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Abstract:

Every cell is surrounded by a thin plasma membrane, protecting it from its surrounding. Specialized protein
channels and transporters are embedded in this membrane, ensuring selective transport of molecules in and
out of the cells. To maintain optimal hydration, water channels called aquaporins (AQPs) are present in every
cell of our body. Thirteen isoforms of aquaporins exist in humans of which three, AQP2, AQP5 and AQPO,
were studied in this thesis. The water passage through aquaporins needs to be very tightly regulated which
happens by two distinct post-translational mechanisms. Either, the protein can be trafficked to the plasma
membrane from storage vesicles when needed, like the case of AQP2 and AQP5. Alternatively, the channel
might open and close based on the needs of the cell, which is a preferred way of regulation for AQPO. The
need for regulation is signaled by a trigger — for example by changes in osmolarity and pH or by a hormone
binding to its receptor. This signal is then carried out by binding to other regulatory proteins and/or by post-
translational modifications, specifically phosphorylation.

In this thesis we studied the structural details of three protein-protein interactions involved in regulation of
human AQP2, AQP5 and AQPO by trafficking or gating. The binding of AQP2 to lysosomal trafficking regulator-
interacting protein 5 (LIP5) targets AQP2 to multivesicular bodies of the endosomal sorting pathway. We
quantified the effect of phosphorylation on this interaction using microscale thermophoresis (MST) and we
studied the binding interface using molecular docking, mutational studies and fluorescence quenching. Our
results reveal that LIP5 binds AQP2 in a same way as it binds the ESCRT-IIl complex of the endosomal
sorting machinery. We have identified residues important for the interaction and showed that AQP2
phosphorylation at specific sites located outside the LIP5 binding site impairs the binding to LIP5. Moreover,
we have obtained an 8A cryo-EM model of the complex in a phospholipid nanodisc, which confirms our
previous results and shows that two molecules of LIP5 bind each AQP2 tetramer. This structure and the
method used to obtain it serve as a stepping stone towards structure determination of other aquaporin
complexes.

For AQPS5, the interaction with prolactin-inducible protein (PIP) is suggested to be important for its trafficking to
the plasma membrane. We have characterized the interaction between the full-length proteins using MST and
showed that it is mediated by the distal C-terminus and that one PIP molecule binds the AQP5 tetramer. In
case of AQPO, the binding of calmodulin (CaM) upon increased intracellular calcium concentrations closes the
channel. Using MST and a liposome-based water permeability assay, we showed that binding of CaM is
inhibited by AQPO phosphorylation at two different sites but that phosphorylation of a third site allows CaM to
bind in a manner that keeps the channel open.

Our studies give new insights into the role of protein-protein interactions and phosphorylation in two distinct
AQP regulatory mechanisms, thereby significantly increasing our understanding of how cellular water
permeability can be controlled in a tissue-dependent manner.
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Popular summary

An average human cell contains around 1 billion of protein molecules of 20 000
different types. These proteins are not only the building material and the muscles
that hold our bodies upright and allows us to move, but they are also absolutely
crucial for all our bodily functions — from digestion, fighting off infections, signalling
hunger to the brain, to feeling loved.

One critical bodily function is the ability to keep hydrated. The movement of water
in and out of the cells is very tightly regulated, making sure that all the cells contain
just enough of the water they need but not too much. To ensure this, there are
specialized proteins called aquaporins which function as small channels and that
allow water to go in and out of the cells. Without these channels this would be very
difficult because the cells are wrapped by a lipid membrane, a barrier that protects
them from the outside environment and that limits the passage of water.

Three slightly different kinds of aquaporins were studied in this thesis. Aquaporin 0
which can be found in the eye lens, aquaporin 5 that is responsible for producing
tears and saliva and aquaporin 2 which reabsorbs some of the water that our kidneys
filter out from blood and therefore regulates the urine volume. However, in these
projects we did not touch the human body at all. Instead we taught (genetically
modified) bacteria and yeast to produce the particular human protein, which we then
isolated and studied in a test tube.

Aquaporins are never alone since the cell is very crowded, full of different other kinds
of proteins. This is important because when two or more proteins connect this often
changes their function. Such protein-protein interactions and small chemical protein
modifications decide the destiny of aquaporins — whether they will be open for water
or closed, whether they will be present in the cell membrane, moved inside the cell
for storage or degraded. In this thesis we measured how strong the interactions are
and how small changes in the protein structure affect the binding. We also took a
look at the overall structure of one of the protein-protein complexes with an electron
microscope.

The results presented here contribute as one piece of puzzle into the big picture of
how optimal hydration is maintained by the human body. Understanding these
detailed processes of changes in structure and therefore in function could help us
prevent or treat various conditions like the disease of reduced ability to concentrate
urine (nephrogenic diabetes insipidus), the dry eye syndrome or cataract.
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Scope of this thesis

Ahead in this thesis lie three stories of three aquaporins. I will introduce the curious
reader to proteins in general and to aquaporins in particular. Then I will summarize
the current wealth of knowledge about function and regulation of AQP2 in the
kidney, AQP5 in the lacrimal and salivary glands and AQPO in the eye lens. All of
my practical research was done iz vitro but in the background section you will
hopefully receive the big picture of these three systems. After that I will summarize
my findings from the five papers which are included at the end of this book. Even
though the five papers have clear conclusions, these three stories are still very open-
ended and the ends will be described in the Discussion chapter.

The aim of this thesis is to increase our understanding of how post-translational
modifications and protein-protein interactions affect or regulate the function of
aquaporins. This is a classic example of the structure-function relationship where the
structure determines the details of the function. My postgraduate projects were all
structure-focused and my attention was often on producing protein for
crystallization for further structural determination by X-ray crystallography. During
my time as a PhD student I have tried to crystallize various proteins, their mutants
and I even tried to co-crystallize some of the proteins in complexes. Sometimes, I
succeeded and obtained crystals but those were never good enough to produce
diffraction that would help us obtain any new knowledge about the protein’s
structure. And as it often is in structural biology of membrane proteins, what was
originally a side project became therefore my main project. I am grateful for that
because apart from learning to accept failure, it also allowed me to learn a large
variety of different techniques used for studying proteins, as you can read in the
Methodology section. I do not want to spoil your reading experience but we did at
the very end of my time as a PhD student shed some light on the structure of one of
the complexes. But more on that later.
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Proteins

Let us have a look at the composition of an average cell of human body. It is a well-
known fact that water comprises two thirds of the mass of this cell and forms
therefore the main component. In second place we will find proteins, responsible for
20 % of the mass. This is why proteins are often referred to as the “building material”
of human body. But apart from creating the structures and shapes of our bodies,
proteins have many other functions fundamental for life. Among proteins we can
find hormones and other signalling molecules, receptors, the DNA replication
apparatus, enzymes of the digestive system and molecules transporting other
molecules to place where they are needed.

The word protein was for the first time used in a correspondence of a Swedish
scientist Jéns Jacob Berzelius on the turn of the 19" century, deriving it from the
Greek word proteios, meaning primary. He described proteins as “la substance
primitive ou principale de la nutrition animale que les plantes préparent pour les
herbivores et que ceux-ci fournissent ensuite aux carnassiers™- A primitive or principal
substance of the animal nutrition which plants produce for the herbivores and which
these then supply to carnivores [1].

Composed of amino acids bound in a linear strand, these strands often fold or bundle
up to create the final but still somewhat flexible conformation. The three-
dimensional structure is an absolutely critical property of each protein as it
determines the function of the protein which is often carried out or regulated by
interactions with other molecules. This structure-function relationship is what we
have studied in this thesis, focusing on a particular type of proteins called aquaporins.
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Water transport across the cell
membrane

Each cell of our body is surrounded by a thin barrier composed of lipids and proteins,
called the plasma membrane. This membrane protects the cell from the conditions
and the substances outside of the cell. It selectively allows certain molecules to pass
in an out of the cell according to the specific needs which are communicated by
signalling proteins. Some molecules and gasses can cross the membrane by a simple
diffusion in the lipid component [2]. Most molecules cannot cross the membrane
directly and cells have therefore developed specialized protein channels and
transporters. These are embedded in the phospholipid bilayer and either actively or
passively transport molecules between the cytoplasm and the extracellular space or
between the cytoplasm and the inside of various organelles. Membrane proteins are
some of the most important drug targets for treatment of diseases, however they are
notoriously difficult to study.

As I mentioned in the previous chapter water is the main component of our cells. It
serves as a solvent for salts, some proteins, polysaccharides and DNA and the polar
property of water is what drives protein folding and cell membrane formation in the
first place. The amount of water on the cellular and organism level needs to be tightly
and rapidly regulated to ensure appropriate salt concentrations and ionic gradients
for energy generation. The specialized channels that allow water to pass across the
cell membrane are called aquaporins.

Aquaporins

Present in all kingdoms of life, in every cell of human body, aquaporins (AQDPs) are
ubiquitous to life. They are passive transporters, letting water pass along the osmotic
gradient — from the compartment of diluted electrolytes to the compartment with
higher electrolyte concentration in order to maintain the integrity of the cell.
Depending on the tissue and the type of membrane we can distinguish 13 isoforms
of aquaporins in human. Interestingly, some aquaporins are also able to transport
other small solutes while others are strictly water-specific. Those that transport only
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water (orthodox aquaporins) are AQPO, AQP1, AQP2, AQP4 and AQP5 and the
specificity is determined by the morphology of the pore itself. Aquaglyceroporins, a
second type of aquaporins, can transport glycerol but often also urea and ammonia.
AQP3 and AQP6-AQP10 belong to this group. Two aquaporins (AQP11, AQP12)
of the human set are located solely subcellularly, in the membranes between the
cytoplasm and various organelles. The permeability of these so called
superaquaporins is not yet well established [3].

Aquaporins are involved whenever secretion is needed, participating in production
of urine, sweat, saliva, tears and hydration of skin. Dysfunctional aquaporins have
been linked to various diseases such as brain oedema, epilepsy, cancer and obesity
either by mutations in the protein or by development of antibodies against a specific
aquaporin [4].

Structural features

It has now been 20 years since the first structure of an aquaporin at atomic resolution
was published, the one of AQP1 purified from red blood cells [5]. Since this
breakthrough, the RCSB Protein Databank has registered more than 50 structures
of aquaporins from many different organisms and new structures are being added
every year. The similarities among these models are striking. Every aquaporin
assembles as a homotetramer where each water pore functions individually (Figure
1). The pore is created by six transmembrane helices and a seventh pseudo-
transmembrane helix created by two loops dipping into the membrane from opposite
sides. An aquaporin monomer is typically 27-30 kDa in size.

Figure 1. The common structure of aquaporins shown by the crystal structure of human AQP5 (PDB code 3D9S).
A. View from the cytoplasmic side, revealing the homotetrameric arrangement with four pores containing single
files of water molecules (red spheres). B. Side view with the frontmost monomer colored in darker blue. The
conserved C-terminal helix is highlighted in purple.
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The amino acid residues lining the inside of the pore determine the specificity of the
channel. In water-specific AQPs, the pore is just narrow enough for a single file of
water molecules to gueue their way through (Figure 1B). Two copies of the signature
motif NPA (asparagine, proline, alanine) constrains the orientation of passing water
molecules, creating an electrostatic barrier for proton (and other cation) exclusion.
The narrowest part of the channel is the ar/R selectivity filter (aromatic residue,
arginine) located near the extracellular end which acts as a constriction region,
preventing the passage of larger molecules but also contributing to proton exclusion
[6]. This region is typically slightly wider in aquaglyceroporins to allow for transport
of larger solutes [7].

Both the N- and C-termini are always located in the cytoplasm, however their length
and amino acid composition differ greatly between the isoforms. While not being
part of the channel itself, the termini serve an important role in the regulation of
water transport through the channel and it is generally on the termini that regulatory
proteins bind [8]. Post-translational modifications such as phosphorylation and
ubiquitination of the residues of the termini (and sometimes also of the cytoplasmic
loops) are also important for regulation and often alter the affinity for binding of
these regulatory proteins [9].

In mammalian AQPs, the proximal part of the C-terminus often assumes a secondary
structure of a short alpha-helix (Figure 1B). In AQP2 this helix assumes an unusual
flexibility in its relative orientation within the tetramer. This is caused by two
consecutive prolines (Pro 225 and 226) which function as a hinge [10]. The C-
terminal helix is a known binding site for interacting regulatory proteins in AQP2
and AQPO [8], which will be described in great detail further on in this thesis.

Aquaporin regulation

To ensure a tight control over the inner environment of every cell, the amount of
water passing in or out needs to be regulated. Three distinct mechanisms of
regulation exist, the slowest of which is the regulation of the transcription and
translation of the gene coding for the protein. For rapid control, eukaryotic
organisms have developed post-translational means of regulation on the single
molecule level — either the channel can open and close (gating) or the protein can be
shuffled between the plasma membrane and storage vesicles (trafficking) [7] (Figure
2).
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Figure 2. Post-translational regulation of the water permeability of aquaporins happens by two distinct
mechanisms. A. Trafficking between the storage vesicles and the plasma membrane; B. Opening and closing the
pore by gating.

Gating

The opening or closure of the aquaporin water channel happens upon a trigger, often
mediated by a post-translational modification. This regulatory mechanism is very
common in plant aquaporins because plants need to quickly react to fluctuations of
water supply during the times of draught or flooding. Here the gating happens
through an intracellular loop D which changes conformation to effectively occlude
the pore [11]. Some human aquaporins have also been suggested to be gated,
although here the mechanism is less common.

The most studied gated human aquaporin is AQPO, abundant in the eye lens, where
it maintains lens transparency and facilitates microcirculation [12]. The gating of
AQPO is dependent on intracellular Ca** concentrations and binding of the
regulatory protein calmodulin, where the binding of calmodulin in the Ca**-bound
form causes AQPO closure [13]. This is further regulated by phosphorylation of
AQPO C-terminus [14]. Gating of the water pore has been also suggested for AQP4
[15], AQP5 [16,17] and AQP10 [18].

Trafficking

Another way of regulating the amount of water passing through the membrane is by
affecting the abundance of aquaporin molecules present. Shuttling the protein
between the plasma membrane and the storage vesicles is a neat mechanism, though

20



regulated by a number of stimuli [19]. The most common triggers are hormones
(vasopressin, adrenalin, histamine), other small molecules (acetylcholine, glutamate)
and hyper- or hypotonicity [19]. The triggers are then effected by binding of
regulatory proteins which in turn initiates the trafficking of the aquaporins to their
destination [8]. For example, the endo- or exocytosis of the aquaporin-containing
vesicles is guided by interaction with microtubules [20]. The binding of regulatory
proteins is itself often regulated by post-translational modifications, specifically by

phosphorylation [9].

Aquaporins studied in this thesis

In this thesis I have studied three isoforms of human aquaporins, all of them
orthodox aquaporins, and how they interact with and are regulated by three
respective interaction partners. AQPO, AQP2 and AQP5 share between 53 % and
66 % sequence identity between each other. However, the C-terminus where all of
the regulatory proteins bind is on average 13 % less identical [21]. The uniqueness
of the C-termini contributes to the specificity of the binding and to the underlying
regulatory mechanism.

As mentioned above, the water transport through AQPO is regulated by gating,
which happens upon binding of calmodulin. Both AQP2 and AQP5 are regulated
by trafficking where AQP2 responds strongly to vasopressin as a trigger. The
trafficking of AQP2 is determined by a phosphorylation code, each of the four known
phosphorylation sites deciding the sub-cellular localization of the protein. AQP5
trafficking responds to extracellular hypotonicity, the activity of protein kinase A and
phosphorylation [22].
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Story 1: Water reabsorption in the
kidney collecting duct

In the previous chapter I have introduced aquaporins as channels crucial for
transport of water in and out of the cell. This and the next two chapters will bring
the protein into a living context of three systems in the human body. We will dive
into the urinary system to see how aquaporins help us regulate the urine volume. We
will unravel how aquaporins take care of tear and saliva production. Later, we will
study the visual system and how aquaporins maintain the water balance in the eye.

In the kidneys eight of the thirteen human aquaporin isoforms were found to be
expressed. AQP1, AQP4, AQP7 and AQP11 were identified in the proximal part of
the tubules while in the collecting duct AQP2, AQP3, AQP4 and AQPG are present
[23]. In the glomerulus blood is filtered with a filtration rate of more than 100
ml/min. This primary urine needs to be concentrated and water reabsorbed, which
to a large constitutive extent happens in the proximal tubule. The collecting duct is
responsible for hormone-regulated reabsorption and here the final volume of urine
is determined [24].

In the principal cells lining the collecting duct, AQP2 mediates the flux of water
from the duct into the cell through the apical membrane, while AQP3 and AQP4
allow the water to leave the cell through the basolateral membrane [25] (Figure 3).
Certain single amino acid mutations in AQP2 are known to lead to nephrogenic
diabetes insipidus (NDI), a genetic disorder characterized by large urine volumes and
dehydration. This is often caused by misfolding of the mutated protein, its inability
to oligomerize or interference with the trafficking regulation mechanism [26]. NDI
can also be acquired, a condition that is characterized by decreased AQP2 expression
levels. This can be a side effect of drug treatments and is seen as part of various
conditions like nocturnal enuresis and acute or chronic renal failure [25]. It is
therefore important to unravel the cellular and molecular details of how AQP2 is
regulated in order to design appropriate treatments.
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AQP2 responds to hydration levels

When the osmolarity of the extracellular fluid of the body is too high (dehydration)
the hormone vasopressin is released from the pituitary gland. Vasopressin reaches the
kidneys quickly through the blood stream and binds to the vasopressin V.- receptor
in the basolateral membrane of principal cells. This triggers an intracellular signalling
cascade resulting in increased concentration of cyclic adenosine-3’,5-cyclic
monophosphate (cAMP), leading to activation of protein kinase A (PKA). Activated
PKA reaches the AQP2 in storage vesicles and phosphorylates serine 256. This is a
key event for the AQP2 translocation to the apical membrane, therefore increasing
the apical membrane water permeability and allowing rapid urine concentration to
happen [25,27] (Figure 3). As a result, the optimal osmolarity of the interstitial fluid
in the body is maintained.

Vv
storage vesicle recef)tor vasopressin
P — protein ATP
AQP2 kinase A adenylyl
cyclase
p <«— cAMP
AQP3 =
: =%
kidney AQP4 interstitial
collecting fluid

duct

Figure 3. Schematic representation of the vasopressin-dependent exocytosis of AQP2 in a principal cell of the
kidney collecting duct. Upon binding of vasopressin to the V2-receptor at the basolateral membrane the increase in
cAMP concentration results in activation of protein kinase A. This enzyme phosphorylates AQP2 which causes its
translocation to the apical membrane. Water can then enter the cell from the kidney collecting duct and leave the
cell through AQP3 and AQP4 on the basolateral membrane.

The optimal hydration level has been restored and the level of vasopressin drops.
The removal of vasopressin from its receptor (or the activation of protein kinase C)
results in ubiquitination of AQP2 on lysine 270. AQP2 is then internalized and
targeted for further sorting by the endosomal sorting system. The water uptake from
urine has decreased and AQP2 may be degraded in lysosome, excreted into the urine
in form of exosomes or deubiquitinated and stored in vesicles for another round of
vasopressin stimulation [28].
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Phosphorylation controls the sub-cellular localization of

AQP2

Phosphorylation is one of the most common protein regulation mechanisms. This
reversible post-translational modification can induce a variety of effects such as
changing the protein conformation or promote/inhibit protein-protein interactions.
The addition of a phosphoryl group onto a serine, threonine or tyrosine is performed
by a group of enzymes called kinases. Contrarily, phosphatases are responsible for
selectively removing the phosphoryl groups. These enzymes often need to be
activated in order to gain enzymatic activity which presents an additional layer of
complexity in protein function regulation [9].

For AQP2, phosphorylation plays a major role in regulation of urine volume by
affecting the preferred sub-cellar localization of the protein. Four phosphorylation
sites were identified 77z vivo in human AQP2: S256, S261, S264 and T269, all of
them located on the distal C-terminus [29,30]. Phosphorylation or
dephosphorylation of these residues affects the affinity of AQP2 to its interaction
partners, which in turn alters the protein’s sub-cellular localization. A fine interplay
between phosphorylation and dephosphorylation is the key for effective regulation
[9]. As described in the previous subchapter, phosphorylation of S256 is necessary
for exocytosis of AQP2 [29]. Once in the apical membrane, further phosphorylation
on T269 stabilizes the protein and increases AQP2 retention time [31] (Figure 4A).
S261 is mainly phosphorylated when AQP2 is stored in intracellular vesicles and
dephosphorylation of this residue coincides with vasopressin stimulation [32].
Phosphorylation of S264 was detected in plasma membrane and early endosomes
but not in lysosomes. This phosphorylation therefore presumably protects AQP2
from being targeted for lysosomal degradation and has been suggested to be involved
in secretion of AQP2 in exosomes [33] (Figure 4B).
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Figure 4. Schematic representation of the different subcellular localizations of AQP2 in different phosphorylation
states. A. during exocytosis; B. during endocytosis. Figure adapted from [9].
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Aquaporin sorting to multivesicular bodies

When AQP2 is no longer needed in the apical membrane it is ubiquitinated on lysine
270 [28] by E3 ligases [34]. This is a signal for its endocytosis (Figure 4B). AQP2
can then be deubiquitinated, phosphorylated at S261 and stored until needed again.
Upon prolonged ubiquitination the protein will be targeted to multivesicular bodies
(MVBs) by the endosomal sorting machinery (Figure 5). MVB is a late endosome
containing many small inner vesicles which are created by inwards budding of the
endosomal membrane. These inner vesicles contain membrane proteins which the
cell no longer needs or which are misfolded. This way AQP2 (or other cargo
proteins) can by degraded by fusion of the MVB with lysosome, alternatively the
inner vesicles can be released outside of the cell as exosomes when the MVB fuses
with the plasma membrane [28].
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Figure 5. Overview of the endosomal sorting machinery. Ubiquitinated membrane proteins are recognized by
ESCRT-I and ESCRT-II after which the concerted actions of ESCRT-III, Vps4 and LIP5 result in their insertion into
inner vesicles of multivesicular bodies. Figure reproduced from [35].

The formation of the inner vesicles and therefore of the MVBs is governed by the
sequential binding of four highly conserved complexes called Endosomal Sorting
Complexes Required for Transport (ESCRT). These recognize ubiquitinated
membrane proteins and cause membrane bending and budding. In the final step the
transient ESCRT-III complex forms a membrane bound fibre, assisting the protein
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deubiquitinating and membrane scission. The ESCRT-III complex is disassembled
and the membrane vesicle formation finished when the Vps4 ATPase double
hexameric ring binds to it [36]. However, this will only happen if Vps4 is activated
by binding a soluble Lysosomal Trafficking Regulator-Interacting Protein 5 (LIP5)
(37].

LIPS coordinates the inner vesicle formation

Apart from being the activator of the Vps4, LIP5 was found to bind to different parts
of the ESCRT-III heteropolymer fibres [38-40] as well as to AQP2 [41]. This
suggests that LIP5 plays a role in coordinating the function of these three
components (Figure 5).

LIP5 is a 34 kDa protein with two distinct domains which are separated by a long
flexible linker [40]. The N-terminal domain consists of 6 helices organized into two
bundles (Figure 6A) where each bundle comprises one microtubule-interacting and
trafficking (MIT) domain. Here the ESCRT-III components can bind through their
MIT-interacting motifs (MIMs) [40]. The C-terminal domain of LIP5 forms a
helical hairpin which upon dimerization binds Vps4 [37] (Figure 6B).
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Figure 6. A. Structure of LIP5 N-terminal domain (PDB code 4TXQ) consisting of two bundles of three helices
making up the two MIT domains; B. Structure of dimerized C-terminal domain of LIP5 yeast homologue Vta1 (PDB
code 2RKL).

The AQP2-LIPS5 interaction was first described by van Balkom et al [41] where LIP5
was found to interact with the C-terminus of AQP2, used as a bait in a yeast two
hybrid assay. This was also the first time that LIP5 was reported to bind directly to
the membrane protein cargo. This might be a general mechanism as LIP5 was also
found to bind an EGF receptor [41]. The region between residues 230 and 243 of
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AQP2 was suggested to be the binding site [41]. Interestingly, the sequence contains
a MIM motf LXXRLXXL(K/R), also present on different proteins from the
ESCRT-III complex [42]. We hypothesised that it is this motif that binds to the
MIT motif on LIP5 and we have tested this in Paper II using site-specific
mutagenesis.

As described earlier the specific phosphorylation code affects the cellular localization
of AQP2 by altering the affinities towards interacting partners involved in
trafficking. Understanding the nitty gritty details of these processes help us form a
complete picture of how the hydration of our bodies is maintained by the kidneys.
The effect of the AQP2 phosphorylation on the binding affinity for LIP5 was studied
in Paper 1. Moreover, the binding interface of the AQP2-LIP5 interaction was the
subject of our investigation in Paper II. Finally, in Paper III our cryo-EM structure
of the AQP2-LIP5 complex provides insights into the binding mode.
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Story 2: Water secretion by lacrimal
and salivary glands

Tears, saliva, sweat and pulmonary fluid are all secreted through AQP5 [43], which
is present at the luminal membrane of cells lining the secretory glands. These
secretions are crucial in order to prevent infection of mucous surfaces and to facilitate
the proper function of vision, swallowing, digestion and breathing.

Similarly to AQP2, also the AQPS5 function is also tightly regulated by trafficking.
Both the shuttling of the protein between the apical membrane and the intracellular
vesicles and the transcription rate are regulated on many levels, for example by
intracellular ;AAMP concentrations, protein kinase A (PKA) activity, phosphorylation
of Ser 156 and hypotonic conditions [22]. Contrarily from AQP2, AQP5 trafficking
is currently far less understood. A few suggestions of AQP5 gating exist but this
mechanism of regulation has not been conclusively proven for this isoform [16,17].

Sjogren’s syndrome

The abnormal distribution of AQP5 in the secretory glands leads to dryness of
mucous surfaces and a condition called Sjogren’s syndrome (SS). AQP5 was found
to be present primarily in the basal membranes of salivary glands [44] and in the
cytoplasm of lacrimal glands [45] of SS patients, compared to its apical membrane
presence in healthy volunteers and patients with non-SS dry eye disorders.
Autoantibodies against the M3 muscarinic receptor were shown to decrease
trafficking of GFP-fused AQP5 in human salivary gland cells. These antibodies are
present in the plasma of SS patients [46]. Some studies suggest that even AQP4 [47]
and AQP1 [48] trafficking might be dysregulated in SS.

The characteristic symptoms of SS are dry mouth and dry eyes, causing problems in
everyday life. Most patients are post-menopausal women but other than the
hormonal influence the SS development seems to be also genetically conditioned
[49]. The disease is characterized by autoimmune lymphocyte infiltration of the
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lacrimal and salivary glands and recently the presence of anti-AQP5 antibodies was
discovered which is a promising potential biomarker for SS [50].

PIP ensures correct regulation of AQP5

Prolactin-inducible protein (PIP) was identified as an interaction partner for AQP5
with implications for SS [51]. In this study, a peptide corresponding to AQP5 C-
terminus was immobilized on a column and mouse lacrimal gland homogenate was
passed through. PIP was found to bind to AQP5 in samples from healthy mice but
not from mice models for SS. Immunohistochemistry with anti-AQP5 and anti-PIP
antibodies confirmed similar cellular localization of both proteins at the apical
membrane of lacrimal gland cells of healthy mice. A treatment with antisense PIP
oligonucleotides in order to decrease the PIP expression resulted in altered AQP5
cellular distribution. The authors therefore concluded that the binding of PIP is
needed for correct trafficking of AQP5 [51]. To the best of my knowledge there are
no other published studies investigating this interaction.

The absence of PIP seems to be one of the hallmarks of SS. In SS rabbit models PIP
was found to be downregulated in the tears, compared to healthy rabbits [52]. The
same trend was also observed in human saliva and the PIP mRNA was lowered in
salivary glands of SS patients pointing towards decreased PIP production during the
condition [53].

PIP is a small protein which was discovered independently in many different tissues
and it was therefore given several names. As prolactin-inducible protein it was first
discovered in human breast cancer cells upon prolactin stimulation [54]. As gross
cystic disease fluid protein 15 (GCDFP-15) it was isolated from the breast cyst fluid
[55] and from human seminal plasma it was described as secretory actin-binding
protein (SABS) [56]. In saliva it was named extra-parotid glycoprotein (EP-GP) [57].
After discovering this CD4-binding protein in human seminal plasma and naming
it glycoprotein gpl7, the researchers has realized that all of these were in fact the
same protein [58].

The function of PIP is extremely wide. It is for example involved in viral infection
and tumour progression, in seminal plasma it has a role in fertilization and in saliva
it modulates bacterial colonization of the enamel surface [59]. Structurally, PIP
consists of a sandwich arrangement of two B-sheets made of seven 3-strands (Figure
7). A glycosylation site is present on Asn 77, glycosylation of which seems to be
important for protein stability since in the PIP crystal structure the glycan was
involved in hydrogen bonds toward two neighbouring loops [60] (Figure 7). PIP is
a secreted protein and the sequence therefore contains a secretion signal sequence
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which is cleaved off during protein maturation. The mature unglycosylated protein
has a predicted size of 13.5 kDa. Thanks to a different glycosylation content varying
protein sizes are reported in PIP from different tissues or secretions [56,58,61].

Figure 7. Structure of PIP (PDB code 3ES6) consisting of two B-sheets created by seven B-strands. In the crystal
structure asparagine 77 is glycosylated by four glycan residues (green), connecting the three neighbouring loops
by hydrogen bonds.

It is fascinating that PIP was found to bind such a large number of targets. Apart
from AQP5 the interactome also contains CD4 receptor [62], actin [56], human
serum albumin [63], immunoglobulin G [64], zinc-a-glycoprotein [65] and many
more. In Paper IV we have characterized the binding between AQP5 and PIP iz
vitro, providing the first details into the AQP5-PIP complexation. Such knowledge
could help understand the role of PIP in AQPS5 trafficking and development of SS.
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Story 3: Water balance in the eye lens

AQPO maintains lens transparency

For a proper function of the eye the individual ocular components need to be
hydrated. Moreover, the intraocular pressure and the lens transparency need to be
maintained. The movement of water in the eye also promotes effective removal of
metabolic products and rapid changes in water content in various parts of the eye
facilitate the pupil constriction and dilatation. Aquaporins play an important role in
this and are also responsible for tear secretion. Five human aquaporins are known to
maintain the healthy ocular function — AQP0, AQP1, AQP3, AQP4 and AQP5
[12].

In this chapter I will focus solely on AQPO and its role in the eye. In lens fibre cells
AQPO is the main protein component of the plasma membrane [66], ensuring lens
transparency. Humans with mutant AQPO develop hereditary cataract [67]. Here,
AQPO does not have its main function as a water channel but rather as an adhesive
protein, creating thin junctions between two adjacent cells by two AQPO tetramers
interacting with each other. This way AQPO controls the spacing between the fibre
cells even as the lens changes its shape during focusing, making sure that the spacing
is smaller than the wavelength of visible light and therefore the lens appears
transparent. Creation of the arrays of AQPO pairs is promoted by a proteolytic
cleavage of the C-terminus during eye maturation [68]. This ability of AQPO to form
arrays was exploited for molecular structure determination using 2D crystals in
electron crystallography [69].

Calmodulin regulates AQPO gating

The permeability of AQPO is tightly regulated to ensure optimal hydration of the
lens. Three distinct mechanisms of regulation exist. As described above, C-terminal
cleavage leads to formation of junctions as well as pore closure through the shift of
the loop A, which also mediates the contact within the junction [70]. For intact full-
length AQPO the water permeability is dynamically regulated by two additional
mechanisms. The change in pH has an effect on the permeability of AQPO in
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Xenopus oocytes where lowering the pH causes increase in the permeability. This
effect is likely governed by the His 40, which is unique for AQPO [71]. Additionally
the binding of a small regulatory protein calmodulin (CaM) upon presence of high
intracellular Ca** concentrations closes the pore [13].

Calmodulin is a 16.8 kDa Ca*-sensing protein which upon binding of four
molecules of calcium changes its conformation and binds to an enormously diverse
variety of other proteins. It consists of two bundles of three short helices, each
containing a pair of EF-hands (Figure 8A). These two bundles are connected by
another longer and flexible helix. Through this binding CaM translates the
intracellular Ca* levels onto many regulatory signalling pathways [72].

On AQPO the CaM-binding site was found to be the short C-terminal helix [73]
and CaM was suggested to bind two copies of these helices from the neighbouring
monomers. This binding mode is often described as non-canonical as CaM typically
binds only one a-helix [74]. The resulting stoichiometry of two molecules of CaM
binding one AQPO tetramer was further endorsed by a pseudo-atomic negative stain
EM model of the complex [75] (Figure 8B). This model, with the help of molecular
dynamics simulations, suggests that the binding of CaM does not occlude the pore,
instead the complexation allosterically stabilizes AQPO in a closed conformation at
a second constriction site (CSII) located near the cytoplasmic end of the pore. It is
mainly Tyr 149 that is believed to flip to narrow the pore width down to 1.5 A which
would occlude the channel [76].

Figure 8. A. Structure of calmodulin (CaM) in the calcium bound form (PDB code 1CLL). Four EF-hands bind four
atoms of calcium (green spheres); B. Structural model of the AQP0-CaM complex (PDB code 3J41). Two
molecules of CaM bind to each AQPO tetramer, with each CaM binding two helices from neighbouring AQPO
monomers.
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Phosphorylation of AQPO

The addition of phosphoryl group onto the C-terminus of AQPO plays a role in the
gating by affecting the binding affinity towards CaM. There are three
phosphorylation sites present in AQPO: Ser 229, Ser 231 and Ser 235 [9], all part of
the conserved cytoplasmic helix. When either $231, S235 or both were
phosphorylated, the binding of CaM was severely impaired, this was however only
tested with short peptides corresponding to the AQPO C-terminus [77]. In Xenopus
oocytes, the water permeability of the phosphomimicking mutant S235D still
retained its calcium sensitivity, suggesting that AQPO phosphorylated at 235 might
still be able to bind CaM. Both S229D and S231D lost its calcium sensitivity and
the water permeability was increased [14]. Interestingly, phosphorylation of the
§235 by protein kinase C also affects AQPO sub-cellular localization and seems to be
crucial for translocation of the protein to plasma membrane after synthesis [78].

In Paper V we have investigated the effect of phosphomimicking AQP2 mutations
on the binding affinity to CaM using purified full-length proteins. Moreover, we
have examined the calcium and CaM effect on the water transport capabilities of
these mutants in proteoliposomes.
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Methodology

From gene of interest to a protein sample

Cloning and mutagenesis

In the 19" century proteins were very difficult to obtain in the large quantities
needed for biochemical studies and therefore only proteins naturally abundant (like
insulin obtained from slaughterhouses and albumin from egg white) were being
characterized. Revolution came with the development of homologous recombination
and gene transfer which required us to first understand our genetic code and to learn
how DNA can be manipulated. Nowadays, these technologies allow us to study even
very weakly abundant proteins.

The standard cloning strategy which we use in our laboratory includes the
amplification of gene of interest (GOI) during PCR using specifically designed set
of primers. The use of restriction enzymes allows us to create compatible ends by
which a piece of DNA can be connected to another using a ligase. By copying and
pasting sequences new constructs are created. The choice of vector into which a GOI
is pasted depends on the selected expression host, selected promotor for induction
of expression and desired tags.

In Papers I, Il and V we studied the effect of single amino acid mutations on various
properties of the proteins. To generate site-directed mutations in the sequence of
DNA we used the megaprimer approach where a megaprimer is first generated in
PCR using one universal primer and one primer introducing the mutation. This
megaprimer was then used for a second round of PCR to amplify the entire plasmid
[79]. Using this method, the use of ligase can be avoided and the whole process of
generating mutations is faster and more straight-forward.

Recombinant protein expression

A gene of interest cloned into a suitable vector is transformed into the host cell.
Either bacteria, yeast or insect cells may be suitable for protein overexpression and
isolation, depending on the particular protein of interest. For the expression of
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mammalian membrane proteins eukaryotic organism are used with great advantage
thanks to the more elaborate folding machinery and the ability to perform post-
translational modifications [80].

In our laboratory, aquaporins have been successfully expressed in the yeast Pichia
pastoris [81] with high enough yields to allow the structural determination of AQP2
[10], AQP5 [82] and spinach aquaporin SoPIP2;1(83]. Pichia pastoris is a
methylotrophic yeast which means it can survive on methanol as a sole carbon
source. This quality is successfully coupled with using the alcohol oxidase 1 (AOX1)
promotor which is heavily induced in the presence of methanol, driving the
recombinant protein expression. Moreover P. pastoris can be grown to very large
densities, compared to another commonly used yeast S. cerevisiae, which increases
the chance of high protein yields [84].

In practice, a pPICZ vector containing the sequence for an aquaporin is transformed
into the P. pastoris strain x-33 by electroporation. The transformed clones are grown
on Zeocin-selective plates where the higher the Zeocin resistance the more copies of
the plasmid were incorporated and therefore higher protein expression levels are to
be expected.

Small-scale expression screening using buffered complex media and methanol
induction were used to check the expression levels of highly zeocin-resistant clones.
The top expressing clone for each construct was then grown at a large scale in a 3L
fermenter under tightly controlled conditions. Each batch of fermentation yielded
400-600 g of cells. We have used Pichia pastoris for expression of PIP as well,
however, here the protein was secreted into the media thanks to the o-secretion
signal present on the plasmid.

For the soluble protein LIP5 and its various constructs E. coli expression system was

used under the control of lac operon. The protein was expressed for 4 hours at 30
°C in the standard LB-media.

Solubilization and purification

In order to be able to study a protein iz vitro using the methods described in further
subchapters, the protein of interest needs to be isolated from all the other thousands
of proteins expressed by the host at the same time.

For purification of a membrane protein the membrane fraction of a cell needs to be
isolated first. Various methods of cell lysis exist, in our laboratory we used the bead-
beater to grind the cells with glass beads. Differential centrifugation separates the cell
debris from the membranes which are then spun at higher speeds. Membranes can

35



then be washed with urea to remove weakly bound and interacting proteins,
increasing the chance of successful purification.

After membrane isolation the membrane protein needs to be solubilized with the
help of a suitable detergent in order to cover the hydrophobic parts of protein which
are otherwise buried in the phospholipid membrane (Figure 9). The concentration
of the detergent has to be above the critical micellar concentration (CMC) for the
micelles to start forming and for the protein to be solubilized out of the membrane.
Typically, a large excess of the detergent is added to maximize the solubilization
efficiency, this however results in a formation of empty micelles (Figure 9C and D).
The choice of detergent depends greatly on the planned downstream application and

is a trade-off between chemical properties, stability, yield and size of micelle.
C
o272

Figure 9. Solubilization of membrane proteins with detergent. A. An intergral membrane protein (orange),
embedded into the cellular phospholipid bilayer (blue); B. Upon addition of detergent (green) at concentrations
above the CMC, the detergent strips the protein off the membrane and covers the hydrophobic parts of it.
Inevitably, empty detergent micelles (C.) and mixed phospholipid-detergent micelles (D.) also form.

D

The purification of soluble proteins is significantly simplified by the fact that no
membrane preparation nor solubilization is necessary. These proteins can be purified
directly from the supernatant of cell lysate.

Genetic engineering allows the addition of pieces of DNA to the construct which
when translated results in tags commonly used for simplified protein detection and
purification. In our case both AQP2 and LIP5 carried a poly-histidine tag (His-tag),
though AQP2 had an uncleavable His-tag on the N-terminus while LIP5 construct
contained the His-tag on the C-terminus, preceded by a tobacco etch virus (TEV)
protease cleavage site and a spacer. We could therefore simply purify the proteins
using affinity chromatography in a nickel column.

Size exclusion chromatography (SEC) serves as a purification step but also as a check
for sample quality and homogeneity. Any significant protein aggregation will be
detected during the run. When comparing batches, the same protein should always
elute at the same retention volume and the elution peak should ideally be
symmetrical and monodisperse.
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Sample characterization

Mass spectrometry

The analysis of a mass spectrum of sample is a powerful method of answering the
question: What protein are we dealing with? Typically, but not always, a protein
sample (either a liquid sample or an excised piece of an SDS-PAGE gel) is digested
with a protease like trypsin or chymotrypsin. The peptides are then ionized and the
mass to charge ratio (m/z) based on the time-of-flight is measured. In tandem mass
spectrometry (MS/MS) each detected peptide could be further isolated and
fragmented. The resulting m/z of the individual amino-acids reveals the sequence of
the peptide including possible post-translational modifications.

In my work I have used mass spectrometry to confirm the identity of the proteins of
interest and to study what kind of contaminants there are in my sample (know your
enemy approach). In Paper I we have used the method to study post-translational
modifications, specifically to determine whether human AQP2 gets phosphorylated
when expressed by P. pastoris. Human AQPO is known to lose its C-terminus when
maturating in the human eye lens [69]. We have used mass spectrometry in Paper V
to verify that our recombinantly expressed AQPO still contains the C-terminus which
is the binding site for CaM. This was done on an undigested sample using the linear
mode MALDI to detect the entire mass of the intact protein.

Phosphorylation detection

When studying the effect of phosphorylation on some other properties of the protein
it is crucial to know the phosphorylation status of the protein. Apart from the already
mentioned mass spectrometry, another way to detect phosphorylation is using
phosphate monoester-detecting Phos-tag BTL-111 coupled with biotin, which is
then detected by streptavidin-HRP during western blot [85]. We used this method
in Paper I when we studied the effect of phosphorylation of AQP2 C-terminus on
the interaction with LIP5. Specific phosphomimicking mutants of AQP2 were
produced and residual phosphorylation was removed by treatment with alkaline
phosphatase. We then used this Phos-tag to verify that the treatment was successful.
In Paper V we used this method to verify that AQPO is not phosphorylated when
expressed in P. pastoris.
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Circular dichroism

A standard way of assessing the secondary structure, the folding and the stability of
proteins is circular dichroism (CD). This method utilizes the fact that proteins are
very chiral molecules. The difference in absorbance between left and right circularly
polarized light is referred to as ellipticity 8. The absorbance in the far UV region
(190-240 nm) corresponds to the peptide bond which acts as chromophore when
ordered into a secondary structure. Each secondary structure (alpha helix, beta sheet,
random coil and even some less common structures) has its signature CD spectrum.
The spectrum of a sample is then an average of all secondary structures present in
the sample. Deconvolution of this spectrum is still very challenging but for purified
proteins CD allows an estimation of a secondary structure content.

In order to study a thermal stability of a protein the sample is slowly heated and
corresponding CD spectra are recorded. As the sample melts the protein is unfolding
and therefore losing the light absorbing properties of the peptide bond in the
secondary structure. The ellipticity at a specific wavelength in dependence on the
temperature allows a construction of a melting curve and calculation of melting
temperature. This way the effect of various buffer components, ligands and point
mutations on the protein stability can be studied as we did in Paper 1 with
phosphomimicking constructs of AQP2.

Assaying protein binding

Molecular recognition governs all biological processes in the cell. Complexes of two
or more molecules are held together by hydrogen bonding, van der Waals,
hydrophobic and ionic interactions. These interactions are rather weak and a mixture
of interacting proteins is therefore at an equilibrium of unbound and bound states

(86].

Two parameters describe molecular recognition: affinity and specificity. High
affinity binding is often achieved by increased hydrophobic interactions between the
proteins and this determines the stability of the complex. Specificity of the binding
is critical for the function of the complexation and will depend on formation of
hydrogen bonds. It refers to a relative strength of binding if comparing several
interaction partners, where one protein would bind to a specific partner but not bind
to others [87]. Although two proteins can have the same affinity for a third protein,
the specificity might differ.
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The affinity of a protein-protein interaction is characterized by the dissociation
constant Kp. The dissociation constant is the equilibrium constant for the reaction
between protein A and protein B:

A-B= A+B
Kb is then defined:

_ [Al[B]
=5

Kb is in its magnitude equal to [A] at which half of protein B is bound to protein A
and half is unbound (fractional saturation is 0.5). Although the constant is a
dimensionless number, because of this fact it is often considered as if it has molar
units of concentration.

Binding assays probe the binding affinity by measuring the amount of protein A
bound to the protein B at various concentrations of protein A. This measurement
allows construction of a binding isotherm which is often shown in its logarithmic
form (Figure 10). When saturation of the protein B with protein A is possible it is a
sign of a well-defined specific binding site [86]. In the next subchapters I will
describe the methods we have used to study the interactions between aquaporins and
different regulatory proteins.
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Figure 10. Binding curve constructed from a fluorescence quenching experiment. The dye Alexa*?® is quenched
when attached to AQP2. Upon additions of ND-LIP5 (x axis) the fluorescence increases (y axis) as the dye

unguenches upon binding. The curve reaches a plateau of maximal fluorescence intensity when all binding sites
on AQP2 are occupied.
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Fluorescence quenching

Fluorescence is the ability of a fluorophore to absorb electromagnetic energy from
light and this way reach an excited state. Upon transition to the ground state, which
only takes a couple of nanoseconds, light is emitted. The fluorophore could be
intrinsic — naturally occurring fluorescent amino acids tryptophan, tyrosine and
phenylalanine. Alternatively, an artificial fluorescent probe (for example the Alexa
dyes) or a tag (for example GFP) could be covalently or non-covalently attached to
the studied protein. The absorption properties of fluorophores change depending on
their environment. Quenching, that is the loss of fluorescence upon environmental
change, could be either static, where the fluorophore forms a non-fluorescent
complex with another molecule or dynamic, where the excited fluorophore transfers
some of its energy to another molecule without emitting light. This phenomenon is
successfully used to study protein conformational changes, folding/unfolding and
ligand-binding [88].

In Paper II we have utilized the fact that the fluorescence of the fluorophore Alexa®®
is partially quenched when attached to AQP2. When AQP2 binds LIP5 the
environment of the fluorophore changes and the fluorescence is dequenched. This
increase in fluorescence is dependent on concentration of LIP5, which allows us to
construct a binding curve and determine the Kp (Figure 10).

Practically, a serial 2-fold dilution series of LIP5 was prepared. In a black quartz
cuvette the labelled AQP2 was diluted to a final concentration as low as possible
while the signal/noise ratio was still reasonable. Then the samples of LIP5 were
sequentially added. After each addition the mixture was left to equilibrate for one
minute and the fluorescence emitted at 515 nm upon excitation at 490 nm was
recorded.

Microscale thermophoresis

While in electrophoresis proteins are known to migrate in an electric field according
to their charge, during thermophoresis particles move along a temperature gradient.
The exact mechanism underlying this movement is still not completely clear,
evidence however points towards dependence on the size of the protein [89] and on
the entropy of the solvation shell [90]. This dependence could be utilized in a
binding experiment in order to detect the fraction of unbound and bound
interacting partner in a sample.

The microscale thermophoresis (MST) experiment is performed in glass capillaries
using instruments of the Monolith-series by Nanotemper. Typically, one of the
interacting partners is fluorescently labelled (sometimes intrinsic fluorescence can be
used) which allows tracking the movement of fluorescence along a temperature
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gradient of a few °C caused by an IR laser. Similarly as during our fluorescence
quenching experiments a 2-fold serial dilution of the unlabelled protein is prepared.
The same amount of labelled protein is then added to each sample and those are
loaded in capillaries. The much shorter light pathlength in capillaries compared to
cuvettes allows for extremely low concentrations (in the range of tens of nM) of the
labelled proteins to be used. This is a great advantage for proteins that are difficult
to obtain in larger quantities. On the other hand, the common adsorption effects of
protein sticking to the capillary walls and the price of the capillaries may be the
limiting factors for usage of this method.

Before running the thermophoresis experiment itself the total fluorescence in each
capillary needs to be measured. This is done during a capillary scan and ensures the
correct interpretation of the results. Ideally, since all capillaries contain the same
amount of labelled protein the total fluorescence of each capillary should be the
same. Deviations from this could have several explanations. The proteins could for
example be sticking to the tubes or the capillaries resulting in fewer molecules
available in the solution. This sticking could be detected in the capillary scan itself
as an unexpected distribution of fluorescence across the diameter of the capillary.
Alternatively, the ligand binding to the labelled protein can quench or dequench the
fluorescence. In this case no further thermophoretic experiments are necessary, the
dissociation constant could be calculated directly from the dependence of the
unlabelled protein concentration on the total fluorescence.
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Figure 11. MST traces of one AQP5-PIP binding run. When the IR laser is turned on the labeled protein moves
away from the heat based on the thermal gradient, resulting in a decrease in fluorescence. Once the laser is
turned off the protein molecules diffuse back. For analysis, the fluorescence before heating (blue column) and
during heating (red column) are used to determine the normalized change in fluorescence (AFnom).
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During the MST experiment a small area of the sample is heated and the change in
fluorescence intensity in that spot is measured (typically over 30 seconds) as the
molecules move either towards or away from the heat (Figure 11).

For analysis the change in fluorescence Fuom is defined as Fuo/Food — the average
fluorescence during and before the heating. Plotting the normalized AF,om of each
of the points against the total concentration of the unlabelled protein in the
respective capillary results in a binding curve.

In our laboratory we have used MST extensively to study the interactions between
AQP2 and LIP5 (Paper I) , AQP5 and PIP (Paper IV) and AQPO and CaM (Paper
V).

Far western blot

During western blotting proteins are first separated using gel electrophoresis and
transferred onto a blotting membrane. The specific protein is then detected using an
antibody. Far western blot is a modification of this procedure that is used to study
protein-protein interactions. After blotting, the proteins are renatured and the
membrane is first incubated with a purified bait protein. This potential interaction
partner is then detected using a specific antibody [91]. A comparison between
various constructs can provide semi-quantitative answers abound parameters
important for complex formation. In Paper I we have used this as a complimentary
method in order to study the differences in binding of LIP5 to various
phosphomimicking mutants of AQP2.

Nanodisc assembly

A neat way of reconstituting membrane proteins into a native-like environment is
the use of nanodiscs. These small self-assembled discs are composed of a patch of
phospholipid bilayer which is held together by a membrane scaffold protein (MSP)
(Figure 12). One nanodisc would typically contain one copy of a membrane protein

embedded in the lipid.

There are many kinds of MSPs varying in length and the presence of tags. The choice
of MSP for a particular project therefore depends on size of the protein that should
be reconstituted and on the selected purification method. The design of these
scaffold proteins is based on nature’s own apolipoprotein A-1, a protein responsible
for transport of otherwise insoluble lipids through the bloodstream [92].
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Figure 12. A nanodisc is a small disc consisting of a phospholipid bilayer (grey) heald together by a membrane
scaffold protein (orange). Integral membrane proteins can be incorporated into the bilayer which mimics the native
environment. A. side view; B. top view. (PDB code 6CLZ).

First, a membrane protein and a lipid, each solubilized in a detergent are mixed with
an MSP. Then, Biobeads are added which strip the detergent off the protein and the
lipid and the nanodiscs spontaneously assemble. The ratio of protein:lipid:MSP is
the crucial parameter that needs to be optimized for each project. The proportion of
lipids in the reaction will depend on the bilayer area of the resulting nanodiscs and
also on how many lipid molecules will be displaced by the protein during the
assembly, as compared to an empty nanodisc. Depending on particular phospholipid
used the assembly is performed at various temperatures [93].

Nanodiscs containing the protein of interest need to be separated from the empty
nanodiscs which inevitably form as well thanks to an excess of lipids and MSP used
during the assembly. These two populations can be separated by SEC, if the size
difference is large enough. In our case we needed to use the His-tag which was left
on AQP2 but cleaved off the MSP in order to get rid of the empty nanodiscs. It is
also possible to reconstitute the protein into nanodiscs while it is bound to Ni-NTA
beads with its His-tag. After reconstitution the empty nanodiscs are simply washed
away while the protein containing discs can be eluted with imidazole.

There are many parameters that could be optimized in order to increase the
reconstitution yields. In my experience the concentrations and the ratios of all
components as well as the amount of Biobeads added are critical. Other parameters
that could be further optimized are: type of phospholipid, type of detergent used for
phospholipid solubilization, type of MSP, temperature and time for the assembly
[94].

The fact that protein is surrounded by phospholipid molecules, as it is in nature’s
membranes, allows the protein to assume its native conformation which might
otherwise be disturbed by detergent. This way the purified protein is often stable for
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much longer periods. We can also study any possible interactions between the
protein and the lipids. Such sample can be used for light, X-ray or neutron scattering
experiments where samples in detergents come with an unfavourable
inhomogeneous background scattering [95]. Moreover, small hydrophobic
molecules could be loaded into the phospholipid core and the nanodisc could serve
as a potential drug delivery system [96].

In our case we have used nanodiscs to study the structure of the AQP2-LIP5 complex
using cryogenic electron microscopy (cryo-EM). For protein in detergent it is often
difficult to distinguish between empty micelles and micelles containing protein as
those might have a similar size. Moreover, during protein concentration empty
detergent micelles often get concentrated as well, which results in cryo-EM sample
with empty micelles prevailing and a waste of the expensive microscopy time.

Unravelling protein structures with cryo-EM

The structure of all matter defines its function and its properties. Understanding
how structure determines function can help us predict the binding of other proteins
or to design drugs to fulfil a specific activity and treat specific diseases [97]. It is
therefore of foremost importance to understand the atomic details of specific protein
complexes.

For many years the most used method of membrane protein structure determination
was X-ray crystallography. In the recent years many speak of a revolution in
cryogenic electron microscopy (cryo-EM). The rapid advancement in both hardware
(direct electron detectors) and software data processing has allowed cryo-EM to fast
became one of the standard methods [98]. The record in highest resolution of a
membrane protein solved by cryo-EM is currently held by a structure of voltage-
gated sodium channel which reaches 2.6 A [99].

X-ray crystallography is undergoing a revolution as well though, the number of
structures with subatomic resolution is rapidly increasing thanks to development of
new superbrilliant X-ray sources and new detectors [100]. For aquaporins the X-ray
crystallography allowed determination of most currently known aquaporin
structures, including for this thesis crucial structures of human AQP2 [10] and

AQP5 [82].

The presence of detergent micelles surrounding purified membrane proteins is one
of the largest sources of complications during structure determination by X-ray
crystallography. The micelle can often weaken or hinder crystal contacts during
crystallization. Moreover, obtaining protein quantities large enough for
crystallization trials might be tricky. That is why membrane proteins are notoriously
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hard to crystallize. Electron microscopy overcomes the crystallization step by
visualizing individual protein particles and the amounts of protein needed are orders
of magnitude lower.

Aquaporins are somewhat familiar with the use electrons for structural
determination. Structures of several aquaporins were solved from 2D crystals using
electron crystallography. Electrons interact with atoms more strongly than X-rays
and the resulting diffraction pattern is much more easily interpreted. It is however
not always possible to grow a thin crystalline plate of a protein. The only single
particle EM-based model of an aquaporin is that of the AQPO-CaM complex at 25A
resolution [76].

Principle

The discovery in the beginning of 1980s that water can be cooled into a vitreous
solid without the damaging crystalline ice formation was the key for development of
cryo-EM. Until then only dry samples could be studied as water would evaporate
during the high vacuum that electron microscopes require [101].

Here hundreds or thousands of 2D projection images are collected, each containing
single particles in random orientation. These are then classified, averaged and
oriented to reconstruct the 3D model of the particle. The larger the protein or the
assembly is the more accurately it can be oriented during the 3D reconstruction and
the better the resolution can be achieved [99]. The workflow is depicted in Figure
13. We have used cryo-EM in Paper II1 to study the complex of AQP2 (reconstituted
in nanodiscs) with its interaction partner LIP5.

Sample preparation

Since thousands of particles will be averaged, the sample needs to be as homogeneous
as possible. Thorough purification of the sample is therefore needed. A biochemically
homogeneous sample (a symmetric peak in gel filtration) might not in fact be
homogeneous in the microscope, owing to a potential conformational flexibility. In
such case the buffer conditions should be screened to find an optimal buffer
composition promoting homogeneity [102].

Membrane proteins require special handling before they can be studied and
detergents are often used for solubilization. In such case it is recommended to use
the high-concentration fraction from gel filtration without concentrating it in order
to avoid the presence of empty detergent micelles in the sample as those contribute
significantly to the background. Moreover, detergents lower the surface tension,
making it more difficult to create very thin ice during plunge freezing [103].
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Figure 13. Cryo-EM workflow. (Images of the tube and the grid under the creative commons license.)

However, LMNG detergent in combination with gradient centrifugation for empty
micelle removal has been successfully used [104]. Alternative solutions for membrane
protein solubilization such as nanodiscs [94], amphipols [105] and SMALPs [106]
are often beneficially used with single particle cryo-EM.

EM grids are small thin discs of metal with a grid of thin mesh. For cryo-EM the
mesh is coated with a thin support layer of carbon which contains thousands of even
smaller holes. The sample is deposited on top of the grid and typically an excess of
liquid will be blotted away by a filter paper. The vitrified particles are imaged
through the holes in the support film. Some samples can have very high affinity for
the carbon film, which was the case for our sample as well. We solved the problem
by simply increasing the concentration of the particles but one could also optimize
the charge properties of the carbon film [102] or load the sample twice [103].

Even though the volume of sample that is used for one grid is very low, the total
concentration of the protein needs to be relatively high. The smaller the particle is
the higher concentration of it needs to be supplied to provide enough particle images
for averaging and reconstitution. In our case the concentration needed to be as high
as 3.5 mg/ml.
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The sample homogeneity, purity and concentration can with advantage be assessed
by negative stain electron microscopy (NS EM) since the grid is then prepared more
quickly and easily. Moreover, no cooling is required so the imaging is often faster
and the microscopy time is cheaper. In NS EM a salt of a heavy metal is deposited
on top of the sample on the grid. This quickly dehydrates the sample and the heavy
metal provides a contrast making the particles appear white on a dark background.

Plunge freezing

The negative stain EM is limited by resolution to approximately 20 A. For achieving
high resolution the contrast of the particle itself must be used. As explained earlier,
for this the sample must be frozen in vitrified ice, in its native-like state. Plunge
freezing is a method developed for exactly this purpose. For vitrification the sample
must be frozen extremely rapidly (at a rate of 10° °C/s) so that the water molecules
do not have a chance to order themselves into a crystallize state. This is achieved by
dropping the blotted grid into a pool of liquid ethane. Before high resolution images
can be obtained the ice thickness often needs to be optimized by varying the buffer
composition and the blotting time before freezing. When already vitrified the
sample-containing grids can be stored in standard liquid nitrogen [102].

Data collection

For the sample to be imaged on the grid the electrons need to pass through it. The
electrons are generated in an electron gun and then detected for high resolution
preferentially using a direct electron detector (DED). Collecting images in a movie-
mode allows the electron dose to be divided into several frames. These frames are
then aligned, while compensating for sample drift, and averaged to create a complete
image [103].

The electron dose needs to be very small in order to avoid radiation damage of the
sample. The contrast of the resulting images is therefore not very high. This can be
improved by defocusing the microscope and increasing the contrast ata cost of losing
some resolution [102].

Data analysis

Before the data can be analysed the raw images need to be corrected for a myriad of
effects, for example the spherical aberration of the microscope, the defocus and
others [103]. Selected good micrographs are then subjected to particle picking which
is done mostly by an automatic algorithm, often with some manual elements. Each
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picked particle is then iteratively aligned and grouped into homogeneous subsets.
The stacks containing particles imaged in the same orientation are averaged and a
3D model is constructed. The initial map is then refined to obtain the final map.
Sometimes particles tend to assume preferred orientations, presumably due to
interaction with the water/air interface. This creates a problem for the 3D
reconstitution.

Many samples are not entirely structurally homogeneous, for example by containing
several populations with varying conformation or stoichiometry. 3D multi-reference
alignment can cluster all images into a given number of groups and create new 3D
reconstructions. This should be guided by examining the local variability in the map

(103].

Validation of the structures

In cryo-EM, resolution is understood as the self-consistency of the result [107]. The
most common resolution measure is the Fourier shell correlation (FSC) curve. The
dataset is randomly split into two halves and each half is processed independently.
The FSC curve plots the correlation coefficients between the two maps against
corresponding resolution shells of the reciprocal space [103]. When the FSC curve
is close to 1 a strong similarity between the two halves of the dataset is present, while
values close to 0 indicate no similarity. Most often, FSC would decrease with the
increasing spatial frequency. If the resolution is reported as a single number it
corresponds to the maximum spatial frequency where the structure is still considered
reliable. What is considered reliable can be rather subjective and many methods of
cut-off based on FSC or signal-to-noise ratio exist. Rather than using the resolution
the quality of the data should be judged by the shape of the entire FSC curve [107]

or using the directional resolution assessment in 3D-FSC [108].

Depending on the resolution reached the overall validation strategy differs. For low-
resolution maps (>10 A) only the overall shape can be seen and docking of X-ray
structures is unreliable. These maps should be validated by additional tilt
experiments. Medium-resolution maps (4-10 A) reveal details of secondary
structures and can therefore be validated when the shape agrees with docked X-ray
structures, if available. High-resolution maps allow for polypeptide backbone tracing
and show density for most side chains [103].
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Regulation of water transport by

phosphorylation (Paper I and V)

In these two papers we have studied the effect of protein phosphorylation by
introducing phosphomimicking mutations. The mutants of AQP2 were probed for
stability and binding affinity toward LIP5 in order to understand how
phosphorylation controls AQP2 trafficking. In AQP2 four residues were individually
mutated to glutamic acid: Ser 256, Ser 261, Ser 264 and Thr 269. We have also
created a double mutant S256E/T269E because this double phosphorylation occurs
naturally and is common in AQP2 at the apical membrane.

Similarly, all three known phosphorylation sites on AQPO C-terminus — Ser 229,
Ser 231 and Ser 235 — were individually mutated to aspartic acid and the resulting
constructs were purified. These phosphomimicking mutants were probed for their
water permeability, their sensitivity to CaM/Ca**-induced gating and their binding
affinity towards CaM. This helped us understand how phosphorylation regulates
CaM-dependent AQPO gating.

Post-translational modifications

The yeast Pichia pastoris, which was used to express both AQPO and AQP2, is
capable of higher eukaryotic protein post-translational modifications (PTMs) [84].
Since it is the effect of PTMs that we are studying in these two papers the PTM
status of our samples needs to be uncovered before any experiment can take place.

Mass spectrometry analysis of trypsin-digested AQP2 showed phosphorylation of
Ser 256, Ser 261 and Ser 264 in all possible combinations. Therefore, an efficient
cleavage of these phosphoryl groups was necessary in order to study the effect of
phosphomimicking mutations on the AQP2 functionality and LIP5-binding.
Dephosphorylation was performed using alkaline phosphatase and the effect of the
treatment was confirmed with a western blot using a phosphorylation-specific tag.

Contrarily to AQP2, AQPO was not phosphorylated when expressed in Pichia. Upon
maturation in the eye lens, the AQPO C-terminus (where the CaM binding site is
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located) is cleaved off [109]. We used linear-mode MALDI mass spectrometry to
determine the exact size of our recombinant AQPO sample. The spectrum shows one
predominant peak at 28955.4 £ 9.2 Da (n=3) (Figure 14) which corresponds to the
size of full-length AQP0 (28944.6 Da). This confirms that the protein in our sample
is not truncated and can be used to study the binding to CaM.
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Figure 14. Linear MALDI spectrum of our AQPO sample shows a single peak at 28955.4 + 9.2 which corresponds
well to the predicted size of full-length AQPO. This confirms that the protein is not truncated.

Protein stability and functionality

In order to study the possible structural changes and shifts in AQP2 stability caused
by the individual phosphorylation each purified mutant was tested using circular
dichroism spectroscopy. The overall fold of all AQP2 mutants was very similar,
however the thermal stability was significantly reduced for S256E, S261E, S264E
and S256E/T269E while the dephosphorylated wild-type AQP2 displayed the
highest stability.

AQPO was reconstituted in proteoliposomes and the water permeability (Pg) was
tested by a shrinkage assay upon rapid mixing with a hyperosmotic solution. We
could conclude that our recombinantly expressed AQPO is a functional water
channel. Only upon incubation with both CaM and Ca*, the water permeability
was reduced more than 2-fold, confirming that the direct binding of CaM closes the
channel.
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The effect of AQPO phosphorylation on CaM-mediated
gating

In this study we aimed to understand how the cell uses phosphorylation to regulate
the water transport across the plasma membrane. In liposomes the water
permeability of all three phosphomimicking mutants was comparable to the one of
the AQPO wild-type. However, with the presence of CaM/Ca*, none of the mutated
channels could be closed and the water permeability remained unchanged.

We used MST to study the binding of these mutants to CaM in the presence of Ca*.
Previously, the wild-type AQPO could bind CaM in a cooperative manner with Ka
of 40 pM and K, of 2.5 uM [110]. As expected for S229D and S235D the binding
to CaM was completely abolished. However, S231D could still bind to CaM with
an affinity of 1.49 £ 0.48 pM which is similar to the wild-type AQPO. This was
somewhat surprising because we have observed no CaM sensitivity during the
functional studies of this construct. Also, previous studies with short peptides
containing the CaM binding site showed that once either of the sites were
phosphorylated the binding to CaM was completely abolished [77]. In MST the
binding curve had an opposite direction than the one for wild-type. Moreover, the
data could be only fitted with a one-to-one binding model, not the cooperative two-
binding-sites model which fits the wild-type data. We therefore concluded that
§$231D is still able to bind CaM but in a different binding mode which does not
result in channel closure. The physiological relevance of this binding is not clear and
will need to be studied further.

The effect of AQP2 phosphorylation on LIP5 binding

In Paper I we have studied the binding of LIP5 to AQP2 using MST and far-western
blot. The quantitative method MST revealed that the interaction had an affinity of
191 £ 43 nM for dephosphorylated AQP2. As a negative control AQP4 was probed
for binding to LIP5 which did not result in a binding curve. Interestingly, removing
the distal C-terminus of AQP2 (containing the phosphorylation sites) while keeping
the LIP5 binding site intact reduced the LIP5 binding almost 20-fold (3.63 + 0.44
UM, construct P242Stop on Figure 15) and the same could be observed in the far-
western blot. To elucidate the mechanism by which the distal C-terminus affects the
interaction we have tested the binding of corresponding distal C-terminal
phosphorylated peptides to both AQP2 and LIP5. The lack of this binding suggests
that the distal C-terminus allosterically modulates the AQP2-LIP5 complexation.
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The main goal of this paper was to investigate the effect of AQP2 phosphorylation
on the interaction with LIP5. LIP5 is known to be involved in the MVB formation
and binding to AQP2 is therefore suggested to target the protein for degradation or
exosomal secretion [41,111]. We also know that AQP2 is differentially
phosphorylated depending on the subcellular localization [29].

All previously mentioned phosphomimicking mutants were dephosphorylated,
purified and probed for interaction with LIP5 using MST. The phosphomimicking
residues decreased the binding affinity towards LIP5 in most cases (Figure 15). Wild-
type dephosphorylated AQP2 showed the highest affinity for LIP5 (191 + 43 nM).
This was expected because at this state the protein exists after the ESCRT complexes
recognize and cleave off the K270 ubiquitination and the protein is ready to be
internalized to MVB. S264E bound LIP5 with a similar affinity as the wild-type
(278 + 49 nM). The phosphorylation of S264 was suggested to play a role in
excretion of AQP2 in exosomes [33]. Exosomes originate from MVBs therefore the
interaction of LIP5 with this form of AQP2 is also expected.

The lowest affinity was seen for S256E (1.00 * 0.25 pM), a construct mimicking
the phosphorylation that is necessary for targeting to the apical membrane [27].
S261E, T269E and S256E/T269E all showed decreased binding to LIP5 (745 + 141
nM, 721 £ 55 nM, 652 £ 62 nM, respectively). The phosphorylation of S261 is
associated with protein retention in intracellular vesicles [32] and the
phosphorylation of T269 happens once the protein is to be stabilized in the apical
membrane [31]. It is reasonable to expect that LIP5 would not bind AQP2 in these
stages in vivo. Overall, our results can be very well explained by the previous
observations of differentially phosphorylated AQP2 in different sub-cellular

compartments.
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Figure 15. Binding affinities of the interaction between the individual AQP2 phosphomimicking mutants and LIP5
resulting from the MST experiments. For each mutant the data were obtained from three individal dilution series.
Significance between the affinities for the mutants and the wild-type was tested using a Z-test for two popluation
means (*, p<0.05; **, p<0.01; ***, p<0.001; NS. means no significance was found). Figure reproduced from [112].
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Structure of the AQP2-LIP5 complex
(Paper II and III)

Point mutations of the binding site give insight into the

binding mode (Paper II)

From previous studies we know that AQP2 co-localizes with LIP5 in the principal
cells of the kidney collecting duct. We also know that the binding occurs between
the amino acids 230 and 242 on the C-terminus of AQP2 [41].

In Paper II we have investigated the structural details of this interaction. First, we
identified that the binding site is located at the N-terminal domain of LIP5. This
was done using a fluorescence quenching binding experiment. We measured the
binding affinity of AQP2 to the full-length LIP5 (FL-LIP5) and to the isolated N-
terminal domain of LIP5 (ND-LIP5). Kp was determined to be 237 + 66 nM and
64 £ 34 nM, respectively.

Based on this result we postulated that the binding site might be located on the MIT
domain of LIP5. The fact that the C-terminal helix of AQP2 contains residues
corresponding to a consensus MIM-motif further supports this. Figure 16 shows an
overlay of the MIM-motif in AQP2 and the MIM-motif in ESCRT-III peptide
CHMP1B.

Arg 233

Arg 191

Leu 237

Leu 195

Lys 238

Figure 16. Overlay of the MIM-motifs of CHMP1B (green) and of AQP2 (purple) shows a match in the positions of
the side chains. Figure reproduced from [35].
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To get a structural idea about what the binding interface might look like we
performed an iz silico molecular docking using the online HADDOCK server [113].
The residues on the LIP5 MIT domain known to interact with CHMP1B and the
AQP2 MIM-motif were selected to drive the docking. Of the many resulting
solutions two were selected based on the highest docking score and the similarity to

the way how LIP5 binds to CHMP1B (Figure 17, left).

In these two models the binding site on LIP5 remains the same but the C-terminal
helix of AQP2 binds from opposite directions. Cluster 3 (Figure 17B) was the model
that was the most similar to the way LIP5 binds CHMP1B, both in the direction of
the helix and the amino acid interactions. Specifically, Arg 233 of AQP2 creates
hydrogen bonds with Asp 65 and Glu 68 of LIP5 in the same way as the
corresponding Arg 191 of CHMP1B does.

To be able to verify the docking on real molecules and to distinguish between these
two models we created alanine point mutants of the individual residues involved in
the binding interface of these two docking models. All LIP5 and AQP2 mutants
were individually expressed and purified and the binding to their corresponding
wild-type partner was characterized using fluorescence spectroscopy.

A )
y
S
N e
L
3
e
< % Leu 240
Leu 237
g,
Qx? -
Glu 241
B ..
‘\ >3\
g(ﬁ
% g
Eadl | Leu 230
AN == Met a7
S /
= \
A |

Figure 17. The two best computational docking models of the AQP2-LIP5 interaction. A. Cluster 2; B. Cluster 3.
All labeled residues were mutated to alanines and the mutants were tested for binding affinity. Residues
highlighted in black proved to be important for the interaction. Figure adapted from [35].

On AQP2 the mutation of Arg 233, Lys 238 and Glu 241 to alanines caused a
significant decrease in binding affinity (486.8 £ 75.7 nM, 552.0 £ 151.7 nM and
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699.6 £ 100.7 nM, respectively) while the mutation of Leu 240 abolished the
interaction completely. On LIP5 the mutation of Met 47 decreased the binding
affinity (463.1 = 81.1 nM). These residues are highlighted in black in Figure 17.
Four out of these five mutants are directly involved in the binding in Cluster 3, while
in Cluster 2 these are pointing away. We therefore concluded that Cluster 3
represents the most probable binding mode. Overall, our results suggest that the
binding between LIP5 and AQP2 structurally resembles the binding between LIP5
and CHMP1B. This could mean that CHMP1B competes with the cargo protein,
in this case AQP2, over binding to LIP5.

Binding mode from cryo-EM perspective (Paper III)

For our single particle cryo-EM studies AQP2 was purified and reconstituted into
nanodiscs. These were then mixed with ND-LIP5, the complex was concentrated
and vitrified on carbon grids. The datasets were collected on a Titan Krios
microscope with a Falcon 3EC direct electron detector. The micrographs show
particles evenly distributed in the holes (Figure 18A). Two types of particles can be
seen, one type containing one nanodisc with some density below it and the second
type consisting of a sandwich arrangement of two nanodiscs with density in between
them (Figure 18B). This is probably caused by an unphysiological oligomerization
of ND-LIP5 due to the truncation. During particle picking we have selected single
nanodiscs no matter whether they were part of the single or the double particles.
Upon 2D classification (Figure 18C) it became obvious that we had a strongly
preferred orientation of the particles in the ice and collecting an additional 30° tilt
dataset only partly alleviated this problem.
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Figure 18. Cryo-EM data analysis. A. Raw micrograph; B. Averaged double particle in a sandwich arrangement in
comparison with a single particle; C. Thirty of the most abundant 2D classes, each containing thousands or tens of
thousands averaged particles.
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The final resolution of the constructed 3D map is therefore only 8 A although the
side views show many details and the particles possess the capacity for higher
resolution.

The cryo-EM density map shows a clear ellipsoidal structure of the nanodisc where
the structure of AQP2 (PDB code 4NEF) could be docked based on a circular bulge
on top of the disc and a presence of a dip where the central pore is located. Below
the disc four clear densities can be seen, two of which are large, bi-lobar, and two of
which are much smaller (Figure 19A). Two molecules of ND-LIP5 (PDB code
4TXQ) fit well into the larger densities and are positioned diagonally below AQP2
(Figure 19B). The two smaller densities might present an additional ND-LIP5
binding sites with much lower occupancy, resulting from the 2D averaging of the
particles. Below this some additional densities could be observed, possibly arising
from the oligomerization of ND-LIP5 in the sandwich arrangement which was
partly included in the box during particle picking.
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Figure 19. A. Cryo-EM density map of the AQP2-LIP5 complex. Grey mesh — level of confidence corresponding to
the size of the proteins to be docked (sigma level 3.4), blue mesh — high level of confidence (sigma level 4.7) B.
Model of the complex based on rigid body docking.

Upon rigid body docking in UCSF Chimera [114] it is striking how well the
complex fits our results from Paper II. Indeed, the helices 2 and 3 of ND-LIP5 were
pointing directly towards the short C-terminal helix of AQP2 (Figure 20) in an
orientation resembling our docking Cluster 3. When docking ND-LIP5 with the
interacting peptide CHMP1B, this peptide is located only 10 A away from the C-
terminal helix of AQP2. Because of the unusual flexibility of this helix known from
the crystal structure [10], we went ahead and manually moved this helix to match
the position of CHMP1B (Figure 20). This results in a model when the two ND-
LIP5 molecules are rather closer together, right below the nanodisc, possibly
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stabilized by an interaction between their sixth helices. This hypothesis is
strengthened by the presence of continuous density between the lower side of the
ND-LIP5 densities. The AQP2 construct contains additional 32 residues which are
not part of the crystal structure used for docking. Unfortunately, the resolution of
the cryo-EM map is too low to be able to assign some position to this rest of the C-
terminus.

A ‘ B

Figure 20. Close up of the AQP2-LIP5 binding interface in our cryo-EM model. The two interaction sites shown in
A. and B. correspond to the C-termini of monomers A and B in the crystal structure of human AQP2 (sandy brown,
PDB code 4NEF) which was used for modelling. Neither of the two C-termini are in the correct location for their
MIM-motifs to interact with LIP5 (green), as illustrated by the CHMP1B peptide in black (PDB code 4TXQ). The
short C-terminal helix of AQP2 was moved to match the binding site (orange).

Stoichiometry (Paper II and I1I)

Since the beginning of the project the stoichiometry of the AQP2-LIP5 complex was
drawing our interest. Knowing that the binding site is located on the short C-
terminal helix of AQP2 means that there are four possible binding sites on each
tetramer. Moreover, in vivo full-length LIP5 dimerizes through its C-terminal
domain [37], therefore exposing two N-terminal domains for the interaction.

We first studied the stoichiometry of the complexation using fluorescence quenching
in Paper II. When using concentrations of labelled AQP2 well above the Kp and
titrating with LIP5 until and beyond the saturation point a typical kink could be
observed when plotting the fluorescence intensity against the LIP5:AQP2 ratio
(Figure 21). The molar ratio, determined from the saturation point was 0.42 £ 0.08
for FL-LIP5 and 0.29 £ 0.07 for ND-LIP5. Statistical T-test revealed no significant
difference between these two. On average a maximum of two molecules of LIP5
(full-length or truncated) are expected to bind to one AQP2 tetramer.
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ND-LIP5:AQP2 binding stoichiometry
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Figure 21. Fluorescence quenching experiments between AQP2 and ND-LIP5 at high concentrations of labeled
AQP2 resulted in a clear kink at 0.29 + 0.07 molar ratio ND-LIP5:AQP2. Figure reproduced from [35].

The stoichiometry was then confirmed in Paper III as the cryo-EM map of the
complex contains two large densities for ND-LIP5 bound to each AQP2 tetramer.
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Characterization of the AQP5-PIP
complex (Paper IV)

Previous studies suggest that normal AQPS5 trafficking is dependent on a presence of
a small regulatory protein PIP. A peptide corresponding to residues 251-265 of the
AQP5 C-terminus was used to pull-down PIP from a native tissue [51]. In Paper IV
we have recombinantly expressed and purified both proteins and characterized their
interaction.

PIP is inhomogeneously glycosylated

Since the glycosylation status of PIP was previously identified to have an effect on
the interaction with CD4 [115] we made sure to test whether our PIP, expressed and
secreted by Pichia pastoris, was glycosylated. Part of the purified PIP sample was
treated with an enzyme PNGase F. Both treated and untreated samples were run on
SDS-PAGE and western blot, detecting the His-tag present on the C-terminus.
What appeared as a smear around 20 kDa before treatment became four clear bands
after the treatment. The western blot detected PIP at 12, 13, 14 and 16 kDa. We
therefore concluded that in our sample PIP is inhomogeneously glycosylated.
Moreover, several species of PIP are present, probably as a result of inefficient
cleavage of the secretion signal, a phenomenon well described for IgG [116].

Full-length AQP5 binds PIP

His-tagged PIP was bound to a nickel-affinity column and full-length AQP5 was
allowed to pass through. After thorough washing the presence of AQP5 in the eluate
would confirm the interaction. The 300mM and 400mM imidazole eluates were
concentrated and run on an SDS-PAGE gel with total protein detection, selective
glycoprotein detection and on anti-His western blot.
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On the SDS-PAGE gels AQP5 shows a typical laddering due to many stable
oligomeric states. Interestingly, this laddering was also seen in both elution fractions
but it was slightly increased in size. Moreover, the western blot which only detects
PIP shows this laddering as well. This confirms that full length AQP5 binds to PIP.
Moreover, in the 400mM imidazole elution the signal from the His-tag is very strong
however the glycosylation staining is weak. This might suggest that during the
binding the glycans are part of the interaction interface and therefore not available
for the dye.

After confirming the interaction, we embarked to quantify the binding using MST,
in a similar way as we did for AQP2-LIP5 and AQP0-CaM in Papers I and V.
Fluorescently labelled PIP was titrated with AQP5 and the dataset in triplicates was
fitted with the Hill equation (Figure 22). Binding affinity was determined to be 0.57
+ 0.12 pM and the Hill coefficient is 2.24 £ 0.66 which indicates positive
cooperativity of the binding.

MST binding curves
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Figure 22. Binding curves from the MST experiments with PIP and three AQP5 constructs of different lengths of
the C-terminus. The full-length AQP5 binds with an affinity of 0.57 + 0.12 uM while the binding of the two truncated
constructs is impaired.

Since the binding site was suggested to be on the C-terminus of AQP5, we created
two additional constructs with C-terminal truncations. N228Stop is missing the
entire C-terminus, including the short a-helix (residues 231-241), which is
conserved in mammalian aquaporins and is a common site for interactions with
regulatory proteins [8,117]. The second construct, T242Stop, preserves this helix
but lacks the downstream disordered terminus where PIP was suggested to bind. As
expected, both constructs exhibited severely impaired binding to PIP. Instead of a
binding curve N228Stop showed a slowly decreasing trend without reaching any
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plateau which likely represents unspecific binding at high concentrations. For
T242Stop the amplitude was extremely small and we therefore concluded no
binding (Figure 22). Indeed it is the distant C-terminus that mediates the binding
to PIP, rather than the short helix, which is in agreement with a previous study [51].

Stoichiometry

Because of the positive cooperativity of the binding between PIP and full-length
AQPS5 the natural next step was to elucidate the stoichiometry of the complexation.
For this we have also used MST but with concentrations of labelled PIP well above
the Kp. At a concentration of AQP5 where all binding sites were saturated a
characteristic kink could be observed on the plot (Figure 23). This kink corresponds
to a monomeric molar ratio of AQP5:PIP of 5.5 £ 1.8. We interpret this ratio as one
molecule of PIP binding to AQP5 tetramer since AQP5 is known to always occur as
a homotetramer.

Even if only one PIP binds to an AQP5 tetramer it is still possible that it binds to
two or more C-termini, as supported by the positive cooperativity of the binding,. It
is simple to imagine several C-termini binding PIP from different sides. This is the
case for binding of CaM to AQPO where two copies of AQPO C-termini bind to the
same molecule of CaM [76], also in a cooperative way [110].
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Figure 23. MST experiment of the stoichiometry for the binding of AQP5 and PIP at high concentrations of labeled
PIP resulted in a kink at 5.5 + 1.8 molar ratio AQP5:PIP.
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Discussion

The common mechanism of aquaporin regulation

Let us look at what the three isoforms of aquaporins studied in this thesis have in
common. Apart from the obvious, like the common tetrameric arrangement, the
common a-helical fold and the common water channel function, these three also
share the ability to be quickly and highly operatively regulated based on the cellular
needs. Various triggers prompt the regulation [19,118] where the regulatory signal
is carried out by binding of other proteins [8]. This binding needs to be specific but
only transient to be able to dynamically regulate the hydration levels. A second layer,
a regulation of regulation, constitute post-translational modifications, specifically
phosphorylation [9]. AQPO, AQP2 and AQP5 can all be phosphorylated, most
commonly on the C-terminus [9]. In AQPO this affects the binding of calmodulin
and therefore the regulation by gating. In AQP2, different phosphorylation sites act
as a code for trafficking between different sub-cellular compartments which is
mediated by protein-protein interactions. The phosphorylation status of AQP2 was
previously found to play a role in binding of various other regulatory proteins like
Hsp70, clathrin, protein phosphatase 1¢ or G-actin [119,120]. The phosphorylation
also affects binding to its regulatory protein LIP5 in a pathway leading to AQP2
degradation. And finally, for AQP5, phosphorylation is also associated with
regulation of trafficking [22]. Whether this is done through affecting the binding to
PIP or other protein is currently not known but seems plausible. In AQPO the
phosphorylation sites are part of the short C-terminal helix while in AQP2 those are
located at the distant C-terminus. AQP5 ranks somewhere in between, sharing two
of the phosphorylation sites with AQPO and one with AQP2, in addition to two
unique sites in the cytoplasmic loop D.

The combination of trigger, phosphorylation and protein-protein interactions
possibly establishes a common mechanism of regulation for all aquaporins. To date,
apart from the proteins studied in this thesis, the trafficking of AQP1, AQP4 and
even some plant aquaporins have been shown to be regulated by phosphorylation
[9]. Moreover, the kinases and phosphatases involved in the processes are themselves
regulated which adds another layer of complexity to the system. To be able to fully
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understand the cascades of aquaporin regulation, functional studies in whole cells
will be necessary, which was not part of this thesis.

The cytoplasmic C-terminal helix received a lot of attention in this thesis. Built by
approximately 10-12 residues, it is very conserved between all three isoforms,
implying the importance of this region (Figure 24). The orientation of this helix is
conserved in most mammalian aquaporins that have been structurally characterized,
the notable exception being AQP2 in which it assumes different conformations in
each monomer with respect to the tetramer. The helix is of a clear amphipathic
character with the hydrophobic side involved in interactions with CaM/LIP5 [110].
An interaction partner for AQP5 which would bind here has not yet been discovered
but it can be expected that even in AQP5 this regulation mechanism would be
employed. From the sequence alignment (Figure 24) we can see that the arginine
and lysine on AQP2 that we have identified to be key for interaction with LIP5 are
both conserved in AQPO and AQP5. Moreover in AQPO two of the leucines from
the MIM-motif are also conserved. This opens a new question of whether AQPO0 and
AQP5 could bind LIP5 and whether such interaction would be physiologically

relevant.

AQPO| LKSI SERLSVLKGA
AQP2| AKSLSERLAVLKGE
AQP5| SLELBIERVAI I KGT

Figure 24. Sequence alignment of the segment corresponding to the short conserved C-terminal helix. Known
phosphorylation sites are marked in blue [9]. Key residues from the 1-8-14 calmodulin-binding motif are marked in
yellow [77]. Key residues for binding LIP5 are marked in green [35].

Since we have no 3D structural information about the distal C-terminus, this part
of the protein could sometimes be overlooked. Nevertheless, it contains additional
27-35 residues whose conformation is flexible and which are potentially available for
interactions. The importance of this region is demonstrated in AQP5 as it is here
PIP binds, not at the short helix, as we showed in Paper IV. The fact that PIP does
not bind to the short helix was no surprise when looking at the structure. PIP consists
entirely of B-sheets while the other two interaction partners LIPS and CaM are
helical. Moreover, the distal C-terminus of AQP2 contains phosphorylation sites
which allosterically modulate the binding of the short helix to LIP5. The binding is
impaired when the distal C-terminus is deleted, further indicating the importance of
this region. AQP5 as well AQP4 also contain distal phosphorylation sites which
modulate trafficking of the proteins [9].
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Story 1: AQP2-LIP5

The primary binding sites on both AQP2 and LIP5 and the involvement of specific
residues within the MIT/MIM motifs were studied in Paper II. Curiously, the
binding affinity of the isolated domain was higher than the one of the full-length
protein (64 + 34 nM and 237 * 66 nM respectively). The reason for this is
unresolved, however, steric constrains and isolating the domain out of its full-length
context might contribute to this observation.

The results of our stoichiometry experiments in Paper II, confirmed by the cryo-EM
map of the complex from Paper III are adding an interesting perspective. In both
studies we see two molecules of LIP5 binding per one AQP2 tetramer. LIPS is
known to dimerize via its C-terminal domain [37] and each dimer therefore has two
N-terminal domains available for interaction. Different ESCRT-III components
bind LIP5 during the last steps of the MVB formation and regulate the ability of
LIP5 to activate Vps4 [40]. In our studies we have shown that LIP5 also directly
binds the cargo protein AQP2. Potentially, the LIPS dimer could attach to
CHMP1B with one N-terminal domain while holding the cargo protein AQP2 with
the other one (Figure 25). The process of cargo protein incorporation into the MVBs
could be driven by a competition over the binding to LIP5, however the particular
order of binding events is currently not known. The activation of Vps4 ATPase by
binding of both LIP5 domains causes the disassembly of ESCRT-III and the final
membrane fission [38]. The fact that each AQP2 tetramer can bind both of the N-
terminal domains from the dimerized LIP5 at the same time may be important for
an effective disattachment of the complex from the sorting machinery at the point
of MVB vesicle formation. The whole AQP2-LIP5 complex can be enclosed in the
vesicle as both proteins were reported in a proteomic analysis of exosomes from
human urine [121].

This model of the process is surely still highly simplified and the reality is probably
more intricate due to the fact that Vps4 forms a hexameric ring with a potential to
bind up to six LIP5 dimers. The Vps4 also contains a MIT domain through which
it binds the rest of the components of the ESCRT-III but it could also compete over
the binding of the LIP5 N-terminal domain [40]. LIP5 is also known to bind to
other components of the ESCRT-III complex, for example to IST1 [42] or CHMP5
[40]. Competition binding experiments will be needed to elucidate the causality and
the order of these binding events and therefore of the whole process or formation of
MVB vesicles. Pull-down assay and bioinformatics studies could provide more
information on how general or specific LIP5 binding is for recruiting membrane
proteins into MVBs.
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Figure 25. Schematic representation of binding competition over LIP5 N-terminal domain. A. A dimer of full-length
LIP5 (PDB codes 4TXQ and 2RKL, green) binds two monomers of AQP2 (PDB code 4NEF, orange) within the
same tetramer B. A LIP5 dimer binds AQP2 with one of the N-terminal domains and CHMP1B (PDB code 6E8G,
grey) of the ESCRT-III fibre with the other N-terminal domain. Helices corresponding to the binding site on
CHMP1B are highlighted in black.

Considering that on AQP2 the phosphorylation sites are not located within the LIP5
binding site, we hypothesised that this phosphorylation might either allosterically
change the conformation of the C-terminal helix, which would impair the binding,
or that there is another binding site located at the disordered C-terminus, which is
blocked when phosphorylated. The latter is supported by our results from the MST
measurements: A truncated AQP2 which keeps the LIP5-binding site but misses all
phosphorylation sites binds LIP5 with 20-fold lower affinity than the wild-type. On
the other hand, peptides corresponding to the distal C-terminus of AQP2 would not
independently bind to LIP5 no matter their phosphorylation status. Evidently, the
entire. C-terminus is important for the interaction with different parts having
different roles in the complexation.

The distal C-terminus is still escaping our sight, as intrinsically disordered proteins
or parts of proteins traditionally have done. Due to their flexible nature both X-ray
crystallography and cryo-EM have difficulties in characterizing the features. Here,
NMR  spectroscopy becomes a very useful method. Moreover, intrinsically
disordered proteins can be at least partially captured and stabilized when bound to
another protein. Then, distances could be measured using cross-linking mass
spectrometry or fluorescence resonance energy transfer and structure determination
can shed light to the interacting features, providing that the resolution is high
enough. Some of these methods could be used in the future to shine more light onto
the role of the distal C-terminus in AQP2 interactions.

In our cryo-EM structure of the AQP2-LIP5 complex we have used only the N-
terminal domain of LIP5 to increase our chances of success. But what would have
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been different if we used the full-length protein? We probably would not observe the
sandwich arrangement of double particles as the N-terminal domain would possibly
have less space to oligomerize. Since the linker connecting the two domains in LIP5
is disordered, it is possible that we would not be able to see any additional part of
that in the final map. On the other hand, we would be sure that the binding of the
N-terminal domain to AQP2 resembles the real complexation as much as possible.

The only other available structure of an aquaporin in complex with another protein
is the 25 A model of the AQP0-CaM complex [76]. Both this and our complex share
the same stoichiometry of two regulatory proteins binding diagonally to one
aquaporin tetramer. However, for AQP0-CaM, each molecule of CaM is thought to
bind two AQPO C-terminal helices from neighbouring monomers while this is
something that the resolution of our AQP2-LIP5 map does not allow us to draw any
conclusions of.

Story 2: AQPS-PIP

In Paper IV, we have confirmed the previously suggested direct interaction between
AQP5 and PIP using a co-elution assay and MST. The binding appears to be highly
cooperative. Studying the binding affinities of truncated constructs, we have
identified the distal C-terminus of AQPS5 to be the binding site for PIP, not the C-
terminal helix as it often is in other aquaporins. But where is the binding site on PIP
located? Although PIP was found to bind to an extensive number of targets, the
structural information about these interactions is limited. From the only crystal
structure of PIP, in complex with zinc-a-glycoprotein (ZAG) [60], two binding sites
on PIP were identified. The main one involves one of the 3-strands which creates an
antiparallel alignment with a neighbouring B-strand from ZAG. Such binding mode
is unlikely in AQP5. It is much more probable that some of the loops of PIP are
engaged in the interaction, like the residues on loops 4 and 6 which create the second
binding site for ZAG. The only other binding affinity measured for PIP is for the
binding to CD4 receptor where the Kp was 6 nM. That is about 100-fold stronger
binding than what we have measured for PIP-AQP5 (570 £ 120 nM). This is not so
surprising since CD4 also consists of B-sheets.

Our stoichiometry results show that likely only one molecule of PIP binds to one
AQPS5 tetramer. The obvious question is why is that. Based on our results, after the
first PIP binds the three remaining C-termini of the tetramer are not available for
interaction with a second molecule of PIP. Because of the flexibility of the distal
termini the argument of steric clashes is most likely not founded. Either, for some
reason, in our hands the interaction does not happen at the physiological scale or the

66



C-termini are all interacting with the same molecule of PIP. The latter is supported
by the high level of cooperativity in the binding. Another plausible explanation could
involve the phosphorylation site at Thr 259 of AQP5 which is part of the region
where the binding site lies. Phosphorylation at this residue could prevent or be
necessary for the interaction with PIP to happen and this should be further
investigated.

Based on the relatively low affinity and the propensity of PIP to bind to a myriad of
other proteins this interaction is likely to be very transient. Although the function of
the complex is currently not known, it is possible that the binding happens during
vesicle trafficking or microtubule binding since PIP is known to bind actin [56] and
since in Sjogren’s syndrome the trafficking of AQP5 is impaired [45]. G-actin
binding is an important event in AQP2 exocytosis [122] and it could play a role in
trafficking of AQP5 as well.

Story 3: AQP0-CaM

In Paper V we have confirmed that in liposomes the direct binding of CaM to AQP0
closes the channel, which was previously only tested in oocytes [14]. None of the
three constructed phosphomimicking mutants could be closed by CaM, we therefore
expected that none of those would bind to it. Interestingly, S231D is still able to
bind CaM, though the binding mode is probably different. This is further supported
by our MST results where the binding curve has an opposite direction than for the
wild-type. When the binding was tested with phosphorylated peptides (as oppose to
full-length proteins) the S231 phosphorylated peptide did not bind AQPO. This
suggests that other parts of the protein also play a role in the binding, possibly the
distal C-terminus, as in AQP2 binding to LIP5, or the loop D, as suggested by
molecular simulations [123]. Contrarily to our results, these simulations observed an
alternative binding mode for AQPO phosphorylated at S229 and S235 [123].

Physiological relevance of such alternative binding remains to be elucidated.

S$235 is the main phosphorylation site in human AQPO and it gets increasingly more
phosphorylated towards the inner part of the inner cortex of the lens [124]. Since
based on our results S235D loses its Ca®*/CaM sensitivity, this would mean that the
regulation of channel gating by CaM is also decreased by lens maturation. However,
in oocytes S235D retained its Ca** sensitivity, although the mechanism and the
involvement of CaM are not clear. Moreover, the phosphorylation of $235 by
protein kinase C is important for trafficking of AQPO to the apical membrane after
synthesis [78] and it is possible that, when studied in oocytes, some of the observed
effects might in fact be due to AQPO trafficking, rather than gating.
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Concluding remarks and outlook

In this thesis I have described our studies of the regulation of three human isoforms
of aquaporins — AQP0, AQP2 and AQP5. As a reader might have noticed the level
of detail at which we have studied the three different isoforms is not the same. Much
is already known about the regulation of AQP2 trafficking by phosphorylation and
here we have contributed by a further knowledge of how this phosphorylation affects
the binding of LIP5 and by further structural details of this complex. On the other
side of the spectrum, not much is known about how PIP regulates the trafficking of
AQP5. We have contributed with characterizing this interaction but the story still
has a lot of loose ends. For example, since PIP is a secreted protein, it still remains
unclear at which point does this interaction happen and why it needs to happen. I
will be very curious to follow the research in this particular field in the future.

This thesis is a proof of how important posttranslational modifications are in
regulating protein function. In the future, I expect that characterization of PTMs
and their effect on function will be a subject of many more studies in many more
protein systems.

We probed the effect of phosphorylation on the binding affinity of AQP2 to LIP5
and AQPO to CaM. Similarly, in the future this effect should also be tested on AQP5
and its binding to PIP as AQP5 contains one phosphorylation site within the
expected binding site as well as other phosphorylation sites outside of it. We also
know that difference in the glycan chain on PIP affects the binding affinity towards
CD4. It would be interesting to see whether this could be true for the interaction
with AQP5 as well. During my time as a PhD student I have tried to express and
purify a N77A mutant of PIP where the glycosylation site was mutated. The idea
was to test whether the binding affinity for this mutant is any different from the wild
type. However, this mutant repeatedly failed to purify, maybe because of the possible
stabilizing effect of the glycosylation, and after many trials we have dropped the
efforts.

The cell is a crowded environment, while all studies included in this thesis are done
in vitro. These studies are necessary to understand the small, especially structural,
details of proteins. However, further iz vivo experiments will be needed to set the
findings originating from this thesis into the context of the complex cellular
organization.
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I believe that the largest contribution of this thesis is the cryo-EM structure of AQP2
in complex with LIP5. Even though the resolution does not allow us to distinguish
the atomic details of the complex, the method described in Paper I still provides a
stepping stone, enabling and encouraging further studies of aquaporin complexes. 1
like to think that a higher resolution structure is just a few trials away and that only
minor tweaks in sample preparation would get us there. The system of lipid
nanodiscs seem to be very suitable for studying membrane proteins in cryo-EM.
Since the protocol for reconstitution is quite optimized, I believe it could be easily
applied onto other aquaporins in complexes with their regulatory proteins and I hope
to see many beautiful cryo-EM structures of these in the future.
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