documentation

Sections
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5.6. Entity tables

5.6.1

Ensembl Genomic Id

ENSAPOGD0000004930

ENSAPOG000000068900

ENSAPOG00000008139

ENSAPOG00000008899

ENSAPOGD0000009089

ENSAPOG00000009424

ENSAPOG00000012080

ENSAPOGO0000014715

ENSAPOG00000017010

ENSAPOG00000020076

Species E

Acanthochramis
polyacanthus

Acanthochromis
polyacanthus

Acanthochromis
polyacanthus

Acanthochromis
polyacanthus

Acanthochramis
polyacanthus

Acanthochromis
polyacanthus

Acanthochromis
polyacanthus

Acanthochromis
polyacanthus

Acanthochramis
polyacanthus

Acanthochremis

it

Genes General View

Assembly
Name

ASM210954v1

ASM210954v1

ASM210954v1

ASM210954v1

ASM210954v1

ASM210954v1

ASM210954v1

ASM210954v1

ASM210954v1

ASM210954v1

‘ o X 8 L& . c | i | Column visibility =

Source

ensembl

ensembl

ensembl

ensembl|

ensembl

ensembl

ensembl

ensembl

ensembl

ensembl

Db

core

core

core

core

core

core

core

core

core

core

Display
Name

cada

cal2

caZ

cald

caB

cahz

caba

car1s

MISSING!

Logic
Name

ensembl

ensembl

ensembl

ensembl

ensembl

ensembl

ensembl

ensembl

ensembl

ensembl

5-10

Description

carbonic anhydrase 4
[Source:NCBI
gene;Acc:110961146)

carbonic anhydrase 12
[Source:NCBI
gene;Acc:110948753]

carbonic anhydrase 1
[Source:NCBI
gene;Acc:110965781]

carbonic anhydrase
XV
[Source:ZFIN;Acc:ZDB-
GENE-051030-57]

carbonic anhydrase &
[Source:NCBI
gene;Acc:110955787]

carbonic anhydrase-
like [Source:NCBI
gene;Acc:110871371]

carbonic anhydrase 58,
mitochendrial-like
[Source:NCBI
gene;Acc:110956864]

carbonic anhydrase 15-
like [Source:NCBI
gene;Acc:110951511]

carbonic anhydrase 4-
like [Source:NCBI
gene;Acc:110959652]

carbonic anhydrase 6-
i [ s iren MDY

Seq Region
Name

MVNRO1000871.1

MVNRQ1000007.1

MVNRO1001478.1

MVNRO10009241

MVNRO1000425.1

MVNRO1003184.1

MVNRO1000500.1

MVNRO1000198.1

MVNRO1000714.1

MVNRQ1000602.1

Strand

Ensembl Genes

Search:

Start End

164720 175367

879629 894201

95360 103764

16956 127146

316063 333373

32397 42083

120208 143579

162390 169050

300929 310937

291018 301578

Sequence

Version




5.6.2 Genes Detailed View

Sequence:
CTARATATGA GTTGTTCTTA TTAGCTGTCA ATTACAATAA TGAAATAAAG CCGCCCTTAT ACAATTCTCA CTCACAACAG ACGTTTTCAC AGCAGTTTGA CTGAAAAMACA GTGCAGAAAG 120
Ensembl Genomic Id: TGTAACTAAT AATCACACTA ATGATGCCTC AGTCCTAGAC AGTCAATTCA GTGAGCGAAA ATGCGAAACA TGGTCTGATA ATCAGAATGA ACAGATATTT TCAGAGCAGA TATTTTGAGT 240
TGTCATAGCA GGGAAAGAAC AAGGTGAGCT GAAAACATTC ATAGTTGCAG TACTCATAAT AACAGAACAT GGTCTAAATG GAATCATTGA AGGTGCTTTT CTAGAATAGA AAGAATAGAA 360
ENSAPOGO00000017010 TAGAATAGAA TAGAATAGTT TTGTCATCAT AAGTGCATGA TGAAAATATA AATAGCTGCC ACTGGACGGT GCATTGATAA CGAGCTAAAT TAACAACAAT GAATAATAAA ATCAAATGTG 480
CATATAARAT GACTATATTA AGAATTACAA CATGTGCTAA AAAGGCAAGA TGTACTCAAT ACTGTGTGGG AGGTAAATGA AATCAAATAA AAAAACAGTC ATACAGAACA AATATGGTCA 608
Taxon Id: GGAGATTGTA TGACCATGAC AAATTACAAT ACCAAATGTA AAAAAAMAAT CTTCAACTGT ATTTATTTTG TCACTTTTGA GTGAGGGTTT ATGCTGTGLA CTCACAGCAT TCACTGAACG 720
80966 GTGATTAAAT GGAAARACAC TGAACTGATT TTGCCACCAG GTGTCCETCT TTCCTCTTTT GAAGACCTGA CATCTAAGGA TATTTTCTCA AAGTCACTTT TTTTCCTCTG TCTTCCTGAG 840
ACTAACACAC CTTTTGTCGT ACTCACGACC GTCTCCCTCC CACCTTCAAA CGLTGLTGLG AGTCAGCATG TGAAGCAGCT GAAATTCAGT GTGTGAGGAG CTTCTCTGGT GTCTGCTGGT 960
Assembly Name: CCTGATCATG GAGTTTTCTC TCTACCTCCT GACTCTGCTG CTTCTCTTTT CTCAGTGCAC AGGTAGGAAA CAAACTCACA CATAAAGCTA CAGAAAAAAA GCCGTGTTTT GGTTCAGTTT 1080

TCTGGGCCEA GTTTACGTCT TGCCCATGCA TTCTGTTCAT TTTGGAGTTT TTAACTCGTT TAACTCAAAT AGACAAATAC TGCAACACAA ATGTTAAACC TTCACATCAA AACCGAATTA 1200
ASM210954v1 TACARAGTGA TTCTCAACAT GAGGGAATGA AGAGTGTTAA GGTAATTATA GCAACAACAA AACAAAAATA TTCATATTTT TACTGACGTC GCTCTTTTCT TGTACATTAC GGGCARATTT 1320

TATGTTTTCA GGACAATTCA AACAATGGAA AAGTACATTT TTATATATAT TGTCACAGCT TCTGGGTTTG AAGTAGGATT GCAATCAAAA ACAATTTAAT TTCATACCGA TTAATTGTAT 1440

Source: TGTGTGEGGC ATAARATGGE AACATACAGA ACTCACAAAG TCATCAGAAG TCTTGAAATG TCAAACCAAC AGTTCARAAC CCAAMAAAAC ATTTAATTAC CATTATGTTA GATGAGGAAA 1560
ATGCATCAAT TCTCCCATTT GAGAAGCTGG AATTGTGAAA CGTTATTTTG TTTAGAATTA CCAAAAARAT GTAATTTAAT ACCACTGACA TTAGTTGCAG ATCAGTTTTC TGGTGATTGA 1680

ensembl ATCATCAGTT AATGGACCAG TTGTTCTGCT CTAGTTTGAT TATTTTGAGT TCAAGTGAGA CTCTACTAAA GAAGCCATTT TCACAAGAAA AGAGTCAGAA AAGTGACTCA CAAATATCAG 1800
CTGCTGTCTT AAGTTGLGAT CATTATCAAA CACAAATGAC TGCTCACAGC AAACCTGCGG CTGTAGCAGE AAAAATAMAT TGCAATGTTT TCTCTTTCTG AAGAGTTAAA TTATCATCTT 1920

Db Type: TTTTTCAGAA GAATGTGTTA TTTAATCTTT CAAAGTAGTC ATAGTAAGTC CCAACTTGET CAC TC AAAAATATAC TGGAAACAGE AGGTGAATTA AACTGTTAAA CTATAGGTGA 2840
core AAGRATTCAM TGTAGATTTT ACTCACGTTT GTTATTCATT GGTACTTGAG GAAGAAGAAA AAATTGATTA AAAAAATGTA AGAAATTGCA GCAGGTTTAG GCTAATGCTA CAAAATATCT 2160
GTTGATTATT TTTCCTGCTT AATAGAAACA CAAAGTTCAM TTCTGTCCAG CTGACTCTTA AAACATGTGC AAAGTGCAAT GTGATGTTAA CTGAACTTGA ACAAATTGGG CTAAATCAGC 2280

8 TTTACAAATC TTGTTAAART TTAACCCTCG TGCTGTCCTG CGGTCAMAAT TGACCCGGTT TAAAGTTTGA AAATGTGGGG GAAMMKATAT TTTCACAGTG AAAGTTCTGA TGTCCACATT 2400
Display Nam TTCAACATTT TTGGGAAATT TTTGAACATT A ATGTTAAAAA TATTTCTGAA GAACATTCAC AATAARATCA ACCAAAATCC GTCGAACTTC GCTGGATTTT 2520
- MISSING! GGTTGATTTT TTTGGTGAAT GTTCTTAAAG AAAATATTAG AAATTTTACT GATGTATATG TGATCATTTT AGATATTTTT AGGATTTTTT GGAAGGATTT TTACAAN ARRATA 2640
TTTCCAAGAA TTTTCTTGTC AAATTTGGGG GATTTTTTTA AAATAAAACT TTTAAGGGAA ACTTTTAAGG AATTATTGGA AATGTCTTCC TGGAGGTTTT GCAAATTTTC AGAAATTTGG 2760

Logic Name: GGARAAARAT GTTTTTGCTG AATTTTTGGA TTTTTTTCAG ACAAGGAAAC AATATGTTTT GGTGCCTGTA AATGAGGACA ACAGGAGGGT TAAACCATGT TGCTTGACAA GACAARAACA 2880
CCARCCTTAC ATGGGATGGT TGTCAATAGG CACATAGACA ATATTTTTGT TTCATTTTGA TGCATTTATT GTCACAAAAA TGGATAAACT GGGTTTTAAA GTGTAATATT ATATAAGACA 3000

ensembl TGACTTCTTC TAGGATGTTG GTTCATTAAA ATAGCTTTTA TGAACTGAAG AAAATTGGAC AAAGAAAGCT AGGACATTGA GAGAARAACT ACAGGTGATT GGTAATGACT GGATTGTCTT 3120
TGETTTGACT TTTCCGTGCT GCTCAGTGTG ACACAGGTGA ATGAGCCAGG TGGAGGAAAG CCAACCTCCA CCTGTGCATT GTTCTCAGTT GGTGAGAACT GTTGTCCCCT TTCAAAGAAT 3240

Description: GGECATTGTGG GTTAATCTGT GTCCCTATAT TAGCTAAATG GTTCTCTATA GCGGCTTTCA TTCCCACCGC AGAGTCAGAC ACTGGAGTTT CATTCACATC AGCAACACAA TACACAACCG 3360

CAGCACACAC AGCACTAAAC GACTTCATCA GCACCTGTTG GATGGACACG TTTAATGCAG CGCTGCAGAG GCAGTTAAGG AGCTGGATAA AGCCGGACAT TCACTTTATG GTGAATGCAA 3480

carbonic anhydrase 4-fike [Source:NCBI TCAGCGTAAT CACAGCCGAC CTGTCCGACA AATTCAGATC AGTCTGCATC TCTAAAGCAT AATAAAGCAT GATGGGTCAA CCAMATTGTG TTAATGTGCG CTGTGAMATT AGTGTGATGT 3606

gene;Ace:110959652] CTTGAGTTAT TTTCATATGA CTTGCAAAGC TATAATGGCA TTTATCTTCT ACTGTGAACA GCAGACATTA CAGTCACAGC TGCTGTTGTT ATCATAGGTT AGTTGAAATC AGACCGTGGL 3720
N CTGTAAAGTG AATTGTGTTT GGCTTATTGA ATGTCTTTAA GTTTGACATC ACATAGAAAA CAATCTGTGT TGTCCTAATT ATTCCCAGTG MAGAGTAATG TACCATCAGT CCCAACATTA 3840

Seq Region Name: GAACCACCAG CCGTGTATCA TGTAGGTTGT TTTCCTGCCA TTTGTTTTTA AAAAAAATGG AAACAAAGAA AGTAGAAAAA GCAGGAAAGA TGTGTGAATC TGAGGGAGGA AAATCTAAAG 3960
MVYNRO1000714.1 GEATATATTT TGCTGTAGTA ATGCAGCAGT TTATATCAAA GACTTTTTCT CCTAAGAGGT TTTATTTTAA CTGAGAAACC TCTTGGTCAG ACTCAGAAGE TGAACTTGTC ACAAARAATG 4080
TTTTTATCTG ACAAGTCCAA TCAGAGATGA TTGCACAGAG TCAGCCACTA AAATATAGCA GTTARATTTC CTTTTGTTGA ACTGAGTAAG ATTGTTTTTG ACCCTAGTGA TTTTGTCAGT 4200

Strand: TATTTATARA CTTARATGCT TTATATGAGT TTTAGGAGGG TAGTTTGAGA ATGCAATTTG TGTTTTTCTG TTTTAACTTC ACAGTTAGCC TAGCCGCGLT AGACAACCCA GGACAACGAA 4320
TTTAATTCTC TGCCAGGGTG GGTCTAGTTA CCCTTGGTAA GCCTCGAGGT TGAATGCTCC TAAAACTGGC TGACGAATCA CCATGAAGTG TAGAGTCAGA AGGCGGGLGT AACTAAGNMN 4440

1 4560
MUNNKHNCCC 4680

Start: TGTCGAGAGT TCCTAGACCC TTGCGTCTTC AGACCTGEGT CTAGCGCGGC TAGGCTACAG TTAGGGTGTT TTTGTCCCCT ATTTACACTA GTCTTTTATT ATTAGTGTTG CATCAAAGCA 4800
ATGGAGTTCT ATCAGTTTTT TTAAMAAGCT AAARAATTAT GTTAAAAAAA CAGCTAGTCA TCACTACAAA AGCTTTCTAG CTATTAGGAT GACAAGTATT TTCATGTAAA TTGTGTCCTG 4920

300929 TGACAGCCTG TCATATTTTT TTAAGTGTTA TCAGATAATT TATATTAAAC TGATGAACTC ATAAAGGLTT AGATACCTGA TGATACTCCT ACATGTGTGT GTGGCAGATA GAAGATGTTT 5040
CCTGTCAGAG TTCAGCTACA GAGCTTTTTA ACACGTGAGC AGATCAGCTG CTGAGGCTGC TGACTGAGAG GAAAACGCTG AGGCTAATAG AGCGTAAATG AGAGGCCGAT TGATGTTCAT 5160

End: TTATTAACTC CAGAAAGTCA GCTTGTTTGG CACAGTGGAM CCTGAACTGG AATATGTTGT ACTTCAGATA CTGTTTGTGC GTTCCTGAAT CTAACCAGTG TTCTGTTCTT TCCTGCAGCT 5280
310937 CAGTGGTGTT ACCAGAGCCA GTACTCCTGT GATGACACAT GCAGAGGTAA GAGCAGATGG ACAGACTCCC CAAAGTATCA AAGATTTTCA CCTTTAGACA CAAATCTGCC TTTTGAATGT 5400

GETCAACAAG AMACAATACA ACCCCTTTAA AGCAGTGGTA AAAGCTGCTG AAGAGATACA TCTGGGTTAA TATATAATTG CGGGACTTTT TGTATTAAAG TTGACATTTT TGCTGTTTTC 5520
AGGCCTAAMM TCAACATGGC TGCCTACAAA ATCCACACTT GACTCACACA CTACTTTATA TTAGATAACT AGCCTTGGAG TCTTGCTAGT CTTTTCTTCA GGAGGAMATG ACATCATGTG 5640

Version: GAGCAGGTCA TGTGATCTGG AATTAATTAA CACACCTTCT TCAGAGGTGT TTTTCTGATG GGTAACGTAG TCGAAAGTGA TTTCTCAGAC ACAGATACAA TTTGTTATTT TTCATATAAA 5768
1 ATTTGATATA TTGCCAAAAA AAATATCTGT CATAATTATT TCAACTTTTT TTTAATAGGC TAATTTTATT ATTGTTTAGC TAATTAGAAG GTGGCTGTTT TTAAATTCAG AAGGTTATTT 5880
AGTTGACATT TTAGTGACAT CCAGTCAAGT GATTCTTTCC ATCACAAAAA GTGTGGAATT TGTCATGATC ATAATGAACA AAAMAAACAT GATTTAAAAA AAAAACCCAA AAACAAACAA 6000

Created At: ACTTTTARTA AAMATGTATG CAAGATATAT CCCATGGACT TCTAARGCAA CTCAATTATA TATTGACCCA CCTACAGAGA ATTACCACTA GATTCTAGTT CCAACTTCAC TGTTTGGTTC 6120
ATTTTCATTG CAACAGCAGC TCAACTTCTC AGTGAAAAAG CTCTAAMAGC TGACTGAATG CCTGACCAAC ACGARAMACA ACAGTAGTGA CCTGGTGAGE ATAGTGGAGG ACTTAGCAGC 6240

SRR L) TARACAGAGA CCAARRCAGA ACTAMAGGAA AGTGAATTTT GGATTTTCAT TCGTCAGATG ACCAGAAACA TGACTCCAAA GTTGTACTGT GTCGGTTGGG TTTGTAAATC AGTCARTTTT 6360
GAGTTGCAGT AGACAGAACA CAGTTTGAAA ATATCCTAAA CCTTTACACC AGATGAGTGC AGGTGCATAC TTCARGCCAA GACAACATTT ATTTGTGACT TCATTCAGGA TTTCAACCCC 6430

Updated At: ACTCTCCTGA ACATCTAGEC TAGECGCGCT AGACCCATGC TCTGAAGACA CAAGGGTCTN 6600
2020-11-18 16:39:31 NNNTTTGTTG TCGACCCTGG CAGAGAATTA AATTCGTTGC CGTGGGTTGT CTAGEGCGGT TAGGCTACTG AACATCCTCA 6720
TATTGCTCTT ATATCATATT TTAACTGTGT GAAAATCCCT GTGAATGGCC AAAGTCCCTC TTCACGGGTT GGATTTCCTA AAGCCTGCCT AGCTTTCTGT CAGATTACTT AAATTACAAC 6844

1 TTATTAGAAG GTGATTGTAC AATTTTTGCC TCATGAAARA GTGCTGCTTA TCCAMATTTT AATTAAGTGA TAATCAGGCA GAAGTATTTC AGCACCTACA CTAGTAAAAA TACTCTCAGT 6968

Edit this genes” ARRACTCAAR GACTTTETTC TTTAGATCGA CCTGCCTCCT GAATGLACAC ATTTAGTTTG TAATCTGGGA TTCATCAACA CTTTTCAAGC TTCATCCAGE TCAGTACTGT AGAACTCTTT 7080
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5.6.5 Translation (Protein) Detailed View

Protein Details

Sequence:

MADRSLLGGA EPCPRREEAP EWGYEEGEGP GGSGGDKLWV AGGSGGGLSY CLSVRPSGGA 68
VPRVGSGRDI TAAPGAAGVE WGLLFPEANG EYQSPINLNS REAKYDPSLL DVRLSPNYVV 120
CRDCEVINDG HSIQIALKSK SVLIGGPLPR GHEFELHDVR FHWGRENQRG SEHTVNFKAF 180
PMEIGKEHVG LKAVTEILQD IQYKGKSKTI PCFNPNSLLP DPLLRDYWVY EGSLTIPPCS 24@
EGVTWILFRY PLTVSQVQIE EFRRLRTHVK GAELLEGSDG ILGONFRPTQ PLSDRVIRAA 300
FQ

5.6.6 Taxon detail view

Taxon Details Full Taxonomy Table




