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Introduction

ABSTRACT. Aquaporin-2 (AQP2) is a small, transmembrane protein, active
in the principal cells of the renal collecting duct system. Phosphorylation and
dephosphorylation of this protein regulate its redistribution in the cell, thereby
influencing renal water reabsorption. The aims of the study were to identify and
analyse the location of AQP2 phosphorylated at position 261, and to determine
its potential role in renal water balance regulation, because data on AQP2 in cat-
tle are scarce, and the mechanisms regulating its expression and cellular locali-
zation remain unclear. The analyses were carried out on kidneys collected from
eight Polish Holstein-Friesian Black-and-White male calves, aged 5-7 months.
It was found, using immunohistochemistry and commercially available phospho-
specific antibodies, that in cattle AQP2 Ser-261 is located exclusively in the api-
cal plasma membrane of the principal cells of the collecting duct. This atypical
location of AQP2 Ser-261 allows to conclude that it may play a significant role in
the process of renal water retention. The results of our previous studies on the
regulation of renal total AQP2 excretion with urine in calves, as well as the bioin-
formatic analysis of available data presented in this study, seem to support this
assumption. In addition, bicinformatic tools predicted mitogen activated protein
kinases (MAPK) as a possible vasopressin-independent factor involved in AQP2
Ser-261 phosphorylation and accumulation in the apical plasma membrane.

in the apical membrane and intracellular vesicles
of renal collecting duct principal cells (Michatek

Aquaporins (AQPs) are small transmembrane
proteins that facilitate transport of water and other
small molecules across biological membranes.
In mammals, 13 isoforms of these proteins have
been discovered so far, 9 of them are localized in
kidneys (Michalek, 2016). Aquaporin-2 (AQP2) is
of particular importance in renal water excretion in
response to the body’s needs (Holmes, 2012; Kwon
et al., 2013; Kitchen et al., 2015). Our previous
studies confirmed the presence of AQP2 in the
renal tubules in young beef cattle, which, as in
humans and laboratory animals, is located mainly

et al., 2014b). We have also confirmed in our
studies on calves that AQP2 in cattle is excreted
in urine, similarly as in other mammals. However,
the mechanisms regulating renal excretion of this
protein, especially during the postnatal period, seem
to be slightly different in humans and laboratory
animals. In fact, the observed increase in AQP2
excretion in calves in response to additional water
losses along with faeces in the course of diarrhoea
was not accompanied by a typical increase in plasma
vasopressin (AVP) concentration (Michatek et al.,
2014a).
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A number of studies have been published
in recent years, specifying factors that possibly
regulate its expression and cellular localization,
due to the great interest in AQP2, especially in
the context of using its urine level as a potential
biomarker of renal dysfunctions (Brown et al., 2008;
Fenton et al., 2008; Holmes, 2012; Kwon et al.,
2013). Among them, the works on intracellular
signalling pathways, and the sites and role of AQP2
phosphorylation gained our particular interest. It has
been found that there are other pathways involved in
the regulation of AQP2 expression and localization,
in addition to AVP and its activated intracellular
pathway associated with adenyl cyclase (AC) —
cAMP — protein kinase A (PKA) (Moeller et al.,
2011; Moeller and Fenton, 2012). PKA, activated
by vasopressin and increased cAMP concentration,
causes AQP2 phosphorylation in its COOH-terminal
tail at serine residue 256 (Ser-256), which leads to
its accumulation in the apical plasma membrane of
the collecting duct principal cells (Fushimi et al.,
1997; Nishimoto et al., 1999). Bioinformatics data
analyses have shown that AQP2 contains many other
putative recognition sequences, which are target
sites for many various kinases, including mitogen
activated protein kinases (MAPK), protein kinase
G (PKQG), casein kinase II or glycogen synthase
kinase 3 (van Balkom et al., 2002; Brown, 2008;
Brown et al., 2008; Rieg et al., 2010; Moeller et al.,
2011). However, currently available experimental
data include four phosphorylated serines: Ser-256,
Ser-261, Ser-264 and Ser-269, which are located
within the last 16 amino acids of the AQP2 COOH-
terminus. Studies on experimental animal models
and in vitro cell cultures clearly demonstrated that
serine phosphorylation and dephosphorylation at
these sites affected AQP2 redistribution in cells and,
as a consequence, their water permeability (Brown
et al., 2008).

In the available literature there is lack of com-
plete data on the phosphorylation sites of bovine
AQP2 and their phosphorylating kinases. We con-
ducted a bioinformatic analysis of data concerning
potential phosphorylation sites of AQP2 in cattle in
reference to the results of our previous studies, in-
dicating the participation of other AVP-independent
factors causing an increase of this protein urinary
excretion in calves. The use of bioinformatics tools
allowed the highest probability prediction of AQP2
phosphorylation at Ser-256 and Ser-261 sites. As
mentioned earlier, the phosphorylation of AQP2
Ser-256 is mainly associated with AVP stimulation.
Since then we were seeking an explanation for other

alternative, AVP-independent bovine mechanisms
regulating renal water excretion involving AQP2,
we decided to identify and precisely localize phos-
phorylated AQP2 at Ser-261 in kidneys of young
beef cattle and select potential kinases involved in
its regulation. On the basis of the results and col-
lected data, the subsequent aim of the work was to
suggest the potential role of AQP2 Ser-261 in the
process of renal water retention in cattle.

Material and methods

Animals and immunohistochemistry

We analysed 8 kidneys from 8 Polish Hol-
stein-Friesian Black-and-White male calves, aged
5-7 months, obtained from a local abattoir. Imme-
diately after slaughter, the kidneys were rapidly re-
moved, fixed in 4% buffered paraformaldehyde, em-
bedded in paraffin block, and sliced into 2 pm-thick
sections on a rotary microtome (MICROM HM 340,
MICROM Laborgerite, Walldorf, Germany).

Immunohistochemical reaction was performed
according to the protocol previously described in
detail by Michatek et al. (2014b). To reveal anti-
gens, sections were incubated in 1 mM Tris solu-
tion (pH 9.0) supplemented with 0.5 mM EGTA and
heated in a microwave oven for 10 min. Non-specific
Ig binding was prevented by incubating the sections
in 50 mM NH,Cl for 30 min, followed by blocking
in PBS supplemented with 1% BSA, 0.05% sapo-
nin and 0.2% gelatin. The sections were incubated
overnight at 4 °C with primary antibodies diluted in
the 1:100 ratio in 0.01 M PBS with 0.1% BSA and
Triton X-100. The sections were rinsed with 0.01 M
PBS and incubated for 1 h at room temperature with
horseradish peroxidase-conjugated anti-rabbit sec-
ondary antibodies diluted in the 1:500 ratio (BIO-
RAD STARI124P, Hercules, California, USA). An
immunohistochemical reaction of 3.3’-diaminoben-
zidine in chromogen solution (K3468, Dako, Glos-
trup, Denmark) was used for visualization. Mayer’s
haematoxylin was used as a counterstain. The sec-
tions were examined using a optical microscope
(Olympus BX 41, Olympus, Hamburg Germany).
The specificity of immunostaining was confirmed
by following the above procedures in the absence of
the primary antibody (negative control; Figure 1F).

In the present study, a rabbit anti-AQP2
(pSer261) polyclonal primary antibody (AHP1299,
BIO-RAD, Hercules, California, USA) was used
to examine the detailed cellular location of AQP2
Ser-261 in the kidneys of the tested animals.
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Bioinformatic analysis

The analysis involved in creating a graphical
model of bovine AQP2 was based on the data avail-
able in the UniProt database (www.uniprot.org) for
the protein, accession number P79099. An analysis
was performed using a ModPred (Indiana Universi-
ty, Bloomington, Indiana, USA) bioinformatic soft-
ware package in order to determine possible serine
residue phosphorylation sites and the probability of
such modifications. Thereafter, using the available
bioinformatics tools: NetPhos (Technical University
of Denmark, Copenhagen, Denmark), KinasePhos
(National Chiao Tung University, Hsinchu, Taiwan),
ELM (ELM Consorptium, Heidelberg, Germany)
and NetPhorest (University of Copenhagen, Co-
penhagen, Denmark), amino acid sequences charac-
teristic for phosphorylation sites were predicted as
well as protein kinases that may be responsible for
the phosphorylation of the indicated serine residues.
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Results

Immunolocalization of AQP2 Ser-261 in the
kidney of young beef cattle is shown in Figure 1. AQP2
Ser-26 was found in the collecting ducts of medullary
rays that penetrate the renal cortex (Figure 1A—C) and
in the collecting ducts of the renal medulla (Figure
ID-E). Strong expression of AQP2 Ser-261 was
exclusively visible in the apical plasma membrane
of the principal cells of the collecting duct. There
was no visible immunohistochemical reaction in the
intracellular vesicles and the basolateral membrane.

The general probability of bovine AQP2 pro-
tein phosphorylation sites was predicted based on
bioinformatic analysis using the ModPred bioinfor-
matics tool. The results clearly showed the highest
phosphorylation possibility of Ser-256 and Ser-261
residues and moderate and minor probability of
phosphorylation of Ser-264 and Ser-269 residues.
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Figure 1. Immunolocalization of aquaporin-2 (AQP2) Ser-261 in the renal cortex (A, B and C) and renal medulla (D and E) of male calves

AQP2 Ser-261 is detected in the apical plasma (black arrowhead) of medullary collecting duct principal cells; P — proximal tubule, G — glomerulus,
D - distal tubule, CD - collecting duct; F — negative control of immunohistochemical reaction; magnification: x 600
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Figure 2. The full-length amino acid sequence of bovine aquaporin-2 monomer (P79099) and putative phosphorylation sites (based on UniProt,

www.uniprot.org)

The amino acid sequences of the possible phosphor-
ylation sites with bolded serine residue are shown
in Table 1. Potential phosphorylation sites are also
depicted on the bovine AQP2 monomer model pre-
sented in Figure 2. Subsequently, putative kinases
for mentioned serine residues (Ser-256, Ser-261,
Ser-264 and Ser-269) were determined using vari-
ous bioinformatics tools, which are listed in Table 1.

Table 1. Predicted kinases involved in the phosphorylation of serine
residues: Ser-256, Ser-261, Ser-264 and Ser-269 of bovine aquapo-
rin-2 (AQP2)

General probability Phosporylation

Serine of serine residue  Kinase ;
phosphorylation site sequence
Ser-256  High PKA"BCD RRRQSVELH
RSK”
PKC*®
PKG®E
CLKP
DMPKP
Ser-261  High MAPKA8CD VELHSPQSL
CDK5*®
Ser-264 Medium PKCAP HSPQSLPRG
CK1A
CDK2*
Ser269  Low PKAACD LPRGSKA--

Prediction was established using different bioinformatic tools denot-
ed by capital letters: # — NetPhos (Technical University of Denmark,
Copenhagen, Denmark), & — KinasePhos (National Chiao Tung Uni-
versity, Hsinchu, Taiwan), ¢ — ELM (ELM Consorptium, Heidelberg,
Germany), ° — NetPhorest (University of Copenhagen, Copenhagen,
Denmark). General probability of AQP2 serine phosphorylation was
determined using the ModPred (Indiana University, Bloomington, In-
diana, USA) bioinformatic software. Bold marks serine residues in the
amino acid sequence as potential phosphorylation sites. Abbrevia-
tions: PKA - protein kinase A; RSK — 90 kDa ribosomal S6 kinase;
PKC - protein kinase C; PKG - protein kinase G; CLK — CDC like
kinase; DMPK — myotonin-protein kinase; MAPK — mitogen activated
protein kinase; CDK5 — cyclin dependent kinase 5; CK1 — cell kinase
1 group; CDK2 - cyclin dependent kinase 2.

Discussion

To our knowledge, this is the first report on
the identification and cellular localization of AQP2
Ser-261 in cattle. Until now, no data have been pub-
lished on renal expression of different phosphoryl-
ated forms of AQP2 and putative kinases. The only
information on this subject is derived from the stud-
ies on laboratory animals and in vitro cell culture
models. In this work, we have shown that AQP2
Ser-261 is expressed exclusively in the apical parts
of the collecting duct principal cells of the bovine
kidney. Phosphorylated serine in AQP2 at position
261 was not detected in the basolateral membrane
and intracellular vesicles of these cells in the kid-
neys of the test animals.

It is widely known that AVP is the main regula-
tory factor of the abundance and cellular localiza-
tion of AQP2 in mammals. In the absence of AVP
stimulation, AQP?2 is stored in intracellular vesicles
of the connecting tubule (CT) and collecting duct
principal cells (CCT). Vasopressin, synthesized
in the hypothalamus, is released to the blood from
the posterior pituitary gland in response to hypovo-
lemia or hypernatremia (Kortenoeven and Fenton,
2014). AVP binds to vasopressin type 2 receptor
(V2R), which is located in the basolateral mem-
brane of renal CT and CCT (Wilson et al., 2013).
Binding of this peptide hormone to V2R stimulates
the Gs protein alpha submit, activates adenylate cy-
clases (AD), increases intracellular cyclic adenosine
monophosphate (cAMP) production, activates pro-
tein kinases and elevates intracellular calcium lev-
els. As a result, AQP2 undergoes phosphorylation,
followed by its redistribution to the plasma mem-
brane (Nejsum et al., 2005; Moeller et al., 2011).
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In vitro studies on the inner medullary collecting
duct (IMCD) suspension and laboratory animals
have shown that AQP2 phosphorylation at Ser-
256, Ser-264 and Ser-269 increased in response to
dDAVP (desmopressin, V2R agonist) administration
or cAMP addition (Hoffert et al., 2007, 2008; Fen-
ton et al., 2008). Their redistribution in the cell also
changes in response to AVP stimulation. AQP2 Ser-
256, Ser-264 and Ser-269 are then mainly located in
the apical plasma membrane of the principal cells of
the collecting duct (Fushimi et al., 1997; Christensen
etal.,2000; Kamsteeg et al., 2000; Fenton et al., 2008;
Takata et al., 2008; Moeller et al., 2009; Eto et al.,
2010; Tamma et al., 2011). Phosphoproteomic analy-
sis of the rat inner medullary collecting duct was one
of the methods used to show that AQP2 phosphoryla-
tion at serine 261 decreased in response to AVP ac-
cumulation, which indicated its low involvement in
AQP2 plasma membrane targeting (Hoffert et al.,
2006; Tamma et al., 2014; Yui et al., 2017).

It has been also found that AQP2 Ser-261 is lo-
cated in mice and rats in the endoplasmic reticulum,
Golgi apparatus and lysosomes (Hoffert et al., 2007).
In our study it was demonstrated that in contrast to
laboratory animals, AQP2 Ser-261 in cattle is pres-
ent in the apical plasma membrane of the principal
cells of the collecting duct. Thus, the results indicate
that the role of AQP2 Ser-261 in water transport into
cells is probably significantly greater in cattle than
in laboratory animals. Presumably, AQP2 Ser-261
in the bovine CCT is also involved in other process-
es occurring in cells. Namely, according to Moeller
et al. (2011), in addition to the regulation of AQP2
distribution in the cell, phosphorylation may also
affect channel gating, exocytosis, endocytosis, ‘ac-
tive structure’ formation and degradation of AQP2.
Phosphorylation of AQP2 is also involved in the
regulation of cell volume recovery in response to
hypotonic stress (Li et al., 2009).

The apparent, exclusive accumulation of AQP2
Ser-261 in the apical plasma membrane observed
in the tested calves allowed assuming that this
protein, phosphorylated at this position, is most
likely primarily involved in water transport to the
interior of principal cells and is removed to urine
by exocytosis. This could partially explain the
increase in renal AQP2 excretion in calves observed
in our previous studies with a simultaneous lack
of the increase in blood plasma AVP concentration
(Michalek et al., 2014a). As mentioned before,
AVP-dependent increase in cAMP production and
PKA activation are the main factors responsible for
the phosphorylation of AQP2 at serine position 256.

However, many putative protein kinases may be
involved in this process (Table 1). As emphasized
by Moeller et al. (2011), when determining the role
of putative protein kinases in modulating channel
function, in addition to sequence recognition, one
should also include their presence in the cells of
the same type as target proteins or their activation
by certain factors. Based upon bioinformatic
analysis, AQP2 Ser-261 phosphorylation in cattle
is most probably regulated by MAPK and cyclin
dependent kinase 5 (CDKSY5) (Table 1), which are
both expressed in renal epithelial cells (Kiely
et al., 2003; Guevara et al., 2014). However, their
activating factors in cattle, leading to a potential
phosphorylation of AQP2 Ser-261, accumulation
in the apical membrane and probable subsequent
exocytosis, are difficult to indicate at the moment.
Tamma et al. (2014) found a significant impact of
CDK activation and a new independent pathway
regulating AQP2 trafficking on an increase in
AQP2 Ser-261 phosphorylation. The authors found
that the application of a specific CDK inhibitor ex
vivo in the kidney slice and MDCK (Madin-Darby
Canine Kidney) cells significantly reduced AQP2
Ser-261 levels. However, MAPK, which in rats is
activated under acute hypertonicity (Hasler et al.,
2008), may play an important role in trafficking and
accumulation of AQP2 in the plasma membrane
in cattle. In the absence of AVP stimulation,
hypertonicity alone induced rapid plasma membrane
AQP2 accumulation in rat kidney CCT (Hasler
et al., 2008). Perhaps it is MAPK activation that is
the main source of increased AQP2 accumulation
in the apical membrane and its total excretion
with urine in calves in response to additional
water loss with faeces under osmotic diarrhoea
(Michatek et al., 2014a). MAPK activation, which
probably plays a significant role in the bovine
kidney signalling cascade, may also explain the
presence of AQP2 Ser-261 in the apical plasma
membrane. Bioinformatic analyses of the data have
demonstrated that it is fairly unlikely that MAPK
phosphorylates AQP2 at position 256.

The results obtained in the study regarding the
location and role of AQP2 Ser-261 in the kidneys
of the tested animals undoubtedly provide new data
in this field in cattle. Nevertheless, it should be em-
phasized that in view of still very limited data and
numerous precariousnesses, it is necessary to con-
duct further, detailed research that would allow bet-
ter understanding of kidney function and full expla-
nation of the role of AQP2 phosphorylation in water
balance regulation in cattle in the future.
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Conclusions

It was revealed that aquaporin-2 (AQP2) Ser-261
in the kidney of young beef cattle is localized exclu-
sively in the apical plasma membrane of the principal
cells in the collecting duct. The characteristic loca-
tion of AQP2 phosphorylated at position 261 in this
mammal indicates its significant role in the transport
of water into the cells and, as a consequence, in re-
nal water retention and concentrated urine produc-
tion. Bioinformatic data analysis predicted mitogen
activated protein kinases (MAPK) as a putative agent
involved in AQP2 Ser-261 phosphorylation.
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