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TO MY FAMILY

“Everybody is genius.
But if you judge a fish by its ability to climb a tree,
It will live its whole life believing that it is stupid.”
-Albert Einstein
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ABSTRACT

Carbonic anhydrases (CAs) efficiently catalyze the reversible hydration reaction of
carbon dioxide (CO2 + H2O <> HCOs5~ + H). Major CA families belong to the a-,
B-, or y-classes and have different features in terms of both their overall structure
and active site. Carbonic anhydrase VI (CA VI) is the only secreted isozyme in the
a-CA enzyme family. In the 1970s, a novel taste-associated secreted protein was
identified in human saliva and named Gustin. The same protein was observed in a
sheep parotid gland and saliva in 1979 and was classified as a CA based on its protein
sequence. T'wo decades later, in 1998, Gustin was proven to be identical to the CA
VI enzyme. CA VI is one of the major protein constituents of human saliva and
milk. The general aim of this study was to reveal new information about the
expression and function of secretory CA VI.

We used two independent animal models in our studies focused on CA VI. First,
a Car6 knockout mouse (KO) model was utilized to evaluate the differences in taste
modalities between CA VI-deficient and wild-type (WT) mice. Then, we further
investigated by cDNA microarray whether the gene expression profiles differed
between KO and WT mice with a focus on the trachea and lung. Second, we used
zebrafish to investigate the role and distribution of CA VI in another vertebrate
animal model. The recombinant zebrafish CA VI protein was produced in insect
cells. The protein was purified using chromatography methods and characterized by
static and dynamic light scattering (SLS and DLS) analyses and by mass spectrometry
(MS). Verification of glycosylation sites and glycan structures was carried out using
Collision Induced Dissociation with Tandem Mass Spectrometry (CID-MS/MS).
Sequence analysis was performed by various bioinformatics tools. The functional
significance of the CA VI enzyme to zebrafish was studied by silencing the gene
encoding the enzyme, and its effect on the phenotype was examined.

The comparison of taste modalities showed that Car6/- mice significantly
preferred a0.003 mM quinine solution to water, whereas WT mice preferred water.
The microarray data analysis results showed a number of differentially expressed
genes in the trachea and lung when comparing the WT and Car6 /- mice groups. A
Gene List Analysis and Visualization tool (VLAD) analysis resulted in changes in a
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metabolic process, biological regulation, single-organism process, and an immune
response in mucosal-associated lymphoid tissue.

Sequence analysis of zebrafish CA VI showed that there was an additional
pentraxin (PTX) protein attached to the C-terminus of CA VI. Light scattering
combined with gel filtration analysis indicated oligomeric assembly for the protein,
with a pentameric configuration being the most plausible form. Both the CA VI and
PTX domains contained either intra- or interpeptide disulfide bonds. Localization
analysis of CA VI-PTX in various zebrafish tissues showed the strongest positive
staining signal on cell surfaces in the skin, heart, gills, and swim bladder.
Underdeveloped or deflated swim bladders of CA VI-PTX knockdown (KD) larvae
were observed at 4 days post fertilization (dpf), whereas fish gained the ability to
inflate their swim bladder and started to swim normally at 5 dpf.

Our KO mouse model confirms that CA V1 is involved in bitter taste perception.
As one of the major protein constituents of saliva and milk, CA VI may be one of
the factors that contributes to the avoidance of bitter, potentially harmful,
substances. Several findings on zebrafish CA VI give novel insights into the

evolution, structure, and function of this unique CA form.

xvi



TIVISTELMA

Hiilihappoanhydraasit (Carbonic anhydrase, CA) katalysoivat tehokkaasti kddnteistd
hiilidioksidin ja veden reaktiota bikarbonaatiksi ja protoniksi (CO2 + H2O <> HCO3~
+ H*). Useimmat CA-entsyymit kuuluvat o-, 3-, tai y- luokkaan, jotka eroavat
toisistaan seki aktiivisen keskuksen ettd ulkoisen rakenteen osalta. CA VI on ainoa
a-luokan erittyvd entsyymi. Se havaittiin ihmisen syljestd ja yhdistettiin
makuaistimukseen ensimmaistd kertaa 1970-luvulla ja nimettiin ’gustiini’ -
entsyymiksi. Vuonna 1979 CA-entsyymi l0ydettiin lampaan sylkirauhasesta ja
syljestd. IThmisen syljestd eristetty entsyymi nimettiin CA VI:ksi vuonna 1987.
Vuonna 1998 osoitettiin, ettd ’gustiini’ ja CA VI ovat keskendin identtisid. Ihmiselld
CA Vl-entsyymia erittyy syljen lisiksi myo6s maitoon. Oman tutkimukseni
tarkoituksena on ollut hankkia uutta tietoa erittyvan CA-entsyymin ilmentymisesta ja
toiminnasta.

Tutkimuksessa kiytettiin kahta koe-eliinmallia: Car6 poistogeenisia hiirid seka
seeprakaloja, joiden vastaava geeni oli hiljennetty morfoliinotekniikalla.

Car6 poistogeenistd hiirimallia kidytettiin sekd makuaistimuksen ettd geenien
ilmentymisen tutkimiseen. Tuloksia verrattiin normaalien villin tyypin (WT) hiirten
tuloksiin, Tutkimuksessa tarkasteltiin cDNA-mikrosirutekniikan avulla, miten CA
Vl-entsyymin poisto vaikuttaa geenien ilmentymiseen henkitorvessa ja keuhkoissa.
Kahden hiiriryhmin vilisid eroja selvitettiin tilastotieteellisilli menetelmilla.

Hyonteissoluissa geeniteknitkan avulla tuotetun seeprakalan CA VI-proteiinin
rakenteen kartoitukseen kiytettiin staattista (SLS) ja dynaamista (DLS)
valonsirontamenetelmai, joita ennen proteiini puhdistettiin
kromatografiamenetelmilld. Massaspektrometriaa varten proteiinirakenne pilkottiin
trypsiinin avulla. Proteiinirakenne, siind esiintyvit sokerointikohdat ja sokeriosien
rakenteet analysoitiin CID-MS/MS-massaspektrometrialla.

Tutkimuksen eri vaiheissa tuloksina saadut nukleotidi- ja aminohapposekvenssit
analysoitiin kayttimalld lukuisia bioinformatiikan tyckaluja. CA VI- entsyymin
merkitystd seeprakalan kehityksessi tutkittiin hiljentimalld w6-geeni alkioista, minkd
jalkeen tarkasteltiin kalojen kehitystd ja uintikdyttaytymista.

Makuaistimuskokeen tulokset osoittivat Car6/- -hiirten suosivan veden juomisen

sijaan 0.003 mM Kkiniiniliuosta, kun taas WT hiiret suosivat vetti.
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Mikrosirumenetelmalld saadun datan analyysi osoitti geenien ilmentymiseroja seki
henkitorvessa ettd keuhkoissa Car6/- poistogeenisten ja WT hiirten vililld. VLLAD-
analyysi osoitti muutoksia aineenvaihdunnan prosesseissa, biologisessa sditelyssi,
yhden organismin prosesseissa  sekd limakalvoon  liittyvin  kudoksen
immuunivasteessa.

Sekvenssianalyysi osoitti, etti seeprakalan CA VI:n C-terminaalipdihin on
liittynyt pentraksiiniproteiini. Valonsironta- ja geelisuodatusanalyysien tuloksena
proteiini ilmenee oligomeerina, ja molekyylin koon perusteella sen voidaan arvioida
esiintyvin pentameerina. Sekd CA VI- ettd PTX-domeeneissa on rikkisiltoja.
Seeprakalan CA VI-PTX -kudosvirjdys osoitti positiivista signaalia solun pinnalta
ihossa, sydimessi, kiduksissa sekd uimarakossa. cz6 geenin hiljentimisen jilkeen
neljin piivin ikdiset poikaset eivit pystyneet uimaan normaalisti lihelld veden pintaa
joko uimarakon hidastuneen kehittymisen tai sen tdyttymiseen liittyvien ongelmien
vuoksi, kun taas WT poikaset uivat normaalisti. Viiden pdivin idssa ca6-hiljennettyjen
poikasten uimarakko tayttyi ja uintikyky tuli normaaliksi.

Poistogeenisen hiirimallin avulla osoitimme, ettd CA VI osallistuu karvaan maun
aistimukseen. CA VI, jota erittyy runsaasti sylkeen ja maitoon voi olla yksi tekiji, joka
auttaa valttimain karvaan makuisia ja mahdollisesti myrkyllisid aineita. Seeprakalan
CA Vl-entsyymiin liittyvien tutkimusten avulla saatiin runsaasti uutta tietoa CA-
entsyymien evoluutiosta sekd CA VI-PTX-proteiinin ilmentymisestid, rakenteesta ja

tolminnasta.
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17 INTRODUCTION

Carbonic anhydrases (CAs) efficiently catalyze the reversible hydration reaction of
carbon dioxide COz + H2O «<» HCO;3~ + H* (Chegwidden & Carter, 2000, Gilmour,
2010). CAs may have been among the earliest enzymes to appear, and their long
convergent evolution has resulted in seven genetically distinct unrelated enzyme
families: o-, 3-, y-, 8-, -, 1, and 0-CAs (Supuran, C. T., 2010, Del Prete et al, 2014,
Supuran, Claudiu T. & De Simone, 2015, Kikutani et al, 2016). The major CA
families belong to the a-, -, or y-classes and have different structures including their
active sites. Out of the 16 «-CA isoforms, CA-related proteins (CA-RPs) VIII, X and
XTI lack catalytic activity (Tashian et al, 2000, Aspatwar et al, 2010, Gilmour, 2010).

The carbonic anhydrase VI (CA VI) is the only secreted isozyme in the a-CA
enzyme family (Fernley et al, 1979, Murakami, H. & Sly, 1987). In the 1970s, a novel
taste-associated secreted protein was identified in human saliva and named Gustin
(Henkin et al, 1975). The same protein was observed in the sheep parotid gland and
saliva in 1979 but was classified as a CA (Fernley et al, 1979). Two decades later, in
1998, Gustin was proven to be identical to the CA VI enzyme (Thatcher et al, 1998).
CA VI is one of the major protein constituents of human saliva and milk (Kadoya
et al, 1987, Parkkila et al, 1990, Parkkila et al, 1993).

Henkin’s group linked Gustin/CA VI to the regulation of taste function in 1981
(Shatzman & Henkin, 1981). Later, Barbarossa and coworkers found a link between
bitter taste modality and CA6. They first reported a polymorphism in the CA6 gene
(52274333 A/G) that contributed to 6-n-propylthiouracil taster status (Padiglia et
al, 2010). They also showed that the alterations in bitter taste function are due to
polymorphic changes in the bitter receptor gene (I)A52R38) and CA6 gene and
require contributions from other still unknown factors (Calo et al, 2011). CA VI is
located in a thin oral biofilm, called the enamel pellicle, where it is strategically
located to perform its functions on the tooth surface (Leinonen, J. et al, 1999). Kiveld
and coworkers suggested that salivary CA VI plays a role in the natural defense
systems against dental caries because the concentration of CA VI exhibited a
negative correlation with the number of decayed, missing, and filled teeth (DMFT
index) in individuals with poor oral hygiene (Kivela et al, 1999b).
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CA VI may play a role in immune defense systems. A recent article showed that
Immunoglobulin A (IgA) anti-CA VI autoantibodies are frequently seen in patients
with long-term Sjégren’s Syndrome (SS) and suggested further studies to determine
whether these antibodies could be used in the diagnosis of secondary SS (sSS)
accompanying systemic sclerosis (SSc), sSS in rheumatoid arthritis (RA), and
polymyositis (PM) and mixed connective tissue disease (MCTD) (Shen et al, 2012,
De Langhe et al, 2017). In 1999, Sok and coworkers discovered a novel form of
murine CA VI, CA VI-b, which is a highly responsive enzyme to certain forms of
cell stress (Sok et al, 1999). Recently, another group found that CA VI-b is directly
connected to the innate immune response by selectively inducing cytokine IL.-12
production through protein arginine N-methyltransferase 5 (PRMT5) and regulating
symmetric dimethylation at Arg-9 histone H3 dimethyl R8 (H3R8me2s)
modification, independent of its CA activity (Xu, J. et al, 2017)

This thesis aimed to increase our knowledge about the distribution, function, and
structure of the secretory CA VI enzyme. We utilized various methods, including the
tools of functional genomics and protein chemistry, to investigate the features of this

unique enzyme in mouse (Mus nuseulus) and zebrafish (Danio rerio) animal models.
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2 REVIEW OF THE LITERATURE

2.1 General aspects of carbonic anhydrases

In 1932, an enzyme, carbonic anhydrase (CA) (EC 4.2.1.1), was discovered in red
blood cells as a result of the realization that the non-catalyzed HCO3~ dehydration
rate was too low to support CO:z excretion during the time blood spent on the gas
exchange surface (Forster, 2000). Gaseous stage CO» is generated in most metabolic
oxidative processes and must be converted to a soluble form to prevent
accumulation and damage to cells and other organelles (Supuran, C. T, 2018). CAs
efficiently catalyze the reversible hydration reaction of carbon dioxide (CO2 + H2O
> HCO3~ + H*). CAs are among the fastest enzymes known (the turnover number
or Kea of some CA isoforms exceeds 1 X 10¢ s1) and take part in a remarkable range
of physiological processes, such as calcification, photosynthesis, respiration, ionic,
acid-base and fluid balance, metabolism, and cell growth (Chegwidden & Carter,
2000, Gilmour, 2010).

CAs may have been among the earliest enzymes to appear, and during their long
evolutionary history, CA genes have undergone many rounds of duplication,
resulting in the convergent evolution of seven genetically distinct unrelated enzyme
families: -, -, y-, 8-, (-, n-, and 6-CAs (Supuran, C. T., 2010, Del Prete et al, 2014,
Supuran, Claudiu T. & De Simone, 2015, Kikutani et al, 2016). All CAs are
metalloenzymes and involved in a two-step catalytic mechanism. A substitution
reaction with CO2 and the metal ion-bound OH~ ion that yields a coordinated
HCOs3™ ion is shown in E.1. A water molecule is subsequently displaced from the
metal ion (Figure 1 A-C). An addition reaction, in which OH~ regeneration involves
the transfer of an H* from the metal ion-bound water molecule to the solvent, is
shown in E.2 (Figure 1 C-A) (Lindskog & Silverman, 2000, Supuran, Claudiu T. &
De Simone, 2015).

H,O
EM2+ - OH- + CO, 2 EM2+ - CHO5~ 2 EM2* - H;O + CHOs~  (E. 1)
EM2+- H,O + B 2 EM2+- OH- + BH* (E.2)

21



Zn... ..
./Zn,,,,m--..His /7 \, His
HiS e His  His

O
Hx O/H H\O/C’

AT Zn?,
P 4 n\"" His N\ il

His His CHO; H.0 His His

Figure 1. Schematic illustration of the mechanism of the alpha-CA active site (Supuran, C. T., 2008a).
This figure has been modified by Maarit Patrikainen.

Major CA families belong to the a-, 3-, or y-classes and have different features in
their overall structures, and importantly, their active sites have different
configurations. Three histidine residues and an oxygen from a water molecule, which
coordinate the zinc atom binding, form the active site of a-CAs. The active site of
B-CAs has two cysteine residues and one histidine residue coordinating the zinc
atom. y-CAs differ from the other CA families in that they can use either zinc, cobalt
or iron in their active site (Ferry, 2010). The metal ion is coordinated by two histidine
residues and a glutamine residue together with the water molecule. Figure 2 shows
examples of the overall three-dimensional structures and active sites of major CA

families.
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Figure 2. Structures and metal ion coordination in the major CA enzyme families. The above structures
of 3D molecules were retrieved from the PDB (Berman et al, 2000), and the molecular graphics were
generated with the UCSF Chimera package (Pettersen et al, 2004), developed by the Resource for
Biocomputing, Visualization, and Informatics at the University of California, San Francisco (supported
by NIGMS P41-GM103311); the graphics were modified by Maarit Patrikainen. (A) The structure of a-
class CA Il (PDB ID: 2ILI, (Fisher et al, 2007)) and its active site (B), where the zinc ion is coordinated
by three histidine residues and a water molecule/hydroxide ion (black sphere). (C) The dimeric
mycobacterial enzyme Rv1284 (PDB ID: 4YF4, (Nienaber et al, 2015)) represents the structure of a f3-
class CA. Two cysteine residues and one histidine together with the water molecule/hydroxide ion
coordinate the zinc ion in the active site of B-CAs (D). (E) The y-class CA structure of a methanogenic
archaeon, Methanosarcina thermophila (PDB ID: 1QRE, (Iverson et al, 2000)), and its active site (F),
where two histidine residues and glutamine, together with a water molecule/hydroxide ion, coordinate a
cobalt ion.
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The B-CAs are found in most species belonging to the Archaea and Bacteria
domains and probably all species of plants and fungi among Fukarya (Hewett-
Emmett, 2000). While a-CAs are typically found as monomers and y-CAs as trimers,
B-CAs are found in many oligomerization states. The crystal structures of dimeric,
tetrameric and even octameric 3-CAs have been reported in the literature (Kimber
& Pai, 2000; Smith, Cosper, Stalhandske, Scott, & Ferry, 2000; Strop, Smith, Iverson,
Ferry, & Rees, 2001). The first tetrameric y-CA was chemically characterized from
Methanosarcina thermophila (Alber & Ferry, 1994).

Minor CA families include the -class CA from the marine diatom Thalassiosira
weissflogii, TweCA, which was discovered in 1997 and characterized in 2013 (Roberts
etal, 1997, Lee, R. B. etal, 2013). The {-class cadmium-containing CA (CDCA) from
the same species was reported in 2005 (Lane et al, 2005, Xu, Y. et al, 2008). In 2014,
Del Prete and coworkers introduced a novel CA from the protozoan Plasmodium
Jfalciparum, which belonged to a new 7-CA class (Del Prete et al, 2014), and most
recently, Kikutani’s group presented a 0-CA from the marine diatom Phaeodactylum
tricornutum (Kikutani et al, 2016). The distribution of different CA classes over seven
kingdoms is shown in Table 1.

Table 1. CA classes identified in different organisms using the classification of seven kingdoms
(Zolfaghari Emameh et al, 2014, Ruggiero et al, 2015, Vullo et al, 2017)

Bacteria o-, B-, and y-CAs

Archaea B- and y-CAs

Protozoa o-, B-, and n-CAs

Chromista o-, B-, 8- (marine phytoplankton, haptophytes, dinoflagellates,

chlorophytic prasinophytes, diatoms), {- (marine diatoms), n- (P.
Sfalciparnm), and 0-CAs (P. tricornutum)

Plantae o- (chloroplasts of green plants), - (chloroplasts of mono- and
dicotyledons), and y-CAs

Fungi o- and B-CAs

Animalia o- (vertebrates, corals) and B-CAs (insects)

21.1  a-Carbonic anhydrase isozymes

Sixteen a-CA isoforms have been identified in mammals, and the evolutionary
relationships among these isoforms have been investigated (Supuran, C. T., 2008b).

24



Out of the 16 a-CA isoforms, three isoforms, CA-RP VIII, X and XI, lack catalytic
activity (Tashian et al, 2000, Aspatwar et al, 2010, Gilmour, 2010). Classification of
a-CA isozymes, examples of their main locations of expression and putative
functions in addition to the maintenance of pH homeostasis in mammals are
described in Table 2.

25



Table 2. Classification of mammalian alpha-CA isozymes, their main locations of expression, and
putative functions in addition to the maintenance of pH homeostasis.

Localization |CAs |Distribution Function (Selected) References
1 Gastrointestinal Gas exchange and ion (Headings & Tashian, 1971)
(GI) tract, red blood |transport
cells
11 Almost all cells Bone resorption, (Ruusuvuorti et al, 2013, Sly et
osteoclast differentiation, |al, 1983, Krishnan et al, 2018,
secretion of cerebrospinal |Parkkila & Parkkila, 1996,
fluid, production of Lehenkari et al, 1998,
aqueous humor, urine Vaananen & Parvinen, 1983,
acidification, gas exchange,|Leppilampi, Parkkila et al,
production of gastric acid, |2005, Juvonen et al, 1994,
production of alkaline Parkkila et al, 1991)
pancreatic juice and
duodenal bicarbonate,
o acidification of bile, sperm
3 motility, GABAergic
§ neuronal excitation
o ff 111 Skeletal muscle, Antioxidative agent, (Carter, N. et al, 1978,
%’ adipose tissue, mitochondtial ATP Raisanen et al, 1999, Kim, G.
%d osteocytes, liver synthesis et al, 2004, Liu et al, 2007, Shi
g et al, 2018)
s VII Liver, brain, colon, |Antioxidative agent, (Montgomery et al, 1991,
skeletal muscle GABAergic neuronal Monti et al, 2017, Ruusuvuori
excitation et al, 2013)
XIII  |Colon, brain, Unknown (Reibring et al, 2014, Lehtonen
kidney, et al, 2004, Hilvo et al, 2008)
oligodendrocytes,
sperm cells, cervical
and endometrial
mucosa,
odontoblasts
VA Liver Ammonia detoxification, |(Fujikawa-Adachi et al, 1999b,
.Té ureagenesis and Shah et al, 2013)
= gluconeogenesis
S |vB Heart, skeletal Ammonia detoxification, |(Fujikawa-Adachi et al, 1999b,
§ muscle, pancreas,  |ureagenesis and Shah et al, 2013)
= kidney, salivary gluconeogenesis
glands, spinal cord
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Table 2 continues

Localization |CAs |Distribution Function (Selected ) References
VI Saliva, salivary glands, Protection against dental  |(Kivela et al, 1999b,
E nasal glands, lacrimal caries, taste function Fernley et al, 1979,
g glands, von Ebner’s Murakami, H. & Sly,
s glands, mammary glands, 1987, Aidar et al, 2013,
milk, odontoblasts Reibring et al, 2014)
IV |Kidney, lung, gallbladder, |Bicarbonate reabsorption, |(Hageman etal, 1991,
pancreas, eye, colon, blood |potential tumor suppressor|Carter, N. D. et al, 1990,
capillary endothelium, gene Fleming et al, 1993,
salivary glands, heart, Chen et al, 2017,
skeletal muscle, Reibring et al, 2014,
odontoblasts Fleming et al, 1995)
IX  |Small intestine, colon, Tumort-associated CA (Opavsky et al, 1996,
gallbladder, odontoblasts, |isoenzyme Pastorekova et al, 1997,
fetal intervertebral disc, Kim, J. H. et al, 2013,
5 fetal joint cartilage, various Reibring et al, 2014,
= = tumors Mboge et al, 2018)
§ = |XII [|Aorta, bladder, choroid Tumor-associated CA (Tureci et al, 1998,
*E § plexus, colon, esophagus, |isoenzyme Ivanov et al, 1998,
= & kidney, liver, lung, lymph Waheed & Sly, 2017)
jé; nodes, mammary glands,
2 ovaries, prostate, pancteas,
% peripheral blood
= lymphocytes, rectum,
stomach, skeletal muscle,
skin, spleen, testis, trachea,
uterus, various tumors
XIV  [Brain, kidney, colon, small [Implicated in (Fujikawa-Adachi et al,
intestine, urinary bladder, |epileptogenesis and some |1999a, Makani et al,
liver, spinal cord, retinopathies, neuronal 2012, Alterio et al, 2014,
odontoblasts signal transduction Reibring et al, 2014)
XV [Kidney, brain, testis (Hilvo et al, 2005, Saari
et al, 2010, Tolvanen et
al, 2013)
VIII |Brain, lung, liver, salivary ~|Neuronal functions, (Kelly et al, 1994,
N gland, stomach, human controls ER-dependent Aspatwar et al, 2010, Lo
g osteosarcoma cells cytosolic Ca>* homeostasis et al, 2018)
ks by binding to IP; receptor,
& o promotes glucose uptake
P g in human osteosarcoma
5 < cells
§ X Brain Unknown (Aspatwar, Tolvanen and
ZO Parkkila, 2013)
XI  |Brain, associated with Unknown (Aspatwar, Tolvanen and
several cancers Parkkila, 2013)
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2.2 General aspects of secretory carbonic anhydrase VI

2.21  Expression of CA VI

CA VI is the only secreted isozyme in the a-CA enzyme family (Fernley et al, 1979,
Murakami, H. & Sly, 1987). In the 1970s, Henkin’s group discovered a novel taste-
associated protein in human saliva. This secreted protein was named Gustin (Henkin
et al, 1975). Two decades later, in 1998, Henkin’s group further showed that Gustin
was identical to CA VI (Thatcher et al, 1998), which had been independently
identified as a CA enzyme present in the sheep parotid gland and saliva in 1979
(Fernley et al, 1979). To date, many research groups have studied the CA VI enzyme,
but its exact functions still remain a matter of debate. The CA VI enzyme has been
isolated from rat (Feldstein & Silverman, 1984) and human (Murakami, H. & Sly,
1987). This enzyme is highly expressed in the serous acinar cells of the parotid and
submandibular glands and is one of the major protein constituents of human saliva
(Kadoya et al, 1987, Parkkila et al, 1990, Parkkila et al, 1993).

The expression of CA VI is not restricted only to the salivary glands. In 2002,
Ogawa and coworkers (Ogawa et al, 2002) demonstrated CA VI expression in the
lacrimal gland. Milk contains high levels of secretory CA VI, which shares 100 %
amino acid sequence homology with salivary CA VI (Karhumaa et al, 2001).
Colostrum contains an eight times higher concentration of CA VI than mature milk;
the latter contains concentrations comparable to the mean levels in saliva.

In recent years, many studies have identified CA VI in several different species.

Examples of these species and the main localizations of the CA VI enzyme are listed

in Table 3.
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Table 3.

Expression of the carbonic anhydrase 6 gene in different studies found in the literature.

Species mRNA CA VI Protein Reference
Human Salivary gland, breast, Saliva, von Ebnet's glands, serum, (Parkkila et al, 1994, Fernley
(Homo skin, epididymis, ovary, serous acinar and ductal cells of the et al, 1995, Kivela et al,
sapiens) spleen, lymph node, parotid and submandibular glands, 1999a, Jiang & Gupta, 1999,
placenta, bone marrow, | secretory granules and cytosol of Karhumaa et al, 2001,
pancreas, appendix, serous acinar cells, colostrum, milk Leinonen, Jukka et al, 2001,
heart muscle, tonsil, Ogawa et al, 2002, Lizio,
cerebellum Marina et al, 2015, Lizio, M.
et al, 2017)
Horse Duodenum, jejunum, (Ochiai et al, 2009)
(Equns ileum, cecum, colon,
caballus) salivary glands, testis,
thyroid gland, liver
Pig Parotid gland, kidney Saliva, serum, bile, seminal plasma, (Nishita et al, 2011, Nishita et
(Sus scrofa) epithelial cells of distal straight tubule | al, 2014)
of kidney, parotid gland, submaxillary
gland, sublingual gland, gallbladder,
colostrum
Dog Parotid gland, Parotid gland, submandibular gland, (Murakami, M. et al, 2003,
(Canis lupus submandibular gland, sublingual gland, zygomatic gland, Ichihara et al, 2007, Kasuya
Jamiliaris) sublingual gland, epithelium of the nasal mucosa, et al, 2007, Sugiura et al,
zygomatic gland, serous acinar and ductal epithelial 2008)
vestibule region, cells of the nasal mucosa.
respiratory region,
olfactory region, lateral
nasal gland, esophagus
Cow Liver, mammary gland Serum, saliva, major salivary glands, (Hooper et al, 1995, Kitade et

(Bos tanrus)

forestomach, large intestine, liver,
mammary gland, milk, colostrum

al, 2003, Kaseda et al, 2006,
Nishita et al, 2007)

Sheep Lacrimal acinar cells Lacrimal gland, parotid gland, (Fernley et al, 1991, Fernley

(Owis aries) submandibular gland, milk et al, 1979, Penschow et al,
1997, Ogawa et al, 2002)

Rat (Rattus Milk, Saliva, serous acinar and duct (Karhumaa et al, 2001,

norvegicis) cells of the tracheobronchial glands, Feldstein & Silverman, 1984,

secretory cells at the base of the
ciliated cells of the tracheobronchial
surface epithelium, Club cells of the
bronchiolar surface epithelium

Smith et al, 1986, Etzel et al,
1997, Leinonen, Jukka et al,
2001)

Mouse (Mus
mmusculns)

nasal mucosa

Duct contents of the anterior gland of
the nasal septum, lateral nasal gland,
the mucus covering the respiratory
and olfactory mucosa, the lumen of
the nasolacrimal duct, CA VI-b in
submandibular gland

(Sok et al, 1999, Kimoto et al,
2004)
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222  Structure of CA VI

The human CA6 gene is located at chromosome 1 p36.22-p36.33 (Jiang & Gupta,
1999, Sutherland et al, 1989). The CA VI transcript (Ensembl protein entry
ENSTO00000377443.6) has eight exons encoded by the CA6 gene (Ensembl gene
entry ENSG00000131686) (Flicek et al, 2012), including a signal peptide positioned
at N-terminal amino acids 1-17 plus a main polypeptide chain with amino acid
residues at positions 18-308 (The UniProt Consortium, 2010).

The secondary structure of hCA VI adopts the canonical a-CA fold, having a
central 10-stranded B-sheet surrounded by several short a-helices and B-strands.
There is a disulfide linkage between Cys42 and Cys224, which stabilizes the active
site of the enzyme for catalysis (Pilka et al, 2012). The secondary structure and active
site of CA VI are shown in Figure 3.

A B

Figure 3. Structure of human CA VI. (A) The secondary structure of human CA VI showing alpha
helices (gray) and beta-sheet (black) structures. (B) The active site of human CA VI. The 3D structure
(PDB ID: 3FE4, (Pilka et al, 2012)) was retrieved from PDB (Berman et al., 2000), and graphics were
created by Maarit Patrikainen with the UCSF Chimera package (Pettersen et al., 2004).
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Both human salivary and milk CA VI have a similar molecular mass of 42
kilodalton (kDA), and the polypeptide contains three potential N-glycosylation sites
(Asn-X-Thr/Ser) (Aldred etal, 1991, Karthumaa et al, 2001). Thatcher and coworkers
detected that N-linked carbohydrate chains contained N-acetyl glucosamine,
galactose, mannose, and fucose interior to di-, tri- and tetra-sialyated termini in hCA
VI. They also determined five increasingly acidic pl values by isoelectric focusing
that were consistent with an addition of sialic acid as the terminal carbohydrate
residue on the N-linked glycoforms of the protein. (Thatcher et al, 1998)

Hooper and coworkers studied bovine submaxillary and parotid CA VI and
demonstrated that the majority of Asn-linked oligosaccharides present on the
secreted CA VI synthesized by the bovine submaxillary gland terminate with N-
acetylgalactosamine 4- sulfate (GalNAc-4-SO4). A similar proportion of Asn-linked
oligosaccharides on CA VI synthesized in the bovine parotid gland terminate with
81,4-linked N-acetylgalactosamine (GalNAc), which is not sulfated. The researchers
suggested that submaxillary and parotid CA VI may have distinct biological roles
based on the differences in the structures of their Asn-linked oligosaccharides and
that the 45-kDa protein might be a major endogenous acceptor for the GalNAc-4-
sulfotransferase in the submaxillary gland. (Hooper et al, 1995)

Miller and coworkers reported that in HEK 293T cells, when CA VI epitope-
tagged with the V5His vector at its carboxyl terminus is expressed, at least 51 % of
the secreted CA VI is bound by immobilized biotinylated Wisteria Floribundia
Agglutinin (WFA), a lectin that binds oligosaccharides bearing terminal 31,4-linked
GalNAc, as in the luteinizing hormone o subunit. CA VI has a recognition
determinant that results in its selective modification with GalNAc when expressed
by HEK 293T cells. (Torres et al, 1988, Miller et al, 2008)

Several inhibitors have been tested for their ability to inhibit CA VI enzyme
activity: iodide, coumarins, sulfonamide derivatives, such as acetazolamide (AZA)
and methazolamide, saccharin, and Foscarnet (phosphonoformate trisodium salt)
(Murakami, H. & Sly, 1987, Kohler et al, 2007, Temperini et al, 2007, Maresca et al,
2009, Crocetti et al, 2009). A series of sulfonamides incorporating sugar moieties,
such as glucose, ribose, arabinose, xylose, and fucose derivatives, showed excellent
CA VI inhibition properties (K 0.56-5.1 nm), whereas galactose, mannose, and
rhamnose scaffolds were weaker inhibitors (K; 10.1-34.1 nm) (Winum et al, 2009).
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2.2.3  Function of CA VI

After four decades of research, the actual function of CA VI has remained unknown.
The following chapters describe in more detail the potential roles of CA VI in saliva
for taste function and dental health.

2231 CAVlinsaliva

The serous acinar cells of the parotid and submandibular glands secrete hCA VI into
saliva at the rate of 10.2 + 7.9 pg/min, and this secretion follows circadian petiodicity
(Parkkila et al, 1993, Parkkila et al, 1995). It has been shown that smokers have
unaltered CA activity, salivary secretion rates, and amylase activity levels, whereas
both salivary pH and buffer capacity pH values are lower compared to those of non-
smokers (Kivela et al, 1997). It has been suggested that, as an enzymatically active
CA, salivary CA VI can maintain optimal pH homeostasis within the oral cavity and
upper alimentary tract, but it is not directly involved in the regulation of the pH of
secreted saliva (Parkkila & Parkkila, 1996, Kivela et al, 1999a, Kivela et al, 1999b).
CA VI secretion is not significantly affected by the hormonal alterations associated
with pregnancy, nor is it involved in the regulation of actual salivary buffer capacity
(Kivela et al, 2003).

The second messenger molecules cyclic adenosine monophosphate (cAMP) and
Ca*2 regulate a large number of cellular events in eukaryotes (Sharma & Kalra, 1994).
cAMP and its associated kinases function in several biochemical processes, including
the regulation of glycogen, sugar, and lipid metabolism, and Ca*2 works through
calmodulin, a ubiquitous calcium-binding protein (Sharma & Kalra, 1994, Ali et al,
2016). Human salivary CA VI stimulates brain calmodulin-dependent cyclic
nucleotide phosphodiesterase (cAMP PDEase) activity in the absence of calmodulin,
5- to 6-fold over physiological levels (Law et al, 1987). To compare the levels of
salivary cAMP and cyclic guanosine monophosphate cGMP in patients with taste
and smell dysfunction with those in normal subjects, parotid saliva was collected
from 61 normal volunteers and 253 patients with taste and smell dysfunction. The
results showed lower mean concentrations of both cAMP and cGMP in patients
than in normal subjects. (Henkin et al, 2007)
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2.2.3.2 Role of CA VI for taste function

Henkin’s group became the first to link Gustin (CA VI) to the regulation of taste
function (Shatzman & Henkin, 1981). Their observations of the biochemical
characteristics of CA VI were similar whether the protein was isolated from subjects
with normal taste acuity or from patients with hypogeusia (decreased taste acuity),
and hypogeusic subjects had salivary CA VI concentrations as low as 20 % that of
normal subjects. They also reported that zinc treatment can affect both taste and CA
VI concentrations in hypogeusia, but they did not link CA VI to any specific taste
modality (Shatzman & Henkin, 1981). A study on patients with an acute influenza-
type illness described a clinical disorder formulated as a syndrome of hyposmia
(decreased smell acuity), hypogeusia, dysosmia (distorted smell function), dysgeusia
(distorted taste function) and the decreased secretion of parotid saliva CA VI with
associated pathological changes in taste bud anatomy. (Henkin et al, 1999a). They
further performed a study in which exogenous zinc was administered to the patients
to stimulate the synthesis and/or secretion of CA VI to correct the symptoms of
this disorder. The results led them to propose a novel hypothesis that CA VI
promotes growth and the development of taste buds through its action on taste bud
stem cells (Henkin et al, 1999b). Additionally, the high concentrations of CA VI in
milk and colostrum suggested that it can participate in the developmental processes
of the GI canal during the postnatal period (Karhumaa et al, 2001).

Polymorphism of the CA6 gene has been the research topic of Barbarossa’s
group in several publications, and indeed, they have found a link between bitter taste
modality and polymorphic changes in the CA6 gene. They first found a
polymorphism (rs2274333 A/G) that contributed to 6-n-propylthiouracil taster
status (Padiglia et al, 2010). Later, they elegantly showed that alterations of bitter
taste function are due to polymorphic changes in the bitter receptor gene (T AS2R38)
and CA6 gene and require contributions from other still unknown factors (Calo et
al, 2011). In 2013, Barbarossa’s group suggested that polymorphisms of the CA6
gene are associated with the concentrations of secreted CA VI and that the
rs2274333 polymorphic change in the CA6 gene affects 6-n-propylthiouracil
sensitivity by acting on fungiform papilla development and maintenance (Aidar et al,
2013, Melis et al, 2013).
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2.2.3.3  Salivary CA VI and dental caries

Saliva contains inorganic compounds and multiple proteins that affect conditions in
the oral cavity and initiate various systemic defense mechanisms, including
bicarbonate ions, leukocytes, secretory IgA, agglutinating proteins, and a number of
enzymes, to the actual site of microbial growth on the tooth surface (Lamkin &
Oppenheim, 1993, Lagerlof & Oliveby, 1994, Edgar et al, 1994, Kivela et al, 1999b).
Saliva is involved in food debris clearance and also provides inorganic ions for both
the neutralization of acidic microbial metabolic products and enamel
remineralization after the consumption of fermentable carbohydrates (Edgar et al,
1994). The salivary bicarbonate diffuses into dental plaque, combining with H* to
form carbonic acid. CA VI is believed to contribute to the neutralization of plaque
acid by accelerating the chemical reaction from carbonic acid to CO2 and H,O
(Kivela et al, 1999a). Bicarbonate itself is an important factor for the pH balance on
dental surfaces because it is the main contributor to the salivary buffering capacity
(Bardow et al, 2000).

Dental plaque is formed on the tooth surface as a biofilm of microorganisms
embedded in a matrix of polymers of host and bacterial origin (Marsh, 2006). Dental
caries is a consequence of the dental hard tissues dissolving under the acid conditions
prevailing beneath dental plaque (Kivela et al, 1999b). In 1999, Kiveld and coworkers
suggested that salivary CA VI played a specific role in the natural defense systems
against dental caries because the concentration of CA VI exhibits a negative
correlation with the DMFT index in individuals with poor hygiene (Kivela et al,
1999b). Perez and coworkers showed a positive association between salivary buffer
capacity and the rs2274327 (C/T) polymorphism when analyzing the allele and
genotype distribution of three polymorphisms in the coding sequences of the CA6
gene in children aged 7-9 years (Peres et al, 2010). Studies performed within a
Chinese population showed no association between the rs2274327 polymorphism
and dental caries susceptibility, whereas the rs17032907 genetic variant and the
haplotype (rs2274328, 1517032907 and rs11576766) of CA6 may be associated with
dental caries susceptibility (Li, Z. Q. etal, 2015). Sengul and coworkers also observed
no correlation of rs2274327 polymorphism frequencies between study groups of
carious and non-carious children in Turkey (Sengul et al, 2016). A recent study
showed higher activity of CA VI in saliva but a lower salivary flow rate associated
with the development of dental caries among school children. In the caries-free
group, a higher concentration of CA VI, higher salivary flow rate, higher pH and
higher buffering capacity were observed, suggesting that CA VI is able to neutralize
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the acid in the oral environment and thus provides greater protection against tooth
decay. (Picco et al, 2017)

The same researchers also reported a contradictory result: that salivary CA VI
activity was, in fact, higher in children with caries. Similarly, Borghi and coworkers
showed that CA VI activity was 53.8 % higher in the saliva of children with early
childhood caries than in the saliva of the caries-free children. (Borghi et al, 2017)

A previous study using a mouse cariogenesis model revealed that after infection
with . mutans strain UA159, total smooth surface caries and sulcal caries were more
than 6-fold and 2-fold lower, respectively, in Car67/- mice than in WT mice (Culp et
al, 2011). The recovery of S. mutans and total microbiota from molars was lower for
the oral microbiota of Car6”/- mice. Additionally, Lactobacillus murinus and an
unidentified S#reptococcns species were cultivated at higher levels in Car6/- mice,
suggesting that salivary CA VI may promote caries via the enzymatic production of
acid within plaque and/or modulation of the oral microbiota to favor S. mutans
colonization (Culp et al, 2011). A recent study hypothesized that CA VI and CA6
gene variations contribute to the microbial environment in both the nasopharynx
and gastro-intestinal tracts. The results, indeed, supported the hypothesis by showing
that CA6 gene polymorphisms rs10864376 (T, rs3737665 (T), rs12138897 (G) and
haploblock TTG of CA6 are associated with S. mutans colonization, overall
microbiota composition, and dental caries. It was also observed that secreted salivary
CA VI tended to be linked to CA6 gene variation. (Esberg et al, 2019)

2.2.34  Other suggested functions of CA VI

In general, CA VI has played a minor role in previous studies focusing on cancer.
Hsieh and coworkers investigated the potential diagnostic utility of CA VI in
differentiating acinic cell carcinoma (AciCC) of the salivary gland from its
morphological mimic, mammary analogue secretory carcinoma. They reported that
CA VI shows staining sensitivity and specificity as high as that previously detected
for a calcium-dependent chloride channel protein (DOGT1). Therefore, they
concluded that a combination of CA VI and DOG1 could serve as an ideal
immunohistochemical panel for the diagnosis of AciCC. (Hsich et al, 2016)
Sjogren’s syndrome (SS) is a complex autoimmune disease in which damaged
salivary and lacrimal glands lead to dry eyes and dry mouth and also secondary
problems from the lack of protective secretions. Some patients with primary SS (pSS)
develop systemic manifestations including lung and kidney disease, peripheral
neuropathy, vasculitis, and lymphoma (Giusti et al, 2007, Baldini et al, 2011). SS may
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also occur secondary to other autoimmune diseases including SSc, RA, systemic
lupus erythematosus, PM, and MCTD (Manoussakis & Moutsopoulos, 2000, Peri et
al, 2012). In 2011, Baldini and coworkers identified 15 differentially expressed
proteins in pSS. Among them, a-amylase precursor, carbonic anhydrase VI, 3-2
microglobulin, glyceraldehyde-3-phosphate dehydrogenase, epidermal fatty acid
binding protein, and immunoglobulin » light chain apparently showed the most
significant differences in pSS when compared with control groups (Baldini et al,
2011). A recent article, from 2017, showed that IgA type anti-CA VI autoantibodies
were frequently seen in patients with long-standing SS, and further studies were
suggested to determine the usefulness of anti-salivary gland protein 1, anti-CA VI,
and anti-parotid secretory protein antibodies in the diagnosis of sSS in SSc, sSS in
RA, and MCTD (Shen et al, 2012, De Langhe et al, 2017).

2.2.3.5 Nuclear carbonic anhydrase 6B (CA VI-b)

In 1999, Sok and coworkers discovered a novel form of murine CA VI, CA VI-b,
while studying the transcription factor CCAAT/Enhancer-Binding Protein
Homologous Protein (CHOP), which is a highly responsive enzyme to certain forms
of stress (Sok et al, 1999). Their study focused on stressed (tunicamycin-treated)
chop*/+ and chop~/— mouse embryo fibroblasts, and they identified several cDNA
fragments from differentially expressed genes. Sequence analysis of CA VI-b
revealed the presence of divergent N-terminal sequences in proteins, thus indicating
that both the secreted form and the stress-induced form of CA VI are likely the
products of the same gene. Untreated and tunicamycin-treated fibroblasts revealed
that type CA VI-b was expressed in response to stress in these cells, whereas the
secreted form of CA VI was restricted to the salivary glands (Sok et al, 1999).

In 2014, it was confirmed using the CN1.4 cell line that the CA VI-b isoform is
retained in the cell, where it is distributed between the nucleus and the cytoplasm.
CA VI-b induced by endoplasmic reticulum stress in neurons was dependent upon
CHOP. (Matthews et al, 2014)

Recently, it was found that CA VI-b is directly connected to the innate immune
response by selectively inducing cytokine IL.-12 production through PRMT5 and
regulating histone H3R8me2s arginine modification, independent of its CA activity
(Xu, J. etal, 2017).
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2.3 Taste perception

Taste perception is one of the most important features for animals to prevent the
ingestion of toxic substances, evaluate the nutritious content of food, guide essential
appetitive behaviors, and help maintain a healthy diet. It is generally accepted that
our taste evokes from a few distinctive sensations: sweet, bitter, sour, salty, and
umami (savory). (Chandrashekar et al, 2006)

Taste receptor cells (TRCs) assemble into taste buds, which are distributed into
different papillaec within the tongue epithelium. Circumvallate papillae are found at
the very back of the tongue and contain hundreds (mice) to thousands (human) of
taste buds. Foliate papillae localize to the posterior lateral edge of the tongue and
contain dozens to hundreds of taste buds, and fungiform papillae contain a single or
a few taste buds and are located at the frontal part of the tongue (Hoon et al, 1999).
Filiform papillae are the smallest and most numerous in humans and do not contain
any taste buds. The filiform papillae are located over the entire anterior-dorsal
surface of the tongue, with their tips pointing backward, and serve only a mechanical
role (Ross & Pawlina, 2011). Figure 4 shows the localization of these different
papillae.

Taste modalities are mediated by different mechanisms. Salty tastants modulate
taste-cell function by the direct entry of Na* and H* through specialized membrane
channels on the apical surface of the cell. The entry of Na* through amiloride-
sensitive Na* channels is believed, at least partly, to stimulate TRC activation (Heck
et al, 1984, Avenet & Lindemann, 1988). Sour taste detection functions as a warning
mechanism and provides important sensory input to discourage the ingestion of
foods spoiled by acid-producing microorganisms (DeSimone et al, 2001). Huang and
coworkers identified a candidate mammalian sour taste sensor, polycystic kidney
disease 2-like 1 protein (PKID2L1), an ion channel that is expressed in a subset of
TRCs distinct from those responsible for sweet, bitter, and umami taste modalities
(Huang et al, 2000). This sour taste receptor responds to acids, such as citric acid,
tartaric acid, acetic acid, and hydrochloric acid (Chandrashekar et al, 2000).

G-protein-coupled receptors (GPCRs) taste receptor type 1 member 1 (T1R1),
T1R2, and T1R3 are expressed in subsets of co-expressing TRCs and mediate sweet
and umami taste perception (Nelson et al, 2001, Zhao et al, 2003). In mice, TRCs in
both fungiform and circumvallate papillae express each T1R receptor alone or in all
possible combinations (T1R1 + T1R2, T1R1 + T1R3, T1R2 + T1R3, and T1R1 +
T1R2 + T1R3) (Kim, M. R. et al, 2003). The heterodimer of T1R3 and T1R2 forms

a sweet taste receptor that responds to all classes of sweet tastants, including natural
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sugars, D-amino acids, intensely sweet proteins, and artificial sweeteners (Nelson et
al, 2001, Li, X. et al, 2002). T1R1 and T1R3 form a heterodimer, which is an amino
acid (umami) taste receptor (Li, X. et al, 2002, Nelson et al, 2002, Zhao et al, 2003).
This receptor is strongly stimulated by purine nucleotides in both mouse and human
(Li, X. et al, 2002, Nelson et al, 2002).

Bitter taste is mediated by a family of highly divergent GPCRs, the T2Rs, which
are selectively expressed in subsets of TRCs except those containing sweet and
umami receptors (Adler et al, 2000, Matsunami et al, 2000).

Circumvallate papilla

Foliate papilla

S

Fungiform papilla

TR0

Filiform papilla Salty Sweet Bitter Sour Umami

Figure 4. The left side of the image shows the specialized mucosa of the oral cavity on a dorsal surface
of a human tongue. Filiform papillae distribute over an anterior dorsal surface of the tongue, while
fungiform papillae project above the filiform papillae, are scattered and are more numerous near the tip
of the tongue. The circumvallate papilla position on the posterior side, forming a V-shaped configuration.
The foliate papillae occur on the lateral side of the tongue. A diagram of the taste bud shows sensory
cells (gray), supporting, and basal cells. Nerve fibers have synapses with neuroepithelial (sensory) cells
(Chandrashekar et al, 2006), modified by Maarit Patrikainen.

2.4 Pentraxin

Innate immune systems, based on pattern recognition, exist in some form in all
metazoan organisms (Medzhitov, 2007). Pattern recognition molecules (PRMs)
recognize conserved structures on the surface of pathogens and activate the innate
immune response. Pentraxins (PTXs), belonging to a humoral arm of innate

immunity, are a superfamily of fluid phase pattern recognition molecules
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characterized by a cyclic multimeric structure with a regulatory role in inflammation
(Bottazzi et al, 2016). PTXs share a 200-amino-acid-long domain at the protein C-
terminus and are divided into groups based on their primary subunit structures with
a distinctive primary motif, His-X-Cys-X-Ser/Thr-Trp-X-Ser, where X is any amino
acid. Here, I concentrate only on short PTXs, a C-reactive protein (CRP), and serum
amyloid P (SAP) (Garlanda et al, 2005, Bottazzi et al, 2010), which are 25-kDa
proteins characterized by a common structural organization in five identical subunits
arranged in a pentameric radial symmetry. Human CRP and SAP share
approximately 51 % amino acid sequence identity and are thought to have originated
from a single gene duplication (Rubio et al, 1993). The promoter region of human
CRP comprises two acute phase response elements, each containing a binding site
for the liver-specific transcription factor 1 and two C/EBP (CCAAT/enhancer
binding protein @) binding sites, both necessary and sufficient for interleukin 6 (IL-
6)-induced transcription (Toniatti et al, 1990, Ramji et al, 1993, Li, S. P. & Goldman,
1996). SAP is a highly conserved plasma glycoprotein and a normal component of
basement membranes (Zahedi, 1997).

SAP plays a dual role in bacterial infections, exhibiting a host defense function
against pathogens to which it does not bind. When SAP binds to bacteria, a strong
anti-opsonic effect is observed, resulting in enhanced virulence of the infectious
agent. The physiological functions attributed to CRP and SAP involve Ca2*-
dependent ligand binding. (Noursadeghi et al, 2000, Garlanda et al, 2005)

2.5 Functional genomics

The work described within this thesis could not be performed without using several
different tools based on a concept called functional genomics. Functional genomics
covers high-throughput technologies for DNA and protein analysis, in which instead
of studying one protein or gene at the time, entire genomes and proteomes are
studied. There are several different subdivisions and tools of functional genomics,
such as gene disruption, proteomics, and structural genomics. (Gasperskaja &
Kucinskas, 2017)

As an example, KO or KD animal models have proven very useful for studying
the roles of various genes or proteins. In many cases, proteomics and genome-wide
studies have been efficiently deployed to reveal multiple phenotypic effects that are
related to complete or partial silencing of target genes. There are several model

animals that have been widely used in research: mouse (Mus musculus), rat (Rattus
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norvegicus), zebrafish (Danio rerio), fruit fly (Drosophila melanogaster), and nematode
worm (Caenorbabditis elegans) (Kawakami et al, 2017, Mitani, 2017, Yamaguchi &
Yoshida, 2018).

251  Knockdown or knockout animal models for CAs

In the last two decades, several KD or KO animal models have been developed for
certain CA isoforms. These models have then been utilized to study the
corresponding phenotypes. Table 3 lists the developed KO models and their
phenotypes in mouse and zebrafish strains.
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Table 4. Target genes/proteins of KO animal mouse models used in CA studies and their observed

phenotypes.
KO target Strain Phenotype Reference
Car2 C57BL/¢] x Car2 null mice were smaller and had renal tubular acidosis and (Leppilampi,
DBA/2J vascular calcification. Lack of duodenal bicarbonate secretory Parkkila et al, 2005,
response to prostaglandin E2. Lewis et al, 1988,
Spicer et al, 1989)

Car3 C57BL/6) Growth, fertility, and life span of the mutant mice were similar to (Kim, G. etal,
those of WT' controls. Half-relaxation times of single twitches and of | 2004)
tetani are reduced in soleus muscle.

Cart C57BL/6) Viable, healthy, fertile and grew normally when crossed with WT (Shah et al, 2005)
partners. Matings between male and female homozygous Car# null
mice produced small litters, and many of the pups did not survive.

Extracellular buffering was disturbed in the central nervous system.

Car5A C57BL/6J Car5A null mice were smaller than WT littermates and bred poorly. (Shah et al, 2013)
Their fasting blood sugars were normal but blood ammonia
concentrations were markedly elevated.

Car5B C57BL/6) Car5B null mice showed normal growth, normal blood ammonia, and | (Shah et al, 2013)
normal fasting blood sugar levels.

Car5A/B C57BL/¢J Double KO mice were even smaller and had greater (Shah et al, 2013)
hyperammonemia than Car5.A null mice. They were fertile, but pups
were produced in less than predicted numbers. Survival after weaning
was reduced, especially for males.

Car6 C57BL/¢J Growth, fertility, and life span of the mutant mice were similar to (Culp et al, 2011,
those of WT' controls. Lower catiogenesis rate in Car6 null mice Pan et al, 2011)
compared to that in WT mice. A greater number of lymphoid
follicles was observed in the small intestinal Peyer's patches. No
other morphological differences were found.

Car8 Was found in | Wobbly side to side ataxic movements that were seen when the mice (Jiao et al, 2005)

C57BL/KS reached two weeks of age and lasted throughout their life span.
Frequent tail elevation and intermittent Straub tail reaction were seen.

Car9 C57BL/6) Gastric hyperplasia of the glandular epithelium with numerous cysts. (Gut et al, 2002,
Gastric submucosal inflammation. Disruption of brain histology, Leppilampi,
abnormal locomotor activity, and poor performance in a memory Karttunen et al,
test. 2005, Pan et al,

2012)
Carl2 Tg(tetl)1Bjd Car12 null mice resulted in reduced fitness. (Geurts et al, 20006)
/]

Carl4 C57BL/6) Car14 null mice were viable, fertile, and grew normally. Extracellular (Shah et al, 2005)
buffering was disturbed in the central nervous system.

Cart/ Carl4 C57BL/6) Double KO mice appeared healthy, grew and were fertile, but both (Shah et al, 2005,
males and females were significantly smaller than WT mice. Female Ogilvie et al, 2007)
double KO mice died early, and the few that survived were infertile.

Card/ Car14 double mutants showed a greater deficit in a light
response than the Carf4-null retina.
cas TL/4608 Fish had the collapse of the medial fins followed by necrosis. Rapid (Wienholds et al,
ENU embryo degeneration. 2003, Postel &
Sonnenberg, 2012)
a8 AB, TL Fish had shortened tail, a curved body axis, the absence of a swim (Aspatwar,
bladder and otolith vesicles. Tolvanen, Jokitalo
et al, 2013)
calOa and calOb | AB Fish had curved body, a pericardial edema, abnormalities in the head (Aspatwar et al,

and eye and increased apoptotic cell death in the brain region.
Developmental delay with a high rate of mortality in larvae.

2015)
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3 AIMS OF THE PRESENT STUDY

The general aim of the study was to reveal new information on the expression and
function of CA VI. The specific aims were as follows:

To evaluate the differences of taste modalities in CA VI-deficient mice
compared with WT mice (I).

To investigate whether gene expression profiles differ in the trachea and lung
of CA VI-deficient mice compared with WT mice (II).

To trace evolutionary development of CA VI using phylogenetics (I1I).

To study the structure, location and function of the novel Pentraxin - CA VI

protein using protein modeling, immunohistochemistry, enzyme kinetics, and
a ca6 KD zebrafish model (I1I).
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4 MATERIALS AND METHODS

4.1 Animal models

Car6”/- mice were designed, produced and originally characterized by Dr. Peiwen Pan
at the University of Tampere (Pan et al, 2011). To obtain mice with a pure C57BL/6
strain background, the mice with the targeted allele were backcrossed for more than
ten generations. The mice were housed in pathogen-free conditions at the University
of Oulu. The health status of the animals was monitored on a regular basis according
to the Federation for Laboratory Animal Science Associations (FELASA)
recommendations. The Animal Experimentation Committee approved the
production and characterization of the KO mice. All of the Car6/- and WT mice
used in this study were bred and raised at the Animal Centre, University of Oulu,
and transferred before the experiments to either the Neuroscience
Center/Laboratory Animal Center, University of Helsinki, or the animal facility of
the University of Tampere.

WT, AB strain, zebrafish (Danio rerio) were maintained under standard conditions
at +28.5 °C (Westerfield, 2007). The experiments involving zebrafish and their
embryos/larvae were catried out according to the rules of the Provincial
Government of Western Finland, protocol #LSLH-2007-7254/Ym-23. Using
maximum 5-days-old zebrafish larvae as a model organism requires no ethical

permission.

4.2 cabknockdown zebrafish (lll)

Zebrafish embryos/latvae were collected from the breeder tanks with a sieve and
moved to Petri dishes (Sarstedt, Nimbrecht, Germany) in embryonic medium
supplemented with 1-phenyl-2-thiourea (Sigma-Aldrich, Inc., St. Louis, Missouri,
USA) at +28.5 °C until they were used in experiments. KD of 6 was carried out
using the translation-blocking antisense morpholino oligonucleotides (MOs)
(GeneTools LLC, Philomath, Oregon, USA) listed in Table 5. MOs targeted the
sequence 5" upstream of the translation initiation site of the 6 transcript. Random
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control MOs were used as a control. Injection of one nanoliter of MO dilution was
performed into the yolks of one- to two-cell stage larvae. Screenings of injected
larvae for successful injections were carried out using a Lumar V1.1 fluorescence
stereomicroscope (Carl Zeiss Microlmaging GmbH; Goéttingen, Germany) and
AxioVision software version 4.9 (Carl Zeiss Microlmaging GmbH) at 24 hours post
fertilization (hpf). Phenotypic appearance was observed from the images of the
developing embryos/larvae from one dpf to five dpf of WT and MO-injected
zebrafish. Larvae were first euthanized using 0.05 % ethyl 3-aminobenzoate methane
sulfonate salt (Tricaine) (Sigma-Aldrich, Inc.) in embryo medium and embedded in
17 % high molecular weight methylcellulose in 15 x 30 mm transparent
polypropylene Petri dishes. Images were taken with a Zeiss Stereo Microscope (Catl
Zeiss Microlmaging GmbH) with a NeoLumar S 1.5x Objective (Carl Zeiss
Microlmaging GmbH). Further details are described in article I11.

Table 5. Translation-blocking antisense MO targets and sequences.

Target MO sequences (5-3°)
a6 mRNA CTG CCT GTG CTC TGA ACT GTTTCT C
Random control CCT CTT ACCTCA GTT ACA ATT TAT A

4.3 DNA and total RNA extraction and synthesis of cDNA (1, II, 1)

Genomic DNA extractions from mice ear samples were carried out using a
NucleoSpin Tissue Kit (Macherey & Nagel GmbH & Co. KG, Diiren, Germany)
according to the manufacturer’s instructions. Further details are described in article
1.

For microarray, eight WT and six Car67/- KO male mice at the age of eight weeks
were sacrificed using COg, and trachea and lung samples were collected. Total RNA
from tissue samples was extracted using an RNeasy® Mini Kit (Qiagen, Hilden,
Germany), including DNase digestion according to the manufacturer’s instructions.
The RNA concentrations and purity were determined by measuring optical density
at 260 and 280 nm, using an ND-1000 spectrophotometer (Nanodrop Technologies,
Wilmington, USA). Triplicates of each sample, including eight WT and six KO for
the trachea, eight WT and six KO for the lung, and four sample duplicates as internal
controls, were pipetted into a 96-well plate. One hundred fifty nanograms of total
RNA from each sample was converted to double-stranded cDNA and analyzed
individually using Illumina’s Sentrix® Mouse Ref-8 v2 Bead Chips (Illumina, Inc.,
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San Diego, California, USA) by Gen-Probe Life Sciences Ltd. (Oak Business Park,
Manchester, UK).

For the Cart expression analysis and microarray validation, the RNA samples
extracted from the trachea and lung of WT and Car6/- mice were converted to
cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Inc., Foster City, California, USA) with random hexamer primers
according to the manufacturer’s instructions. Further details are described in article
II.

For recombinant protein production, total RNA was isolated from 30-mg
samples of adult D. rerio homogenate as described above. For ca6 expression analysis,
total RNA from the 0-168 hpf embryos/larvae and from different organs of the
adult zebrafish was isolated from 30-pg samples as described above. A reverse
transcriptase step was performed using 0.1-5 pg of total RNA for synthetizing the
first-strand cDNA using a First Strand cDNA Synthesis Kit (High-Capacity cDNA
Reverse Transcription Kits, Applied Biosystems, Inc.) with random primers and M-
MuLV reverse transcriptase enzyme, according to the manufacturer’s instructions.
Further details are described in article I11.

4.4 Polymerase chain reaction, PCR (I, Il, Il)

Genotyping of Car6”/-mice was performed by multiplex PCR using RedHot DNA
Polymerase (Thermo Fisher Scientific, Waltham, Massachusetts, USA). The PCR
was run using primers F1 + R1, producing a 434-bp product for WT (P1), and F1 +
R2, producing a 673-bp product for Car6/ KO (P2) as described previously (Pan et
al, 2011). Primer sequences are shown in Table 6, and PCR conditions are described
in Table 7.

For microarray validation, several genes of interest were chosen as external
standards. The external standards of the trachea tissue were prepared using primers
designed for the genes Fas apaptotic inhibitory molecule 3 (Faim), Calcitonin/ calcitonin-
related polypeptide, alpha (Calea), Lysozyme 1 (Lyz1), Natrinretic peptide precursor type A
(Nppa), Demilune cell and parotid protein 1 (DeppT), Surfactant associated protein C (Sfipe),
and Uncoupling protein 1 (mitochondrial, proton carrier) (UgpT). D site albumin promoter binding
protein (Dbp) and Glycerophosphodiester phosphodiesterase domain containing 3 (Gdpd3) were
chosen as external standard genes for microarray of the lung tissue. The DNA
samples extracted from WT mouse tissues were used as templates, and murine f-

Actin (mActh) was used as a housekeeping gene for qRT-PCR normalization. The
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primer sequences are listed in Table 6, and PCR conditions for P3-P9 for the trachea
samples, P10-P11 for the lung samples, and P12 for #.4ctb are shown in Table 7.

To build a construct for zebrafish CA VI recombinant protein production,
primers F12 and R13 were used for coding sequence identification, and the
amplification was carried out using conditions for P13. A P14 reaction was used to
add a BamHI restriction site into the N-terminus and a Sall restriction site, a tag of
six histidines for protein purification, and a thrombin cleavage site for histidine tag
removal into the C-terminus of the insert (F13 and F14). To confirm the coding
sequence for the recombinant CA VI protein, the insert was sequenced (P15) using
a ABI 209 PRISM BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Inc.). The primer sequences and PCR conditions are described in Table
6 and Table 7, and the reactions were performed using the Applied Biosystems
3130x/ Platform (Applied Biosystems, Inc.). Sample precipitation and sequence
analyses are described in detail in article I11.

4.5 Quantitative reverse-transcription PCR (qRT-PCR) (Il, 1ll)

qRT-PCR of duplicate cDNA samples of trachea and lung tissue, from both car6-/-
and WT mice, was performed on a 96-Well Optical Reaction Plate (ABI PRISM™,
Applied Biosystems, Inc.) using Power SYBR® Green PCR Master Mix (Applied
Biosystems, Inc.). A total of 15 ul of each qRT-PCR reaction contained 0.5 ul of
first-strand cDNA, each primer at 0.5 uM (Oligomer Oy, Helsinki, Finland), and 1%
SYBR Green Master Mix (Applied Biosystems, Inc.). Amplification and detection
were carried out using the ABI PRISM®7000 Detection System (Applied Biosystems,
Inc.) using the qRT-PCR protocol described in Table 7, with the annealing
temperatures (P3-P12) listed in Table 6. The relative expression levels of genes in
the microarray validation were assessed by the Sequence Detection System v 1.2.3
(Applied Biosystems, Inc.) using mouse housekeeping gene beta-actin (mActh) values
as an internal control to normalize the qRT-PCR Ci-values. Comparison of the
relative expression values between the two groups is described in data analysis
section 4.14. Detailed protocol information is described in article II.

The gqRT-PCR reactions of samples isolated at different stages of development,
from 0-168 hpf whole embryos/larvae, and from different organs of the adult
zebrafish were carried out using primers for @6 (P16) and the housekeeping gene
gapdh (P17). The reaction mixture was the same as that described above. Information

on the primer sequences of chosen genes and qPCR conditions is shown in Table 6
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and Table 7, and data analysis is described in Section 4.14. Detailed protocol
information is described in article III.

Table 6. Primer sequences and PCR steps used in this study.

PCR T Target Primer sequences (5’- 3%)
P1 (F1+R1) 62 Car6 WT CCT GGA GTT CAC TAT GAC TAA C (F1)
P2 (F1+R2) 62 Car6 KO GGA TCC AGC TTG TTA GGCTT (R1)
GGC CTA CCC GCTTCC ATT GC (R2)

P3 (F2+R3) 62 Faim3 CAG GTG ATC GGT GTG TGT CA (F2)
CCA GAC ACT GGC AGG AAG TA (R3)

P4 (F3+R4) 0 Calea CCA CTG CCA GGA TCA AGA GT (F3)
AAG ATG CTG ACA ACC AGG AA (R4)

P5 (F4+R5) 62 Lyt CCA GGC CAA GGT CTA CAA TC (F4)
ATA GTC GGT GCT TCG GTC TC (R5)

P6 (F5+R6) 60 Nppa TGG GCT TCT TCC TCG TCT TG (F5)
CTA GCA GGT TCT TGA AAT CC (R6)

P7 (F6+R7) 60 Dapt GCT GGC CTT ACT GAT TCT TG (F6)
CAC TTG ACC GTC CTT GTT GT (R7)

P8 (F7+R8) 60 Shipe AGA GGT CCT GAT GGA GAG TC (F7)
CAC CAC AAC CAC GAT GAG AA (RY)

P9 (F8+R9) 58 Uept AGA GTT ATA GCC ACC ACA GA (F8)
GCA ACA AGA GCT GAC AGT AA (R9)

P10 (F9+R10) 62 Dbp ACC GCG CAG GCT TGA CAT CT (F9)
GTC TCA TGG CCT GGA ATG CT (R10)

P11 (F10+R11) 60 Gdpd3 TTC TCA CCA GGC CAT TTT GC (F10)
GCT ACCTTG TGA ATG AGT TC (R11)

P12 (F11+F12) 57 wActh AGA GGG AAATCG TGC GTG AC (F11)
CAA TAG TGA TGA CCT GGC CGT (R12)

P13 (F12+R13) 55 cat ATG GAG CAG CTG ACT CTA GTC (F12)
ITT CTC TGT TTC TCT ATT ATT ATT AT (R13)

P14 (F13+R14) 62 P13 GGC CGG ATC CAT GGA GCA GCT GAC TCT AGT (F13)

GCC GTC GAC TTA ATG GTG GTG ATG GTG GTG GGA ACC ACG
GGG CAC CAG TTT CTC TGT TTC TCT ATT ATT ATT ATT ATC C (R14)

P15 (F14+R15) 50 P14 AAT GAT AAC CAT CTG GCA (F14)
GGT ATG GCT GAT TAT GAT (R15)

P16 cat CAA ACA TTT ATT TGC CAG CAC TCC (F15)
TAT GTC CAA TAA TCT CCA TCT ACT CC (R16)

P17 capdh AGT GTC AGG ACG AAC AGA GGC T (F16)

GCC AAT GCG ACC GAA TCC GTT A (R17)

F forward primer, R reverse primer, 1), annealing temperature
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4.6 Recombinant zebrafish (Danio rerio) CA VI-PTX protein
production (II1)

The baculoviral genome construct encoding the ¢z6 recombinant protein was
generated according to the bac-to-bac® Baculovirus Expression System instructions
(Invitrogen, Camarillo, California, USA) and was optimized for Spodoptera frugiperda.
A restriction enzyme digestion of purified insert DNA and pFastBac™ (Invitrogen)
target vector was carried out using BamHI and Sall restriction enzymes (New
England Biolabs, Ipswich, Massachusetts, USA) in 1 % BSA (Sigma-Aldrich, Inc.)
and 10 % NEBuffer 3 (New England Biolabs) incubated at +37 °C for two hours.
Purification of DNA was carried out with the Illustra™ GFX PCR DNA and GEL
Band Purification Kit (GE Healthcare Life Sciences, Chicago, Illinois, USA). The
purified insert DNA and vector were incubated at room temperature (RT) for 15
min in 10 X T4 ligase buffer and T4 ligase (New England Biolabs), followed by
transformation into One Shot® TOP10 chemically competent Escherichia coli cells
(Invitrogen).

The ligation mixture and TOP10 cells melted on ice were incubated for 30 min
on ice followed by heat shock at +42 °C for two min. S.0.C. medium (Invitrogen)
was added, and the solution was incubated on a shaker at +37 °C for one hour. The
cells were plated in culture plates containing pre-warmed Luria Broth (ILB) (Sigma-
Aldrich, Inc.), Bacto™ Agar (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA), and 50 pg/ml ampicillin (Roche Diagnostics, Basel, Switzerland) and
incubated at +37 °C overnight. Colonies containing a correct size insert were
cultured overnight (5 ml), and plasmids were purified using a QIAprep Spin
Miniprep Kit™ (Qiagen).

Transposition from the pFastBac™ donor vector with the ¢z6 coding sequence
to MAX Efficiency® DH10Bac™ Competent Cells (Invitrogen) containing the
baculovirus shuttle vector genome was performed according to the protocol
provided by the manufacturer. A streak of DH10Bac bacteria cultured overnight on
LB plates containing 40 pg/ml kanamycin sulfate (Roche Diagnostics) was
suspended in 100 pl of 100 mM CaCl; and incubated on ice for 15 min. After this,
approximately 100 ng of plasmid was added to the suspension, and the cells were
incubated on ice for 30 min. Heat shock was performed at 37 °C for 2 min and
placed on ice for two min, followed by the addition of 450 ul of S.0.C. medium

(Invitrogen). The cells were grown at 37 °C for four hours in an orbital shaker.
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A solution containing 60 pl of 20 mg/ml 5-bromo-3-indolyl B-D-
galactopyranoside (Bluo-gal , Sigma-Aldrich, Inc.) and 10 pl of 1 M isopropyl-3-D-
thiogalactopyranoside (IPT'G, Thermo Fisher Scientific) was spread evenly on LB
agar plates containing 7 pg/ml gentamicin sulfate (Sigma-Aldrich, Inc.), 40 pug/ml
kanamycin sulfate (Roche Diagnostics), and 10 ug/ml tetracycline hydrochloride
(Sigma-Aldrich, Inc.) and incubated at +37 °C in the dark. After incubation for 4
hours, the cells were centrifuged at 6000 x g 1 min at +20 °C, resuspended to 100 pl
of S.0.C. medium and 70 pl of cells were spread on the Bluo-gal plates; the cells
were grown at 37 °C for 24 hours. Recombinant bacmid selection was carried out
according to the manufacturer’s instructions using blue/white colony selection.
Selected colonies wete cultured in LB, 7 pg/ml gentamicin sulfate, 40 pg/ml
kanamycin sulfate, and 10 pg/ml tetracycline hydrochloride medium at +37 °C for
three days, followed by bacmid purification using a PureLink® HiPure Plasmid
Miniprep Kit (Invitrogen) according to the manufacturer’s instructions.

For transfection of the insect cells, a primary stock was prepared. First, Spodoptera
frugiperda ST9 cells (Thermo Fisher Scientific) were calculated, 2 ml of cells (0.5
million cells/ml) was pipetted into a 6-well plate (Sarstedt), and the plate was kept in
a +27 °C incubator (Memmert GmbH + Co.KG, Schwabach, Germany) for at least
30 min for cells to attach to the bottom of the wells. Solution A containing 10 ul of
purified bacmid and 90 pl of Insect-XPRESS™ Protein-free Insect Cell Medium
with L-glutamine (Lonza Group Ltd, Basel, Switzerland) was mixed with solution B
containing 9 pl of Cellfectin® II Reagent (Thermo Fisher Scientific) and 91 ul of
medium. The A+B mixture was incubated for 15-45 min at RT. After incubation,
800 ul of medium was added to the A+B mixture, and 1 ml of this solution was
added on top of the cells in the 6-well plate. The cells were incubated at +27 °C for
5 hours. The medium was removed, 2 ml of fresh medium was added, and incubation
continued at +27 °C for 3 days, followed by isolation of the primary stock. The
medium was collected and centrifuged at 1000 x g for five minutes. Supernatant was
isolated and kept in the dark at +4 °C. A secondary stock was prepared by infecting
20 ml of cells (2 million cells/ml) with 300 ul of the primary stock and incubated at
+27 °C in a shaker for 3 days, followed by a centrifugation step at 2000 x g for five
minutes. The supernatant was collected, and 1 ml of the secondary stock was used
to infect 100 ml of cells (2 million cells/ml). Four hundred milliliters of culture was
used for protein production.

The cultured Sf9 cells were centrifuged at 5000 rpm for 10 min, and the
supernatant was collected and diluted 1:1 with a binding buffer, pH 8.0, containing
50 mM Na;HPOy (Sigma-Aldrich, Inc.) and 0.5 M NaCl (Sigma-Aldrich, Inc.).
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Prewashed Protino Ni-NTA Agarose (Macherey & Nagel GmbH & Co. KG) was
added and mixed with a magnetic stirrer for two hours at RT. The solution was
filtered, and the remaining resin was washed three times with a binding buffer
containing 20 mM imidazole (Sigma-Aldrich, Inc.) and packed in a column. Protein
was eluted from resin with an elution buffer containing 0.25 M imidazole. Molecular
mass was estimated using SDS-PAGE with a 10 % gel, and the Precision Plus
Protein™ Standards Dual Color (Bio-Rad Laboratories, Inc.) marker was used. The
gel was run with MiniPROTEAN® TetraCell PowerPac® Basic (Bio-Rad
Laboratories, Inc.) at 200 V for 30 min.

The produced protein was concentrated by centrifugation at 4000 rpm for 20 min
using an Amicon Ultracel 30 k (Millipore, Merck KGaA, Darmstadt, Germany) tube.
Protein concentration was measured with the Pierce™ BCA Protein Assay Kit

(Thermo Fisher Scientific) according to the manufacturer’s instructions.

4.7 Enzyme activity measurement (11l)

The enzyme activity of zebrafish CA VI and the inhibitor study for AZA were carried
out using an Applied Photophysics stopped-flow instrument under the supervision
of Professor Claudiu T. Supuran at the University of Florence, Italy, according to
the protocol described in article I11.

4.8 Light scattering analysis (Il)

Analysis of zebrafish CA VI-PTX protein was performed using a liquid
chromatography instrument (CBM-20A, Shimadzu Corporation, Kyoto, Japan)
equipped with an autosampler (SIL-20A), UV-VIS (SPD-20A) and fluorescence
detector (RF-20Axs). The size of the protein was determined by light scattering
analysis using a Malvern Zetasizer pV instrument (Malvern Instruments Ltd,
Worcestershire, UK) running static light scattering (SLS) and dynamic light
scattering (DLS) methods under the supervision of Associate Professor Vesa
Hytonen at the University of Tampere as described in article I11.
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4.9 Mass spectrometry analysis (l1l)

Mass spectrometry experiments were performed at the University of Eastern Finland
using a 12-T Bruker Solarix-XR FT-ICR mass spectrometer (Bruker Daltonik
GmbH, Bremen, Germany), equipped with an Apollo-II electrospray ionization
(ESI) source and a dynamically harmonized ParaCell ICR-cell. The studies were
carried out under the supervision of Professor Janne Jéinis according to the protocol
described in article I11.

4.10 Behavioral monitoring (1, Il)

Behavioral monitoring of mice was carried out using an IntelliCage system under the
supervision of Dr. Vootele Voikar at the Neuroscience Center/Laboratory Animal
Center of the University of Helsinki according to protocol described in detail in the
article I.

Zebrafish larvae represented another animal model in which the role of CA VI
was investigated. We measured the swimming pattern of 6 KD, uninjected WT,
and random control MO-injected larvae at 4 dpf and 5 dpf. The larvae
(approximately 10/flask) were placed in a 23 x 43 x 45 mm TC Flask T25 (Sarstedt)
containing 40 ml of embryo medium at 3 dpf and allowed to acclimate for 24 h at
+28.5 °C standard conditions. At 4 dpf and 5 dpf, their swimming patterns were
observed by recording a one-minute video, with a printed 1 cm x 1 cm grid behind
the flask. In total, the movement patterns of 284 zebrafish were recorded, measured,
and analyzed using the Mtrack] plugin (Meijering et al, 2012) within the Image]
program (Schneider et al, 2012). Movement analysis was performed by Harlan
Barker, MSc, according to the protocol described in article I11.

411 Histochemical staining and immunohistochemistry (1, I, Il)

To investigate the effect of CA VI deficiency on tongue morphology, whole tongue
samples were taken from WT (n=9) and Car67/- (n=9) adult mice and prepared for
staining. The samples were dissected and fixed in 4 % formaldehyde (Sigma-Aldrich,
Inc.) overnight, followed by paraffin (Thermo Fisher Scientific) embedding. Tissue
samples were sectioned to a thickness of five um, placed on Menzel Glizer

microscope slides (Gerhard Menzel GmbH, Braunschweig, Germany) and attached
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at 60 °C in an incubator (Memmert GmbH + Co. KG) for two hours. For
morphological analysis, the paraffin was removed with xylene (J. T. Baker, A
Division of Mallinckrodt Baker, Inc., Deventer, The Netherlands), and the sections
were rehydrated in a descending ethanol series (Altia Oyj, Helsinki, Finland) and
stained with Mayer’s hematoxylin (Oy FF-Chemicals Ab, Haukipudas, Finland) and
eosin (Reagena, Toivala, Finland). Dehydration steps were carried out using an
ascending ethanol series, and the tissue sections were mounted using Pertex
(Histolab Products AB, Goéteborg, Sweden) covered with Deckgliser cover slips
(Heinz Herenz Medizinalbedarf GmbH, Hamburg, Germany). Morphologies of
different papillae (circumvallate, fungiform, and filiform) and von Ebner’s glands
were evaluated by light microscopy using a Zeiss Axioskop 40 microscope (Carl
Zeiss Microlmaging GmbH).

To study the apoptosis rate of tongue epithelial cells, we used a FragELL DNA
Fragmentation Detection Kit, Fluorescent-TdT Enzyme (Calbiochem, EMD
Chemicals, Inc., San Diego, California, USA) according to the manufacturet’s
instructions. Prior to staining, the sections were incubated with 20 ng/ml proteinase
K (Thermo Fisher Scientific) at RT for 20 min. Prior to the equilibration step,
positive control sections were treated with 1 pg/ul DNase I (Roche Diagnostics) in
1 mM MgSO,; (Merck KGaA) and 1 X Tris-buffered saline (TBS) and incubated for
20 min at RT. After incubation in 1 x TdT Equilibration buffer for 15 min, the
sections were covered with TdT Labeling Reaction Mixture. A negative control was
prepared at the labeling step using dH>O instead of an enzyme in the TdT Labeling
Reaction mixture. Samples were incubated at +37 “C for 1.5 hours. Sections were
mounted with Fluorescein-FragEL. mounting medium and photographed using a
Nikon Mikrophot-FXA microscope with a 450-490 nm filter (Nikon Instruments
Europe B.V.) with original magnification X 100.

Immunohistochemistry for the proliferation marker Ki67 was performed using a
Vectastain Elite ABC kit (Vector Laboratories, Inc., Burlingame, CA, USA)
following the manufacturer’s instructions. Prior to staining, the sections were boiled
in a 0.01 M sodium citrate buffer, pH 6.0, for 20 min. Endogenous peroxidase
activity was blocked with a 3 % HO» solution (J.T. Baker, Inc., Phillipsburg, NJ,
USA) for 10 min. Nonspecific binding of the primary antibody was prevented by
incubating samples in 10 % normal rabbit serum (NRS) (Thermo Fisher Scientific)
as a blocking agent for 30 min. The sections were incubated overnight at +4 “Cina
primary antibody solution containing monoclonal rat anti-mouse Ki67 (#M7249,
Dako Denmark A/S, Glostrup, Denmark) diluted 1:100 in 1 % NRS, 0.1 % Tween-
20 (Sigma-Aldrich, Inc.), and 1 X phosphate buffered saline (PBS). Biotinylated
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rabbit anti-rat serum (Vector Laboratories, Inc.) diluted 1:1000 in 1 % NRS, 0.1 %
Tween-20, and 1 X PBS was used as a secondary antibody, and the sections were
incubated for 30 min at RT. Samples were then incubated in ABC reagent for 30
min. For precipitation, substrate 3, 3’-diaminobenzidine (DAB) (Invitrogen) was
used for 3 min, and sections were counterstained using Mayer’s hematoxylin (Oy-
FF-Chemicals Ab). Washing steps were carried out using PBS with 0.1 % Tween-20.
Dehydration and mounting steps were carried out as described above.
Immunohistochemistry of tissue samples collected from the trachea, lung and
submandibular gland of adult WT and Car6-/-mice was carried out using a Vectastain
Elite ABC kit (Vector Laboratories, Inc.) following the manufacturer’s instructions.
Prior to staining, endogenous peroxidase was removed with 3 % H2O: (J. T. Baker)
in methanol (Sigma-Aldrich, Inc.) for five min, and samples were blocked with 10 %
normal goat serum (NGS) (Thermo Fisher Scientific). Sections were incubated with
primary antibody solution containing rabbit anti-rat CA VI serum (Leinonen, Jukka
et al, 2001) diluted 1:1000 in 2 % NGS, 0.1 % Tween-20, and 1 X PBS overnight at
+4 °C. A biotinylated goat anti-rabbit immunoglobulin G (IgG) (Vector
Laboratories, Inc.) diluted 1:500 in 2 % NGS, 0.1 % Tween-20, and 1 X PBS solution
was used as the secondary antibody, and samples were incubated for 30 min at RT.
Samples were then incubated in ABC reagent for 30 min. DAB treatment,
counterstaining, washing steps, dehydration, and mounting steps were carried out as
described above. Photography of the sections was performed using a Zeiss Axioskop
40 microscope (Carl Zeiss Microlmaging GmbH) with original magnification X 400.
An antibody against zebrafish CA VI-PTX was manufactured by Innovagen AB
(Innovagen AB, Lund, Sweden) according to their standard immunization schedule,
with boosters at 14, 28, 49, and 70 days. Pre-immune serum and three samples of
polyclonal antiserum at day 41 (bleed 1), day 62 (bleed 2), and day 83 (bleed 3) were
tested using dot blotting. A Bio-Dot®Microfiltration Apparatus (BioRad
Laboratories, Inc., Hercules, California, USA) was used to attach 500 ng of produced
and purified native zebrafish CA VI-PTX protein to a PROTRAN® nitrocellulose
(NC) transfer membrane (Schleicher & Schuell GmbH, Dassel, Germany) according
to the manufacturer’s instructions. Prior to staining, nonspecific binding of the
primary antibody was prevented by using diluted colostrum 1:10 in TBS with Tween
20 (TBST) as a blocking agent, for 30 min. Four serum samples were diluted 1:100
in TBST and were added to NC strips that were incubated at RT for one hour. A
donkey anti-rabbit IgG horseradish peroxidase-linked antibody (Amersham
Biosciences, GE Healthcare Life Sciences, Little Chalfont, UK) was diluted 1:25,000
in TBST and used as the secondary antibody. All washing steps were carried out
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using TBST. Staining was carried out using the ImmPACTTM DAB Peroxidase
Substrate Kit (Vector Laboratories, Inc.). Antiserum of bleed 2 was used for
immunocytochemical analysis of adult zebrafish tissue samples.

The adult zebrafish were anaesthetized in a final concentration of 0.05 % T'ricaine
(Sigma-Aldrich, Inc.) and sacrificed by keeping them on ice for more than 10 min.
Different organs were harvested under the microscope and immediately transferred
to 4 % paraformaldehyde (Sigma-Aldrich, Inc.) in PBS for fixation for 24 h at +4
°C. After fixation, the tissues were transferred to 20 % sucrose (Sigma-Aldrich, Inc.)
in PBS and stored at +4°C before embedding them in Tissue-Tek® O.C.T.™
Compound (Sakura Finetek Europe B.V., Alphen aan den Rijn, The Netherlands).
The embedded samples were cut into 10-um slices using a cryotome and were stored
at -20 °C until staining was performed. Prior to staining, the sections were fixed at
+37 °C overnight. Nonspecific binding of the primary antibody was prevented by
using 1 % BSA (Sigma-Aldrich, Inc.) in PBS as a blocking agent. The sections were
incubated for an hour in a primary antibody solution containing polyclonal rabbit
anti-zebrafish CA VI-PTX (Innovagen AB, Lund, Sweden) diluted 1:100 in [1 %
BSA in PBS]. Washing steps were carried out using [1 % BSA in PBS] three times
for five min. Alexa Fluor® goat anti-rabbit IgG (Life Technologies, Carlsbad, USA)
was used as a secondary antibody at the dilution of 1:1000 in PBS containing 1 %
BSA and incubated for one hour. Sections were mounted with Vectashield Hard Set
Mounting Medium with DAPI (Vector Laboratories, Inc.). All of the above
procedures were carried out at RT and in the dark after the addition of the secondary
antibody. The sections were photographed using a Zeiss LSM780 Laser Scanning
Confocal Microscope with a Zeiss Cell Observer.Z1 microscope and Plan-
Apochromat 40 x/1.4 (oil) objective, with a pulsed diode laser at 405 nm, a multiline
Argon laser at 488 nm, and a Quasar spectral GaAsP PMT array detector (Carl Zeiss
Microscopy GmbH, Goettingen, Germany). Images were analyzed with Zeiss
ZEN2Lite.

412 Bioinformatics (11l

Dr. Martti Tolvanen, University of Turku, Finland, performed bioinformatic
studies of zebrafish CA VI. In 2007, during preliminary studies, the presence of an
additional PTX domain in the CA VI of four non-mammalian species was observed,
but since no PTX domains were found in the proximity of any human or mouse CA,
this observation was not followed up at that time. Later, we realized that the PTX
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domain is, indeed, present in non-mammalian CA VI too consistently to be an
annotation artifact. In 2015, non-mammalian CA VI sequences were retrieved from
the NCBI (NCBI Resource Coordinators, 2016) nr protein database using BLASTP
(Altschul et al, 1990), with human CA VI (ENSP00000366662 from Ensembl (Flicek
et al, 2012) as the query sequence. Short sequences and sequences containing runs
of X characters or long gaps in the alignment, which were interpreted as missing data
for internal exons, were discarded. The final sequence set contained 78 sequences
from 75 species. All sequences had complete PTX domains and were aligned to
observe the conservation of two domains. To see if the orphan fragment
Contig22468 was from the platypus genome (which contains the exon coding for a
“CA VI-type” PTX domain), we performed a BlastN search in Ensembl
(http:/ /www.ensembl.org/Homo_sapiens/Tools/Blastdb=core). BlastN was run
against the platypus genome with the full 11,311-nt sequence of
supercontig: OANAS5:Contig22468 as the query sequence.

Exon comparisons were made for ACA6 (ENST00000377443), hCA9
(ENST00000378357), hCA12 (ENST00000178638 and ENST00000344366),
hCAT4 (ENST00000369111) and zebrafish ca6 (ENSDART00000132733) retrieved
from Ensembl. The exon lengths preceding that coding for the PTX domain were
noted from Ensembl transcripts for A/CRP (ENST00000255030) and AAPCS (SAP,
ENST00000255040). To visualize the conserved features in the region between the
CA and PTX domains, a small alignment of CA VI sequences was constructed,
followed by the creation of helical wheel diagrams by the PepWheel program of the
EMBOSS suite (Rice et al, 2000).

Phylogenetic trees were built using the program MrBayes v 3.2 (Ronquist et al,
2012), and the corresponding analyses were performed by Dr. Csaba Ortutay. The
first tree was constructed to show the evolutionary distances between CA 6, 9, 12
and 14 cDNA sequences, and the corresponding protein translations were used. The
second tree was built using the catalytic domains of CA VI sequences only, and the
third tree used the CA VI-associated PTX domains from selected species and human
PTXGs.

Prajwol Manandhar, MSc, built the 3D model of zebrafish CA VI under the
supervision of Dr. Martti Tolvanen. The details of the tools used for building the
model are listed in Table 6. Detailed experimental procedures can be found in article
III. All bioinformatics tools used in this study are listed and described in Table 8.
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4.13 Data analysis (1, Il Il)

4.13.1 qRT-PCR (II, Ill)

To compare the expression of genes of interest of the WT and Car67/-mice trachea
samples, result normalization were carried out with a mathematical model (E.3 and
E.4) for relative quantification by real-time qRT-PCR (Pfaffl, 2001), using #zActh
values as internal controls. The median value of WT data for each gene was used as
a control for the normalization of the KO and WT data for that particular gene.
Detailed experimental procedures can be found in article II.

E = 10 /stove (E.3)
ACP(Control-Sample
R = ETarget ( ple)Target (E 4)
- EActbACP(Control—Sample)Actb .

The quantitative expression analysis of a6 mRNA was calculated between the
WT and ¢a6 morphant zebrafish at different stages of development and adult
zebrafish tissue samples using formulas E.3 and E.4. For normalization, zebrafish
gapdh was used as a housekeeping gene. Detailed experimental procedures can be
found in III.

413.2 Statistical analyses (I, Il)

The mouse cDNA samples for microarray were analyzed using GenomeStudio
(2010.3) Gene Expression Module (1.8.0) software (Illumina, Inc.). The quality
control of the data analysis included non-metric multidimensional scaling,
dendrograms, and hierarchical clustering. The data were filtered according to the
standard deviation (SD) of the probes. The data percentage that did not pass through
the filter was adjusted to 99 %, implicating an SD value of almost 3. For the
comparison of two groups (WT and Car6-/-), statistical analysis was performed using
the empirical Bayes t-test. At this point, data were filtered according to p-values. The
remaining 750 probes in the trachea and 51 probes in the lung were further filtered
according to up- and downregulated expressions of fold change (FC) with a cut-off
value of *1.4, which is considered to show a high correlation between microarray
and qRT-PCR data (Morey et al, 2006). The functional annotation tool DAVID
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(Database  for  Annotation, Visualization and Integrated Discovery)
(http://david.abce.nciferf.gov/) was used for the identification of enriched
biological categories among the regulated genes, compared with all the genes present
in Ilumina’s Sentrix® Mouse Ref-8 v2 Bead Chips (Illumina, Inc.).

The final qRT-PCR results for the gene of interest were presented as the
expression relative to the housekeeping gene m.Acth. Statistical analyses were
performed by statistician Tiina Luukkaala, using IBM SPSS Statistics version 23.0.0
(IBM SPSS Statistics, IBM Corporation, Chicago, IL). The evaluation of relative
expression values from Car6/- and WT mice was carried out using the Mann—
Whitney test because of the small sample size.

To measure the swimming activity of morphant vs. WT zebrafish, total distances
traveled were calculated for individual larvae using the Matplotlib Python library
(Hunter, 2007). Statistical analyses between relevant group pairs were performed to
determine whether they could have been drawn from the same distribution using a
two-sample Kolmogorov-Smirnov test using the Stats module of the SciPy Python
library (S. van der Walt et al, 2011).

413.3 Histochemical staining and immunohistochemistry (1, I, Ill)

To study the morphology of mouse tongues, the number of fungiform papillae was
evaluated from 21 sections/group (three sections/mouse). The antetior half of the
tongue was examined for the presence of fungiform papillae. The number of
fungiform papillae from each section was counted. Because of the small sample size
and the potential non-normal distribution of section cell counts, the Mann-Whitney
test (GraphPad Prism 5.01 for Windows, GraphPad Software, I.a Jolla, California,
USA) was used to compare two groups.

The labeled nuclei of apoptotic cells were analyzed from seven Car6/-and seven
WT mouse tongues (two fields/tongue). Statistical comparison between the two
groups was performed using the Mann-Whitney test (GraphPad Prism 5.01 for
Windows). Cells that were positively stained for Ki67 were counted from one
field/tongue and photographed with original magnification X 100 using Nikon
Microphot-FXA microscope (Nikon Instruments Europe B.V., Amstelveen,
Netherlands). Positively stained cells were calculated from one field/tongue. To
determine the difference between the two groups, 21 fields from WT and 16 from
KO mice were analyzed. Statistical analysis was performed using the Mann-Whitney
test (GraphPad Prism 5.01 for Windows).
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4.13.4 RNA-Seq and GO enrichment analysis

The expression of CA46 mRNA in the lung was analyzed using two different data
sets. Car6 expression in mouse lung RNA-Seq data was retrieved from the
ArrayExpress database (Kolesnikov et al, 2015), and data needed for the gene
ontology (GO) enrichment analysis for human CA6 was retrieved from the
Medisapiens database (Kilpinen et al, 2008). Harlan Barker, MSc, performed the data
analysis (tools are listed in Table 8), and detailed information about the analyses is
described in article II.
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5 RESULTS

5.1 Gene expression studies

51.1  Microarray analysis

All of the extracted RNA samples of the trachea and lungs of eight WT and six Car6-
/- mice that were sent for microarray analysis had an OD260/0D280 ratio 2.0 ot
higher, which is generally considered “pure” for RNA. Microarray data analysis
results showed differentially expressed genes in the trachea and lung when compared
between the WT and Car6 /- mice groups. All of the alterations of gene expression,
either up- or downregulation, after filtering with an FC *1.4, were statistically
significant with p-values > 0.05. Five genes showed induced expression and 39 genes
showed repressed expression in the trachea, whereas only single up- and
downregulated genes were above or below the set FC threshold in the lung. A
truncated list of differentially expressed genes in the trachea and lung, their symbols,
gene descriptions, FC- and p-values are shown in Table 9.

51.2 qRT-PCR analysis

Results of the quantitative RT-PCR revealed statistical significance for genes Fain3,
Sfipe, and Deppl in the trachea and Dibp in the lung. The relative expression values of
Faim3 and Sfipe showed induced expression, whereas Degpp? and Dbp showed reduced
expression in concordance with the microarray results. The same phenomena were
observed with the other genes of interest: Ugp7 and Nppa in the trachea and Gdpd3
in the lung were upregulated, and Iyz7 and Calea in the trachea were downregulated
in both the qRT-PCR and microarray analyses. The relative expression ratios
showing the median with the range for genes analyzed by qRT-PCR from Car6/-and
WT mice are shown as boxplots in Figure 5.
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Table 9. Microarray results of differentially expressed genes in the trachea of Car6” mice compared
with WT mice

TRACHEA
Gene GenBank No Description FC p-value
Stipe NM_011359 surfactant associated protein C 2.13 0.0303
Nppa NM_008725 natriuretic peptide precursor type A 1.87 0.0451
Uepl NM_009463 uncoupling protein 1 (mitochondtial, proton carrier) — 1.79 0.0072
Myl4 NM_010858 myosin, light polypeptide 4 1.46 0.0354
Faim3 NM_026976 Fas apoptotic inhibitory molecule 3 1.41 0.0101
Myh4 NM_010855 myosin, heavy polypeptide 4, skeletal muscle -2.05 0.0036
Gp2 NM_025989 glycoprotein 2 (zymogen granule membrane) -2.17 0.0191
Lapf NM_026334 lipase, gastric -2.25 0.0259
Expi NM_007969 extracellular proteinase inhibitor -2.34 0.0200
Dmbt1 NM_007769 deleted in malignant brain tumors 1 -2.52 0.0192
Tpo NM_009417 thyroid peroxidase -2.73 0.0198
Depp3 NM_001077633 demilune cell and parotid protein 3 -2.75 0.0131
Ty NM_009375 thyroglobulin -3.07 0.0148
Depp2 NM_001039238 demilune cell and parotid protein 2 -3.39 0.0055
Deppl NM_019910 demilune cell and parotid protein 1 -3.48 0.0055
Calea NM_007587 calcitonin/calcitonin-related polypeptide, alpha -3.48 0.0056
LUNG
Gene GenBank No Description FC P-value
Gdpd3 NM_024228 glycerophosphodiester phosphodiesterase 1.45 0.0005
domain containing 3
Dbp NM_016974 D site albumin promoter binding protein -1.45 0.0241

The quantitative expression analysis of cz6 morphant zebrafish was carried out at
different stages of development. The levels of cv6 mRNA were consistently higher
in the w6 KD embryos compared with those in the WT, possibly due to
compensatory upregulation of the gene caused by the absence of the CA VI protein.
The mRNA expression in wild-type embryos was highest at 24 hpf, while the peak
in the expression of ca6 was seen at 48 hpf in the 6 morphant embryos.

To gain further insights into ca6 expression in zebrafish, the expression pattern
in different tissues of adult zebrafish was measured. The relative expression was
found to be prominent in the fins/tail (relative expression level 214.82) and brain
(293.46). Lower levels of expression were observed in the gills (68.70), kidney
(19.44), teeth (6.81), skin (4.32), and spleen (2.37), whereas very faint signals were
seen in the swim bladder (0.61), intestine (0.41), pancreas (0.27), liver (0.02), eggs
(0.01), and heart (0.01). The qPCR results in zebrafish are described in detail in article
1.
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5.1.3  Computational analysis

Computational analyses of differentially expressed genes in the trachea were carried
out using the VLAD and DAVID tools. The VLAD results revealed changes in the
following biological phenomena: a metabolic process, biological regulation, single-
organism process (genes with induced expression), and immune response in
mucosal-associated lymphoid tissue. Significant changes were also observed in the
cellular component analysis with changes in the genes encoding cytoskeletal,
cytoplasmic and extracellular proteins. The analyses of molecular functions indicated
differentially expressed genes in the processes linked to transmembrane transporter,
antioxidant and catalytic activity, protein binding, and structural constituents of

cytoskeleton.
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Figure 5. Relative expression ratios of the genes of interest in Car6* and WT mice based on qRT-
PCR analysis. The median values of the relative expression values for both groups are shown in charts,
and statistical comparison results with *p<0.05 were considered statistically significant.
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The DAVID functional table of annotations reported 30 genes with enriched
terms. The genes with induced expression in the trachea were functionally
categorized by the associated terms: My4 (muscle protein, myosin, and motor
protein), Nppa (secreted, a signal, a hormone, and disulfide bond), Sf#p¢ (secreted),
Faim3 (signal and disulfide bond). The genes with reduced expression were
categorized mostly as signal (15 genes), secreted (10 genes), and disulfide bond (10
genes); thus, many of the repressed genes were annotated with several functional
category terms.

As seen from the microarray analysis, the CA VI-deficient mice showed no
significant alterations of gene expression in the lung samples. RNA-Seq data
retrieved from databases also showed that Car6 is not expressed in the normal lung
tissues. However, positive Car6 expression was registered in an occasional lung
sample when the mice were infected with an influenza virus. Additionally, the
influenza virus-infected mice also showed Car6 expression in several
bronchoalveolar lavage (BAL) samples and to a lesser extent in the interferon-treated
lung tissue. The results are shown as fragments per kilobase of a transcript per
million mapped reads (FPKM) in Figure 0.

bronchiolar epithelium

lung mrna interferon

lung BAL influenza

B3
¢
&

lung influenza $

lung

o o & &
FPKM

Figure 6. RNA-Seq results of Car6 expression retrieved from the ArrayExpress database. RNA-Seq
reads were mapped to CA genes in the mouse genome and compared with reference transcript
structures and shown here as fragments per kilobase of a transcript per million mapped reads (FPKM).
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GO enrichment analysis of the genes significantly co-expressed with human CA6
in the lung tissue was performed using data from the Medisapiens Database. The
analysis results identified three biological terms: axonemal dynein complex assembly
(GO:0070286) over-represented more than 26-fold, cilium assembly (GO:0042384)
over-represented more than 7-fold, and cilium organization (GO:0044782) over-
represented more than 6-fold. All of these terms are related to the structure or

function of cellular cilia.

5.2 Behavioral studies

521 Car6”" mice

Comparison between the WT and Car67/- mice showed no differences in body
weight, activity (a number of corner visits in IntelliCage system), or total liquid
consumption (a number of licks) (Figure 7). The mice showed similar preference for
saccharin at the concentration of 5 g/1, whereas both groups identically avoided the
50 g/l concentration. Both groups showed similar preference for the water and
avoidance of the 150 and 450 mM concentrations of NaCl. The Car6-/- mice avoided
more 50 mM NaCl than the WT mice. Both groups showed equal preference for
water and 0.1 mM citric acid, and they avoided the citric acid concentrations of 10
mM and 100 mM in a similar manner. Bitter taste testing resulted in differences
between the groups. Car6/- mice showed a preference for 0.003 mM quinine
solution, whereas WT mice preferred water. Both WT and KO mice clearly avoided

higher concentrations of quinine.

66



A. Corner visits
1000+
8004
£ 5004
o
i
s 400+
200
0-
Sweet Salty Sour Bitter
Phase of the experiment
C. Saccharin
100
#
i "
S 8o
é* ‘u-
£ "
c T T T T
] 0.1 8 50
Concentration, g/l
E. Citric acid
1001
£ g0
s
S 8o
9
£ 404
3 4
E 201 #
T 0.1 10 100

Concentration, mM

Figure 7. Taste preference assessment in the IntelliCage system. (A) The total number of corner visits
in four-day experiment phases. (B) The total number of licks in four-day experiment phases. (C) The
percentages of licks for different concentrations of the sweet (saccharin) solution, (D) salty (NaCl)
solution, (E) sour (citric acid) solution and (F) bitter (quinine) solution. Statistically significant difference
in taste preference shown between the genotypes: * p < 0.05 and ** p < 0.01. # p < 0.01 compared with

water.
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5.2.2  cab knockdown zebrafish

Gene-specific antisense MOs were used to inhibit gene expression in zebrafish
larvae. Two different MOs, one for translational blocking of 6 mRNA and the
other for blocking intron splicing before exon 9, showed equally efficient KD in
both kinds of cz6 morphants. The ca6 KD zebrafish embryos/larvae of one and three
dpf were devoid of any notable morphological changes compared with the WT
zebrafish (Figure 8A-]). Similarly, no morphological differences were observed
between the uninjected and random control MO-injected embryos/latvae over the
period of five days of development as shown in Figure 8A-L. An underdeveloped or
deflated swim bladder was observed in 26 KD larvae at four dpf, whereas at five
dpf the fish gained their ability to inflate the swim bladder and started to swim
normally (Figure 81-L).

For the swimming activity measurements of morphant vs. WT fish, total
distances traveled for individual larvae were calculated and presented as boxplots in
Figure 8Q and 8R. The day four KD larvae swam less (median 0.00 cm/min) than
the day four WT larvae (median 13.80 cm/min, p-value 4.28 x 10-19), and similarly
the day five KD larvae swam less (median 4.75 cm/min) than the day five WT larvae
(median 10.22 cm/min, p-value 1.16 x 10-7). Both the swim bladder defect in four
dpf larvae and the presence of CA VI in the adult zebrafish swim bladder suggest
that CA VI is required either for swim bladder development or function. When CA
VI expression was largely restored in five dpf larvae, the swimming pattern returned
to almost normal (Figure 8M-P). Full details of the swimming data are shown in
Table 4 of article III.
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Figure 8. Swimming pattern measurements of zebrafish larvae over one minute of swimming. A-L
show the representative images of developmental differences in ca6 KD (A, B, E, G, I, K) and WT (C,
D, F, H, J, and L) zebrafish larvae during 0-5 dpf. Morpholino-injected (A) and WT (C) embryos were
photographed at 1 dpf using white light and screened under fluorescent light (B and D). On two dpf, the
larvae (E, F) show no differences, but on three dpf, ca6 KD larvae (G) show the signs of pericardial
edema (red arrow) when compared with WT larvae (H). The swim bladder is deflated in four dpf ca6 KD
larvae (I, a black arrow), whereas WT larvae (J) have an inflated swim bladder. After morpholino
detachment, the swim bladder structure/function normalizes on the fifth dpf, showing an inflated swim
bladder for both the ca6 KD (K) and WT larvae (L). The swimming distances of each ca6 KD (M, N) and
WT (O, P) fish were tracked and measured at day four (M, O) and five (N, P). Boxplots (Q) show the
total distances traveled based on the video analyses of zebrafish larvae and the time the fish spent in
the upper half of the tank in seconds/min (R).

5.3 Histological and immunocytochemical studies

Histological tongue samples were analyzed from Car6/-and WT mice, including the
morphology and number of taste buds and different types of papillae. Figure 9A-F
shows representative images of different analysis results. Tongue samples showed
no morphological changes in the von Ebner’s glands, nor did the circumvallate,
fungiform and filiform papillae exhibit changes between the two groups of mice. As
expected, immunohistochemistry for the proliferation marker Ki67 showed positive
nuclei in the tongue epithelium of all specimens, and again no difference was
observed between the Car6/- and WT mice.

Trachea and lung tissue samples stained with anti-rat CA VI serum showed the
absence of CA VI protein in the submandibular gland of Car6/- mice, whereas the
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corresponding samples of the WT mice presented clear positive CA VI staining in
the acinar cells. Both trachea and lung tissue samples showed only faint background
staining. No morphological differences were observed between the Car6/- and WT
mice in the submandibular gland, trachea, and lung tissues. Figure 9 G-L shows

representative images of staining in different tissues.

Figure 9. Histological and immunohistochemical staining of tongue sections from Car6* and WT mice.
No significant differences in taste bud morphology are observed in the HE-stained samples of WT (A)
and CA VI-deficient (B) mice. Immunohistochemical staining of the WT (C) and Car6~ (D) mouse tongue
samples using the proliferation marker Ki67 demonstrates a number of positive nuclei located in the
basal layer of the stratified epithelium. The level of apoptosis in the tongue specimens analyzed by a
DNA fragmentation detection kit indicated no differences between WT (E) and (F) CA VI-deficient mice.
Positive CA VI staining is located in the acinar cells of the submandibular gland section in a WT mouse
(G), whereas the enzyme is absent in the submandibular gland sample from a Car6-- mouse (H). Weak
background staining is seen in both WT (1) and Car6- (J) trachea sections. Lung sections show similar
background staining for both WT (K) and CA VI-deficient mice (L). Scale bar 100 um.

Recombinant zebrafish CA VI-PTX protein was used to raise a rabbit polyclonal
antiserum to show the cell surface localization of CA VI-PTX in various tissues. The
strongest positive staining signal was seen on the cell surfaces in the skin, heart, gills,
and swim bladder, while intracellular staining was detectable but weaker, as shown

in Figure 10.
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Figure 10. Immunostaining of adult zebrafish tissues using anti-zebrafish CA VI-PTX (green),
and nuclear DAPI (blue) staining. The strongest signal was seen on the cell surface in gills (A), heart
(B), skin (C), and swim bladder (D). Scale bar 100 pum.

5.4 Characterization of zebrafish CA VI-PTX

The presence of CA and PTX domains in non-mammalian CA VI sequences was
previously documented in the Pfam database (Finn et al, 2016). To study the features
of these non-mammalian CA VI sequences of different species, 78 CA VI protein
sequences from 75 non-mammalian species were retrieved in NCBI GenPept, all of
which had the C-terminal PTX domain. Sequence analysis showed that the PTX
domain of CA VI is less conserved than the CA domain and that the longer, non-
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mammalian isoforms (with a PTX domain) are orthologs of mammalian CA VI.
Further analysis of the PTX domain sequences showed that the novel PTX domains
are most closely related to short PTXs, CRP, and SAP (Garlanda et al, 2005, Bottazzi
et al, 2010).

Mammalian CA VI proteins contain an additional C-terminal region of at least 25
residues. This region is unique compared to any other vertebrate CA isoforms and
has an unknown structure. Non-mammalian CA VI proteins contain a spacer region
between the CA and PTX domains, and this sequence is homologous to the
mammalian C-terminal extension. The length of the exon coding for the spacer
between the CA and PTX domains in zebrafish w6 is 84 bp, and the homologous
exon coding the sequence of the human CA6 is 83 bp. The penultimate exons coding
for the regions containing the transmembrane (TM) helices in CA9, CA72, and
CAT14 genes are 82, 85, and 85 bp in length, respectively.

Multiple sequence alignment indicated a pattern of hydrophobic residues
repeating approximately every fourth residue in the region following the CA domain
(the final part of mammalian CA VI or the segment between the CA and PTX
domains of non-mammalian CA VI) (Figure 4 and S1 in the article III). The helical
wheel visualizations indicated that when folded as an alpha helix, this region of
human and zebrafish CA VI would form an APH with one side lined with mainly
hydrophobic residues (in blue and lilac, Figure 4 and S1 in the article I1I). The APH
region seemed to be a unique feature of CA VI and present in both non-mammalian
and mammalian sequences. The findings concerning the APH region suggested that
the exon coding for the cytoplasmic domain of ancestral CA VI was lost and replaced
by the single exon coding for the PTX domain. The results also implied that the last
exon in mammalian CA6 and the penultimate exon of non-mammalian CA6,
predicted to code for an APH, and the penultimate exons of CA49, CA72, and CA74,
coding for the TM helix, are likely to share a common ancestry.

Based on phylogenetic analyses, we looked for an ornAnal assembly in the
Platypus Genome Browser Gateway (WUGSC 5.0.1/ornAnal (Warren et al, 2008))
and found a genomic fragment not assigned to any chromosome. Contig22468
contains an exon, which codes for a PTX domain unlike any that we find in other
mammalian species. This platypus PTX sequence is orthologous with the PTX
sequences associated with CA VI in non-mammalian species. The phylogenetic trees
are shown in original article II1.
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5.5 Characterization of recombinant CA VI-PTX protein

5.5.1  Sequencing analysis

To make recombinant CA VI-PTX protein, we first produced zebrafish ca6 cDNA,
with a sequence containing five synonymous substitutions compared with Ensembl
ENSDART00000132733 (Supplemental information S5 in the original article IIT)
and three unresolved bases leading to one unknown amino acid residue.
Supplemental material S6 in original article III shows that the translation product is
identical to the predicted 530-residue protein (Ensembl ENSDARP00000119189 or
UniProt E9QB97). The cDNA sequence was submitted to the ENA database
(http://www.ebi.ac.uk/ena) as L'T724251 and its translation to UniProt as
AOATR4AHH?7. The multiple sequence alignments of the recombinant zebrafish ca6
cDNA and protein sequences are shown in article I11.

5.5.2  Catalytic activity measurement of recombinant CA VI-PTX

The insect cell production of zebrafish CA VI-PTX resulted in high yields of the
protein. After purification, the protein showed a single band close to the expected
theoretical size of 58.107 kDa without glycans and excluding signal peptide. The
molecular weight measured from the SDS-PAGE gel was 58.6 kDa. The activity
measurements of the produced protein were carried out in the presence or absence
of AZA. The kinetic parameters of CA VI-PTX CA activity (kea: of 8.9 x105 s-1 and
keat/Km of 1.3 x 108 M1 x s1) were then compared with those of thoroughly
investigated Cas: the cytosolic and ubiquitous human isozymes hCA I and hCA 1I
(Table 10).

Table 10. Kinetic parameters for CO2 hydration reaction catalyzed by some human o-CA isozymes
(hCA I, hCA II, and zebrafish CA VI-PTX, at 20 °C and pH 7.5), and their inhibition data with AZA, a
clinically used drug.

Enzyme Keat K kcat/ Km K; (AZA)

(s (mM) (M-1x s1) (nM)
hCA Ia 2.0x105 4.0 5.0 x 107 250
hCA Ila 1.4x100 9.3 1.5x 108 12
CA VI-PTX b 8.9x105 6.5 1.3x 108 5

* Human recombinant isozymes, stopped flow CO> hydrase assay method (pH 7.5) (Innocenti et al, 2009).
b Recombinant enzyme, stopped flow CO: hydrase assay method (pH 7.5), this work.
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5.5.3  Light scattering analysis

The recombinantly produced zebrafish CA VI-PTX was used for molecular size
estimation by SLS and DLS after liquid chromatography. The results of the analysis
are shown in Figure 7 in original article III, representing the main peak (black curve
according to A280) eluting in a 1.52-ml retention volume by gel filtration analysis
and associated with the SLS intensity peak with identical shape. An estimate of the
protein MW by SLS was 280 = 11 kDa for the peak, and the estimate was
homogeneous throughout the elution peak (near-horizontal line across the peak in
dark gray). The hydrodynamic radius (Rh) for the eluted peak indicated a 7.69 £ 0.29
nm particle size based on DLS data collection. The particle size was consistent with
the determined molecular weight. The MW estimate from the gel filtration was
slightly smaller (214 + 10 kDa), possibly due to a non-globular shape of the molecule.
A small peak (retention volume ~1.1 ml) before the main peak was observed,
indicating the presence of aggregated protein (<5 % of the sample). The light
scattering analyses combined with gel filtration results clearly indicate oligomeric
assembly for the protein — most probably a pentameric form.

554  Mass spectrometry analysis

The structural characterization of trypsin-digested CA VI-PTX was performed by
mass spectrometry under non-reducing conditions to preserve disulfide bonds in the
structure. The digestion resulted in 64 specific tryptic peptides with 97 % sequence
coverage (Figure 8 and 9 in the original article III). Three disulfide bonds were
confirmed within the sequence. The confirmed disulfide bonds observed in the CA
domain were Cys44/226, with bonds Cys 352/408 and Cys 487/518 in the PTX
domain.

The CA VI-PTX polypeptide contains four putative N-glycosylation sites
(Asn210, Asn258, Asn339, and Asn394). Asn258 of the CA domain is linked to a
core-fucosylated oligomannose type glycan GleNAc2(Fuc)Man3, as shown in Figure
11. Asn339 of the PTX domain carries an oligomannose type glycan,
GlcNAc2Man3. Verification of these glycosylation sites and glycan structures was
further carried out using CID-MS/MS on glycopeptides [248-266] and [331-347].
The corresponding masses of the peptides (3416.5084 Da and 2819.3059 Da)
suggested the glycan structures shown in Figure 11.
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Figure 11. Glycans observed in the CA VI domain (left) and pentraxin domain (right).

The tryptic peptide [191-216] involving Asn210 showed a molecular mass of
2988.4744 Da. The result suggested that this particular Asn carries no glycan, and
thus the peptide is non-glycosylated. There was also a non-glycosylated peptide
spanning the Asn394 residue of the PTX domain. Hence, the glycosylation of the
recombinant zebrafish CA VI-PTX produced in insect cells is rather homogenous
because no other glycan variants were observed among the peptides. The confirmed
N-glycosylation sites (different colors indicating the occupied and unoccupied sites)

are shown in Figure 12.

75



2035 [ 3656+ 217-247 ] | 6577 | 78-83 | 8408 [
2040 ] | 85-83 84101
2056+ 219247 ] | 7888
HR5T + 218247 | | 85-08 [=
2056+ 217247 | [ 65101
2057 + 217-247 |
90 EIQLPSTMEITEGFPHQYTAVIMHLEWGGHDLEASGSENTMDG I RYMAELHVVAYHSEKY PSFEEARNED
«] [ 135-158 [
L | 102148 | [
] 99158 [
| 102-156 |
160 DELAVLAFFFEDGHFENTYYSDF
157218 [ mss+272q [=
| 157-218 [20056 + 219.247 [+
< 157180 [ 191216 | [2057 + 218247 >
[ wss+27aq [>

2057 + 217247 |

300 KRIESLILSLOKKAVQGEQPISPLVLYFPQRNVESFAVVELEHPMELESFTACMNV]IPPIRDLTVLSYS
<] 290312 | | 318330 [ 331347 |
<] A0 =312 | 313330 [ 331424 [
< [ 313447 |
[ aman | A12-X30 [ 331 -£3] [
[ 3317 318347 |
T 318-430 [=
318473 [
| 313430 [
[ 302-330
I 301 =330 li
iTorT S SDWTHYCLTHASHNGGAELWVNGVVGFERYIRTGYIIP
1433
| ] [ 4a1-sa3 [>
<] |
<] |
<] |
<] |
440 AGGRLILGKDQDGFLGISVHDAFVGEMSDVHINDYVLTEGEIVEQMSC DRNGEVEGHVLSWGVTQLELYGE
] 434-243 444401 + 404500 | [ 444491+ 08B0 [
| 444491 + 4526 | [ 4444m + smas2e [
hads

510 :

VRLQGEQVCHRDNNNNRETERLVER
<] [521526 527530 53143

<] [ samass |

Figure 12. Tryptic peptide map of zebrafish CA VI-PTX. The blue boxes indicate identified tryptic
peptides, including numbers of start and end residues. Red lines show the confirmed disulfide bonds
and the corresponding peptides indicated with red boxes. Purple boxes indicate the glycopeptides,
and different background colors indicate potential N-glycosylation sites (green: an occupied N-
glycosylation site; blue: an unoccupied N-glycosylation site).
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5.5.5 3D model of zebrafish CA VI-PTX

A homology-based model was built to combine the results obtained from
bioinformatics, LC-SLS-DLS, and mass spectrometry analysis. Figure 13A shows the
CA (top) and PTX (bottom) domains combined with an alpha helical model of the
predicted APH region (pink). Variable residues 281 to 292 and 311 to 317 (yellow
dotted lines), and residues 20 to 31 from the N-terminus, for which no template was
available, were not modelled. In the figure, the active site cavity opens upwards,
showing zinc-binding histidines (zinc not shown) of the CA domain as yellow sticks.
Orange stick models show disulfide-forming cysteines, one in the CA domain and
another in the PTX domain beta sheet, both being present in the templates. The
third cysteine pair ended in close proximity, suggesting that one more disulfide bond
would possibly lock the C-terminus of the PTX domain. This arrangement could be
constructed by refining the model. The Cys290 is presumably unpaired and located
in the un-modelled region.

The sites of conserved sequences in the multiple sequence alignment of 78 non-
mammalian CA VI species predicted cysteine pairs to form disulfide bonds in both
the CA domain (between amino acids 44/226) and in the PTX domain (352/408
and 487/518) (Article 111, supplementary data 1: MSA column 51/234, 390/453, and
532/5064, respectively). These disulfides were structurally verified. The disulfide in
the CA domain is seen in all structures of extracellular CAs, [e.g., human CA VI in
PDB 3FE4 (Pilka et al, 2012)], and the second disulfide in the PTX domain is
homologous to that in short PTXs [e.g., human CRP in PDB 3PVN (Guillon et al,
2014)]. The third disulfide was supported by the proximity of cysteines in the 3D
molecular model (Figure 13). Most importantly, the presence of these tree disulfides
was also confirmed by mass spectrometry results, as described in the previous
chapter. The N-glycosylated Asn residues (in the motif Asn-X-Ser/Thr) are all on
the surface of the monomer, shown as spheres: unoccupied N-glycosylation sites are
shown with blue color, and occupied N-glycosylation sites are shown with green
color in Figure 13 A-C.

The pentameric model of zebrafish CA VI was introduced based on the
pentamerization tendency of mammalian PTX domains. Five copies of the
monomer were superimposed by the pentraxin domains following the pentameric
structure of SAP (PDB 4AVS (Kolstoe et al, 2014)). Figure 13 B-C shows the
individual monomers in different surface colors. The resulting shape of the modelled
pentamer is a flat, planar five-point star (Figure 13 B-C).
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Figure 13. Molecular characterization of zebrafish CA VI-PTX. (A) A protomer of two domains, the
CA VI on the top and the PTX at the bottom. Potential glycosylation site Asn residues are shown as
spheres [unoccupied N-glycosylation site (blue), occupied N-glycosylation site (green)], active-site
histidines (yellow), and assumed disulfide cysteines as sticks (orange). Region missing from the model
is shown as a yellow dotted line and amphipathic helix in pink. (B) A front view of the pentamer model,
showing protomers in different colors. (C) A side view of the pentamer structure.
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6 DISCUSSION

6.1 Car6 knockout mice showed differences in bitter taste
perception and gene expression in the trachea and lung

Previous studies associating CA VI to taste modalities (Henkin et al, 1999a, Padiglia
etal, 2010, Calo et al, 2011) inspired our group to test taste perception with our Car6-
/- mouse model. The results of the behavioral tests demonstrated an interesting
difference in bitter taste perception in the CA VI-deficient mice. These mice showed
significant preference for 0.003 mM quinine solution, whereas the WT mice
preferred water. Based on this result, we propose a role for CA VI in bitter taste
perception, which contributes to the avoidance of bitter, potentially harmful,
substances. In fact, PROP bitterness has been shown to associate with bitter taste
receptor gene T/ AS2R38 haplotypes, while the CA6 gene SNP 152274333 (A/G)
genotype is associated with the density of fungiform papillae (Barbarossa et al, 2015).
Our results on the comparison of WT and Car6/- mice tongue samples neither
showed differences in the von Ebner’s glands nor did they identify morphological
changes in circumvallate, fungiform, or filiform papillae. It is important to note that
we collected specimens from both WT mice and Car6/- mice and predicted that
complete deficiency of the CA VI enzyme could contribute to a different, more
severe phenotype than that observed for a single polymorphism of the gene. Our
material represented FFPE sections — not the whole tongue, which could be
considered one potential source of error. Since we analyzed multiple serial sections
from several mice per group, we consider the results reliable.

The bitter taste receptor, T2R38, is expressed in the human Sinonasal epithelial
cells, making it an integral component of early response defense in the upper
respiratory tract (Lee, R. J. et al, 2012). T2R38 triggers a rapid inter-kingdom
signaling response, bridging functionally both the microbial secretions and the
human upper airway epithelium. Following exposure to gram-negative quorum-
sensing molecules, upper airway epithelial cells from individuals with one or two
nonfunctional T2R3§ alleles have significantly blunted calcium dependent nitric
oxide and ciliary responses. These individuals are more likely to be infected with
gram-negative bacteria, such as P. aeruginosa, than those with two functional receptor
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alleles. Experimental evidence about the possible functional association between
T2R38 and CA VI proteins is still very limited. Findings of a recent study concluded
that the T'AS2R3§ diplotype, C.A6 rs2274333 and their combined genotype have no
significant influence on dietary and alcohol intake, but genetic variations (AVI/AVI
(A49, V262, 12906) diplotype of the TAAS2R38 and CA6 152274333 G allele) were a
significant risk factor for colorectal cancer (Choi et al, 2017).

CA VI is expressed in the lower respiratory tract of rodents. Leinonen and
coworkers showed positive signals for CA VI in the serous acinar and duct cells of
the rat tracheobronchial glands as well as in the ciliated cells of the tracheobronchial
surface epithelium and Clara cells (Leinonen, J. S. et al, 2004). Our results showed
only faint signal for CA VI in the mouse trachea and lung, which may reflect different
staining techniques and poor interspecies cross-reactivity of the antibody, but it may
also be attributed to lower expression levels of CA VI in mouse compared to those
in rat tissues. A previous study based on murine expression data showed Car6
mRNA expression in an occasional lung sample after the mice were infected with
influenza virus (Altboum et al, 2014). Positive expression was observed in several
bronco-alveolar lavage samples and to a lesser extent in interferon-treated lung
tissue.

The results presented in this thesis did not reveal any morphological changes of
the tongue, trachea or lung attributable to CA VI deficiency, indicating that the
enzyme has no major role in the developmental regulation of these tissues. The
VLAD results, in contrast, suggested that CA VI might be involved in the regulation
of several unforeseen biological processes associated with immune functions. Based
on the observed alterations of gene expression, CA VI may contribute by some
mechanism to the M-cell driven antigen transfer to mucosal-associated lymphoid
tissue (MALT). M cells, which initiate antigen-specific immune responses, are
specialized epithelial cells overlying the luminal lymphoid tissues, such as bronchus-
associated lymphoid tissue (BALT) and other MALT follicles. MALT sites are
anatomically separated: gut-associated lymphoid tissue (GALT), NALT, BALT,
conjunctiva-associated lymphoid tissue (CALT), lacrimal duct-associated lymphoid
tissue (LDALT), larynx-associated lymphoid tissue (LALT), and salivary duct-
associated lymphoid tissue (DALT) have also been described (Cesta, 2006). These
tissue sites are functionally connected, forming a common mucosal immune system,
where antigen presentation and B-cell activation at one mucosal site can result in IgA
secretion at the mucosal sites of different organs. The mucosal immune system can
act independently of the systemic immune system, making the evaluation of MALT
an important target in immunopathology (Kawanishi & Kiely, 1989, Cesta, 2000)
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The lactating mammary glands and antibodies of milk, an integrated mucosal
immune system, reflect the antigenic stimulation of MALT in the gut as well as in
the airways. Indeed, it has been documented that secretory IgA (sIgA) from breast
milk exhibits specificity for an array of common intestinal and respiratory pathogens
in human (Brandtzaeg, 2002). The sIgA dimer is complexed to a glycosylated
polypeptide chain, a secretory component (SC), which is derived from the polymeric
Ig receptor (pIgR) expressed on the surface of epithelial cells. The sIgA-pIgR
complex is secreted through the epithelia onto the mucosal lining of the GI and
respiratory tract and into tears, saliva, and milk (Norderhaug et al, 1999). The SC
glycans anchor sIgA to the mucosal lining of the epithelium, where bacteria can be
sequestered (Phalipon et al, 2002, Arnold et al, 2007). Notably, immunoglobulins
may also interact physically with CA VI. There is one previous study in which the
association between IgG and CA VI was detected in human serum (Kivela et al,
1997). Although we do not yet understand the physiological significance of this
interaction, it places CA VI into a strategic site of immune defense.

The GO enrichment analysis suggested that CA VI might have a role in
enhancing cilial motion due to the coexpression of Car6 and genes related to cilial
function. The surface liquid covering the airway epithelium consists of a layer that is
composed of viscous antimicrobial-rich mucus and contains glycosylated mucin
proteins produced by the mucous cells of the submucosal exocrine glands and
epithelial goblet cells (Jackson, 2001). Below the viscous mucus is a periciliary fluid
layer that permits the submerged cilia of the airway epithelial cells to beat rapidly.
The rapid and coordinated ciliary beating (frequency of ~8-15 Hz) enables the
transport of the overlying mucus layer, along with any trapped debris and pathogens,
to the oropharynx, where they are then swallowed or expectorated (Hariri & Cohen,
2010).

The observed changes in gene expression in Car6”/- mice suggest some role for
CA VI in the lymphoid tissues, especially in the regulation of mucosal immune
functions. Indeed, these findings have already opened new avenues for our future
research. We have started to investigate whether CA VI deficiency induces any
changes in the gut microbiome in our Car6/- model. Future studies will hopefully
increase our understanding of the role of CA VI and pinpoint a specific role for it in

the regulation of immunity.
gu y
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6.2 Characterization and localization of the novel zebrafish CA VI-
PTX enzyme

Bioinformatics studies and experimental analyses built a coherent picture of the
structure of a unique CA VI form containing a PTX domain. The PTX domain
found to be associated with non-mammalian CA VI is a novel member of the PTX
family. Our observations suggest that this novel pentraxin domain is most closely
related to the short PTXs, CRP and SAP (Figure 2 of original article III), which are
acute phase proteins in the innate immune system of mammals. The association of
the CA domain with the PTX domain is a new observation for both the PTX and
CA families. SAP and CRP are more closely similar to each other than either is to
the CA-associated PTX domain. Based on a comparison of the exons coding for the
spacer region after the CA domain of non-mammalian CA VI enzymes, we suggest
that the exon coding for the cytoplasmic domain in ancestral CA VI was replaced by
an exon coding for the PTX domain, and the TM helix transformed into an APH.
The PTX domain was lost presumably in the therian mammalian lineage, leaving the
APH in the C-terminus of CA V1.

Considering the mass of the glycosylated CA VI-PTX monomer (58.1 kDa), the
LC-SLS-DLS results clearly confirmed that zebrafish CA VI is an oligomer. The
obtained molecular mass (280 * 11 kDa) by LC-SLS is slightly less than the
estimated mass for a pentamer (290.5 kDa) calculated from the sequence. The
molecular mass obtained from the gel filtration analysis was slightly lower (214 + 10
kDa). This deviation may be attributable to the non-globular shape of the molecule
or column interactions. The Rh calculated from light scattering (7.69 £ 0.29 nm;
diameter 15.38 £ 0.58 nm) suggested a mass in the range of 364—434 kDa for a
globular particle. The predicted 3D model of CA VI-PTX as a pentamer revealed
the shape of a flat and roughly planar five-pointed star with a thickness of 4-5 nm
and an approximate diameter of 15 nm (Figure 13B-C). The pentamer model is
supported by the known pentamerization of related PTXs (CRP and SAP)
(Hutchinson et al, 2000, Thompson et al, 1999).

The immunostaining results located CA VI-PTX mainly on cell surfaces in the
zebrafish skin, heart, gills, and swim bladder. Mucosal homeostasis in teleosts is
maintained by the gut, skin and gills, which contain mucosa-associated lymphoid
tissue. According to the anatomical location, the MALT in teleost fish is subdivided
into GALT, skin-associated lymphoid tissue (SALT), and gill-associated lymphoid
tissue (GIALT) (Salinas et al, 2011). The GALT of higher vertebrates consists of

both scattered and organized lymphoid tissue, whereas teleost fish have a lower level
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of GALT organization. They also have a more diffusely organized immune system
in their gut, containing lymphoid cells, macrophages, and eosinophilic and
neutrophilic granulocytes (Rombout et al, 2011). The SALT in fish is mucosal
lymphoid tissue in which the outermost layer of cells retains the capacity to divide
(Salinas et al, 2011). Abundant secretory cells, including Malpighian cells, goblet cells,
sacciform cells, and club cells, together produce mucus covering the epithelial cells,
with ample biological functions (Zaccone et al, 2001). The gills, with large mucosal
surfaces, constitute an important pathogen entry portal in fish but also represent a
tissue that is capable of mounting an immune response (Campos-Perez et al, 2000,
Holzer et al, 2003, Grove et al, 2006). Our results suggest that CA VI-PTX could
participate in the mucosal defense systems in fish based on its distribution pattern
and putative role in immune regulation.

6.3 cab knockdown altered swimming pattern of zebrafish larvae

Our results showed the presence of CA VI in an adult zebrafish swim bladder. The
major phenotype of w6 KD zebrafish larvae was a swim bladder deficiency and
abnormal swimming pattern at the age of four dpf. We suggest that CA VI is required
either for swim bladder development or swim bladder function. The fact that the
fish gained the ability to swim normally at five dpf, and we observed no differences
in swim bladder morphology between the WT and MO-injected fish at that age,
suggest the phenotype is probably caused by delayed inflation of the swim bladder.
The swim bladder is a hydrostatic organ in fish postulated as a homolog of the
tetrapod lung, for which development can be divided into three phases: epithelial
budding between 36 and 48 hpf, growth with the formation of two additional
mesodermal layers up to 4.5 dpf, and inflation of the posterior and anterior chambers
at 4.5 and 21 dpf, respectively (Winata et al, 2009).

6.4 Potential role of CA VI-PTX in immunity

Pentraxins are a type of pattern recognition protein and are part of the lectin family.
The immune system of teleost fish includes most of the elements of the mammalian
innate immune system (Magnadottir, 2006, Magor & Magor, 2001). Teleost fish lack
lymph nodes and bone marrow; thus, the anterior part of the fish kidney is

considered a functional ortholog of mammalian bone marrow, and it represents the
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main hematopoietic lymphoid tissue of teleosts (Zapata & Amemiya, 2000). The
innate immune molecules of lower vertebrates and invertebrates, such as teleost fish,
include lectins and complement as well as natural killer cells, and the system is more
diverse than the corresponding system in mammals (Sunyer et al, 1998, Vasta et al,
2011, Yoder & Litman, 2011).

Larvae can survive after fertilization with the help of innate immune responses
because the adaptive immune system does not mature morphologically and
functionally until 4—6 weeks post fertilization (Novoa & Figueras, 2012). This
temporal separation system provides a way to study the vertebrate innate immune
response 2 vivo, separately from the adaptive immune response (Stockhammer et al,
2009, Novoa & Figueras, 2012). Based on the findings in this thesis, we propose that
CA VI-PTX in zebrafish may be needed for a novel type of membrane anchoring
and immune function, and thus we decided to pursue these studies further. We have
created a ¢a6 mutation line using the CRISPR/cas9 technique to generate a full KO
model to study the potential immune function of CA VI-PTX in zebrafish. We hope
that these studies will finally provide convincing evidence for the role of CA VI in
the regulation of immunity.
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7 SUMMARY AND CONCLUSIONS

The general aim of this thesis was to reveal new information on the expression and
function of secretory CA VI, the only secreted isozyme of the «-CA enzyme family
and one of the major protein constituents of human saliva and milk. A Car6/- KO
mouse model was used to evaluate the role of CA VI for the taste modalities and
gene expression levels in the trachea and lung. Over the course of our studies, a
novel CA VI-PTX protein was identified in several species, including fish, frogs, and
birds. Identification of this protein led us to produce recombinant zebrafish CA VI-
PTX protein in insect cells, and the protein was biochemically and biophysically
characterized by enzyme kinetic assays, SLS and DLS analyses, and mass
spectrometry. Glycosylation sites and glycan structures were verified using CID-
MS/MS. Sequence analyses wete performed using bioinformatics tools, and the 3D
structure was predicted by molecular modeling. The physiological significance of CA
VI-PTX in zebrafish was studied by knocking down the corresponding gene, and
the effect on the phenotype was examined. The localization of CA VI-PTX in
different fish organs and tissues was investigated using immunofluorescence

staining. The main results of this thesis are summarized below:

e CA Vlisinvolved in bitter taste perception in mouse. CA VI may be one of
the factors that contributes to the avoidance of bitter, potentially harmful,
substances.

e CA VI deficiency leads to several significant alterations in gene expression
levels in the trachea and lung.

e Several fish, frog, and bird species have a unique form of CA VI that is
attached to a pentraxin domain.

e Phylogenetics and sequence analyses of CA VI-PTX provide a consistent
hypothesis of the evolutionary history of domains associated with CA VI in
mammals and non-mammals.

e A recombinant zebrafish CA VI-PTX protein shows high CA enzyme

activity.
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e The CA VI-PTX protein is probably pentameric in solution, contains three
disulfide bonds, and is N-glycosylated through two of the four potential
glycosylation sites.

e The KD of CA VI expression results in decreased buoyancy and swim
bladder deflation in 4 dpf zebrafish larvae.
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Abstract

Background: Carbonic anhydrase VI (CA VI) is a secretory isozyme of the a-CA gene family. It is highly expressed in
the salivary and mammary glands and secreted into saliva and milk. Although CA VI was first described as a gustatory
protein, its exact functional roles have remained enigmatic. Interestingly, polymorphism of the CA6 gene was recently
linked to bitter taste perception in humans. In this study, we compared the preference of Car6™~ and wild-type mice

for different taste modalities in an IntelliCage monitoring environment. Morphologies of taste buds, tongue papillae,
and von Ebner's glands were evaluated by light microscopy. Cell proliferation and rate of apoptosis in tongue
specimens were examined by Ki67 immunostaining and fluorescent DNA fragmentation staining, respectively.
Results: The behavioral follow up of the mice in an IntelliCage system revealed that Car6~'~ mice preferred 3 pM
quinine (bitter) solution, whereas wild type mice preferred water. When the quinine concentration increased, both
groups preferentially selected water. Histological analysis, Ki67 immunostaining and detection of apoptosis did not
reveal any significant changes between tongue specimens of the knockout and wild type mice.

Conclusions: Our knockout mouse model confirms that CA VI is involved in bitter taste perception. CA VI may be one
of the factors which contribute to avoidance of bitter, potentially harmful, substances.

Keywords: Bitter, Carbonic anhydrase, Gustin, Mouse, Saliva, Taste

Background

Carbonic anhydrase VI (CA VI) is the only secretory iso-
zyme in the a-CA enzyme family. In the first report on
CA VI Henkin’s group identified a novel protein, gustin,
from human saliva [1], which was later shown to be
identical to CA VI [2]. Independently, this same protein
was described as a distinct CA enzyme by Fernley’s
team, who identified a novel high molecular weight form
of CA in the sheep parotid gland and saliva [3]. Later,
CA VI was also isolated from rat [4] and human saliva
[5]. Immunohistochemical studies have indicated that
CA VI is highly expressed in the serous acinar cells of
the parotid and submandibular glands [6,7]. In fact, it is
one of the major protein constituents of human saliva.
The mean concentration of CA VI in paraffin-stimulated
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saliva is 6.8 +/- 4.3 mg/L and the secretion rate is
10.2 +/- 7.9 pg/min [8]. Secretion of CA VI is tightly
regulated by circadian periodicity; the levels are low
during the night and increase rapidly after awakening
[9]. The expression of CA VI is not restricted only to
the salivary glands. Ogawa’s group demonstrated CA
VI expression in the lacrimal gland [10], and Karhumaa
and coworkers found that milk contains high levels of
secretory CA VI [11]. The 42-kDa polypeptide purified
from human milk by CA inhibitor affinity chromatography
shared 100% homology with salivary CA VI according to a
protein sequence analysis. A time-resolved immunofluoro-
metric assay showed that colostrum contained an eight
times higher concentration of CA VI than mature milk, the
latter containing concentrations comparable to the mean
levels in saliva.

Even though CA VI was originally discovered more
than 30 years ago, its physiological role has remained
unclear. As an enzymatically active CA it could maintain
optimal pH homeostasis within the oral cavity and upper

© 2014 Patrikainen et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
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alimentary tract [12,13]. The high concentrations in milk
and colostrum suggested that it could participate in the
developmental processes of the gastrointestinal canal
during the postnatal period [11]. Earlier studies also
suggested that CA VI present in saliva could play a pro-
tective role against cariogenesis [14]. These and other
possible physiological roles can now be studied using
the recently described knockout mouse model for CA
VI deficiency [15]. The knockout mice are viable, fertile,
and have shown a normal life span. Surprisingly, an
in vivo cariogenesis model revealed that the CA VI
knockout mice had a lower rate of cariogenesis and oral
colonization of Streptococcus mutans than the wild type
(WT) controls [16]. Histological analyses have indicated
a greater number of lymphoid follicles in the small
intestinal Peyer’s patches of the knockout mice, suggesting
an immunological phenotype for CA VI deficiency [15].
This was further supported by functional clustering of
differentially expressed genes, which revealed a number
of altered biological processes in the knockout mice.
Importantly, these included a Gene Ontology (GO) term
for a biological process called “immune system process” in
the duodenum.

Henkin’s group linked gustin (CA VI) to the regulation
of taste function in 1981 [17]. They found that the bio-
chemical characteristics of CA VI were similar in protein
isolated from both subjects with normal taste acuity and
from patients with hypogeusia. Interestingly, they reported
that hypogeusic subjects had salivary CA VI concentration
as low as 20% that of normal subjects, but they did
not link CA VI to any specific taste modality. Recently,
Barbarossa’s group has shown a link between bitter
taste modality and CA VI by finding polymorphism in
the CA6 gene (rs2274333 (A/G)) which contributes to
6-n-propylthiouracil taster status [18]. Later, they elegantly
showed that alterations of bitter taste function are due
to polymorphic changes in both bitter receptor gene
(TAS2R38) and CA6 gene, while also requiring contribu-
tions from other still unknown factors [19]. Most recently,
Barbarossa’s group demonstrated that rs2274333 poly-
morphic change in the CA6 gene affects 6-n-propylthiour-
acil sensitivity by acting on fungiform papilla development
and maintenance [20]. There is still another important
piece of evidence that CAs indeed contribute to taste
perception. Chandrashekar and coworkers demonstrated
by targeted genetic ablation and neurophysiological mea-
surements, that sour-sensing cells act as taste sensors for
carbonation, and also showed that membrane-associated
CA 1V functions as the principal CO, taste sensor [21].

In this study, we investigated the role of CA VI in taste
function by utilizing the CA VI-deficient mouse model.
These mice were placed in an IntelliCage system [22] for
automated behavioral screening and their preferences
for various taste modalities were analyzed. The results
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provide a mouse model confirmation that CA VI deficiency
leads to abnormal bitter taste perception.

Methods

Ethical approval

The production of the knockout mouse line was approved
by the Animal Experimentation Committee of the Univer-
sity of Oulu, Finland. Behavioural experiments were carried
out in accordance with the Guidelines laid down with the
European Communities Council Directive of 24 November
1986 (86/609/EEC) and were approved by the County
Administrative Board of Southern Finland (license number
ESAVI-2010-09011/Ym-23).

Car6™"~ mice

Generation and phenotypic characterization of Caré~’'~
mice have been described previously by Pan et al. [15].
The mice with the targeted allele were backcrossed more
than 10 generations to obtain mice with a pure C57BL/6
strain background. Car6™~ mice proved to be fertile and
showed normal life-span. The absence of CA VI protein
in saliva and salivary glands was confirmed by immuno-
histochemistry and western blotting.

Behavioral monitoring

Animals

Nine WT female and nine knock-out female mice at the
age of 12 weeks, at the beginning of experiment, were
used for behavioral analysis. One week before onset of
testing in an IntelliCage, RFID transponders (Planet ID
GmbH, Essen, Germany) were injected subcutaneously
in the dorso-cervical region under isoflurane inhalation
anesthesia. Throughout the experiment the mice were
maintained under 12/12 h light cycle (lights on at 06:00) at
controlled temperature (21 + 1°C) and humidity (50-60%).

Apparatus and procedure

The IntelliCage apparatus (NewBehavior AG, Zurich,
Switzerland, www.newbehavior.com) is placed in a polycar-
bonate cage (20.5 cm high, 58 x40 c¢m top, 55 x 37.5 ¢cm
bottom, Tecniplast, 2000P, Buguggiate, Italy) and accom-
modates up to 16 mice. Its aluminum top contains a freely
accessible food rack filled with standard mouse chow
(Teklad 2016, Harlan). The floor is covered with bedding
(aspen chips 5 x 5 x 1 mm, Tapvei Oy, Finland) and pro-
vides four central red shelters (Tecniplast, Buguggiate, Italy).
Four triangular conditioning chambers (15 x 15 x 21 cm)
are fitted in the cage corners and each provide room for
one mouse at a time. Each chamber contains two drinking
bottles, accessible via two round openings (13 mm diam-
eter) with motorized doors. Three multicolor LEDs are
mounted above each door and the chamber ceiling con-
tains a motorized valve for delivery of air puffs. Mice that
access a chamber are identified by a circular RIFD antenna
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at its entrance (30 mm inner diameter) and the duration
of their visit is determined by both the antenna reading
and a temperature sensor that detects the presence of the
animal inside the corner. During a visit, number and dur-
ation of individual nosepokes at each door are recorded
using IR-beam sensors. Licking episodes at each bottle are
monitored using lickometers (duration of the episode,
number of licks, total contact time). IntelliCages have
individual controllers and are connected to a central PC
running the IntelliCage Plus software that permits design-
ing and running experiments, as well as analysis of the
recorded data (IntelliCage Plus, NewBehavior AG).

The animals were habituated to the new environment
for 8 days. During this period, every visit to the chamber
opened both doors for 7 sec allowing access to drinking
bottles filled with tap water. For testing spontaneous
taste preference, one corner contained two bottles with
tap water. The other three corners contained bottles with
different concentrations of taste solution (one concentra-
tion per corner). Each taste modality was tested over 4 days,
and the position of bottles was changed every day in order
to avoid development of place preference or avoidance.
Four taste modalities were tested in the following order
and concentrations: 1) Sweet — saccharin 0.1, 5, 50 g/l; 2)
Salty — NaCl 50, 150, 450 mM; 3) Sour — citric acid 0.1,
10, 100 mM; 4) Bitter — quinine 0.003, 0.03, 0.3 mM.
Two-day wash-out periods with tap water in all corners
and bottles were applied before subsequent tastants. The
number of licks in each corner was recorded and used for
calculating the preference expressed as a percentage of
licks at different concentrations. The data were com-
pared between genotypes by repeated measures ANOVA
with preference to tastant as a within-subject factor,
followed by Newman-Keuls post hoc test.

Morphological analyses and immunohistochemistry
Whole tongue samples were taken from the wild-type
(n=9) and Car6™~ (n=9) adult mice. The samples were
dissected, fixed in 4% formaldehyde overnight, embedded
in paraffin, and sectioned to a thickness of 5 pm. For
morphological analysis paraffin was removed with xylene,
rehydrated by a descending series of ethanol, and the
sections were stained with hematoxylin and eosin. Morph-
ologies of different papillae (circumvallate, fungiform, and
filiform) and von Ebner’s glands were evaluated by light
microscopy. The numbers of fungiform papillae were
evaluated in 27 sections/group (three sections/mouse).
The anterior half of the tongue was examined for the
presence of fungiform papillae. The number of fungiform
papillae from each section were counted. Because of the
small sample size, and potential non-normal distribution
of section cell counts, the Mann—Whitney test was used
for comparing the two groups. P value < 0.05 was consid-
ered statistically significant.
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Immunohistochemistry for the proliferation of marker
Ki67 was performed using a Vectastain Elite ABC kit
(Vector Laboratories, Burlingame, CA, USA) following
the manufacturer’s instructions. Prior to staining, the
sections were boiled in 0.01 M sodium citrate buffer,
pH 6.0, for 20 min. Endogenous peroxidase activity was
blocked by treatment with 3% H,O, solution. Nonspecific
binding of the primary antibody was prevented using
10% normal rabbit serum (NRS) as a blocking agent.
The sections were incubated overnight at+4°C in a
primary antibody solution containing monoclonal rat
anti-mouse Ki67 (Dako Denmark A/S, Glostrup, Denmark)
(diluted 1:100), 1% NRS, and 0.1% Tween-20 (Sigma-
Aldrich, St. Louis, MO, USA) in phosphate buffered
saline (PBS). Biotinylated rabbit anti-rat serum (Vector
Laboratories) (diluted 1:1000) was used as a secondary
antibody, and the sections were incubated 30 min at
room temperature. DAB (3, 3’-diaminobenzidine, Invitro-
gen, Camarillo, CA, USA) was used for precipitating the
substrate, and the sections were finally counterstained
with Mayer’s hematoxylin. Positively stained cells were
counted from one field/tongue photographed with 100x
magnification (Nikon Microphot-FXA, Nikon Instruments
Europe B.V., Amsterdam, Netherlands). To determine the
difference between the two groups, 21 wild type and 16
knockout mice fields were analyzed. Statistical analysis
was performed using Mann—Whitney test.

For studying the apoptotic level of tongue epithelial
cells we used FragEL DNA Fragmentation Detection Kit,
Fluorescent-TdT Enzyme (Calbiochem, EMD Chemicals,
Inc., San Diego, CA, USA) according to manufacturer’s
instructions. After deparaffinisation and rehydration the
sections were incubated with proteinase K (20 pg/ml) at
room temperature for 20 min. Prior to the equilibration
step positive control sections were treated with 1 pg/pl
DNase I in 1 mM MgSO,/1 x tris-buffered saline (TBS)
and incubated for 20 min at room temperature. After
15 min incubation in 1 x TdT Equilibration buffer, the
sections were covered with TdT Labeling Reaction Mix-
ture. Negative control was prepared at labeling step
using dH,O instead of enzyme in TdT Labeling Reaction
mixture. Samples were incubated at+37°C for 1.5 h.
Sections were mounted with Fluorescein-FragEL mounting
medium and photographed using Nikon Mikrophot-FXA
microscope with 450—-490 nm filter using 100 x magnifica-
tion (Nikon Instruments Europe BV). Labeled nuclei
were analyzed from 7 Car6™'~ and 7 WT mice tongues
(two fields/tongue). Statistical comparison between the
two groups was performed using Mann—Whitney test.

Results

Behavioral study

There was no difference in body weight between the
WT and Car6~”~ mice. Moreover, the activity (number
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of corner visits, Figure 1A) and total liquid consumption The mice showed similar preference for saccharin 5 g/l,
(number of licks, Figure 1B) were similar between the  whereas 50 g/l was avoided by both groups (Effect of
groups in all phases of the experiment. concentration F(3,48) =126.9, p <0.0001; no significant
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Figure 1 Assessment of taste preference in the IntelliCage. A. Total number of corner visits during 4 days of each phase of the experiment. B.
Total number of licks during 4 days of each phase of the experiment. C. Percentage of licks of sweet (saccharin) solution at different concentrations.
D. Percentage of licks of salty (NaCl) solution at different concentrations. E. Percentage of licks of sour (citric acid) solution at different concentrations.
F. Percentage of licks of bitter (quinine) solution at different concentrations. * - p < 0.05, ** - p < 0.01 between the genotypes; # - p < 001 compared
to water.
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interaction between genotype and concentration F(3,48) =
1.1, p = 0.34) (Figure 1C). Both groups displayed a similar
preference for water and avoidance of 150 and 450 mM of
NaCl. However, Car6~/~ mice showed slightly lower per-
centage of licks at 50 mM NaCl as compared with WT
mice (effect of concentration F(3,48)=300.2, p <0.0001;
significant interaction between genotype and concentra-
tion F(3,48)=4.5, p=0.0075) (Figure 1D). Both groups
showed equal preference for water and 0.1 mM of citric
acid whereas 10 mM and 100 mM concentrations of citric
acid were avoided (effect of concentration F(3,48) = 246.6,
p <0.0001; no significant interaction between genotype
and concentration F(3,48) =1.6, p=0.21) (Figure 1E).
When testing bitter taste, Car6 '~ mice showed prefer-
ence for 0.003 mM quinine solution, whereas WT mice
preferred water (Figure 1F). Higher concentrations of
quinine were clearly avoided by both WT and knockout
mice (effect of concentration F(3,48) = 103.4, p < 0.0001;
significant interaction between genotype and concen-
tration F(3,48) = 7.8, p = 0.0002).

Tongue morphology, cell proliferation and apoptosis
Tongue histologies were analyzed from Car6~'~ and W'T
mice, including the morphology and number of taste buds
and different types of papillae. Figure 2 shows representa-
tive images of morphology. The morphologies of three
different papillae (circumvallate, fungiform and filiform)
were not significantly different between the two groups of
mice, nor did we find any changes in the von Ebner’s
glands (data not shown). The number of fungiform papil-
lae showed no change in Car6™'~ mice as compared to the
control mice (p = 0.58, Mann—Whitney test).

Immunohistochemistry for the proliferation marker Ki67
showed positive for nuclei in the tongue epithelium of all
specimens, as expected. Mean counts for cell proliferation
were 105.3/section (range 35-159) and 100.2/section (range
8-168) in the Car6~'~ and WT mice, respectively. No
statistically significant difference was observed between
the Car6™'~ and WT mice (p = 0.63, Mann—Whitney test)
(Figure 3). Rate of apoptosis in the tongue specimens was
analyzed using a DNA fragmentation detection kit. Mean
values for the apoptosis count were 2.9/section (range
0-9) and 2.0/section (range 0-5) in the Car6”'~ and WT
mice, respectively. No statistically significant difference
was found in the rate of apoptosis between the Car6™/~
and WT mice (p = 0.69, Mann—Whitney test).

Discussion

The present data shows that CA VI deficiency results in
an altered behavior in mice for preferred taste. The most
significant change was observed in bitter taste, which is
well in line with the recent observations from Barbarossa’s
group, showing an altered bitter taste perception in sub-
jects with CA6 gene polymorphism [18-20]. The previous
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Figure 2 Histological images of tongue morphology in Car6™'~
(A) and WT (B) mice. Arrows point to some examples of taste
buds. No significant differences are visible in morphology. Original
magnifications x 400.

\

study indicated that both TAS2R38 and CA6 loci are im-
portant for discriminating low concentrations of the bitter
tasting chemical, 6-n-propylthiouracil [19]. In our study,
the CA VI deficient mice showed a lower percentage of
licks at 50 mM NaCl than the WT mice, suggesting that
CA VI is somehow involved in perception of salty taste.
This finding has not been reported earlier and warrants
further investigations. There were no other significant
behavioral changes in terms of the taste preference.

It is commonly known that oral and perioral infections
can cause taste dysfunction [23]. Henkin’s group demon-
strated that in human patients suffering from taste dys-
function and influenza-like symptoms, the taste buds in
circumvallate papillae exhibited apoptotic features, such as
severe vacuolization and cellular degeneration [24]. These
patients also had lowered concentrations of CA VI in their
saliva. Treatment with zinc normalized the CA VI concen-
trations and the senses of taste and smell in some cases.
Interestingly, the taste bud morphology was normalized in
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Figure 3 Immunohistochemical staining of Ki67 proliferation
marker in tongue specimens from Car6 '~ (A) and WT (B) mice.
Both samples demonstrate a number of positive nuclei mainly located in
the basal layer of the stratified epithelium. Original magnifications x 400.

these patients, suggesting that CA VI may function as a
trophic factor for the taste bud stem cells. Our analysis by
light microscopy revealed no apparent changes in taste bud
morphology in CA VI deficient mice nor did we observe
any difference in the rate of apoptosis. This might suggest
that the apoptotic changes observed earlier [24] are primar-
ily due to the viral infection itself [25] rather than a result
of CA VI deficiency. Similarly, the normalized taste bud
morphology after the zinc treatment can be attributed to
the effects of zinc on multiple cellular processes, other than
those regulated by CA VL

The present morphological analyses showed no sig-
nificant change in the number of fungiform papillae in
Car6™'~ mice compared to controls. This finding poten-
tially contradicts the previous observations which showed
an abnormal development of fungiform papillae in humans
with CA6 gene polymorphism [20]. The previous study
also showed that CA VI protein induces proliferation of
tongue epithelial cells. Even though our results were not
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able to confirm the role of CA VI in morphogenesis of
fungiform papillae, nor did they show any effect in prolifer-
ation, the recent findings from Barbarossa’s group are
attractive and warrant confirmation in different cell lines.
Importantly, our in vivo studies were performed using a
mouse model in which only a single salivary factor, CA VI,
had been knocked out. There are a number of other growth
factors present in saliva [26], and deficiency of CA VI alone
may not be sufficient to affect significantly the cell prolifer-
ation rate. In spite of these negative results regarding the
role of CA VI in cell proliferation, it is still attractive to
speculate whether addition of exogenous CA VI into vari-
ous products, such as mouth rinse, tooth paste, or chewing
gum, could have some beneficial effects on oral health.

Conclusions

Our results on Car6™'~ mice confirm that CA VI deficiency
leads to abnormal bitter taste perception. This finding
agrees well with the recent observations on the role of
CA VI in human taste function. CA VI may be one of
the factors, which can contribute to avoidance of bitter
substances in mammals.
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ABSTRACT

From birth, the respiratory tract mucosa is exposed to various chemical, physical, and
microbiological stress factors. Efficient defense mechanisms and strictly regulated renewal
systems in the mucosa are thus required. Carbonic anhydrase VI (CA VI) is the only secreted
isoenzyme of the a-CA gene family. It is transported in high concentrations in saliva and milk
into the alimentary tract where it contributes to optimal pH homeostasis. Earlier study of
transcriptomic responses of Car6” mice has shown changes in the response to oxidative stress
and brown fat cell differentiation in the submandibular gland. It has been suggested that CA VI
delivered to the mucosal surface of the bronchiolar epithelium is an essential factor in defense
and renewal of the lining epithelium. In this study, the transcriptional effects of CA VI
deficiency were investigated in both trachea and lung of Car6” mice using a cDNA microarray
analysis. Functional clustering of the results indicated significant changes of gene transcription
in the lower airways. The altered biological processes included antigen transport by M-cells,
potassium transport, muscle contraction, and thyroid hormone synthesis. Immunohistochemical
staining confirmed the absence of CA VI in the submandibular gland of Car6” mice.
Immunostaining of the trachea and lung samples revealed no differences between the knockout
and wild type groups nor were any morphological changes observed. The present findings can
help us to recognize novel functions for CA VI — one of the major protein constituents of saliva

and milk.



Abbreviations

BAL Bronchial alveolar lavage

BDNF Brain derived neurotrophic factor

CA Carbonic anhydrase

CHOP CCAAT/Enhancer-Binding Protein Homologous Protein

DAVID Database for annotation, visualization and integrated discovery tool
FC Fold change

FPKM Fragments per kilobase of transcript per million mapped reads

GO Gene ontology

gRT-PCR Quantitative reverse transcription polymerase chain reaction
UPRER Endoplasmic reticulum unfolded protein stress response pathway
VLAD Visual annotation display

WT Wild type



INTRODUCTION

Carbonic anhydrase VI (CA VI) (CA; EC4.2.1.1), a glycoprotein with molecular weight of 42
kDa, is the only secreted isozyme in the a-CA enzyme family (Fernley et al. 1979; Murakami
and Sly 1987). In 1970s it was first named as gustin, a novel taste-associated protein which is
present in human saliva (Henkin et al. 1975). Two decades later, Thatcher et al. (Thatcher et al.
1998) showed that gustin was indeed identical to CA VI, which had been independently
identified as a CA enzyme present in the sheep parotid gland and saliva (Fernley et al. 1979), and
later isolated from rat (Feldstein and Silverman 1984) and human saliva (Murakami and Sly
1987). The human CAG6 gene is located at chromosome 1p36.22 and has 8 exons and 7 introns
(Jiang and Gupta 1999; Sutherland et al. 1989). Immunohistochemical studies have indicated that
CA V1 is highly expressed in the serous acinar cells of the parotid and submandibular glands
(Kadoya et al. 1987; Parkkila et al. 1990) as well as minor salivary glands of the tongue,
including von Ebner’s glands (Leinonen et al. 2001). It is one of the major protein constituents of
human saliva (Parkkila et al. 1993). CA V1 expression has also been found in the lacrimal glands
(Ogawa et al. 1995; Ogawa et al. 2002), tracheobronchial glands of developing and adult rats
(Leinonen et al. 2004), and nasal glands where it may function in olfaction (Kimoto et al. 2004).
High levels of secretory CA VI is produced in human milk, where the purified 42-kDa
polypeptide shared 100% homology with salivary CA VI according to a protein sequence
analysis (Karhumaa et al. 2001). Circadian periodicity tightly regulates CA VI secretion into
saliva: the levels are low during the night and increase rapidly after awakening (Parkkila et al.

1995).

CA VI is an enzymatically active CA and as such it could maintain optimal pH homeostasis

within the oral cavity and upper alimentary tract (Kivela et al. 1999a; Parkkila and Parkkila



1996). It could participate in the developmental processes of the alimentary tract during the
postnatal period (Karhumaa et al. 2001). Earlier studies suggested that CA VI, as a component of
the enamel pellicle (Leinonen et al. 1999) and saliva, could play a protective role against
cariogenesis (Kivela et al. 1999a). CA VI activity can be modulated by both CA inhibitors and
activators. Supuran’s group has shown that several anions and sulfonamides efficiently inhibit
the activity of the enzyme (Nishimori et al. 2007b; Nishimori et al. 2007a). They also showed
that certain amino acids and amines, such as L-Phe, D-DOPA, L-Tyr, 4-amino-L-Phe, and
histamine, are excellent CA V1 activators (Nishimori et al. 2007¢). Thus, there are appropriate

chemical tools available to modulate CA VI activity at least in vitro.

The roles of CA VI can be now studied using a mouse model in which targeted deletion of the
gene encoding CA VI, Car®6, causes total absence of the enzyme (Pan et al. 2011). In 2011 Culp
et al. surprisingly showed by an in vivo cariogenesis model that Car6”- mice had a lower rate of
cariogenesis and oral colonization of Streptococcus mutans than the wild type (WT) controls
(Culp et al. 2011). In several studies, CA VI has been linked to the regulation of taste function.
Henkin’s group found that hypogeusic subjects had salivary CA VI concentration as low as 20%
that of normal subjects (Shatzman and Henkin 1981). Recent studies also showed a link between
bitter taste modality and CA VI by finding a polymorphism in the CA6 gene (rs2274333 (A/G))
which contributes to 6-n-propylthiouracil taster status (Padiglia et al. 2010). It was also shown
that alterations of bitter taste function are due to polymorphic changes in both bitter receptor
(TAS2R38) and CAG6 genes (Calo et al. 2011). According to a recent study the rs2274333
polymorphic change of the CA6 gene affects fungiform papilla development and maintenance

(Melis et al. 2013). Our group recently demonstrated in CA V1 deficient mice that absence of CA



VI indeed altered the behavior of the animals for preferred bitter taste perception (Patrikainen et

al. 2014).

In 1999, Sok et al. introduced a stress-induced form of CA VI-b, encoded by the murine Car6
gene (Sok et al. 1999). CA VI-b is expressed in the cytosol after activation of the endoplasmic
reticulum unfolded protein stress response pathway (UPRER), and it is regulated by the
CCAAT/Enhancer-Binding Protein Homologous Protein (CHOP). Later studies with Car6™"
mice have shown that CA VI-b can function as part of the pro-survival branch of the CHOP
signaling cascade and is necessary for conveying the beneficial effects of brain derived

neurotrophic factor (BDNF) on hypoxic cell survival (Matthews et al. 2014).

Histological analyses have indicated a greater number of lymphoid follicles in the small
intestinal Peyer’s patches of the Car6” mice. Transcriptomic responses and functional clustering
results of Car6” mice indicated a number of altered biological processes, including a Gene
Ontology (GO) term for a biological process called “immune system process” in the duodenum

(Pan et al. 2011).

The aim of the present study was to investigate whether the gene expression profiles differ in the
trachea and lung of CA VI deficient mice compared to WT mice. As far as we know this is the

first investigation on respiratory tract phenotype associated with CA V1 deficiency.



METHODS
Car6™ mice

Generation and phenotypic characterization of Car6” mice have been previously described in
detail by Pan et al. (Pan et al. 2011). To obtain mice with a pure C57BL/6 strain background, the
mice with the targeted allele were backcrossed more than 10 generations. The production of the
knockout mouse line was approved by the Animal Experimentation Committee of the University

of Oulu. Genotyping of Car6” mice was performed by multiplex PCR (data not shown).

cDNA microarray analysis

All microarray data reported in the present article are described in accordance with MIAME
guidelines, have been deposited in NCBI’s Gene Expression Omnibus public repository

(http://www.ncbi.nlm.nih.gov/geo/) (Edgar et al. 2002), and are accessible through GEO Series

accession number GSE73755. Trachea and lung samples were collected from eight WT and six
knockout Car6” (KO) male mice at the age of 8 weeks. Total RNA was purified using RNeasy
Mini Kit (Qiagen, Basel, Switzerland), including DNase digestion according to manufacturer’s
instructions. Optical density (OD) was measured using ND-1000 spectrophotometer (Nanodrop
Technologies, Wilmington, USA) to determine RNA concentrations and purity. All the samples
had an OD260/0D280 ratio 2.0 or higher. The 32 RNA samples including 8 WT, and 6 KO for
trachea; 8 WT, and 6 KO for lung, and 4 sample duplicates as internal controls were analyzed
individually in Gen-Probe Life Sciences Ltd. at Oak Business Park in Manchester, UK. 150 ng of
total RNA from each sample was converted to double-stranded cDNA, and amplified using

IHlumina TotalPrep-96 RNA Amplification Kit (Ambion, Inc., TX, USA) according to the


http://www.ncbi.nlm.nih.gov/geo/

protocol recommended by the manufacturer in order to gain biotin-labeled cRNA. The cRNA
corresponding to the polyadenylated mRNA fractions were normalized, and 750 ng of each
sample were hybridized onto Illumina’s Sentrix® Mouse Ref-8 v2 Bead Chips (lllumina, Inc.,
San Diego, CA) at + 58°C for 14-20 hours according to lllumina® Whole-Genome Gene
Expression Direct Hybridization Assay manual (Illumina, Inc.). Arrays were washed and stained
with Cy3-Streptavidin. The Illumina IScan (Illumina, Inc.) was used to scan the arrays according
to manufacturer’s instructions. Samples were analyzed using GenomeStudio (2010.3) Gene

Expression Module (1.8.0) software (Illumina, Inc.).

Data analyses

Microarray data of the trachea and lung were normalized separately using the quantile

normalization method and were analyzed with Chipster™ v2.9.0 (http://chipster.csc.fi/) (Kallio

et al. 2011). Quality control of the data included non-metric multidimensional scaling,
dendrograms, and hierarchical clustering (data not shown). The data were filtered according to
the SD of the probes. The percentage of data that did not pass through the filter was adjusted to
99%, implicating a SD value of almost 3. At this point, statistical analysis was performed using
the empirical Bayes t-test for the comparison of 2 groups. Filtering was applied to the data
according to p-values. The remaining 750 probes in the trachea and 51 probes in lung were
further filtered according to up- and down-regulated expression fold change with cut-off values
of £1.4, which have been considered to have high correlation between microarray and

quantitative RT-PCR data (Morey et al. 2006).


http://chipster.csc.fi/

A functional annotation analysis from the trachea data was performed using VLAD Gene List

Analysis and Visualization tool (http://proto.informatics.jax.org/prototypes/viad/). The VLAD

tool performs a statistical analysis to test for the enrichment of ontology terms in a set of genes

based on their annotations to bio-ontologies (Richardson and Bult 2015).

The functional annotation tool DAVID (Database for Annotation, Visualization and Integrated

Discovery) (http://david.abcc.ncifcrf.gov/), is a Web-based application that provides a high-

throughput and integrative gene functional annotation environment to systematically extract
biological themes behind large gene lists (Huang da et al. 2009a; Huang da et al. 2009b). In this
case, it was used to identify enriched biological categories among the regulated genes as
compared to all the genes present in lllumina’s Sentrix® Mouse Ref-8 v2 Bead Chips (Illumina,
Inc.). The DAVID currently uses over 40 annotation categories, including GO terms, protein-
protein interactions, protein functional domains, disease associations, bio-pathways, sequence
general features, homologies, gene functional summaries, gene tissue expressions, and literatures

(Dennis et al. 2003; Huang da et al. 2009a).

Quantitative real-time PCR (QRT-PCR)

The 10 pg RNA samples, extracted for microarray analysis from WT and Car6™ mice from
trachea and lung, were converted to cDNA using High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Inc., CA, USA) with random hexamer primers according to
manufacturer’s instructions. Target genes used for validation of microarray analysis were chosen
based on their fold change and known function. Primer sequences of the housekeeping gene,

mouse B-actin (Actb), and the target genes, functions of the target genes, amplicon sizes and


http://proto.informatics.jax.org/prototypes/vlad/
http://david.abcc.ncifcrf.gov/

10

annealing temperatures are shown in Table 1. The qRT-PCR reactions of duplicate samples were
performed using Power SYBR® Green PCR Master Mix (Applied Biosystems, Inc.) on 96-Well
Optical Reaction Plate (ABI PRISM™ Applied Biosystems, Inc.). A total of 15 pl of each gRT-
PCR reaction contained 0.5 pl of first strand cDNA, 0.5 uM of each primer, and 1x SYBR Green
Master Mix (Applied Biosystems, Inc.). Amplification and detection were carried out using ABI
PRISM®7000 Detection System and Sequence Detection System v 1.2.3 (Applied Biosystems,
Inc.). The relative expression levels of genes were assessed using Actb values as internal control
using a mathematical model for relative quantification in real-time RT-PCR (Pfaffl 2001). The
median value of wild type data for each gene was used as a control for normalization of the
knockout and wildtype data for that particular gene. The final gRT-PCR results were presented
as expression of the gene-of-interest relative to the housekeeping gene Actb. Statistical analyses
were performed on IBM SPSS Statistics version 23.0.0 (IBM SPSS Statistics, IBM Corporation,
Chicago, IL). Because of the small sample size, the Mann—Whitney test was used for evaluation
of Car6™ and WT mice relative expression values for the qRT-PCR. The relative expression
levels of genes were assessed using Actb values as internal control using mathematical model for

relative quantification in real-time RT-PCR (Pfaffl, 2001).

RNA-Seq analysis of Car6 expression

RNA-Seq data from mouse lung (normal (E-GEOD-64027), influenza (E-GEOD-49933)
(Altboum et al. 2014), interferon (E-GEOD-55480), bronchial alveolar lavage (BAL) (E-ERAD-
397) and bronchiolar epithelium (E-GEOD-61627) (Lange et al. 2015)) was retrieved from the

ArrayExpress database (Kolesnikov et al. 2015). RNA-Seq reads were mapped to CA genes in
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the mouse genome (release GRCM38) using the Bowtie (Langmead et al. 2009) and Tophat
(Trapnell et al. 2009) modules of the Tophat package. Mapped reads were compared to reference
CA transcript structures from the Ensembl database using the Cuffdiff module of the Cufflinks

package (Trapnell et al. 2010).

GO enrichment analysis of CA6 in lung

The Medisapiens database (Kilpinen et al. 2008) (http://ist.medisapiens.com/) houses data from a

large number of human microarray expression studies. For lung tissue there were between 34 and
182 microarray experiment samples for all genes present on a human genome U133 chip. We
extracted all expression correlation values for CA6 with all other genes. In total there were 208
genes which had a positive correlation of expression of 0.50 or greater. These gene names were
then used to perform a biological processes gene ontology enrichment analysis using the
(http://geneontology.org) webserver (Gene Ontology Consortium 2015; Ashburner et al. 2000).
The gene ontology terms which were enriched at 2-fold or greater were then assessed for

biological significance.

Immunohistochemical analysis

Tissue samples from the trachea, lung and submandibular gland were collected from adult WT,
and Car6” mice. The samples were fixed in 4% paraformaldehyde for 24 hours, embedded in
paraffin and cut to 5 um thick sections. A polyclonal rabbit anti-rat CA VI serum (Leinonen et al.

2001) was used for immunohistochemical staining as described below. Prior to staining, the
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slides were treated with xylene, and series of decreasing ethanol concentration baths to remove
paraffin. Endogenous peroxidase was removed with 3% H2O- in phosphate-buffered saline
(PBS) for five minutes, and for blocking 10 % normal goat serum (NGS) was used. A Vectastain
Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) was used following to the
manufacturer’s instructions. Sections were incubated with primary antibody (rabbit anti-rat CA
VI in 2% NGS/0.1% Tween in PBS) at + 4 °C overnight. Biotinylated anti-rabbit 1gG (Vector
Laboratories) in 2% NGS/0.1 % Tween in PBS was used as the secondary antibody. Labels were
detected using 3, 3’-diaminobenzidine (DAB), and sections were counterstained using Mayer’s

Hematoxylin.
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RESULTS

cDNA microarray analysis

In order to identify genes with an altered transcription level in lower airways of CA VI deficient
mice, RNAs of the trachea and lung from six Car6” and eight WT mice were analyzed by
microarray. A total of 44 genes in the trachea and two genes in the lung were either up- or down-
regulated. The fold change cut-off value was set at + 1.4, a proposed level above which there is a
high correlation between microarray and qRT-PCR data regardless of other factors, such as cycle
threshold or spot intensity (Morey et al. 2006). All the genes above the fold change threshold +
1.4 in our data set had significantly (p<0.05) altered expression. Five genes were up-regulated in
the trachea of Car6™ mice as compared to WT mice, including Sftpc with the highest FC (+2.13),
Nppa, Ucpl, Myl4, and Faim3. The 39 down-regulated genes included Calca with the lowest FC
(-3.48). In the lung, the FC threshold indicated differential expression of two genes: Gdpd3 FC
(+1.45) and Dbp FC (-1.45). A complete list of genes with altered expression levels, their

symbols, gene descriptions, fold change, and P-value, are shown in Table 2.

Functional annotation analysis of genes with altered expression in the trachea of Car6™

mice

A functional annotation analysis from the trachea data was performed using the VLAD Gene L.ist
Analysis and Visualization tool. The results, shown in ontology hierarchy graphs, for
differentially expressed genes (n=40; Expi and NA were unannotated), revealed changes in
metabolic process, biological regulation, single-organism process, and immune response in

mucosal-associated lymphoid tissue (Fig. 1). Genes with induced expression were located to
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single-organism process. The cellular component result, given in Online Resource 1, indicated
expression level changes in the genes which encode cytoskeletal, cytoplasmic and extracellular
proteins. The results of molecular function, given in Online Resource 2, showed that the
differentially expressed genes are linked to transmembrane transporter, antioxidant and catalytic

activity, protein binding, and are structural constituents of cytoskeleton.

The DAVID Database for Annotation, Visualization and Integrated Discovery tool was used to
identify enriched biological categories of the trachea data. The DAVID functional table of
annotations reported 30 out of 42 genes with DAVID IDs which were categorized by different
associated enriched terms. The following up-regulated genes in the trachea were categorized
functionally by the associated terms: Myl4 was categorized in “muscle protein”, “myosin”, and
“motor protein”; Nppa in “secreted”, “signal”, “hormone”, and “disulfide bond”; Sftpc in
“secreted”; Faim3 in “signal”, and “disulfide bond”. Three most common functionally
categorized terms among the down-regulated genes were “signal” (15 genes), “secreted” (10
genes), and “disulfide bond” (10 genes). Many of the down-regulated genes were annotated with
several functional category terms. A complete list of terms and different functional annotation

categories are given in Online Resource 3.

gRT-PCR

Based on Chipster ™, DAVID, and VLAD analyses nine differentially expressed genes were
selected for qRT-PCR. The same RNA samples used for the microarray analysis were also used
for the qRT-PCR. Statistical comparison between relative expression ratios of Car6” and WT

groups revealed statistically significant differences (p < 0.05) in Faim3 (p-value 0.013), Sftpc (p-
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value 0.020), Dcppl (p-value 0.043), and Dbp (p-value 0.043) expression. The fold change was
counted using median values of gene expression ratio of genes-of-interest. The results of
statistical analyses between Car6” and WT mice groups’ relative gene expression ratios, p-

values, and fold change are shown in Table 3.

RNA-Seq analysis of Car6 expression

The RNA-Seq data showed that Car6 is not expressed in mouse normal lung tissues. However,
when the mice were infected with influenza virus there was a marked Car6 expression in an
occasional lung sample. Results are shown as Fragments per kilobase of transcript per million
mapped reads (FPKM) in Fig. 2. Additionally, BAL of influenza virus infected mice also showed
Car6 expression in several samples. To a lesser extent we also saw Car6 expression in interferon

treated lung tissue.

GO enrichment analysis of CA6 in lung

The results of the GO enrichment analysis of genes significantly coexpressed with human CA6
showed three over-represented biological terms: axonemal dynein complex assembly
(GO:0070286) over-represented more than 26-fold, cilium assembly (GO:0042384) over-
represented more than 7-fold, and cilium organization (GO:0044782) over-represented more than

6-fold. All three of these terms are related to cellular cilia.
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Immunohistochemistry

Tissue samples stained with anti-rat CA VI serum showed an absence of CA VI in
submandibular gland acinar cells of Car6” mice (b in Fig. 3). The corresponding tissue samples
from the WT mice presented a clear positive CA VI stain in the acinar cells. Both trachea and
lung tissue samples showed only a faint background staining. There were no morphological

differences between Car6”- and WT mice in the submandibular gland, trachea, and lung tissues

(Fig. 3).
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DISCUSSION

The present data demonstrates that CA VI deficiency in mice alters the expression of several
genes in the lower respiratory tract; these changes do not cause any marked morphological
changes at light microcopy level. A previous study of Car6™ mice showed altered gene
expression, given as FC, in the submandibular gland (-2.70 to +5.18), stomach (-9.40 to +2.78),
and duodenum (-15.56 to +5.31) (Pan et al. 2011). In the present study, we observed
differentially expressed genes, given as FC, in the trachea (-3.48 to +2.13) and lung (-1.45 to
+1.45). The FC levels indicate that CA VI deficiency changes the gene expression levels less
drastically in the lower airways compared to the alimentary tract tissues. Even though the present
FC values are considered moderate at the most, all genes above or below the FC threshold were
statistically significantly altered (p<0.05). Interestingly, there were both induced and repressed
genes in the trachea that were also differently expressed in the submandibular gland (UCPL1,
BC048546, Myl1, 2310057J18Rik, Dcppl, Dcpp2 and Dcpp3), stomach (Tpm2, Mylpf, Myl1,
Expi), and duodenum (BC048546, Lyz1, 2310057J18Rik, Expi). Ucpl was up-regulated in the
trachea but down-regulated in the submandibular gland; Myl1 was repressed in the trachea and
submandibular gland but induced in the stomach; 2310057J18Rik was repressed in the trachea
and duodenum but induced in the submandibular gland; BC048546 was repressed in the trachea
but induced in the submandibular gland and duodenum; Lyz1 was up-regulated in the duodenum
but down-regulated in the trachea. Dcppl, Dcpp2, and Dcpp3 expressions in the trachea were
repressed, whereas all of these genes were induced in the submandibular gland. Expi was the

only gene which was repressed in the stomach and duodenum as well as in the trachea.
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The resulting data of gRT-PCR analysis revealed statistically significant differences in relative
expression ratios in the trachea of induced genes Sftpc, and Faim3, and repressed gene Dcppl.
The repressed Dbp shows statistically significant difference in the lung. Pulmonary surfactant is
comprised of two types of specific surfactant proteins: hydrophilic SP-A and SP-D and
hydrophobic SP-B and SP-C, which is expressed by the gene Sftpc. They have dual functions, i.e.
lowering the surface tension and participation in innate immune defense of the lung and other
mucosal surfaces (Haagsman and Diemel 2001). Both SP-B and SP-C enhance lipid insertion
into the monolayer at the air/liquid interface in the peripheral air spaces, lowering the surface
tension upon inhalation, and protects the surface film from non-surfactant protein contamination
(Curstedt et al. 1987; Hawgood et al. 1987). SP-C is expressed only in type Il cells (Keller et al.
1992) and surfactant protein B is expressed in alveolar type Il epithelial cells and Club cells
(originally known as Clara cells) (Cruz et al. 1995; Lin et al. 1996). Leinonen and coworkers
previously suggested that CA V1 is delivered to the mucosal surface from the serous acinar cells
of the tracheobronchial glands and Club cells of the bronchiolar epithelium (Leinonen et al.
2004). In the airways it may be an essential factor for the defense system and also participate in
renewal of the lining epithelium. Surfactant SP-C and SP-A are collagen-containing, (C-type)
calcium-dependent lectins called collectins, which interact with glycoconjugates and lipids on
the surface of microorganisms mostly through their carbohydrate recognition domains (CRDs),
and are bound by protein deleted in malignant brain tumors 1 (DMBT1) (Kishore et al. 2006). A
previous study on another CA isozyme suggested that CA 1X deficiency can induce an immune
process in the gastric mucosa, which is associated with upregulated expression of surfactant
associated protein D and Dmbt1 (Kallio et al. 2010). In the trachea of Car6” mice, Dmbt1 gene

expression was repressed (FC -2.52). The human DMBT1 glycoprotein, expressed in the salivary
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glands, airways, and genital tract, binds various bacterial pathogens and viruses, and its role in
innate immune defense has been demonstrated in various studies (Prakobphol et al. 2000;

Stoddard et al. 2007; White et al. 2005; Wu et al. 2003).

The presence of Car6 transcripts in immune stimulated lung tissues, and lack in normal lung
tissues, implies some role for Car6 in immune function in mice. The GO enrichment analysis
terms over-represented in our analysis were all related to cellular cilia. These organelles exist
outside of the cell and can be either motile or primary (non-motile) (Yokoyama 2004). The
strong over-representation of the axonemal dynein complex assembly biological process implies
that CAG is involved in motile cilia, as dynein is involved in bending of cilial microtubules
associated with movement. The bending of cilia is especially prominent in air passageways such
as the trachea and bronchi where they contribute to the action of the innate immune system by
moving mucus away from the lungs (Yokoyama 2004). Importantly, previous immunostaining of
CA VI has shown that it localizes to the basal areas of cilia in rats (Leinonen et al. 2004) and

dogs (Sugiura et al. 2008).

As we have demonstrated previously, Car6 is involved in bitter taste perception in mouse
(Patrikainen et al. 2014). A relatively new revelation in our understanding of bitter taste
receptors (T2Rs) is that they occur not only in the oral cavity, where they contribute to detection
of noxious compounds, but also in air passageways where they can help detect bacterial
byproducts (Devillier et al. 2015; Krasteva-Christ et al. 2015). Like CA VI, T2Rs are found
located in cilia and apical membrane of sinonasal passageways (Lee et al. 2012) as well as cilia
of epithelial cells in lower respiratory tract. Activation of these receptors results in increased
intracellular Ca?* and subsequently an increase in the frequency of cilia beating (Shah et al.

2009; Braiman and Priel 2008). The most strongly down regulated protein in our study was
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calcitonin/calcitonin related peptide, with a fold change of -3.48. This protein has been shown to
be involved in positive intracellular Ca* changes in pre-synaptic taste cells (Huang and Wu

2015).

Our group showed earlier that CA VI secretion is tightly regulated by circadian periodicity, the
levels are low during the night and increase rapidly after awakening (Parkkila et al. 1995). The
only significantly repressed gene in the lung was Dbp, which protein product functions as a
transcription factor, controlling many target genes with a circadian expression pattern (Ripperger
et al. 2000). Even though we do not know yet the exact mechanisms by which CA VI deficiency
leads to down-regulation of Dbp gene, this finding is of interest and perhaps stimulates more
studies on diurnal changes of gene expression in the lower respiratory tract. These studies would
be relevant to certain clinical conditions including asthma. The nocturnal worsening of asthma
manifests as a reduction in lung function and an increase in bronchial hyper-reactivity (Lewis et
al. 2006). These changes are associated to diurnal changes in both hormone concentrations and

autonomic nervous system control (Busse 1988).

To study morphological differences between the Car6™ and WT mice, we collected tissue
samples from trachea, lung and submandibular gland and investigated them by light microscopy.
Previous reports have shown positive CA VI staining in the tracheobronchial glands and the Club
cells of the bronchiolar surface epithelium of rat, thus suggesting that CA VI has a mucosa-
protective role not only in the gastrointestinal tract but also in the respiratory tract (Leinonen et
al. 2004). The present investigations did not reveal any morphological changes attributable to
Car6 deficiency, indicating that CA VI has no major role in the developmental regulation of the
lower respiratory tract tissues. In contrast, the VLAD results suggested that CA VI might be

involved in the regulation of several unforeseen biological processes, such as antigen transfer to
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mucosal-associated lymphoid tissue by M-cells and potassium ion transport. In the GO
enrichment analysis, the coexpression of genes related to cilial function with CA VI and up-
regulation of CA VI in experimental lung inflammation suggest to us that CA VI might have a
role in enhancing cilial motion. This hypothesis is further supported by the combination of facts
that a) T2R agonists increase the beating frequency of cilia (Shah et al. 2009), b) T2Rs, the
primary receptors of bitter taste, are expressed in the lung (Yokoyama 2004), and c) CA VI is
involved in the perception of bitter taste (Patrikainen et al. 2014). These facts lead us to speculate
that CA VI might sensitize T2Rs to their agonists, leading to increased perception of bitter taste
and enhanced cilial motion. Exploring the exact interactions remains an exciting topic for further
studies. These are novel putative functions associated with CA VI, which clearly warrant further

immunological and electrophysiological investigations.
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FIGURE LEGENDS

Figure 1. VLAD gene ontology “biological process” annotation results for differentially

transcribed genes in trachea of Car6” mice.

Figure 2. RNA-Seq analysis of Car6 expression levels in lung related tissues. RNA-Seq data
from multiple experiments was retrieved from the ArrayExpress database and the reads

separately mapped to mouse Car genes. The FPKM values (median with range) for Car6 in each
tissue have been shown. Car6 expression is negligible in lung but expressed in some samples of

bronchoalveolar lavage and lung treated with influenza virus.

Figure 3. Immunohistochemical staining of CA VI protein in the submandibular gland,
trachea and lung of WT and Car6” mice. Serous acinar cells show distinct positive staining in
the submandibular gland of WT mouse (a), whereas no staining is detectable in the
submandibular gland of CA V1 deficient mouse (b). Cartilage cells show weak background
staining in both WT (c) and CA VI deficient (d) mice trachea sections. Lung sections show
similar background staining for WT (e) and CA VI deficient (f) mice. Original magnification,

x400.

ESM_1.pdf. VLAD gene ontology “cellular component” annotation results for

differentially transcribed genes in trachea of Car6” mice.

ESM_2.pdf. VLAD gene ontology “molecular function” annotation results for differentially

transcribed genes in trachea of Car6” mice.

ESM_3.pdf. The functional annotation categories for the genes regulated in the trachea by

CA VI deficiency.
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ABSTRACT

Background: Carbonic anhydrases (CAs) are ubiquitous, essential enzymes which
catalyze the conversion of carbon dioxide and water to bicarbonate and H* ions.
Vertebrate genomes generally contain gene loci for 15-21 different CA isoforms,
three of which are enzymatically inactive. CA VI is the only secretory protein of the
enzymatically active isoforms. We discovered that non-mammalian CA VI contains
a C-terminal pentraxin (PTX) domain, a novel combination for both CAs and PTXs.
Methods: We isolated and sequenced zebrafish (Danio rerio) CA VI cDNA,
complete with the sequence coding for the PTX domain, and produced the
recombinant CA VI-PTX protein. Enzymatic activity and kinetic parameters were
measured with a stopped-flow instrument. Mass spectrometry, analytical gel
filtration and dynamic light scattering were used for biophysical characterization.
Sequence analyses and Bayesian phylogenetics were used in generating hypotheses of
protein structure and CA VI gene evolution. A CAVI-PTX antiserum was produced,
and the expression of CA VI protein was studied by immunohistochemistry.

A knock-down zebrafish model was constructed, and larvae were observed up to
five days post-fertilization (dpf). The expression of ca6 mRNA was quantitated by
qRT-PCR in different developmental times in morphant and wild-type larvae and in
different adult fish tissues. Finally, the swimming behavior of the morphant fish
was compared to that of wild-type fish.

Results: The recombinant enzyme has a very high carbonate dehydratase activity.
Sequencing confirms a 530-residue protein identical to one of the predicted proteins
in the Ensembl database (ensembl.org). The protein is pentameric in solution, as
studied by gel filtration and light scattering, presumably joined by the PTX domains.
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Mass spectrometry confirms the predicted signal peptide cleavage and disulfides,
and N-glycosylation in two of the four observed glycosylation motifs. Molecular
modeling of the pentamer is consistent with the modifications observed in mass
spectrometry. Phylogenetics and sequence analyses provide a consistent hypothesis
of the evolutionary history of domains associated with CA VI in mammals and non-
mammals. Briefly, the evidence suggests that ancestral CA VI was a transmembrane
protein, the exon coding for the cytoplasmic domain was replaced by one coding for
PTX domain, and finally, in the therian lineage, the PTX-coding exon was lost.
We knocked down CA VI expression in zebrafish embryos with antisense
morpholino oligonucleotides, resulting in phenotype features of decreased buoyancy
and swim bladder deflation in 4 dpf larvae.

Discussion: These findings provide novel insights into the evolution, structure, and
function of this unique CA form.

Subjects Biochemistry, Bioinformatics, Evolutionary Studies
Keywords Phylogeny, Protein modeling, Pentraxin, Zebrafish, Carbonic anhydrase VI, Carbonic
anhydrase, Mass spectrometry, Innate immunity, Knockdown

INTRODUCTION

Carbonic anhydrase VI (CA VI) is the only secretory CA enzyme in mammals. In its very
first reporting, Henkin et al. (1975) described a novel protein, gustin, from human saliva,
which was later shown to be CAVI ( Thatcher et al., 1998). This protein was first described
as a CA enzyme by Fernley, Wright ¢ Coghlan (1979), who identified a novel high
molecular weight (MW) form of CA in the sheep parotid gland and saliva. The first
immunohistochemical studies on human CA VI indicated that it is highly expressed in
the serous acinar cells of the parotid and submandibular glands (Parkkila et al., 1990). It is
one of the major protein constituents of human saliva (Parkkila et al., 1993), and also
found in human and rat milk (Karhumaa et al., 2001).

The physiological role of CA VI has remained unclear, even though it was discovered
three decades ago. Henkin’s group linked gustin (CAVI) to the regulation of taste function
(Shatzman & Henkin, 1981). Expression of CA VI in the von Ebner’s glands implicate
CA VI in the paracrine modulation of taste function and TRC apoptosis (Leinonen et al.,
2001). Various studies have later shown a link between bitter taste perception and CA VI
(Melis et al., 2013; Patrikainen et al., 2014). Two studies have shown a link between CA VI
and immunological function in mouse and human. First, Car6~~ mice have a greater
number of lymphoid follicles in the small intestinal Peyer’s patches, suggesting an
immunological phenotype (Pan et al., 2011). Second, the analysis of gene expression in the
trachea and lung of Car6 "~ mice showed alterations in biological processes such as
antigen transfer to mucosal-associated lymphoid tissue (Patrikainen et al., 2016).

Innate immune systems, based on pattern recognition, exist in some form in all
metazoan organisms (Medzhitov, 2007). The pattern-recognition molecules (PRMs)
recognize conserved structures on the surface of pathogens and activate the innate
immune response. Pentraxins (PTXs) are a superfamily of fluid phase PRMs conserved in
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evolution and characterized by a cyclic multimeric structure with a regulatory role in
inflammation (Bottazzi et al., 2016). They contain a characteristic ~200-residue-long
domain at their C-terminus. Based on their primary subunit structures PTXs are divided
into short PTXs and long PTXs. Short PTXs are classically represented by C-reactive
protein (a.k.a. CRP, pentraxin-1, PTX-1) and serum amyloid P (a.k.a. APCS, SAP,
pentraxin-2, PTX-2), whereas long PTXs comprise pentraxin-3 (PTX3), neuronal PTXSs,
and others (Garlanda et al., 2005).

We noted the presence of an additional PTX domain in some non-mammalian CA6
gene predictions in 2007, but did not follow up this observation at that time. More
recently, with more non-mammalian genomes available, we realized that the PTX domain
is present in non-mammalian CA VI too consistently to be an annotation artifact, which
inspired this study. We used zebrafish (Danio rerio) as a vertebrate model organism for
functional and structural characterization of the PTX-associated CA VI.

MATERIALS AND METHODS

Sequence conservation

In order to compare conservation in the CA and PTX domains of CA VI-PTX proteins,
non-mammalian CA VI sequences were retrieved from NCBI (NCBI Resource
Coordinators, 2016) nr protein database as of December 5, 2015, using BLASTP (https://
blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) (Altschul et al., 1990), with human

CA VI (ENSP00000366662 from Ensembl (Flicek et al., 2012) as query sequence,
taxonomically filtered for non-mammalian vertebrates. Full-length or nearly full-length
CA VI-PTX sequences were seen at extremely low e values, not higher than 2 x 1078,
indicating very high similarity; CA VI sequence fragments were seen at e values from 10~7°
to 107’Y; and the remaining matches, at e values of 107 and higher, were annotated as
other CA isoforms and did not contain a PTX domain. Sequences with an e value of

2 x 107% or lower were taken for further quality control. We discarded sequences shorter
than 485 residues and any with non-specific “X” characters. Furthermore, we rejected
sequences with unaligned, unique insertions of at least 20 residues at exon boundaries,
which we assume to be introns mispredicted as coding sequence. Likewise, sequences
containing gaps in the alignment between exon boundaries were interpreted to miss data
for internal exons and were discarded. Thus, all sequences which were incomplete in the
CA domain were discarded, but sequences devoid of the signal peptide region were still
kept. The final sequence set contained 78 sequences from 75 species, (sequence accession
numbers shown in Fig. S1 and in Data S1). After inspection of the multiple sequence
alignment, four sequences were edited for a more plausible initiation site (Table 1)
deemed to be at the conserved M at the start of the signal peptide region. All sequences
had complete PTX domains. Sequences were aligned with Clustal Omega (Sievers et al.,
2011). In order to calculate conserved positions in each domain, the CA domain was
defined to correspond to residues 24-280 in zebrafish CA VI (UniProt annotation in
E9QB97_DANRE), and the PTX domain was defined as residues 317-518 (InterProScan
at http://www.ebi.ac.uk/interpro/sequence-search (Jones et al., 2014), match to profile
SM00159, PTX).
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Table 1 Suggested corrections for predicted translation start sites.

RefSeq ID Name Organism Number of
N-terminal
residues removed

XP_010721064.1 PREDICTED: carbonic anhydrase 6  Meleagris gallopavo 110

XP_005057921.1 PREDICTED: carbonic anhydrase 6  Ficedula albicollis 17

XP_002187446.1 PREDICTED: carbonic anhydrase 6  Taeniopygia guttata 6

XP_005143337.1 PREDICTED: carbonic anhydrase 6  Melopsittacus undulatus 31

Note:
The following database entries have N-terminal extensions which we assume mispredicted. We have shortened these
sequences to start at a conserved initiating Met residues for use in this study.

Phylogenetic analyses

For the tree in Fig. 1, cDNA sequences and their protein translations were collected from the
Ensembl database (release 67) for CAs 6, 9, 12, and 14, from selected species. Protein
sequences were aligned with Clustal Omega. Codon aligned cDNA sequences were
produced in the PAL2NAL web server v. 14 (http://www.bork.embl.de/pal2nal/)

(Suyama, Torrents & Bork, 2006) using the protein alignment as a guide (protein alignment:
Data S2; final codon alignment: Data S3). For the tree in Fig. S2, a second alignment
was similarly made using catalytic domains of CA VI sequences only (protein alignment:
Data S4; final codon alignment: Data S5). For the tree in Fig. 2, we made a third alignment
of CA VI-associated PTX domains from selected species and human PTXs (codon aligned
sequences: Data S6). The resulting codon (DNA) alignments and the program MrBayes

v 3.2 (Ronquist et al., 2012) were used to estimate the phylogeny of the sequences by Bayesian
inference. Bayesian estimation was run for at least 10,000 generations, with flat a priori
distribution of base frequencies, substitution rates, proportion of invariable sites, and
gamma shape parameter. The 50% majority rule consensus trees were saved and visualized
using the APE R package (Paradis, Claude ¢» Strimmer, 2004).

Run lengths, relevant parameters at the end of run, and rooting of the trees were as
follows. For the first tree, the average standard deviation of split frequencies after 10,000
generations was 5.2 X 107> when the analysis was stopped. The arithmetic mean of the
estimated marginal likelihoods for runs sampled was —17175.07. Drosophila melanogaster
CAH]1 sequence was used as an outgroup to root the tree. For the second tree, the average
standard deviation of split frequencies after 20,000 generations was 1.2 x 10" when
the analysis was stopped. The arithmetic mean of the estimated marginal likelihoods
for runs sampled was —10596.5. Fish sequences were used as an outgroup to root the
consensus tree. Branching points with lower than 50% consensus in the mammal branch
are collapsed. Finally, for the third tree, the average standard deviation of split frequencies
after 10,000 generations was 8.1 x 107> when the analysis was stopped. The arithmetic
mean of the estimated marginal likelihoods for runs sampled was —10319.1.

BlastN search in platypus genome
In order to see if the orphan fragment Contig22468 of platypus genome (which
contains the exon coding for a “CA VI-type” PTX domain) would have been somehow
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Figure 1 Bayesian phylogenetic tree of CA VI, CA IX, CA XII, and CA XIV. Analysis of protein
alignment guided DNA alignments as detailed in “Materials and Methods.” Sidebars indicate the groups
of isoforms. The CA VI subtree with more species is shown in Fig. S2.

Full-size K] DOI: 10.7717/peerj.4128/fig-1

missed in the genome assembly, we performed a BlastN search in Ensembl (http://www.
ensembl.org/Homo_sapiens/Tools/Blast?db=core). BlastN was run against the platypus
genome with the full 11,311 nt sequence of supercontig:OANAS5:Contig22468 as query
sequence.

Exon length comparisons

Exon data was retrieved from Ensembl. Lengths of the exons that follow those coding for
the CA domain were noted for Ensembl transcripts for human CA6 (ENST00000377443),
CA9 (ENST00000378357), CA12 (ENST00000178638 and ENST00000344366), and
CA14 (ENST00000369111), and zebrafish ca6 (ENSDART00000132733). Similarly,
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lengths of the exons preceding the PTX domain exon were noted for Ensembl transcripts
of human CRP (ENST00000255030), APCS (SAP, ENST00000255040).

Amphipathic helix prediction

A study of the region between the CA and PTX domains in the alignment of CA VI protein
sequences showed little conservation except for five sites with hydrophobic residues
spaced three or four residues apart, with mostly polar residues between them, suggestive
of an ampbhipathic alpha helix. The subsequences from 287 to 303 and from 293 to 309
for human and zebrafish CA VI, respectively, were visualized as helical wheel diagrams, or
end projections of a hypothetical alpha helix of 17 residues, using the PepWheel program
of the EMBOSS suite (http://www.bioinformatics.nl/cgi-bin/emboss/help/pepwheel)
(Rice, Longden ¢ Bleasby, 2000).
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Construction of recombinant baculoviruses

The 1,593 bp zebrafish ca6 sequence encoding the full-length, PTX-containing

CA VI polypeptide (CA VI-PTX) was amplified by PCR using the forward

primer 5-ATGGAGCAGCTGACTCTAGTC-3" and reverse primer
5-TTTCTCTGTTTCTCTATTATTATTAT-3". PCR conditions consisted of an initial
denaturation step at 98 °C for 30 s followed by 35 cycles at 98 °C for 10 s (denaturation),
55 °C for 30 s (annealing), and 72 °C for 25 s (elongation). The final extension step was
carried out at 72 °C for 5 min. The expression construct was optimized for protein
production in Spodoptera frugiperda insect cells (Sf9) by inserting into second round PCR
primers restriction sites for BamHI and Sall plus sequences coding for C-terminal
histidine tag for protein purification and a thrombin cleavage site for tag removal. The
second round of PCR was carried out using the protocol described above, except that
the temperature for annealing was 62 °C, and final extension step was carried out at 74 °C
for 7 min. The baculoviral genomes encoding CA VI recombinant proteins were generated
according to the Bac-to-Bac Baculovirus Expression System instructions (Invitrogen,
Camarillo, CA, USA). The recombinant protein insert was sequenced using ABI

PRISM BigDye® Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Inc.,
Foster City, CA, USA.) and pFASTBac primers (forward: 5'-AATGATAACCATCTGGCA-3'
and reverse: 5-GGTATGGCTGATTATGAT-3') in order to obtain the full-length insert
sequence. The PCR conditions consisted of 35 cycles at 96 °C for 10 s (denaturation), 50 °C
for 5 s (annealing), and 55 °C for 4 min (elongation) with final extension at 37 °C for 5 min.

Production and purification of recombinant CA VI-PTX

The Sf9 insect cells (Invitrogen) were maintained in HyQ SEX-Insect serum-free cell
culture medium (HyClone, Logan, UT, USA). The cells were centrifuged (2,000x g, at
20 °C, for 5 min) 72 h after infection, and the medium was collected. Purification was
performed with the Probond® Purification System (Invitrogen) under native binding
conditions with wash and elution buffers made according to the manufacturer’s
instructions. Purity of the protein was checked and the MW of the recombinant protein
was determined by running a 10% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide
gel electrophoresis) under reducing conditions. The size of the protein was determined
using Precision Plus Protein™ Standards Dual Color (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) and MW marker and bands were visualized using the Colloidal
Blue Staining Kit™ (Invitrogen).

CA activity/inhibition assay

An Applied Photophysics stopped-flow instrument was used for assaying the CA catalyzed
CO,; hydration activity (Khalifah, 1971). The method was exactly as described previously
(Berrino et al., 2017) except that the inhibitor dilutions were done up to 0.5 nM.

Light scattering experiments
Molecular weight determination of zebrafish CA VI-PTX was performed using a Malvern
Zetasizer WV instrument (Malvern Instruments Ltd., Worcestershire, UK) running
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static light scattering (SLS) and dynamic light scattering (DLS) methods. Analysis

was performed using a liquid chromatography instrument (CBM-20A, Shimadzu
Corporation, Kyoto, Japan) equipped with autosampler (SIL-20A), UV-VIS (SPD-20A)
and fluorescence detector (RF-20Axs). Data were processed using Lab Solution Version 5.51
(Shimadzu Corporation) and OmniSec 4.7 (Malvern Instruments Ltd., Worcestershire,
UK) softwares. A sample of the protein (50 pg) was injected on a Superdex

200 5/150 column (GE Healthcare, Uppsala, Sweden) equilibrated with 50 mM NaH;PO,,
500 mM NaCl pH 8 buffer. Runs were performed with flow rate of 0.1 ml/min at 20 °C
using a thermostated cabin. The MW of the zebrafish CA VI-PTX was determined either
by using a standard curve based on MW standard proteins (SEC analysis; CA 29 kDa,
alcohol dehydrogenase 150 kDa, fi-amylase 200 kDa, BSA 66 kDa, Sigma-Aldrich, Inc.,
St. Louis, MO, USA) or by calibrating the light scattering detector using the monomeric
peak of BSA and light-scattering intensity (SLS).

Sample preparation for mass spectrometry

Prior to the mass spectrometric measurements, the CA VI-PTX sample was buffer-
exchanged to 10 mM ammonium acetate (pH 7.5) buffer using Sephadex G-25 M
(PD-10) desalting columns (GE Healthcare, Gillingham, UK). Ten 1 ml fractions were
collected, and the fractions containing protein were concentrated using Amicon Ultra
(5 kDa cut-off) centrifugal filter devices (Merck Millipore, Darmstadt, Germany). Finally,
protein concentrations were determined by UV-absorbance at 280 nm, using a sequence-

derived extinction coefficient 99,155 M~ cm™

, calculated by ProtParam at http://web.
expasy.org/protparam/ (Gasteiger et al., 2003). Intact protein mass analysis was performed
by diluting the sample to the desired protein concentration with acetonitrile (MeCN),
containing 1% of acetic acid (HOAc). Alternatively, CAVI-PTX was digested with trypsin.
Briefly, an aliquot of the CA VI-PTX sample was mixed with a sequencing grade modified
trypsin (Promega, Madison, WI, USA) (3 mg/ml in water) to obtain a 1:20 (w/w)
protease-to-protein ratio. The digest sample was incubated at 37 °C for 1 h, and

subsequently diluted to approximately 10 pM with MeCN containing 1% HOAc.

Mass measurements and data analysis

All experiments were performed on a 12-T Bruker Solarix-XR FT-ICR mass spectrometer
(Bruker Daltonik GmbH, Bremen, Germany), equipped with an Apollo-II electrospray
ionization (ESI) source and a dynamically harmonized ParaCell ICR-cell. All protein/
peptide samples were directly infused into the ESI source at a flow rate of 1.5 pL/min. The
ESI-generated ions were externally accumulated in the hexapole collision cell for 1 s, and
transferred to the ICR cell for trapping, excitation and detection. For each mass spectrum,
a total of 300 time-domain transients (1 MWord each) were co-added, and zero-filled
once to obtain final 2 MWord broadband data. For collision-induced dissociation
tandem mass spectrometry (CID-MS/MS) experiments, the precursor ions of interest
were mass-selected in a quadrupole and fragmented in the collision cell by increasing the
collision voltage to the appropriate value. The mass spectra were externally calibrated with
ESI-L Low concentration tuning mix (Part no G1969-85000; Agilent Technologies,
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Santa Clara, CA, USA). The instrument was operated and the data were acquired by using
Bruker ftmsControl 2.0 software. The mass spectra were subsequently transferred to
Bruker DataAnalysis 4.4 software for further processing. Spectral de-isotoping and
charge-state deconvolution (to obtain monoisotopic peptide masses) was accomplished
with a Bruker SNAP2 peak-picking module. The obtained mass lists were then uploaded
to GPMAW 10.0 software (Lighthouse Data, Odense, Denmark) for tryptic peptide
identification. Only specific tryptic peptides were searched with a maximum mass error of
5 ppm. The glycosylation sites in CA VI-PTX were identified by incorporating typical
high-mannose/complex glycans with a various number of residues into the four putative
N-glycosylation sites and searched against the obtained mass lists.

Homology modeling of zebrafish CA VI

We built a 3D model of zebrafish CA VI starting from PDB 3FE4, human CA VI

(Pilka et al., 2012); and 4AVS, human SAP component (Kolstoe et al., 2014), as templates
for the CA domain and PTX domain, respectively. The CA template includes residues
32-280 of human CA VI, missing 14 residues in the N-terminus of the mature protein, and
28 residues in the C-terminus. Briefly, the predicted amphipathic helix (APH) region of
human CA VI (287-303) and four additional residues (283-286) were modeled as an
alpha helix, and the helix was subsequently docked to the C-terminal face of 3FE4. This
extended model of human CA VI was used as a template in homology modeling the
CA domain plus APH of zebrafish CA VI. The model of the PTX domain of zebrafish
CA VI was docked to the model of CA+APH domains. Finally, a pentameric model of
CA VI-PTX was created by superimposing five copies of the monomer model over each
monomer in the pentameric SAP structure (PDB 4AVS).

The C-terminal alpha helix was generated automatically ab initio for the region
predicted to form an APH when the full sequence of human CA VI was given as a
modeling target to [-TASSER 4.0 (Roy, Kucukural ¢ Zhang, 2010). The helix was separated
from the model and subsequently docked to 3FE4, using the HADDOCK 2.1 server
(http://haddock.science.uu.nl/) (de Vries et al., 2007). A list of potential interface residues
in 3FE4 were predicted through CPORT (http://milou.science.uu.nl/services/ CPORT/)
(de Vries & Bonvin, 2011), and only those lying on the C-terminal face of 3FE4 were set as
interacting residues in docking. For the APH, the residues located on the hydrophobic
side were chosen as interacting residues. The resulting model from this docking step was
used as a template to model the full CA domain of zebrafish CA VI at the MODELLER
server (Webb ¢ Sali, 2016) using UCSF Chimera v. 1.10 (Pettersen et al., 2004) as the
interface program. The PTX domain of zebrafish CA VI (residues 317-530) was also
modeled by MODELLER, with 4AVS as template. The two partial models of zebrafish
CA VI were joined by docking with HADDOCK, again predicting interacting residues
with CPORT. Most of the predicted interacting residues were located near the C-terminus
of the CA domain and near the N-terminus of the PTX domain, and the residues in these
regions were chosen as active residues in docking. The structural superimpositions of the
PTX domains of the CAVI-PTX monomer on the SAP pentamer (4AVS) were carried out
with the MatchMaker tool in UCSF Chimera to generate the final pentamer model.
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Zebrafish maintenance and ethical permissions

Wild-type zebrafish of the AB strain were maintained at 28.5 °C under standard
conditions ( Westerfield, 2007). We express the embryonic ages in hours post-fertilization
(hpf) and days post-fertilization (dpf). Embryos/larvae were collected from the breeder
tanks with a sieve and rinsed with embryonic medium (Sarsted, Niimbrecht, Germany)
into Petri dishes. Embryos/larvae were kept in Petri dishes in embryonic medium
supplemented with 1-phenyl-2-thiourea (Sigma-Aldrich) at 28.5 °C until they were used
in experiments. The maximum number of larvae on a 9 cm diameter Petri dish was 50.
Embryonic medium contained 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl,, 0.33 mM
MgSO, and 10-5% methylene blue (Sigma-Aldrich). Zebrafish housing and care in the
Zebrafish facility of the University of Tampere have been approved by the National Animal
Experiment Board of Finland, administered through the Provincial Government of
Western Finland, Province Social and Health Department Tampere Regional Service Unit
(permit # LSLH-2007-7254/Ym-23). Using five-day old zebrafish as a model organism
requires no specific ethical permission, neither does studying tissues collected from
euthanized adult fish.

Morpholino injections of zebrafish embryos

Knockdown of ca6 was carried out using two different antisense morpholino
oligonucleotides (MOs) (GeneTools LLC, Philomath, OR, USA): one translation-blocking
(MO1 5'-CTGCCTGTGCTCTGAACTGTTTCTC-3") and the other splicing-blocking,

to target intron—exon boundary before exon 9 (MO2 5'-GCTTGCCTTGAGAAGGAAA
GATCAT). The random control (RC) MOs (5-CCTCTTACCTCAGTTACAATTTATA-3")
were used as control MOs. The supplied MOs were re-suspended in sterile water at 1 mM
stock concentration. Immediately prior to injection, ca6-MOs were diluted to the
intended concentration of 125 M. In order to monitor injection efficiency, 0.2% dextran
rhodamine B and 0.1% phenol red (final concentrations; Sigma, Poole, UK) were included
in the solution, and the final KCI concentration was adjusted to 1 M. About 1 nl of
antisense MO solution was injected into the yolk of approximately 500 one- to two-cell
stage embryos, without randomization. The MO-injected embryos were screened for the
presence of fluorescence after 24 h to select the true ca6 morphants using Lumar V1.1
fluorescence stereomicroscope (Carl Zeiss Microlmaging GmbH, Gottingen, Germany)
and AxioVision software version 4.9. The non-fluorescent embryos were eliminated.

Microscopy and live image analysis of zebrafish phenotypes

Gross phenotypic appearance was analyzed by light-field microscopy. For each
experiment, typically 10-20 ca6-MO-injected larvae were screened with a similar number
of matched controls. Larvae were first euthanized using 0.05% tricaine (Sigma-Aldrich)
in embryo medium and embedded in 17% high MW methyl cellulose in 15 x 30 mm
transparent polypropylene Petri dish for taking images of the developing embryos/larvae
from 1 to 5 dpf using Zeiss Stereo Microscope (Carl Zeiss Microlmaging GmbH,
Gottingen, Germany) with NeoLumar S 1.5x Objective (Carl Zeiss Microlmaging GmbH,
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Gottingen, Germany). The images were analyzed with AxioVision software version 4.9.
and scale bars were inserted. Images were cropped and assembled into composite images.

Isolation of total RNA and synthesis of cDNA

Total RNA was isolated at different stages of development, from 0 to 168 hpf whole
embryos/larvae, and from different organs of the adult zebrafish. Total RNA was isolated
from 30 g samples using the RNeasy® Mini kit (Qiagen, Hilden, Germany) by following
the manufacturer’s instructions. The concentration and purity of total RNA were
determined using a Nanodrop UV/VIS Spectrophotometer at 260 and 280 nm. Reverse
transcriptase PCR was performed using 0.1-5 pg of total RNA to synthesize the first
strand ¢cDNA using First Strand cDNA Synthesis kit (High-Capacity cDNA Reverse
Transcription Kits; Applied Biosystems, Foster City, CA, USA) with random primers
and M-MulV reverse transcriptase according to the protocol recommended by the
manufacturer.

Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) primers were designed based on the complete
cDNA sequence taken from Ensembl (ENSDART00000057097), using the program
Primer Express® Software v2.0 (Applied Biosystems) (forward primer 5'-CAAACATTTAT
TTGCCAGCACTCC-3' and reverse primer 5-TATGTCCAATAATCTCCATCTACTCC-3').
qRT-PCR was performed using the SYBR Green PCR Master Mix Kit in an ABI PRISM
7000 Detection System™ according to the manufacturer’s instructions (Applied
Biosystems). The PCR conditions consisted of an initial denaturation step at 95 °C for

10 min followed by 40 cycles at 95 °C for 15 s (denaturation) and 60 °C for 1 min
(elongation). The data were analyzed using the ABI PRISM 7000 SDS™ software (Applied
Biosystems). Every PCR was performed in a total reaction volume of 15 pl containing 2 pl
of first strand cDNA (20 ng ¢cDNA), 1 x Power SYBR green PCR Master Mix™ (Applied
Biosystems, Foster City, CA, USA), and 0.5 wM of each primer. We performed these
experiments in duplicate and with sample duplicates. The results of ca6 gene expression
were normalized using zebrafish housekeeping gene gapdh as internal control. The final
results are given as relative expression values, calculated according to the Pfaffl’s equation
(Pfaffl, 2001).

Preparation of zebrafish tissues

The adult zebrafish were euthanized by keeping them in 1% tricaine on ice for more
than 10 min followed by decapitation. Different organs were harvested under the
microscope and immediately transferred them to 1.5 ml microcentrifuge tube containing
RNAlater® (Ambion, Austin, TX, USA) and were stored at —20 °C until further analysis.
Simultaneously tissues for immunohistochemical analysis were harvested and
immediately fixed with 4% PFA for 24 h at 4 °C. Tissues were transferred to 20% sucrose
in PBS and stored at 4 °C until embedding them in Tissue-Tek® O.C.T.™ Compound
(Sakura Finetek Europe B.V., Alphen aan den Rijn, The Netherlands). Embedded tissue
samples were stored at —20 °C until further analysis.
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Antibody testing

Antibody against zebrafish CA VI-PTX was manufactured by Innovagen AB (Innovagen
AB, Lund, Sweden) according to their standard immunization schedule, with boosters at 14,
28, 49, and 70 days. Pre-immune serum and three samples of polyclonal antiserum were
tested using dot blotting. Bio-Dot® Microfiltration Apparatus (BioRad Laboratories, Inc.,
Hercules, CA, USA) was used to attach 500 ng of produced and purified native
zebrafish CA VI-PTX protein to PROTRAN® nitrocellulose (NC) transfer membrane
(Schleicher & Schuell GmbH, Dassel, Germany) according to manufacturer’s
instructions. Prior to staining, non-specific binding of the primary antibody was
prevented using diluted colostrum (1:10 in Tris-Buffered Saline with Tween 20 [TBST])
as a blocking agent for 30 min. Pre-immune serum, bleed 1 (day 41), bleed 2 (day 62),
and bleed 3 (day 83) of polyclonal rabbit anti-zebrafish CAVI-PTX (Innovagen AB,
Lund, Sweden), diluted 1:100 in TBST, were added to NC strips which were incubated at
room temperature for 1 h. Donkey anti-rabbit IgG, horseradish peroxidase linked whole
antibody (Amersham Biosciences, GE Healthcare Life Sciences, Little Chalfont, UK)
diluted 1:25,000 in TBST was used as secondary antibody. Washing steps were carried
out using TBST. Staining was carried out using InmPACTTM DAB Peroxidase
Substrate Kit (Vector Laboratories, Inc., Burlingame, CA, USA). The testing showed that
bleed 1 and bleed 2 have a strong reactivity against zebrafish CA VI-PTX (Figs. S3B and
S3C). Antiserum of bleed 2 was used in further experiments.

Immunohistochemistry of zebrafish tissues

The Tissue-Tek® O.C.T.™ Compound-embedded samples were cut into 10 pwm sections
using cryotome and prior to staining, the sections were attached to the glass slide by
incubating at 37 °C overnight. Staining procedure of tissue samples was carried out as
described above. Alexa Fluor® goat anti-rabbit IgG 1:1,000 (Life Technologies, Carlsbad,
CA, USA) was used as a secondary antibody, and sections were mounted with Vectashield
Hard Set Mounting Medium with nuclear dye DAPI (4',6-diamidino-2-phenylindole,
Vector Laboratories Inc., Burlingame, CA, USA). The sections were photographed using
Zeiss LSM780 Laser Scanning Confocal Microscope with Zeiss Cell Observer.Z1
microscope, Plan-Apochromat 40x/1.4 (oil) objective, with pulsed diode laser 405 nm
and multiline Argon laser: 488 nm, and Quasar spectral GaAsP PMT array detector
(Carl Zeiss Microscopy GmbH, Gottingen, Germany). Images were analysed with Zeiss
ZEN2Lite.

Behavioral analysis of 4 and 5 dpf ca6 knockdown zebrafish larvae
Larvae were tested for behavioral consequences due to ca6 knockdown by measuring
swimming pattern at 4 and 5 dpf. The ca6 knockdown larvae and two controls, namely
uninjected wild-type and RC MO-injected, were raised in embryo medium. Larvae
(approximately 10/flask) were placed in a 23 x 43 x 45 mm TC Flask T25 (Sarstedt AG &
Co., Niimbrecht, Germany) containing 40 ml embryo medium at 3 dpf and allowed to
acclimate to the flask for 24 h at 28.5 °C standard conditions. At 4 and 5 dpf their
swimming patterns were observed by a 1 min video recording, with a printed 1 x 1 cm
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Figure 3 Zebrafish wild-type and ca6 knockdown movement analysis. Boxplots from video analysis of
1 min of swimming of zebrafish larvae. KD, knockdown; WT, wild-type. Same data used for both (A and B).
Statistics of both analyses are given in Table 3. (A) Total distances traveled. (B) Time spent in the upper half
of the tank (seconds, out of 60 s). Full-size K] DOL: 10.7717/peerj.4128/fig-3

grid behind the flask. In total, the movement patterns of 284 zebrafish were recorded
and measured: 41 of 4 dpf WT, 130 of 4 dpf KD, 32 of 5 dpf WT, and 81 of 5 dpf KD.
Sample sizes of at least 30 per group were chosen a priori because normality of
distributions could not be assumed.
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The movements of all of the larvae were analyzed using the Mtrack] plugin (Meijering,
Dzyubachyk ¢ Smal, 2012) within the Image] program (Schneider, Rasband ¢ Eliceiri,
2012). Tracking and recording of fish movements and analysis of movement data were
assigned to two separate researchers to avoid biasing the analysis. Distances traveled
(cm per 1 min, for Fig. 3A) and time spent in the upper half of the tank (seconds, out of
60 s, for Fig. 3B) were calculated for each fish, compiled by group, and presented as
boxplots using the Matplotlib (Hunter, 2007) Python library. Statistical testing of
similarity between each group, using the Kolmogorov—Smirnov two sample test, was
performed using the Stats module of the SciPy Python library (van der Walt, Colbert ¢
Varoquaux, 2011). The two-sample Kolmogorov—Smirnov test was chosen because it
makes no assumption about the distribution of data.

RESULTS

Non-mammalian CA VI contains an additional PTX domain
We retrieved 78 CA VI protein sequences from 75 non-mammalian species in NCBI
GenPept, all of which have the C-terminal PTX domain. The PTX domain in CA VT is less
conserved than the CA domain. The multiple sequence alignment of the 78 CA VI
sequences (Fig. S1) shows that there are 83 perfectly conserved amino acids within the
catalytic domain (within MSA columns 30-288), whereas only 19 amino acids in the PTX
domain are perfectly conserved (within MSA columns 355-566). The region between the
CA and PTX domains consists of a moderately conserved and gapless region (MSA
columns 300-320) flanked by two highly variable regions of flexible length (MSA columns
292-297 and 326-344). The presence of CA and PTX domains in non-mammalian
CA VI sequences has also been documented in the Pfam database since many years
(Finn et al., 2016), for example in http://pfam.xfam.org/protein/E9QB97_DANRE.
Figure 1 presents the phylogenetic tree of CAs VI, IX, XII, and XIV, clearly showing that
the longer, non-mammalian isoforms (with a PTX domain) are orthologs of mammalian
CA VL. The pairwise arrangement of VI/IX vs. XII/XIV is the same as in previous
phylogenetic work (Hewett-Emmett, 2000), suggesting that these four CA isozymes
descend from one common ancestor. Figure 2 shows a phylogenetic tree of all human
PTXs and selected CA-linked PTX domains, which indicates that the novel PTX domains
would be most closely related to the short PTXs, CRP and APCS or SAP.

Platypus (Ornithorhynchus anatinus) is probably an exception in the
pattern of mammals not having a PTX domain associated with CA VI
A genomic fragment not assigned to any chromosome (Contig22468 in assembly
WUGSC 5.0.1/ornAnal) contains an exon which codes for a PTX domain unlike any
that we find in other mammalian species, and most similar to CA VI-linked PTX domains
in non-mammalian species. The phylogenetic tree in Fig. 2 demonstrates that this
platypus PTX sequence is orthologous with the PTX sequences associated with CA VI in
non-mammalian species. What is more, a BLASTN search of Contig22468 against the
platypus genome showed that it partially matches a region in chromosome 5 right after
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the CA6 locus. More specifically, the first 703 bp of Contig22468 match the last 703 bases
(99.86% identity, a single mismatch) of Contig3933.5.

The adjacent location of Contig3933.5 to Contig3933.4, the fragment containing the
exons coding for the CA6 ortholog (ENSOANG00000013215), would put the exon
coding for the PTX domain in the correct location and orientation to be part of the
platypus CA6 gene if Contig22468 were placed in this position. Therefore, we tentatively
label this PTX domain as “CA-linked” and suggest that Contig22468 would be more
correctly mapped starting from Chr5:18954728 in platypus genome assembly OANA5.
With this evidence, we also suggest that CA VI in platypus contains a PTX domain, and
consequently, that the loss of PTX domain occurred after the separation of monotreme
and therian lineages in mammals.

One further phylogenetic tree was made based on CA domain sequences, showing that
phylogeny of CA VI follows the expected vertebrate phylogeny, with platypus placed
outside of marsupials and placental mammals (Fig. S2).

Exon lengths suggest that the region after the CA domain in CA VI
descends from the transmembrane helix of the ancestral form
Mammalian CA VI proteins contain an additional C-terminal region of at least

25 residues, which is dissimilar to anything in other vertebrate CA isoforms and of
unknown structure. Non-mammalian CA VI contains a sequence homologous to this
extension as a spacer region between the CA and PTX domains. In order to investigate
the most likely origin of the spacer region, we compared the exon lengths in CA6 and the
most closely related CA genes (CA9, CA12, and CA14) and short PTXs. The length of
the exon coding for the spacer between CA and PTX domains in zebrafish ca6 is 84 bp,
and the coding sequence of the homologous exon in human CA6 is 83 bp. The exons
coding for the region containing the transmembrane (TM) helices (penultimate exons) in
CA9, CA12, and CAl4 are 82, 85, and 85 bp in length, respectively. Assuming a novel
juxtaposition of exons between genes coding for the ancestral TM form of CA6and a short
PTX, the final exon of CA6 and the first exon of the PTX gene are less likely to have been
retained. Because they contain non-coding UTR sequences and lack splice donor and
acceptor sites, they would be unlikely to be spliced correctly as continuous, protein-coding
sequence. Taken together, this suggests that only the exon coding for the cytoplasmic
domain of ancestral CA VI was lost and replaced by the single exon coding for the PTX
domain. This also implies that the last exon in mammalian CA6 and the penultimate exon
of non-mammalian CA6, predicted to code for an APH (see below), and the penultimate
exons of CA9, CA12, and CAI4, coding for the TM helix, are highly likely to share a
common ancestry.

The region after the CA domain is predicted to contain an APH

The pattern of hydrophobic residues repeating approximately every fourth residue is
obvious in the alignment of the region following the CA domain (final domain in
mammalian CA VI, or the segment between CA and PTX domains in non-mammalian
CAVI), as seen in Fig. 4C and in the larger alignment of Fig. S1. The helical wheel
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Figure 4 Amphipathic helix analysis in CA VI. (A) Helical wheel diagram of human CA VI (287-303).
(B) Helical wheel diagram of zebrafish CA VI (293-310). Multiple sequence alignment of the spacer
region of CA VI from indicated species. (C) CA indicates the end of the catalytic CA domain; APH is the
suggested amphipathic helix, which is analyzed in (A) and (B); and PTX indicates the approximate start
of the pentraxin domain (not applicable to Homo sapiens CA VI).

Full-size K] DOI: 10.7717/peerj.4128/fig-4

visualizations of Figs. 4A and 4B indicate that when folded as an alpha helix, this region of
human and zebrafish CA VI, respectively, would be an APH, with one side lined with
mainly hydrophobic residues (in blue and lilac). Furthermore, this region (292-312)

in zebrafish CA VI is also predicted to have a high potential to form a coiled-coil
structure by the COILS algorithm (Lupas, Van Dyke ¢ Stock, 1991) in InterProScan at
http://www.ebi.ac.uk/interpro/sequence-search (Jones et al., 2014). The APH region is a
unique feature of CA VI, present in both non-mammalian and mammalian sequences.

Duplication of an adjacent glucose transporter gene is associated
with the loss of PTX from CA VI

The genes next to CA6 provide a clue for a possible cause of losing the PTX-encoding exon
in mammalian CA6. We have observed 17 non-mammalian genomes with a chromosomal
arrangement of CA6, then one glucose transporter gene (SLC2A5/SLC2A7), followed

by the gene GPRI57, whereas most mammalian genomes present the gene order CA6,
SLC2A7, SLC2A5, and GPR157. The reconstructed syntenic block for therian mammals in the
region after CA6 in Genomicus (http://www.genomicus.biologie.ens.fr/genomicus-86.01)
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(Muffato et al., 2010) also shows the duplicated glucose transporter, whereas those for
ancestral tetrapods and bony fish lineages only have a single SLC2A5/SLC2A7 ortholog.
We were not able to find any single genome containing a PTX-coding exon with CA6
and both SLC2A5 and SLC2A7. Hence, the available genomic evidence suggests that

the loss of the PTX-domain-coding exon and the duplication of the adjacent glucose
transporter gene may have occurred simultaneously, close to the divergence time of the
mammalian lineage. The rearrangements during the gene duplication would also provide
a plausible mechanism for the exon loss.

Sequencing of zebrafish ca6 cDNA confirms a

530-residue product

We produced a PCR-amplified cDNA of zebrafish ca6 for recombinant protein
production. The resulting sequence had five synonymous substitutions compared to
Ensembl ENSDART00000132733 (Fig. S4) and three unresolved bases leading to one
unknown amino acid residue. Except for the unknown residue, the translation is
identical to the predicted 530-residue protein (Ensembl ENSDARP00000119189 or
UniProt E9QB97, Fig. S5). The cDNA sequence has been submitted to ENA database
(http://www.ebi.ac.uk/ena) as LT724251 and its translation to UniProt as AOAIR4AHH?7.
The other predicted Ensembl transcript (ENSDART00000079007) codes for a protein
of 538 residues, in which an additional 24 bp exon creates an insertion before the
PTX domain.

Sequence alignment predicts three disulfides in zebrafish CA VI
Cysteine pairs 44/226 in (CA domain, MSA columns 51/234 in Fig. S1), 352/408, and
487/518 (PTX domain, columns 390/453 and columns 532/564, respectively in Fig. S1) are
expected to form disulfides by sequence conservation in the multiple sequence alignment.
All three disulfides are also structurally verified. The one in CA domain is seen in all
structures of extracellular CAs, e.g., human CAVIin PDB 3FE4 (Pilka et al., 2012), and the
disulfide 352/408 in the PTX domain is homologous to the one in short PTXSs, e.g., human
CRP in PDB 3PVN (Guillon et al., 2014). The third disulfide, 487/518, is also supported
by proximity in our molecular model (Fig. 5A). There is one further unpaired Cys290,
in the region between the CA and PTX domains (and missing from the model), which
is also conserved in 76 of 78 non-mammalian sequences (Fig. S1).

3D model of zebrafish CA VI-PTX is compatible with predicted APH
and disulfides

We made a homology-based model of the CA and PTX domains and combined it with an
alpha helical model of the predicted APH region, using protein—protein docking to create
the nearly full model. Figure 5A shows the model, in two orientations, with the CA
domain at the top and the PTX domain at the bottom. The APH (pink) fills a non-polar
cavity on the surface of the CA domain. The precise orientation of the PTX domain is
impossible to predict with certainty, but the current model shows it leaning against the
CA domain and APH. The most highly variable regions, for which no template was
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region missing from the model

active-site histidine

cysteine in disulfide bond

amphipathic helix

unoccupied N-glycosylation site

occupied N-glycosylation site

Figure 5 Molecular models of zebrafish CA VI-PTX. (A) One protomer shown in two orientations,
CA domain at the top, PTX at the bottom. Potential glycosylation site Asn residues are shown as spheres,
active-site histidines and assumed disulfide cysteines as sticks. (B) Front view of the pentamer model. In
(B-D), individual protomers are shown in different colors. Asn residues in glycosylation sites and active-
site histidines are shown in spheres, cysteines not highlighted. (C) Back view of the pentamer model.
(D) Side view of the pentamer model, seen from the top of (C), with back view downwards.

Full-size Ka] DOI: 10.7717/peerj.4128/fig-5

available, were not modeled (residues 281-292 and 311-317), indicated by yellow dotted
lines (Fig. 5A). In addition, the N-terminus of the model is incomplete, missing residues
20-31, which are not visible in the template 3FE4.

The zinc-binding histidines in the active site of the CA domain are shown as yellow
sticks in Fig. 5A (zinc not shown), with the active-site cavity opening upwards. Disulfide-
forming cysteines are presented as orange stick models. The disulfide in the CA domain
and the one in the beta sheet of the PTX domain (lowest in Fig. 4A) are also present in the
templates. The information of the predicted third disulfide on the surface of the PTX
domain was not used when building the model, but the cysteines ended in close proximity
so that the disulfide could be constructed by minor refinement of the model. This
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disulfide would lock the C-terminus of the PTX domain on the surface of the domain. The
presumably unpaired Cys290 is part of an unmodeled region.

Based on the pentamerization tendency of mammalian PTX domains, we constructed
an additional pentameric model of zebrafish CA VI (Figs. 5B—5D) by superimposing the
PTX domains of five copies of the monomer model on the pentameric structure of SAP
(PDB 4AVS). Individual monomers are presented in different surface colors. There are no
serious steric clashes in the model, and the domain axes align to make a flat pentamer
complex (Fig. 5D), even if no pentamer constraints were applied for the monomer model.
Furthermore, adjacent monomers form an additional protein—protein interface between
the sides of their PTX and CA domains. The general shape of the modeled pentamer
is a flat, roughly planar five-pointed star, thickness 4-5 nm and an approximate diameter
15 nm. The active site of CA faces outward in the pentamer so that the zinc-binding
histidines (yellow spheres in panels B-D) are exposed in the active-site cavity, as seen
in the center of panel D.

The four potentially N-glycosylated Asn residues (in the motif Asn-X-Ser/Thr)
are all on the surface of the monomer, shown as spheres in Fig. 4A. In contrast, the
pentamer model only shows three of them on the surface of the pentamer. Asn210,
shown in cyan, is buried between the monomers, conforming well with the observed
non-glycosylated status for this Asn residue. The coloring of the potential glycosylation
sites in Figs. 4A—4D reflects their observed glycosylation status (presented below
under mass spectrometry).

Recombinant CA VI-PTX shows a high catalytic activity

Zebrafish CA VI-PTX was produced in insect cells with high yield. The purified
protein showed a single band close to the expected size in SDS-PAGE (Fig. 6, measured
MW 58.6 kDa, theoretical 58.107 kDa without glycans, signal peptide excluded).
Carbonate dehydratase activity was analyzed kinetically in the presence or absence of
acetazolamide. The kinetic parameters of CA VI-PTX (k. and k., /K,,) were then
compared with those of the thoroughly investigated CAs, namely the cytosolic and
ubiquitous human isozymes o-CA I (hCA I) and II (hCA 1II). The CA VI-PTX possesses
considerable carbonate dehydratase activity as shown in Table 2. A ke of 8.9 x 10° s™*
and a k. /Ky, of 1.3 x 108 M™! x 57! show that the enzymatic activity of CA VI-PTX
is almost in the same range with the very highly active human CA II. Data also show
that CA VI-PTX was efficiently inhibited, with an inhibition constant of 5 nM,

by the clinically-used sulfonamide, acetazolamide (5-acetamido-1,3,4-thiadiazole-2-
sulfonamide).

Light scattering analysis by LC-SLS-DLS confirms multimeric
structure

The molecular size of native recombinantly produced zebrafish CA VI-PTX was estimated
by SLS and DLS analysis after liquid chromatography. Gel filtration analysis indicated
main peak eluting at 1.52 ml retention volume according to A280 (Fig. 7, black curve).
This was associated with SLS intensity peak with identical shape. Analysis of the scattering
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Figure 6 SDS-PAGE of recombinantly produced zebrafish CA VI-PTX. Left: purified recombinant
zebrafish CA VI-PTX, molecular mass calculated from mobility 58.6 kDa. Right: molecular weight
standards. Full-size k] DOIL: 10.7717/peerj.4128/fig-6

Table 2 Kinetic parameters for CO, hydration reaction catalyzed by selected o-CA isozymes.

Enzyme Keag (s7) K (mM) Keat/ K (M " s7") Ki(AAZ) (nM)
hCA I* 2.0 x 10° 4.0 5.0 x 107 250
hCA II' 1.4 x 10° 9.3 1.5 x 10° 12
Pentraxin-CA VI® 8.9 x 10° 6.5 1.3 x 10° 5
Notes:
AAZ, acetazolamide, 5-acetamido-1,3,4-thiadiazole-2-sulfonamide.
* Human recombinant isozymes, stopped flow CO, hydratase assay method (pH 7.5) (Nishimori et al., 2007).

" Zebrafish recombinant enzyme, stopped flow CO, hydratase assay method (pH 7.5), this work.

intensity (SLS) results in a MW estimate of 280 + 11 kDa for the peak, and the estimate
was homogeneous throughout the elution peak (Fig. 7, near-horizontal line across the
peak in dark gray). In addition, DLS data was collected for the eluted peak indicating
particle size of 7.69 + 0.29 nm, as Rh (hydrodynamic radius), which is consistent with the
determined MW. The MW estimate based on the retention volume in gel filtration is
slightly smaller (214 + 10 kDa), possibly due to off-globular shape of the molecule.

The small peak eluting before the main peak (~1.1 ml retention volume) indicated the
presence of aggregated protein, resulting in high scattering intensity. According to A280,
this is less than 5% of the protein sample. Altogether, the light scattering analysis
combined with gel filtration indicates oligomeric assembly for the protein, a pentameric
form being the most probable oligomeric state.
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Figure 7 Assessment of the oligomeric size of zebrafish CA VI. Gel permeation chromatography was
used to study the characteristics of recombinantly produced zebrafish CA VI. The left Y-axis shows the
UV absorption intensity (280 nm wavelength) and light scattering (LS) intensity. UV intensity was used
for the determination of the protein concentration. Molecular weight (MW) was calculated using LS
intensity and shown on the right Y-axis. Hydrodynamic radius (R;,) was calculated from the dynamic
light scattering signal, and is also shown on the right Y-axis. In addition, the oligomeric size of zebrafish
CA VI was evaluated based on the penetration time using molecular weight marker proteins as a
standard. Full-size K&l DOI: 10.7717/peerj.4128/fig-7

Mass spectrometry confirms post-translational modifications

All attempts to characterize the intact CA VI-PTX with ESI FT-ICR mass spectrometry
failed, despite the extensive sample desalting/purification prior to the measurements.
This may be due to a slight protein precipitation observed during the sample preparation.
Therefore, in-solution trypsin digestion was selected as the main route for structural
characterization of CAVI-PTX. The digestion was performed in non-reducing conditions
to preserve disulfide bonds in the structure. The digestion resulted in 97% sequence
coverage with 64 specific tryptic peptides identified (Figs. 8 and 9, and fuller details in
Fig. S6 and Table S1).

The peptide map in Fig. 9 shows that the tryptic peptides were found within both
protein domains, although somewhat larger peptides (up to ~14 kDa) were found within
the PTX domain. Out of all identified peptides, 12 contained disulfide bonds (either intra-
or interpeptide). These peptides confirmed the putative disulfide bonds, Cys 44/226 in the
CA domain, and Cys 352/408 and Cys 487/518 in the PTX domain. Cys290 in the spacer
region is most likely free but the corresponding tryptic peptide (LSKGGMCR) was not
observed to confirm this. These disulfide bonds are fully consistent with the 3D structural
model of CA VI-PTX.

Carbonic anhydrase VI-pentraxin contains four putative N-glycosylation sites
(Asn210, Asn258, Asn339 and Asn394), having a canonical NxS/T consensus sequence
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Figure 8 High-resolution mass spectrum of the tryptic digest of CAVI-PTX. The mass spectrum was
measured by direct infusion on a 12-T Fourier transform ion cyclotron resonance instrument using
positive-ion electrospray ionization. Monoisotopic #/z values and charge states obtained through peak
deconvolution are indicated for the most abundant peaks. Full-size Bl DOI: 10.7717/peerj.4128/fig-8

(marked in Fig. 9). Among the identified tryptic peptides, 12 glycopeptides were found.
On the basis of these peptides, CA VI-PTX carries two glycans, a core-fucosylated
oligomannose type glycan GlcNAc,(Fuc)Man; at Asn258 and an oligomannose type
glycan GIcNAc,Man; at Asn339, located in the CA domain and PTX domain, respectively.
These glycosylation sites and glycan structures were further verified by CID-MS/MS
experiments of the representing glycopeptides [248-266] (3416.5084 Da) and [331-347]
(2819.3059 Da) (Fig. 10). As no other glycan variants were observed among the peptides,
it seems that the glycosylation in CA VI-PTX (produced in insect cells) is rather
homogenous. These results are consistent with accessibility of the sites predicted by our
model. Interestingly, the glycosylation site at Asn258 is conserved in 77 out of 78 non-
mammalian CA VI sequences in the sequence alignment Fig. S1 (columns 266-268). The
tryptic peptide [191-216] (2988.4744 Da) was only observed in a free form, indicating
that Asn210 is non-glycosylated in the CA domain. Similarly, the peptides spanning

the Asn394 residue were all observed without any glycans attached (Fig. S6), suggesting
that this site is non-glycosylated in the PTX domain.

Immunohistochemistry shows cell surface localization of

CA VI-PTX in various tissues

Recombinant zebrafish CA VI-PTX protein was used to raise a rabbit polyclonal
antiserum, which worked well in immunofluorescence studies. Figure 11 shows positive
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Figure 9 A tryptic peptide map of selected peptides of zebrafish CA VI-PTX. The identified tryptic
peptides are indicated with blue boxes showing the start and the end residues. The confirmed disulfide
bonds are indicated with red lines with the corresponding peptides indicated with red boxes. The four
potential N-glycosylation sites are indicated with a distinct background color (blue: unoccupied
N-glycosylation site; and green: occupied N-glycosylation site). The three observed glycopeptides are
marked with purple boxes. The start of the PTX domain (KQP...) has been indicated with a black
arrow. This figure shows a minimum amount of peptides for maximal coverage, whereas all identified
peptides are shown in Fig. S6. Full-size k] DOIL: 10.7717/peerj.4128/fig-9

staining in the skin, heart, gills, and swim bladder. The strongest signal is seen on cell
surfaces, while the intracellular staining was detectable but weaker.

To get further insights into ca6 expression in zebrafish, we also studied the expression
pattern in different tissues of adult zebrafish by qRT-PCR. As shown in Table 3,
relative expression of ca6 mRNA was found to be prominent in the fins/tail, and brain.
Low levels of expression were observed in the gills, kidney, teeth, skin, and spleen. A very
faint signal was detected in the swim bladder, intestine, pancreas, liver, eggs, and heart.
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Figure 10 Characterization of zebrafish CA VI-PTX glycopeptides by tandem mass spectrometry.
The precursor ions of the two observed glycopeptides, with monoisotopic masses of 3416.5084 Da
and 2819.3059 Da (residues 248-266 and 331-347, respectively), were mass-selected in a quadrupole for
collision-induced dissociation tandem mass spectrometry. The fragmentation patterns are consistent
with the presence of the standard N-glycosylation core pentasaccharide with fucosylation in the
innermost N-acetylglucosamine residue in the glycopeptide 248-266 (A) and a similar non-fucosylated
pentasaccharide in the glycopeptide 331-347 (B). Full-size K&l DOI: 10.7717/peerj.4128/fig-10
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Figure 11 Immunohistochemistry of CA VI-PTX in adult zebrafish tissues. Tissue sections stained by
anti-zebrafish CA VI-PTX (green) and nuclear staining by DAPI (blue). Gills (A), heart (B), skin (C),
swim bladder (D). The strongest signal (A-D) is present on the cell surfaces, even though the cell interior
gives some background staining. Scale bars 100 pm. Full-size k&l DOL: 10.7717/peerj.4128/fig-11

Zebrafish cannot swim properly in the caé knockdown model
Gene-specific antisense MOs have been widely used to inhibit gene expression in zebrafish
larvae (Eisen ¢ Smith, 2008). We designed two different MOs, one for translational
blocking of ca6 mRNA and the other for blocking intron splicing before exon 9. Both MOs
were used to repeat all knockdown experiments with highly similar results, suggesting
equally efficient knockdown in both kinds of ca6 morphants. We did not see any
morphological differences between uninjected and RC MO-injected embryos/larvae over
the period of five days of development. The ca6 morphant zebrafish embryos between

1 and 3 dpf were also devoid of any notable morphological changes, but interestingly,
at the end of 4 dpf we consistently observed an underdeveloped or deflated swim bladder
in ca6 morphant larvae (Fig. 12).
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Table 3 Relative expression ratios of ca6 mRNA in adult zebrafish tissues.

Tissue

Relative expression

Fin/tail
Teeth
Spleen
Kidney
Brain
Swim bladder
Heart
Gills
Skin
Intestine
Pancreas
Eggs
Liver

214.82
6.81
2.37
19.44
293.46
0.61
0.01
68.70
4.32
0.41
0.27
0.01
0.02

Figure 12 Comparison between morpholino-injected and wild-type zebrafish larvae. The morphant
larvae (A) showed consistently a deflated swim bladder at 4 dpf (arrow), which returned to normal
morphology at 5 dpf. Wild-type larvae of the same ages are shown for comparison (B). Scale bars 1 mm.

Full-size K&l DOI: 10.7717/peerj.4128/fig-12

The quantitative expression analysis of ca6 mRNA was done in wild-type and the ca6

morphant zebrafish at different stages of development. As seen in Fig. 13, the mRNA

expression in wild-type embryos was highest at 24 hpf, with slightly lower values later.

The levels of ca6 mRNA were consistently higher in the morphant embryos compared

to the wild-type, possibly because of compensatory upregulation of the gene caused by

the absence of CA VI protein. The peak expression of ca6é was at 48 hpf in the ca6

morphant embryos.

In order to measure swimming activity of morphant vs. wild-type, we calculated total

distances traveled for individual larvae, and they are presented as boxplots in Fig. 3.
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Figure 13 Developmental expression pattern of ca6 in 1-5 dpf larvae. The expression levels of the ca6
gene was studied using qRT-PCR from the total mRNA isolated from 1 to 5 dpf of ca6 morphant and
wild-type larvae. The results of ca6 gene expression were normalized using gapdh as internal control.

Full-size Kl DOT: 10.7717/peerj.4128/fig-13

Table 4 Statistics of swimming pattern analysis of ca6 morphant and wild-type zebrafish.

A” Median Mean SD Range p-Value
Day 4
KD 0.00 1.87 6.59 0.00-49.03 428 x 107°°
WT 13.80 13.12 6.01 0.00-25.45 1.90 x 107 ¢
Day 5
KD 4.75 4.89 426 0.00-5.19 1.16 x 107"
WT 10.22 10.38 3.18 1.83-17.27
B! Median Mean SD Range p-Value
Day 4
KD 0 9.13 20.46 0.00—60.00 8.68 x 10711 °
WT 31 29.59 22.44 0.00—60.00 4.98 x 107 ©
Day 5
KD 2451 26.96 26.23 0.00—60.00 2.98 x 107"
WT 51.47 45.29 16.42 0.00—60.00

Notes:

KD knockdown; WT, wild-type.
* Swimming distances (cm).

" KD compared to WT.

“ Day 4 WT compared to day 5 WT.

4 Time spent in upper half of the flask.
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Two-sample Kolmogorov—Smirnov statistical analyses were performed between relevant
group pairs to determine if they could have been drawn from the same distribution.
Day 4 knockdown larvae swam less (median 0.00 cm) than day 4 wild-type larvae (median
13.80 cm, p-value 4.28 x 107"%), and similarly day 5 knockdown larvae swam less (median
4.75 cm) than day 5 wild-type larvae (median 10.22 cm, p-value 1.16 x 107). Full details
of the swimming data are shown in Table 4. Taken together with the clearly observed
swim bladder deficiency in 4 dpf larvae (Fig. 12) and the presence of CA VI in adult
zebrafish swim bladder, we suggest that CA VI is required either for swim bladder
development or swim bladder function. When CA VI expression is mainly restored in

5 dpf larvae, the swimming pattern also returns to almost normal.

DISCUSSION

This study consists of the characterization of a novel type of a CA, CAVI containing a PTX
domain, by means of sequence analyses, phylogenetics, molecular modeling, experiments
on a recombinantly produced protein, knockdown of the ca6 gene in zebrafish embryos,
and expression studies by immunohistochemistry and qRT-PCR. The bioinformatic
and experimental analyses build a coherent picture of the structure of this novel domain
combination, and the evolutionary analysis shows a history of domain gains and losses.
Based on our previous work and the findings in this study, we propose that CA VI-PTX
in zebrafish is needed for filling the swim bladder, and possibly in a novel type of
membrane anchoring and immune function.

The PTX domain found associated with non-mammalian CA VI is a novel member
of the PTX family. We have shown it to be most closely related with the short PTXs,
CRP and SAP (Fig. 2). The association of a CA domain with a PTX domain is new in both
the PTX and CA families. SAP and CRP are more closely similar to each other than either
is to the CA-associated PTX domain. This could indicate that the CA-associated PTX
domain had diverged from a common ancestor before the duplication that created
SAP and CRP, but we cannot take this for granted, because adaptation to create a
viable domain interface may have accelerated the rate of change in the CA-associated
PTX domain.

The phylogenetic tree in Fig. 1 shows that the TM CAs IX, XII, and XIV and secretory
CA VI share a common ancestor. We propose that the quartet has arisen in the two
whole-genome duplications in early vertebrates. Figure 14 presents a plausible sequence of
events that could have led to present-day domain structures in CA VI. Briefly, we
assume that the exon coding for the cytoplasmic domain in ancestral CA VI was replaced
by an exon coding for a PTX domain (probably by a duplication or a move of an exon
coding for a short PTX in early vertebrates), and the TM helix transformed into an APH
(Figs. 4 and 5). Later, presumably in the therian mammal lineage, the PTX domain was
lost, leaving the APH in the C-terminus of CA VI. These hypotheses are supported by the
following observations: (1) Comparison of exon lengths suggests the TM-helix-coding
exon as the most likely ancestor of the exon coding the spacer region after the CA domain
in CA VI; (2) the losses of the CP domain in early CA VI and of PTX domain in
mammalian lineage are more parsimonious assumptions than their acquisition in
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multiple lineages; (3) the duplication of the glucose transporter genes SLC2A5 and
SLC2A7, as seen in therian mammals, is evidence of rearrangements in the region adjacent
to the PTX-domain-coding exon of the CA6 locus, which we assume to have led to the
loss of the PTX domain in mammalian CA VI; and (4) the PTX domain is consistently
present in non-mammalian CA VI and missing from mammalian CA VI (most likely
excepting platypus).

Considering the monomer MW of 58.1 kDa (plus glycosylation), the LC-SLS-DLS
results clearly confirm that zebrafish CA VI is an oligomer. The MW estimated by LC-SLS
(280 * 11 kDa) is slightly less than MW calculated from sequence (290.5 kDa for
pentamer, plus glycosylation). Based on the gel filtration retention volume and protein
standards, the MW is estimated to be slightly smaller (214 + 10 kDa), but this result may
be affected by column interactions and deviation from the globular shape. Furthermore,
the hydrodynamic radius calculated from light scattering (7.69 + 0.29 nm; diameter
15.38 + 0.58 nm) suggests a particle size in the range of 364-434 kDa for globular particle.
In this context, it has to be noted that diffusion of the particle is highly dependent on the
molecular shape and DLS-based estimate may also be slightly affected by irregular shape.
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Taken together, the light scattering results are more compatible with a pentamer than
tetramer or hexamer models. The 3D model of CA VI-PTX as a pentamer (Figs. 5B—5D)
predicts a shape of a flat, roughly planar five-pointed star, thickness 4-5 nm and
approximate diameter 15 nm, i.e., clearly off-globular, which would explain the

minor conflicts between observations. What is more, the pentamer model is also
supported by known pentamerization of related PTXs (CRP and SAP). However, we
need to stress that the relative orientations of the CA and PTX domains in our models
are only tentative.

Mass spectrometry confirms that the N-terminus of the mature CA VI-PTX
coincides with the predicted signal peptide cleavage site between residues 19 and 20.
Glycopeptides with typical N-linked glycans are observed associated with Asn258
and Asn339, whereas the peptides containing Asn210 or Asn394 are only seen in
non-glycosylated form (Fig. 9). Consistent with these observations of N-glycosylation,
our 3D model of pentameric CA VI-PTX (Figs. 5B-5D) shows that Asn258 and Asn339
are well exposed, whereas Asn210 is fully buried in the protomer/domain interface,
and Asn394 would be somewhat hindered at the protomer interface.

We discovered a minor but surprising outcome in the knockdown model regarding the
poor floating ability, most likely caused by a deflated swim bladder, both of which we
observed consistently in 4 dpf knockdown larvae. The statistically significant lower
swimming distances and stationary positioning at the bottom of 4 dpf knockdown
larvae, vs. those of 4 dpf wild-type larvae or 5 dpf knockdown larvae, imply that the
knockdown larvae gain normal swimming function as the knockdown action of the
injected MOs is relieved (Fig. 12). CA VI-PTX function within the swim bladder is
further supported by immunohistochemistry and qRT-PCR, showing expression of
both CA VI-PTX protein and mRNA in the swim bladder specimens. However, at the
current point we cannot distinguish whether the swim bladder dysfunction observed
in 4 dpf larvae is due to delayed development or the need of CA VI-PTX in swim
bladder inflation.

C-reactive protein and serum amyloid P are known to bind carbohydrates, i.e., they are
lectins (Hind et al., 1984; Kottgen et al., 1992). The calcium-binding residues in the
sugar binding site are partially conserved between these two lectins and the CA-associated
PTX domain. In addition, PTXs are a subfamily of the Concanavalin A-like lectin/
glucanase family, which contains numerous other lectins (leguminous plant lectins,
animal galectins, etc.) and other proteins interacting with carbohydrates (http://www.ebi.
ac.uk/interpro/entry/IPR013320). In our immunohistochemistry results the CA VI-PTX
protein shows mostly a strong cell-surface staining pattern (Fig. 11), even if the protein is
predicted to be a secreted, soluble protein. We assume that the PTX domain in CA VI
would also be a lectin and anchor the protein on the cell surface via sugars in
glycoconjugates. Binding to plasma membrane glycoconjugates would also explain
why the loss of the TMH was tolerated, i.e., TM helix anchoring was replaced by
lectin anchoring. If sugar binding by CA VI-PTX can be proved experimentally,
non-mammalian CA VI would represent the first case of an enzyme which is attached
on the cell surface by lectin binding.

Patrikainen et al. (2017), PeerdJ, DOI 10.7717/peerj.4128 30/38



PeerJ

Lectins and other PRMs are an important part of the innate immune system in fishes,
which is more diverse than that of mammals (Vasta et al., 2011; Sunyer, Zarkadis ¢
Lambris, 1998). Although teleost fish lack lymph nodes and bone marrow, the anterior
part of the fish kidney is considered a functional ortholog of mammalian bone marrow.
Thus, it represents the main hematopoietic lymphoid tissue of teleosts, and is thought to
be an immunologically responsive organ (Zapata ¢ Amemiya, 2000). The role of
maintenance of mucosal homeostasis is served in teleosts by the gut, skin, and gills, which
all contain mucosa-associated lymphoid tissue (Salinas, Zhang & Sunyer, 2011). These
are among the tissues where zebrafish CAVI-PTX has its highest expression, and therefore
we assume that this protein is a part of the innate immune system.

Interestingly, we have shown that mouse CA VI is also highly expressed in the gut,
specifically in the immunologically active Peyer’s patches (Pan et al., 2011). In another
study, we demonstrated that there is a likely role for Car6 in immune stimulated lung
tissues (Patrikainen et al., 2016) and murine Car6 is likely involved in mucosa
maintenance in both airways and gut (Leinonen et al., 2004; Parkkila et al., 1997).

We formed a preliminary hypothesis that mouse CA VI is involved in immunological
functions, which has been confirmed recently (Xu et al., 2017), by showing that CA VI
isoform B promotes interleukin-12 expression. However, a gene regulatory function is
unlikely for zebrafish CA VI, with the estimated diameter of 15 nm for the pentamer
making it too large to enter the nuclear pores. The locations of high ca6/ CA6 expression in
fish and in mammals are similar in that they allow delivery of CA VI on the physical
barrier against external environment (gut, skin, and gills in zebrafish; skin, saliva, milk,
and lungs in human/mouse), consistent with a function associated with primary immune
defense. Summing up, we suggest that both mammalian and fish CAVI are components of
the innate immune system, with or without a PTX domain.

Given the dynamic nature of genomes, with transposition and translocation events
constantly shuffling exons, it is hard to see the choreography of domain moves in CA VI
during vertebrate evolution as anything more than chance events. However, in order to
remain stably in a genome, the changes must be at least tolerated, or possibly provide
some advantage to their carrier. We see the addition of the PTX domain in early jawed
vertebrates as a tolerated change, in which membrane attachment through a TM helix was
replaced by lectin anchoring. As we have suggested, the new domain context may have led
to the CA domain of CA VI adopting functionality within the innate immune system.
Then later, when the PTX domain was lost, presumably through the local segmental
duplication leading to a duo of glucose transporters (SLC2A5 and SLC2A7), the addition
of another glucose transporter may have been more of an advantage than the loss of
pentamerization and membrane anchoring in CA VI, and thus this chromosomal
arrangement became fixed in early therian mammals. The loss of the PTX domain may
also have opened the way for using the APH in forming dimers. We have a preliminary
result of human CA VI being a mixture of monomer and dimer forms in solution
(A. Yrjindinen, 2017, unpublished data), in which we speculate dimerization to be
mediated by the amphipathic helices being able to join in a coiled-coil fashion when
unhindered by a further C-terminal domain.
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This study has given us many ideas for future research. We plan to take a closer look at
the complex evolution of non-mammalian PTXs, which might shed more light on the
origin of the CA VI-linked PTX domain and on structure-related constraints on its
surface. We have also started work on comparisons of per-residue conservation patterns of
the CA domain in mammalian vs. non-mammalian CA VI. Testing the sugar-binding
ability of CA VI-PTX will be the obvious way to explore the lectin hypothesis.
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