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Abstract. All living beings need to solve the problem of
controlled transport of water. To this purpose, a special
group of integral membrane proteins called aquapor-
ins has evolved. There are 13 known members of this
family that act as channels for water and small solutes,
such as glycerol and urea. Although they allow large
flux of water, they successfully prevent passage of pro-
tons. Here, we present the review of the data from the
literature on the selectivity mechanism of aquaporins.
The regulation of aquaporin activity occurs through
regulation of expression of their genes, changing the
localization of the already existing proteins in the cells
and direct regulation of the activity in situ. We present
the review of new data on the mechanisms of direct
regulation. Special emphasis is on the advances in com-
prehension of aquaporin-2 translocation in collecting
tubule cells of the kidney. Four elements of this process
are described: 1) the role of protein kinase A and phos-
phorylation of serine 256 on aquaporin-2, 2) the trans-
port of vesicles along the microtubules toward the
apical membrane, 3), the removal of cytoskeletal sub-
apical obstruction and the role of Rho GTPase and
ezrin-radixin-moesin proteins in this, and 4) elevation
of the cytosolic Ca?" concentration, the fusion of the
vesicle with the apical membrane and the role of
SNARE proteins in exocytosis.

Introduction

All terrestrial organisms need to solve the problem of
controlled elimination, i.e. preservation of water in the
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body. In addition, the problem is complicated by the
existence of the structures on the body surface that must
remain wet, although water constantly evaporates from
them (cornea and conjunctiva, as examples of the visi-
ble ones). To this purpose, a large group of membrane
proteins called major intrinsic proteins has evolved in
all groups of organisms to control the transport of water
across the cellular membranes (Zardoya, 2005). In this
way, these proteins become involved not only in the
exchange of water with the environment, but also in
processes that determine the distribution of water
between the intracellular and the extracellular compart-
ment in various tissues. Specific distribution of differ-
ent protein subtypes on the adjacent membranes allows
them to complement each other’s function. Therefore,
the disruption of these mechanisms can bear serious
consequences to water homeostasis.

All major intrinsic proteins can be divided into two
large groups, according to “substrate” specificity:
water-selective aquaporins and aquaglyceroporins that
allow passage of small solutes, such as glycerol and
urea. So far, there are 13 members of the family in ani-
mals. The classic water-selective aquaporins are AQPO,
AQP1, AQP2, AQP4, AQPS5, AQP6 and AQPS8 (King et
al., 2004). The second group consists of AQP3, AQP7,
AQP9 and AQP10. AQPI11 cannot be classified as
either, because no transport function was shown
(Gorelick et al., 2006). In addition, AQP12 is intracel-
lular and its function could not be tested (Ishibashi,
2006). The largest share of aquaporin research goes in
four directions: definition of their structure, determina-
tion of their spatial and temporal distribution, role in
different conditions and diseases and, only recently,
regulation of their activity (Agre et al., 2002; Hedfalk,
et al. 2006). The last area, well defined in ion channels,
still remains largely unknown in aquaporins. In relation
to this is the unpleasant fact that no laboratory, let alone
therapeutically applicable regulators of their activity
exist, although there are substances that can poison
them. We will describe the structural properties of aqua-
porins and their relation to water permeability.
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General part and structure

The first aquaporin to be discovered was AQPI1,
which has 269 amino acid residues (Preston and Agre
1991). The structure of aquaporins is described by the
“hour-glass” model, which was initially assumed indi-
rectly and later confirmed by visualization of their struc-
ture using high resolution x-ray diffraction (Ren et al.,
2001). Based on hydrophobicity plot, it was concluded
that the protein traverses the membrane six times, so
both amino and carboxy terminal are, therefore, at the
same, intracellular side. The transmembrane segments
are not normal to the surface of the membrane. Instead,
the angle between them and the membrane is unusual
(almost 30°), thus forming the hour-glass shape
(Fujiyoshi et al., 2002). Aquaporins have a symmetric
structure (the first three transmembrane domains and the
connecting loops are symmetric to the other half, as if
rotated by 180°). Interesting reorientation occurs during
AQP1 synthesis in endoplasmic reticulum: after the syn-
thesis of transmembrane segments 4—6, transmembrane
segment 3 undergoes retrograde translocation that
allows the protein to assume its predicted six-transmem-
brane segment topology (Lu et al., 2000), otherwise it
would have less segments. The loop connecting the sec-
ond and third (loop B) and the loop connecting the fifth
and sixth transmembrane segments (loop E) have three
amino acids that in all aquaporins are the same, namely
asparagin-proline-alanine (the so-called NPA motif).
Electron crystallography analysis of AQP1 isolated in
nearly physiological conditions (in ice, whereas in other
studies aqua(glycero)porins were isolated in the pres-
ence of sugars) showed how the channel looks like. It is
approximately 0.18 nm long, widening at both orifices
and having the narrowest region exactly halfway. At this
point, the channel bends for 25°: it corresponds to the
location of NPA motifs (Ren et al., 2001).

Water transport through this type of aquaporins is
reversibly inhibited by HgCl,, and mercapto-com-
pounds recover the channel activity (Jung et al., 1994).
Of the four cysteines in AQP1, three of them (residues
87, 102, and 152) may be replaced without obvious
changes in water permeability. On the other hand, a
mutant in which the fourth cysteine was replaced,
C189S AQP1, could no longer be inhibited by mercury.
Therefore, Cys-189 is the amino acid that conveys this
mercury sensibility, as a part of loop E, which immedi-
ately precedes the NPA motif. Those aquaporins that
don’t have cysteine at that position will not be sensitive
to mercury.

The aquaporins are organized as tetramers. It was
assumed that previously mentioned cysteines may be
used to create disulfide bonds among adjacent
monomers (Preston and Agre 1991). However, the elec-
trophoretic mobility does not change under the influ-
ence of reducing agents, so the monomers are not
interconnected (Denker et al., 1988). Each monomer is

functional by itself (Shi et al., 1994). Opposite to all
other channels known so far, in which the subunits
make just their portion of the pore, here every monomer
has its own, functional, water channel.

“Thee shall not pass”

Although the molecule has symmetry, its channel
does not (Kong and Ma, 2001). At the entrance, the
channel widens, being tiled with hydrophobic amino
acids. For this reason, the bonds between water mole-
cules themselves are stronger than possible interactions
with the channel wall, and water molecules are easily
directed towards the channel constriction. However, it
is wide enough to allow passage of molecules only one
by one, in a single file.

On the way through the channel, the pore narrows to
0.3 nm. The walls of the pore are made of hydrophobic
amino acids of the transmembrane segments 1, 2, 4 and
5. On the site of the largest constriction, there are polar
amino acids Asn-76 and Asn-192 (the latter is the one
from the NPA motif). A part of both loops B and E acts
as a dipole, with their positive ends directed to the inner
constriction site. Above it is another, 0.28 nm wide con-
striction surrounded by residues Phe-56, His-180, Cys-
189 (the mercury inhibition site), and Arg-195. It is
called ar/R constriction (de Groot, et al. 2001). Arg-195
(which is positively charged at physiological pH) is
almost absolutely preserved in all aquaporins. In addi-
tion, His-180 is neutral at physiological pH, but when
pH is decreased, His-180 becomes positive, thus further
adding more positive charge to the site of obstruction.

Proton exclusion

The interesting issue was how aquaporins have such
enormous water flux, while at the same time they are
absolutely able to exclude its ionized form, H;O™. If the
protons were allowed to do this along the water mole-
cules on their way through the aquaporin channel, this
would be highly detrimental to the cell homeostasis.

In the free solution, water molecules are connected
by hydrogen bonds. Simultaneously, a small share of
molecules is in the form of H;0" ions. Here, it is impor-
tant to emphasize that it is not simply a proton, but a
molecule with added charge. The protons from hydro-
nium ions can switch between adjacent water mole-
cules, but only if they are connected by hydrogen
bonds, which is called a Grotthuss or “proton wire”
mechanism (Pomes and Roux 1996), analogous to a
bucket brigade (Kozono et al., 2002).

There are several explanations for H;O" exclusion.
In one study, molecular dynamics simulations showed
that the water molecule rotates for 180° when it passes
the NPA motif. This brings it in such position that it
cannot make hydrogen bonds with both water mole-
cules ahead and behind it. Therefore, the line (“bucket
brigade”) is broken and protons cannot “jump” through
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the channel (Tajkhorshid et al., 2002). However, as
much as this concept of well-ordered gymnastic activi-
ty of water molecules seems attractive, it was recently
challenged by a model that provides a more simplified
view (de Groot et al., 2003; Chakrabarti et al., 2004).

The consensus conclusion is that electrostatic interac-
tions, rather than proton wire interruption effects, are the
dominant mechanism of proton exclusion in aquaporins.
First, the size of the pore makes it impossible for larger
molecules to reach the channel. Aquaglyceroporins have
slightly less bulky amino acids here, so the diameter of
their pore is slightly larger, allowing glycerol and other
small solutes to pass (Fujiyoshi et al., 2002).

Second, the proton barrier is created by electrostatic
field generated by the protein matrix within the NPA
region, the point at which the positive N-terminal ends
of loop B and E dipoles converge (de Groot et al.,
2003); even if the “proton wire” were uninterrupted, the
protons could not ‘climb’ the high energy barrier.
Importantly, above the NPA motif is another constric-
tion composed of amino acids Phe-56, His-180, Cys-
189, and Arg-195. Mutations that eliminate positive
charges of Arg-195 and His-180 bring about the cation
current proportional to pH gradient, i.e. permeability to
protons (Beitz et al., 2006). Apparently, Phe-56 serves
to block larger molecules, because when it is mutated,
glycerol and urea pass through the channel. Therefore,
it seems that this site rather serves to negatively select
other molecules than to positively select water. As the
quantitative immunoblots indicate that each erythrocyte
contains 120,000-160,000 copies of AQP1, this high
selectivity is more than necessary (Denker et al., 1988).

Regulation of AQP2 membrane expression

Although long-term regulation of aquaporins (Terris
et al., 1996; Marples et al., 1999) and specifically long-
term regulation of AQP2 by ADH exists (Hasler et al.,
2002; Kang et al., 2004; van Balkom et al., 2004), it is
not the subject of this review.

We shall present the review of the data from the lit-
erature about the mechanism by which translocation of
the already present AQP2 occurs, from the intracellular
sites to the apical membrane of the collecting duct cells.
This occurs because ADH acts on the collecting duct
cells through binding to the V, receptor (Birnbaumer et
al., 1992). There are at least four events that occur as a
consequence of this: phosphorylation of the AQP2 mol-
ecules, translocation of the vesicles to the apical mem-
brane, removal of the cytoskeleton obstruction below
the apical membrane, and exocytosis of the vesicles. In
addition, there is a process of removal of AQP2, which
has its own independent regulation, i.e. is not simply a
reversal of ADH-initiated events. The final amount of
apical AQP2 will depend on the equilibrium between
membrane insertion by exo- and removal by endocyto-
sis.

Moving along the tracks

It has been shown that microtubules have fast-grow-
ing plus ends and slow-growing minus ends. The point
from which a microtubule grows is its nucleation site,
and the plus end grows away from it. This gives a hint
to molecular motors that pull organelles along micro-
tubules of what the correct polarity of the microtubule
is (Buendia et al., 1990). In epithelial cells, they are
aligned connecting the apex and the base of the cell, but
in the way that the minus end is oriented towards the
apical domain (Bacallao et al., 1989). This asymmetry
of microtubule organization in epithelial cells presents
a unique opportunity for efficient polarized vesicle tar-
geting (Musch, 2004). By association with minus end-
directed motors, post-Golgi exocytic and postendocytic
vesicles would be directed towards the microtubular
minus ends facing the cell apex. Dyneins are the mole-
cular motors that pull their cargo to the minus end of the
microtubule. Principal cells of collecting tubules con-
tain components of the dynein holoenzyme and they are
co-localized with AQP2-containing vesicles, support-
ing the idea that the energy for vesicle pulling in col-
lecting duct cells is provided by them (Marples et al.,
1998).

Phosphorylation

Human AQP2 contains one phosphorylation consen-
sus sequence for PKA (Ser-256) (van Balkom et al.,
2002). However, a basal level of phosphorylated AQP2
exists; even without ADH stimulation both AQP2 mol-
ecules at the apical membrane and those in vesicles
were phosphorylated in the resting state (Christensen,
Zelenina et al. 2000), but this resting level of phospho-
rylation by itself was not sufficient to cause apical
insertion of the channel (Fushimi et al., 1997). This
shows that phosphorylation is a necessary, but not suf-
ficient step, i.e. that ADH has other actions that help
transfer the AQP2. This short-term control, therefore,
only re-localizes AQP2, and PKA phosphorylation has
only permissive or facilitatory action on the primed
vesicles. AQP2 is a homotetramer. In order to be trans-
ferred to the cell surface, three or all four of its subunits
need to be phosphorylated (Kamsteeg et al., 2000).

Although phosphorylation is an obligatory step in
translocation of the vesicles to the membrane, dephos-
phorylation is not necessary for the endocytosis that
follows (Noda and Sasaki, 2005). PGE2 stimulates
elimination of AQP2 from the membrane without
changing its phosphorylation state (Zelenina et al.,
2000).

PKA and AKAPs

A recurring property of complex signal transduction
systems is that signalling molecules are closely associ-
ated (Hunter, 1995) and the signalling mechanism of
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AQP2 translocation is no exception. It is believed that
PKA is anchored to the cellular membrane by A-kinase
anchoring proteins (AKAPs), which both raises the
local concentration of the enzyme and localizes it in the
close proximity of its targets (Johnson et al., 1994),
therefore acting as efficient means to control the spa-
tiotemporal resolution of cAMP-responsive phosphory-
lation events (Gao et al., 1997).

In order to bring PKA close to the AQP2 phosphory-
lation site, AKAPs are used. Lately, a new isoform of
AKAP18, AKAP1856 was isolated in principal cells
(Henn et al., 2004). AQP2 and AKAP186 co-localize in
vesicles of principal cells and co-translocate to the plas-
ma membrane in response to ADH stimulation.

Exocytosis

The release of the vesicle containing the protein
cargo is generally similar in different tissues, but is best
described in neural tissue to explain exocytosis of neu-
rotransmitter-containing vesicles (Pfeffer, 1999).

The role of SNARE proteins in exocytosis of AQP2-
containing vesicles was shown: VAMP-2 and AQP2 co-
localize in their membrane (Nielsen et al., 1995). This
was shown in principal, but not in intercalated cells of
collecting tubules. To show that AQP2 exocytosis
depends on SNARE proteins, the tetanus toxin was
used to cleave VAMP-2. Its application almost totally
abolishes the effects of cAMP, but the resting level of
apical AQP2 is not influenced. This indicates that the
constitutive delivery of AQP2 may be VAMP-2 inde-
pendent (Gouraud et al., 2002).

The second component of the system is syntaxin-4.
Opposite to its action on AQP2, ADH does not influ-
ence distribution of syntaxin-4 between low-speed and
high-speed fractions, i.e. syntaxin-4 is always in the
apical cellular membrane (Mandon et al., 1996). In
addition, the presence of the third component necessary
for the whole system to function, SNAP-23, was
shown. However, it was present not only in the apical
membrane, as expected, but in the vesicle membrane as
well (Inoue et al., 1998).

Therefore, all components of the SNARE system are
present, and their functional involvement in vesicle
fusion was proved, but how does V, receptor activation
present the final trigger, the rise in cytosolic [Ca®*]?

Elevation of cytosolic Ca2* concentration by
ADH

For a long time, it was well-known that vasopressin
V, receptor activation is linked to both adenylyl cyclase
activation and calcium mobilization (Champigneulle et
al., 1993). Importantly, the calcium rise does not occur
by a phosphatidylinositol pathway (Chou et al., 1998).

Increase in [CaZ"] in inner medullary collecting duct
cells occurs in the absence of extracellular Ca?" and is
inhibited by ryanodine. Therefore, it is believed that

vasopressin activates ryanodine receptors (RyR) on
endoplasmic reticulum of these cells. It is RyR1 that is
located predominantly in the apical region of the
medullary collecting duct cells (Chou et al., 2000). This
could explain how the V, activation produces the final
assembly of SNARE proteins and vesicle exocytosis.

Rho GTPases and cytoskeleton remodelling

All cells, and epithelial cells in particular, have a
cytoskeleton that provides their shape and polarity.
Actin fibres in the subapical cytoskeleton negatively
regulate AQP2 targeting, forming a physical barrier that
must be removed for vesicular fusion to occur (Tamma
et al., 2005). It has been shown that substances that dis-
rupt actin polymerization, such as latrunculin or
cytochalasin D, prevent the vasopressin effect (Tamma
et al.,, 2001; Chou et al., 2004). However, it was also
shown that vasopressin itself depolymerizes actin fibres
(Simon et al., 1993). This could seem confusing, but
then it was shown that the vasopressin effect is restrict-
ed only to the subapical region (Valenti et al. 2000;
Klussmann et al., 2001), even leading to remodelling of
the cell’s shape, thus opening way to the AQP-2-con-
taining vesicles.

Rho proteins belong to the family of small GTPases.
Normally, the action of Rho is regulated by its binding
of GTP, which activates them, followed by its hydroly-
sis (due to Rho’s innate GTPase activity) and release
(Van Aelst and D’Souza-Schorey, 1997). After cAMP-
induced PKA activation, Rho is phosphorylated at
Ser-188 (Lang et al., 1996). This inhibits Rho, by
interfering with its association with downstream
effectors (Dransart et al., 2005). Downstream
action of Rho is mediated by Rho-associated
kinase that phosphorylates target proteins.

Rho is involved in the regulation of F-actin poly-
merization: when Rho and its associated down-
stream effector proteins are active, polymerization
is stimulated (Van Aelst and D’Souza-Schorey,
1997). Some of the toxins synthesized by clostridi-
al bacteria act by inhibiting Rho GTPases (Voth
and Ballard, 2005). More specifically, Clostridium
limosum-derived C3-fusion toxin specifically
inhibits Rho (Barth et al., 1998). In the cells trans-
fected with AQP2, inhibition of the small GTPase
system by this bacterial toxin results in recruitment
of AQP2 to the apical cell membranes in the
absence of ADH or other cAMP-elevating agents
(Tamma et al., 2001). In addition, when it is phos-
phorylated by PKA in the presence of cAMP-
inducing agents, Rho binds less tightly to
Rho-associated kinase (Dong et al., 1998).
However, it is still unknown what connects these
events to cytoskeleton rearrangement.

Members of the ezrin-radixin-moesin (ERM)
family of proteins are involved in functional and
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structural organization of cytoskeletal elements
(actin filaments) and membrane adhesion proteins.
This is manifested by their structure, because their
COOH terminus contains an actin-binding domain,
whereas the NH, terminus contains domains for inter-
action with integral membrane proteins (Tsukita et al.,
1997). They exist in two states: soluble (inactive) and
membrane-bound (active). In the inactive state (either
as monomers or oligomers), these proteins have confor-
mation in which the COOH and NH, termini are fold-
ed, thus preventing interaction with regulatory
molecules (Gary and Bretscher, 1995). This auto-inhi-
bition is relieved upon change in conformation and
translocation to the cellular membrane. This requires
phosphorylation (of Thr-558 on moesin) by different
kinases (Gautreau et al., 2000), among them Rho-acti-
vated kinase (Yonemura et al., 2002).

A peptide that is similar to one of the ERM proteins,
moesin, has been synthesized. Importantly, this peptide
contains the equivalent of Thr-558 of moesin.
Application of this peptide competitively presents one
more phosphorylation site to endogenous kinases that
would otherwise phosphorylate moesin. Application of
this peptide caused the same events as the application
of cAMP-inducing agent forskolin: reduction of phos-

phorylated moesin, its translocation and actin depoly-
merization (Tamma et al., 2005).

Therefore, cAMP-inducing agents have antagonistic
effects on Rho in regulating cellular morphology, and
this branch of ADH-initiated events could be summa-
rized as follows: after V, receptor activation and cAMP
increase, PKA phosphorylates Ser-188 of Rho to inhibit
the association of Rho with Rho-activated kinase. This
decreases phosphorylation of Thr-558 on moesin (and
probably corresponding consensus sites at other mem-
bers of the ERM family as well), thus reverting them to
inactive state. When inactivated, moesin no longer pre-
serves actin in polymerized state below the apical mem-
brane of the collecting duct cell. When the actin fibres
are removed, the approach of AQP2-bearing vesicles to
the membrane is no longer obstructed and they can fuse
with it by exocytosis, regulated by another branch of
V,-regulated event. The process of vesicle transport
and release is summarized in Fig. 1.

Concluding remarks

The information about AQP regulation continues to
accumulate. In the last few years, we have witnessed
major advances in identification of new members of
this large family, their visualization in more and more
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Fig. 1. A) In non-stimulated state, when vasopressin (ADH) is not bound to V, receptor (V2R), vesicles containing non-
phosphorylated AQP2 (1) are located within the cell. They do not move along microtubules (2) to reach the apical mem-
brane, because they are blocked by subapical actin meshwork (3). These fibres are held in place by interaction with
active ERM proteins (4). What keeps them active is Rho GTPase (Rho), which stimulates Rho-associated kinase (RK).
In turn, RK phosphorylates ERM proteins. Therefore, AQP2-bearing vesicles cannot release their content by exocytosis,
although SNARE proteins (5) are ready to start the process. B) After stimulation, ADH initiates two signalling cascades.
In the first cascade, activation of V,R is coupled to activation of adenylyl cyclase that synthesizes cAMP (not shown in
the figure). This leads to activation of PKA that phosphorylates AQP2 and Rho GTPase. Phosphorylation of AQP2 is a
permissive step in its release, because it is necessary, but not sufficient to allow fusion of the vesicles with the apical
membrane. The latter event, phosphorylation of Rho GTPase, leads to its dissociation from Rho-associated kinase. After
that, ERM proteins (4), which previously acted to preserve the subapical actin meshwork, are no longer active, and the
actin fibres (3) start to depolymerize. This allows unobstructed translocation of the AQP2-containing vesicles to the api-
cal membrane. The second cascade leads to the activation of ryanodine receptors (RyR) located on the membrane of
endoplasmic reticulum, producing the rise in cytosolic [Ca2*]. This triggers the terminal step in vesicle fusion during
exocytosis (5), mediated by appropriate assembly of SNARE proteins (not shown in the figure, described in the text in
more detail).
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detail, regulation of their genes, the mechanisms of
their intracellular movement and, particularly, of regu-
lation of their activity. The deepening knowledge in this
area could, in foreseeable future, indicate the steps in
control of aquaporin activity that could be therapeuti-
cally employed. In addition, the genetic analyses are an
extremely useful diagnostic tool in early diagnosis of
diseases caused by innate mutations in aquaporin struc-
ture, such as those leading to diabetes insipidus. More
and more mutations causing various forms of NDI are
identified in families throughout the world (Pasel et al.,
2000; Lin et al., 2002). By deciphering the problem of
AQP2 synthesis and/or expression, the point of obstruc-
tion could be overcome and functionality restored.
Indeed, this was shown to occur, indicating a potential
therapeutic use (Tamarappoo and Verkman, 1998).
Another example for the application of this newly
acquired knowledge is the advance in the treatment of
heart failure. Overactivity in V,R signalling can lead to
inappropriate volume expansion that adversely affects
ventricular remodelling (Goldsmith, 2006). Therefore,
there is a therapeutic rationale in trying to reverse these
events. In addition, knowledge about another branch of
the family, aquaglyceroporins, had equally rapid devel-
opment, indicating their importance in a big problem of
modern societies: obesity, particularly when it is relat-
ed to non-insulin-dependent diabetes mellitus (Kishida
et al., 2001). This is because, by regulating the entry
and release of glycerol, aquaglyceroporins become
involved in the regulation of adipocyte size and, there-
fore, the total amount of fat tissue (Hara-Chikuma et al.,
2005). Hopefully, in the years to come we shall see the
practical application of these recent advances.
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