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“The secret of life, though, is to fall seven times and to get up eight times.”

Paulo Coelho, The Alchemist
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ABSTRACT

Aquaporins are specialised membrane proteins, which regulate the water
homeostasis of cells. In eukaryotic organisms, this process is tightly regulated,
and aberrations in aquaporin functionality lead to severe pathologies in
humans. The aim of this thesis is to shed light on the aquaporin function and
regulation, both as individual protein targets and in the cellular context, as well
as exploring various applications for human aquaporin 4, specifically. A wide
range of biochemical methods have been applied, ranging from the importance
of robust protein production methods, for targets as well as for their complexes,
to functional and structural characterization.

For biochemical characterization and structural analysis, large amounts of
pure, homogeneous and stable recombinant protein are needed. The
methylotrophic yeast Pichia pastoris was utilized for the overproduction of the
soluble protein Sirtuin2, an indirect up-regulator of Aquaporin4 in humans.
The highest yet-reported yield of the protein (40 mg/l) was achieved,
facilitating modulation trials of the potential drug target. The P. pastoris
overproduction system was also employed for the expression of human AQP4,
facilitating new research applications, such as improved Neuromyelitis Optica
diagnosis, and a better understanding of the intermolecular binding between
the monomeric subunits.

In addition, the novel structural characteristics of AQP1 from the fish Anabas
testudineus was studied in this thesis and key residues responsible for the
molecular mechanisms for osmoregulation were identified by mutational
analysis combined with functional studies. By combining stopped-flow assays
and molecular dynamics simulations, a novel extracellular gating mechanism
could be elucidated for this particular aquaporin isoform, being less efficient
in water transport than AQP4 and phosphorylation of Tyrosine 107 leads to a
closed conformation involving loop C.

Functional studies were also performed for the development of a new method
for testing the transport specificity of aquaporins regarding hydrogen peroxide.
The transport rate can be standardized in relation to protein quantity, resulting
in a more accurate determination of transport rates as compared to cell growth
assays.

Interactions between proteins are difficult to evaluate, but using bimolecular
fluorescence complementation, membrane protein complexes could be
quantified and screened in vivo in a high-throughput manner. During the course
of this work, we standardized sample preparation and defined criteria which
allow the discrimination between constructive and random interactions. Taken
together, the results presented in this thesis lay the fundament for future
screening for novel interaction partner using a cDNA library, a method that is
not limited to aquaporins.
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SAMMANFATTNING PA SVENSKA

Vatten &r nodvandigt for alla livsformer pa jorden och transporten av
vattenmolekyler in i celler 4r tajt reglerad av en speciell typ av
membranbundna proteiner: aquaporiner. Icke fungerande aquaporiner ligger
bakom flera av ménniskans sjukdomar, sa som utveckling av tumorer, diabetes
insipidus och Alzheimers sjukdom. Innan vi kan utveckla specifika ladkemedel
finns det fortfarande mycket att ldra nir det géller den grundlidggande
molekyldra mekanismen som kan kopplas till olika sjukdomar. Resultaten som
presenteras i denna avhandling fordjupar vér forstdelse, inte bara for
aquaporinerna i sig, men ocksa for hur de regleras, som en del av de celluldra
nitverk som de dr del av. Det &r oftast inte bara en metod som behovs for att
belysa komplexa fragestéllningar, det dr déarfor mélmolekylerna studeras
utifrén olika perspektiv och med hjélp av olika metoder inom proteinforskning.
Tillgdngen till stora méingder av stabilt och rent protein dr en vanlig
begransning for strukturell och biokemisk karakterisering. I arbetet som
beskrivs i den hir avhandlingen har den metylotrofa jaststammen Pichia
pastoris anvénts for att producera 16sliga sdvil som membranbundna proteiner
fran olika organismer; AtPIP2;4 och SoPIP2;1 fran viaxtriket samt SIRT2 and
AQP4 fran ménniska och AQP1 fran fisk. Palitlig proteinproduktion var
forutsittningen for att 16sa strukturerna av AtPIP2;4 och cpAQP1laa, dér den
information som erh6lls anvindes for att utvirdera olika funktionella aspekter
hos dessa tvd aquaporiner. Genom att sedan kombinera mutations- och
funktionsstudier med molekylsimuleringar kunde en ny regleringsmekanism
hos aquaporinet fran fisken belysas och en modell for dess varierande
osmoreglering presenteras. Funktionsstudier anvidndes ocksa for att utveckla
en ny metod for att utvdrdera transportspecificiteten for aquaporiner med
avseende pa viteperoxid. I den hdr metoden kunde transporthastigheten
standardiseras 1 relation till mingden protein vilket gav en mer exakt
uppskattning jamfort med helcellsstudier. Slutligen &r interaktioner mellan
proteiner svéra att utvirdera, men med hjélp av bimolekylar fluorescens
komplettering kunde membranproteinkomplex kvantifieras och screenas med
stor genomstromning in vivo. Sammantaget sa lagger resultaten fran denna
avhandling grunden for framtida screening av nya interaktionspartners fran ett
cDNA bibliotek, en metod som inte dr begransad till aquaporiner.
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1. INTRODUCTION

One of the key factors in the evolution of biological life on Earth was the
development of a separate environment in which catalytic reactions could take
place, biotic information was saved for replication and energy from the outside
could be stored in chemical molecules.” The convergence of these factors was
the start point for the successful biological trial-and-error process we now call
evolution. Without the differentiation between an outside and an inside,
defined by the very first lipid bilayer, the separated Darwinian biochemical
adaption processes would have never appeared.’ The diversity of life in a broad
range of abiotic conditions is possible because the early membrane vesicles,
through interactions of free lipids, have formed a thermodynamically stable
assembly so that their hydrophilic parts are exposed to the surrounding water
and internal solutions.” Between the bilayer, the hydrophobic core prevents the
diffusion of hydrophilic solutes, while gases can diffuse through the barrier.’
The active transport of molecules was already assumed in the 1940s of the last
century, but a first valid model, the fluid mosaic model, considering proteins
as the driving force for membrane transport, was developed 1972.%7

Figure 1: A schematic presentation of a cell membrane from an intracellular perspective,
containing membrane domain structures and membrane-associated cytoskeletal elements.”



Today we know that the membrane is not only a floating sea of lipids, it is
much more complex and it is crowded with specialized proteins, which
typically make up 50 % of the membrane mass (see figure 1).%’

The lipid composition of membranes in organisms is highly specific in
different cell types, among organelles and varies depending on the
functionality.”” The lipid backbone is much more than a backdrop for the
incorporated proteins; instead, it can enhance the formation of oligomers or
effect the function of proteins.’” /2 Due to the low passive diffusion rate of
molecules through the lipid bilayer, rapid responses to environmental changes
and the control of gradients are associated with the functionality of the
membrane-integrated proteins.’?

1.1. MEMBRANE PROTEINS

Proteins are essential for life, which is expressed in their nickname “building
blocks of life”. Literally, proteins shape our bodies (cytoskeleton), make us fall
in love (oxytocin) and catalyze reactions, that enabled life on earth for us
humans (rubisco).’*/¢

As we saw in the previous chapter, cell membranes are important for building
a compartment and essential for the reactions that take place for survival.’

A closed cell, on the other hand, would deprive the organism of water and
energy. As a consequence, specialized proteins are embedded in the
phospholipid bilayer, which act as gatekeeper for the cells. These integral
membrane proteins are important, among other things, for controlling the in-
and outflux of molecules, either passively or by using energy as well for
dynamic reactions by cascade signalling.

The versatile role of membrane proteins for cellular function makes them
important targets for drug development. While only 26 % of all genes are
encoding for membrane proteins, they are targeted by more than 50 % of all
available drugs.”” Membrane proteins are also crucial for the constitution of
proton gradients for energy production and regulation of the osmotic balance
of cells.” Fulfilling both roles, guiding water through the plasma membrane,
while stabilizing a proton gradient at the same time, needs a highly specialized
protein. Evolution shaped a class of membrane proteins for this task: the
aquaporins.



1.2. AQUAPORINS

Organisms began colonizing the land side of the Earth about 3.5 billion years
ago, and although evolutionary progress has produced a huge variety of life
forms, they all rely on the same old dependency: They need water to survive.”’
Water enables cell biochemistry, but the flux inside and outside of biological
systems through membranes must be tightly controlled. Water homeostasis is
passively regulated by aquaporins along an osmotic gradient, a functionality
which makes them ubiquitous in all kingdoms of life.”’

For a long time, it was unclear how the water transport in cells is controlled. A
solely passive transport could be excluded in 1957, by measuring the high
water flux rates of human red blood cells.”

Since a passive transport through the bilayer is not capable of sustaining the
water household of a cell, in the absence of an alternative theory, the presence
of aqueous pores with a diameter of 3.5 A in the membranes was initially
suspected.”” It took until 1970, when Macey and Farmer proved that mercury-
sensitive proteins must be responsible for the flow of water across the cell
membrane, and another 23 years before the amino acid that is mercury-
sensitive in human AQP1 (cysteine 189) was discovered.” % Patience is
definitely required in structural biology, which can be illustrated by the
discovery of the first aquaporin, which began in 1988 as a persistent 28 kDa
SDS-PAGE band in the laboratory of Prof. Peter Agre when working with
human erythrocytes.”

It took another four years until the then so-called CHIP28 protein could finally
be isolated, which filled the role of the "water-filled channels in the membrane"
and was awarded the Nobel Prize in 2003.*> % Compared to their soluble
counterparts, membrane proteins are more challenging to classify.”’
Aquaporins, which are classified as part of Major Intrinsic Proteins (MIPs) can
be roughly divided into two major groups due to their specificity not only for
water (orthodox aquaporins) but also for small solutes such as glycerol and
urea (aquaglyceroporins).”* ? Mammalian AQP11 and AQP12, the so-called
superaquaporins, form yet another subclass. Their water permeability is still
being discussed, while their intracellular distribution indicates a role other than
just water transport.”” ¥/



1.2.1. STRUCTURAL CHARACTERISTICS

Although the basic structure of membranes is formed by the lipid bilayer and
the varying content of phospholipids, glycolipids and sterols, the specific
function of each membrane segment is defined by the incorporated protein.
Since the function of a protein is directly linked to its structure, high resolution
structures give valuable insights into the underlying molecular mechanisms. In
aquaporin research, the first high-resolution structure of human AQP1
(hAQP1) in 2000 supported the previously predicted “hourglass” shape of the
central water pore.”””® Structural biology methods have made enormous
progress since the beginning of the millennium, and all revealed structures
share a structural homologues design: an assembled homotetramer, consisting
of individually functional monomeric subunits (see figure 2).

A B extracellular

A v
Figure 2: A) Top view of the AQP4 tetramer (PDB: 3GDS), showing four monomeric subunits
and the single file water transport in each pore. B) Side view of A, indicating the orientation of
AQP4 in the membrane. C) AQP4 monomer with highlighted half helices, containing the NPA
motifs. D) Zoom in the constriction region, containing the R/Arg selectivity filter.




The position of these subunits also creates a pseudo- or central pore, which can
have additional transport features as CO, permeation and ion transport.”’~* The
co-transport function of aquaporins beside water in the putative central pore is
controversially discussed, one reason for this could be the general structural
similarity between aquaporin isoforms, which is not a single factor for the
observed effect.”” */ There is strong evidence that multiple factors determine
the function and specificity of the different aquaporins subclasses, so that it is
important to know the structural characteristics that aquaporins have in
common.”” From there, structural deviations give insight in cellular
physiology, something that will be discussed in this thesis.

Each water pore is folded by six surrounding transmembrane helices,
connected by five loops and the N- and C-termini are located on the cytosolic
side of the membrane.

Two elongated loops fold back into the membrane from the intra- and
extracellular side and form a seventh pseudo transmembrane helix. Water
molecules entering the pore will first pass an arginine (R/Arg) selectivity filter,
impairing the entrance of high molecular weight and charged molecules.”’ The
filter is the narrowest part of the protein and positioned 8 A away from the
highly conserved part of the protein, which contains the two characteristic
NPA (N/asparagine, P/proline, A/alanine) motifs.”

In orthodox aquaporins, single water molecules with a diameter of 2,7 A are
forced to squeeze through a pore with a diameter of about 3 A, thus ensuring
the exclusion of protons and ions by electrostatic repulsion.”” This feature is
crucial for preserving the gradient disparities across the membrane, e.g. for
photosynthesis or mitochondrial respiration.

The diameter of the constriction region in aquaglyceroporins, however, is more
variable, ca. 0,5 A - 1 A wider than in orthodox AQPs, to allow larger solutes
to pass the hydrophobic barrier.” Additionally, the more hydrophobic amino
acid lining in the pore leads to an optimized passage of larger and more
hydrophobic solutes such as glycerol.”’

Aquaporins facilitate the rapid transport of water molecules while being
repulsive to protons and solutes being repulsive to protons and solutes, when
they are not required.” Each individual aquaporin subunit is able to mediate
the transport of up to 3 x 10° water molecules per second, and although water
is elementary for the cell, there are situations where the flux must be
controlled.” Although aquaporin production can be regulated at the level of
gene transcription, it is a complex and slow process.” In the next chapter,
posttranslational pathways for regulating aquaporin activity are discussed, with
gating and trafficking being the most important ones. Another important factor
is the interaction of aquaporins with other regulation proteins, and the usage of
PPIs as complementation marker.



1.2.2. AQUAPORIN REGULATION AND INTERACTIONS

The water transport function of aquaporins is beneficial to all organisms, but
the intrinsic waterflow itself cannot be actively controlled in response to
environmental signals. In the course of evolution, cells have adopted three
main regulatory strategies to regulate the flux of water through the membrane.
While the regulation of water flow is slow at the transcriptional and
translational gene level, post-translational regulations such as trafficking and
gating allow for a more rapid response at the molecular level.”’

Basically, eukaryotic cells either store inactive aquaporin molecules in
intracellular vesicles (trafficking), or they manipulate the functionality of the
proteins to restrict the waterflow (gating).

These two processes can be triggered by the binding of regulatory proteins,
modifying the target protein inducing a conformational change. As a result,
either the diameter of the central pore in the transmembrane region becomes
narrower (pinching effect), or an external loop of the protein plugs the central
pore (capping effect).”

The regulation of aquaporin by trafficking was described before gating as a
way to regulate eukaryotic water transport. The activity of water transport from
the membrane is reduced by the storage of inactive aquaporins in intracellular
vesicles in response to environmental stress. The mechanism was first
described for AQP2 in human kidney, responsible for the absorption of water
from pre-urine.” The relocating of proteins to the cell membrane can be
triggered by various compounds. In eukaryotic cells, hormones are often
involved (vasopressin in the case of AQP2), but also soluble proteins (RAB
and SNARE proteins) and modifications of the proteins themselves (S-
acylation) can regulate the trafficking.”*”% The abundance and identity of
membrane and surface proteins is crucial for cell functionality and deviations
from the transport mechanism can lead to severe disorders. Abnormal
trafficking is evident in several neurodegenerative disorders such as
Alzheimer's disease, but it is also the cause of diabetes insipidus by affecting
the ability to concentrate primary urine.”” >

Gating of aquaporins, which is especially relevant in plants, is a response to
changes in environmental conditions (presence of ions, draught), or as reaction
to signaling intermediates such as pH changes in the vacuole or ROS.”
Spinach aquaporin SoPIP2;1 is such a gated water channel, triggered by flood
and drought, a conformational change is induced involving phosphorylation
and changes in pH." % It is important to note that gating is an equilibrium
state, and the plugging mechanism is hence reversible.”



AQPO is an example of a gated mammalian aquaporin, which is present in the
eye lens where it mediates cell junctions. The regulation of AQPO is Ca*"
dependent, inducing the binding of the regulatory protein calmodulin (CaM)
to the C-terminus of AQPO, resulting in a pore closure.” % It has been shown
that cooperative complex formation exhibits 1:2 stoichiometry by a single
Ca*"-activated CaM binding to two adjacent AQPO monomers.”

Aquaporin gating has also been an established regulatory mechanism for other
mammalian aquaporins, such as AQP1, AQP3, AQP4, AQP5, AQP10, as well
as for AQPZ from Escherichia coli.’* %72

Aquaporin interactions and cellular function

Since proteins and PPIs are crucial for the cellular functionality of all living
organisms, deviations from normal protein function and patterns of PPI can
lead to disease states. Examples are disturbances in the p35 suppressor protein
interactome, resulting in tumor genesis or the development of
neurodegenerative diseases like Alzheimer's disease.” 7

Most often, these pathological conditions are related to key proteins and multi-
protein complexes involved in a variety of fundamental processes like the
modification of other proteins (sirtuins) or water homeostasis in cells
(aquaporins).

Protein-protein interactions of aquaporins are crucial for their underlying
functions and several physiological processes in humans relate to them.” An
aberration of these mechanisms has significant consequences for the organism,
resulting in a variety of severe pathologies.”” 77 The diversity of clinical
syndromes cannot be explained with the passive transport mechanisms of
aquaporins alone, indicating the importance of the regulatory role of these
membrane proteins.”® Since the intrinsic structural features of aquaporins are
highly identical between different organisms, the various functionalities can be
explained by the different types of interactions aquaporins form with
proteins.”

The structurally most important interactions of aquaporins involve the
formation of quaternary structures as tetramers. These arrangements might
consist of the same monomeric subunit, which is the most common abundance
pattern, or different AQP monomer isoforms assembly into hetero-tetramers
(such as TIPs and PIPs in plants; AQP0 in mammalia).”"*

Some aquaporins are able to form supramolecular assemblies, orthogonal
arrays which form interactions between cells. AQP0O and AQP4 are known for
not only transporting water, but also for the formation of these orthogonal
arrays as cell-adhesion junctions.*

Another form of PPIs are Transient interactions for AQP regulation in higher
eukaryotes, which are mediated by post-translational modifications.** %’



On the molecular level, these interactions are mainly facilitated by the C-
terminus of the aquaporins, accompanied by the more flexible extracellular
loops A and E.** %" The stabilization of aquaporin tetramers in the membrane
is mainly maintained by the interaction of transmembrane (TM) helices 1 and
2 in conjunction with TM 4 and 5, showing the diverse range of possible
interaction properties.®’

The diversity of potential aquaporin interaction partner, especially in view of
potential drug development, indicates the importance of methods, which are
able to detect these PPI networks.

The pathology of diseases on a molecular level is complex and cannot be traced
back to single PPIs, hence existing methods for detection must be improved.

Aquaporin function in their cellular context

Noteworthy, it is not only the direct interactions between two proteins that are
important for the regulation of a certain protein target, in the larger cellular
context, indirect interactions are also of major importance. One example is the
indirect effect of sirtuins on the regulation of aquaporins.

Sirtuins control a broad spectrum of cellular processes through their ability to
suppress gene transcription by epigenetic mechanisms.”* SIRT2 is one of the
nuclear sirtuins (beside SIRT1, 6 and 7), and its inhibition leads to the up-
regulation of AQP4 through enhanced NF-kB activation.* The regulation, co-
expression and localization of sirtuins together with aquaporins have been
reported earlier, but the exact details are still unclear.””*” To shed further light
on these processes and to characterize the sirtuin and the interactions involved,
the production of a sirtuin homologue, in P. pastoris will be discussed.
Importantly, the availability of high-quality protein samples is crucial for
biochemical characterization and medicinal development of putative drug
targets, like SIRT2.

The effects of the seven mammalian SIRT isoforms on various disorders
depends on their modulation as well as their up- and downregulation of the
proteins which have different consequences on the progress of various diseases
(see figure 3).
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Figure 3: Sirtuins: Biological functions and influences on various disorders related to specific
SIRT homologues.”

While the activation of sirtuins in general is associated with a positive impact
on metabolic and age-related diseases, the inhibition of the enzymes shows
beneficial effects for cancer treatment, infectious and neurodegenerative
disorders.”*

Understanding the mechanisms behind sirtuin modulation is the first step
towards the development of drugs selectively targeting the effects of their
regulation.”

SIRT?2 is a cytosolic NAD" dependent protein deacetylase, which is mainly
expressed in the mammalian CNS. The enzyme is involved in crucial
physiological functions and a key player in tumorigenesis.”**

SIRT?2 is a promising drug target, since its inhibition attenuates the toxicity of
a-synuclein in Parkinson's Disease (PD), but also the development of tumors.””
% In addition, the development of a potent and selective inhibitor is crucial for
the investigation of further cancer control strategies based on SIRT2
modulation.’” Interaction and structural studies require a high yield supply of
pure and homogeneous protein sample.



1.2.3. PLANT AQUAPORINS

One of the key characteristics of living organisms is their ability to move. From
the six main kingdoms of life, plants are the least mobile subclass. While other
eukaryotic organisms, such as mammalians, are able to change their
environmental biosphere, plantae have had to adapt to their habitat. Since
water is a volatile resource, plants developed a complex water uptake system
to sustain their cellular homeostasis.

In 1893, Bohm postulated the cohesion-tension theory, which provided a
mechanism for how plants supply their cells with water and nutrients.’”” The
theory has been updated over the years, but the use of the capillary effect is
still an essential factor for water transport in plants.’””/** Another factor in
water transfer is the use of osmosis for water flow between the cells to maintain
cell turgor pressure.’”

Aquaporins in the membranes of plants facilitate the flow of water and allow
the cells to build up the turgor necessary to expand the hydraulic pressure to
supply upper plant parts against gravity. Maintaining an optimal level of
osmosis is existentially important for plants, and the variability of aquaporins
enable plants to adapt to different niches and physiological conditions.” Plant
aquaporins are not only involved in osmosis regulation, but also in leaf
hydraulics, stomata movements and responses to environmental stimuli.’’/%
While humans have a variety of 13 aquaporin isoforms, plants developed
between 30 and 70 aquaporin homologues, adopted to specific environmental
needs.”” /1

Among others, gene duplication has led to the high variety of homologues and
the aquaporins of vascular plants can be assigned to five subfamilies: Plasma
membrane intrinsic proteins (PIPs), the tonoplast intrinsic proteins (TIPs), the
nodulin-26 like intrinsic proteins (NIPs), the small basic intrinsic proteins
(SIPs) and the X-intrinsic proteins (XIPs).

The versatility of aquaporin phenotypes is shown by the different substrates
that are transported into the cell. Plant aquaporins have been shown to transport
gases, metalloids (e.g. boric acid and arsenite) and small dissolved substances
such as urea and NH3./%” /- 112 They also play a vital role in the protection
against pathogens, namely in the pathogen-associated molecular pattern
(PAMP) immune response of plants. PIPs mediate the translocation of
externally applied hydrogen peroxide (H>O.) from the apoplast in the
cytoplasma, a signal for the presence of pathogens.’’* /* H,0, is a reactive
oxygen species (ROS) and involved in many signalling processes related to
stress response and regulation of the programmed cell death program in
plants.’"’
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The transport specificity of plant and mammalian aquaporins for hydrogen
peroxide has so far been tested with cell based cultures.’*’** In this thesis we
present a method to evaluate the H,O, transport on protein level.

1.2.4. HUMAN AQUAPORINS

Aquaporins occur in all tissues of the human body and conduct the
functionality of single cells up to organs. In mammals, 13 AQPs (AQP0-12)
have been identified and historically they have been divided into subclasses,
related to their substrate specificity. Classical, or orthodox, aquaporins
(hAQPO, 1, 2, 4, 5, 6, and 8) transport water, while the specificity of hAQP3,
7,9, 10 and 12 includes small solutes beside water.”’” ?’ Based on their
versatility these so called aquaglyceroporins become an interesting drug
target.””’">* A third class comprises the superaquaporins hAQP11 and 12,
which are not investigated in detail, but recent studies indicate a correlation
with cyst-like disease and pancreatitis.’** /%’

Since aquaporins exist in all tissues, misfunction of the transport effect has
direct implications on health.

This can, for instance, be the case with uncontrolled influx of water into cells
after injuries (edema). In the brain, AQP4 is related to critical tissue swelling
and a potential drug candidate must inhibit uncontrolled waterflux, while being
a non-toxic alternative to the heavy metal salts used at the moment.’?* %/
Table 1 shows diseases linked to aquaporins, while the function and medical
aspects of AQP4 are discussed in more detail in the next chapter.

11



Table 1: Diseases linked to aquaporins and their specificity for transport, 7% /25-13

Aquaporin
AQPO

AQP1

AQP2

AQP3

AQP4

AQP5

AQP6

AQP7

AQP8

AQP9

AQP10

AQP11

AQP12

Specificity
Water, CO,

Water, H,0, gases

Water

Water, urea, glycerol, small
solutes, metal ions

Water

Water, CO,

Water, anions, small solutes,
gases

Water, ions, small solutes

Water, glycerol, H,O,, small
solutes

Water, glycerol, metal ions, small
solutes, gases

Water, glycerol, small solutes

Water, glycerol

Unknown yet, secretion function
suspected

12

Related disease

Congenital lens
cataract

Cancer development

Nephrogenic diabetes
insipidus, water
balance disorders

Gastric cancer
regulation, skin
tumorigenesis

NMOSD, brain
oedema, brain cancer,
Alzheimer's disease

Sjogren’s syndrome

Unknown

Obesity, metabolic
abnormalities

Bowel syndrome,
polycystic ovary
syndrome

Polycystic ovary
syndrome, insuline
resistence, Alzheimer's
disease

Pompholyx,
psoriasiform acanthosis

Polycystic kidneys,
hepatocyte
vacuolization

Unknown



1.2.5. AQP4

As described before, aquaporins are essential for the water supply of cells,
which also applies to the central nervous system (CNS). Since the brain
consists of about 80 % water, and its function inextricably coupled to water
homeostasis, the three brain water-channels (AQP1, 4 and 9) must play central
roles in brain functionality and physiology.’** /%

Aquaporin 4 is mainly expressed in the astrocyte end-feet of glia cells,
facilitating the movement of water out and into the cells.”* The polarization of
AQP4 is strongly correlated with its ability to supply the astrocytes with water
from the blood vessels, so called blood-brain-barrier transport. At the structural
level, the orthodox AQP4 hosts a classic NPA motif and selectivity filter as
described in chapter 1.2.1 (refer properly). AQP4 has the ability to form higher
order structures, so-called orthogonal arrays of particles (OAP), a property, it
shares with AQPO0.” The size of these OAPs is defined by the ratio of the
mainly expressed AQP4 isoforms M1, (323 amino acids) and M23 (301 amino
acids), which differ in their translation and splicing lengths.”””*” The AQP4
splice variant M23 is mainly responsible for OAP formation, while a mixture
of the two isoforms, depending on the ratio of the isoforms, still promotes array
formation.””® OAP formation is an exclusive feature of AQP4 and clinically
relevant, by being the target of anti-AQP4 immunoglobulin G autoantibodies
(NMO-IgG), involved in NMOSD.””” '® An important factor for the
distribution and anchoring of AQP4 in the membrane is the expression of the
recently discovered extended form of AQP4 (exAQP4).””’ Translational
readthrough expands the regulatory potential of AQP4 and ensures the correct
polarization of the protein at the astrocytes.’”” All these multifactorial
dependencies, such as the translation of AQP4 at the molecular level, the
correct physiological localization in the membrane and the formation of higher
structural features, increase the risk that AQP4 is associated with various
diseases.

Today we know that AQP4 is involved in many clinical symptoms, from
Alzheimer's disease to neuropsychiatric disorders and brain edema.’%/%
AQP4 is also the key protein for understanding the auto-immune disease
Neuromyelitis optica spectrum disorder (NMOSD), affecting the CNS and
optical nerves.’”” In their pathogenesis, patients show the development of
aquaporin4 antibodies (AQP4-IgG) that bind to the water channel in their
astrocytes. In the final stage of the disease, the complementing reaction
following the binding of the antibody to the AQP4 antigen leads to blindness
and paralysis. A major challenge in the diagnosis of NMOSD is the ability to
detect the AQP4-IgG in patient serum, which is the first step towards diagnosis
and accurate treatment of the disease.’* /%
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AQP4 is a membrane protein and water channel of great interest for medical
and technical research. Hence, the majority of the work presented in this thesis
is focusing on this specific target where (un-, once-, and double-) labeled
human AQP4 (hAQP4) has been produced for various research applications,
all aiming towards an increased understanding of the AQP4 molecular
mechanism. These include the characterization of intermolecular AQP4
homotetramerization, the characterization of circulating AQP4-IgG on
molecular level and the utilization of silica-stabilized AQP4 as a technical
water filter. Another topic is the larger physiological function in the cellular
context being exemplified by the interaction of AQP4 with calmodulin and the
relationship of AQP4 to sirtuin 2 (SIRT2), a deacetylase which is involved in
many physiological processes and a potential anti-cancer drug target.’”” /7’
Aquaporin interactions are fundamental for cellular function with AQP4 being
no exception. Interactions of hAQP4 were identified with Ki4.1, a potassium
channel in astroglias, GLT-1, SURI1-TRPM4, Alpha-1-Syntrophin and
CFTR./71175

In this thesis we lay the fundament for methods able to screen and verify novel
interaction partner of (membrane) proteins, with a focus on aquaporins.
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2. METHODOLOGY

Back in 1838, when chemistry was a dirty and hand-made business, the Dutch
scientist Gerardus Johannes Mulder published his results of working with egg-
white-like substances, which he extracted from plants and animals.””® He
“asserted that this material was the essential general principle of all animal
body constituents...”.””” Mulder worked with albumin, fibrin and casein and
named the identical organic base material protein, a word he adopted from the
Swedish chemist Jacques Bursailleus. Basically, researchers from the 19"
century had the same problems we face today in our professional routine: 1.)
We have to isolate sufficient amounts of pure protein. 2.) Our senses are not
able to investigate the structure of our molecular target, with the consequence
that 3.) the function of a protein cannot be explained. The correlation between
the structure and function is fundamental in protein science, especially in
protein-protein interactions. One of the first regulatory interaction pairs
discovered was trypsin with its inhibitor in 1906.””* It took decades of
technological development to investigate protein-protein interactions in
routine applications.’”” /%’ The nature of protein interactions and their networks
is still relevant in modern biochemistry, and a separate chapter will deal with
the question: 4.) how do we detect protein interactions?

The next chapters will deal with the challenges associated to protein
production, focusing on membrane proteins for various analytical purposes.

2.1. PRODUCTION AND PURIFICATION OF
MEMBRANE PROTEINS

Nowadays we can no longer imagine the laborious work of scientist 200 years
ago to obtain the objects of their studies. Compared to their colleagues in the
fields of botany and zoology, they were unable to study proteins in the wild.
On the other hand, our curious predecessors were still dependent on plants and
animals as production hosts. It was not uncommon to find the first biochemists
(chemist at that time) to extract their study objects in slaughterhouses or in
production plants. These roots are still present in the names of the amino acids.
In the case of the first discovered amino acid asparagine, the name derivates
from the plant Asparagus officinalis, which naturally contained a higher yield
of the amino acid. These yields were not high in modern terms, for example,
the Italian chemist Arnaldo Piutti reported that he had to process 6500 kg germ
buds to gain enough protein crystals to perform his experiments.’*’
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Today, we also need large quantities of pure and functional protein, but the
development of recombinant production techniques has substantially
simplified the entire process from gene to target protein.

From my experience it is well invested time to consider the production,
purification and characterization process as a holistic strategy. The entire setup
for producing and purifying a specific target is unique and cannot simply be
replicated for two proteins, even though there are high similarities. The most
important steps in (membrane) protein production that need to be considered
are shown in figure 4. In the next chapter 1 will first discuss different
expression systems, followed by the review of the production host Pichia
pastoris, used for the bulk protein production in this thesis. Then we will learn
more about protein purification and the use of the pure protein for structural
and functional analysis, before we finally deal with methods of protein
interaction.

Optimizing = Cloning into a = Small
construct host scale screening

Solubilization < Wl PR Large scale

preparation expression

/ Structural analysis
N

IMAC/IEC [ 2 SEC

Functional assays

Figure 4: Flowchart of the typical steps towards structural and functional analysis of a protein
target.

2.2. PROTEIN PRODUCTION HOSTS

Today, a wide variety of hosts are available for recombinant protein
production; mainly bacterial, yeast and mammalian / higher eukaryotic host
systems. The choice of a production system to a large extent depends on the
target which should be obtained in the end. All expression systems have their
intrinsic advantages and disadvantages, but the first thing to consider is the
origin of the protein target itself.
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Working with eukaryotic proteins requires the presence of post-translational
modifications (PTMs), and the host used for expression must be able to
perform glycosylation, phosphorylation, while providing a eukaryotic cell like
machinery for the correct folding of the functional protein, especially valid for
membrane protein targets.

Prokaryotes do not provide this, but are cheap and easy to modify and are used
as a pre-host for cloning and plasmid preparations.’*? There have been efforts
to enable E.coli to express suitable membrane protein targets, overcoming the
lead to toxicity and low yields of the prokaryotic host system.’*/* Thus, if a
new expression set-up needs to be created, different expression hosts,
including prokaryotic hosts, can be screened. Other popular membrane protein
expression hosts for structural and functional characterization are yeasts,
including Saccharomyces cerevisiae and Pichia pastoris (Komagataella
phaﬁii).wé‘ 187

There are benefits offered by yeast systems; well-known genetics, high growth
rates and densities of prokaryotic systems together with a posttranslational
modification machinery which is similar to expression in higher eukaryotes. In
addition, yeast is able to perform disulfide bond formation, acetylation,
phosphorylation as well as certain O- and N-linked glycolysation patterns,
which is the most complex protein modification and important for a human-
like protein functionality.”” There are a variety of protein based drugs that are
produced recombinantly in yeast, e.g. the hormones insulin and glucagen are
produced in S. cerevisiae.® Nevertheless, attention is required because the
glycolysis pattern of a protein affects the stability and metabolism of the drug
in the patient.”*” ’” Even though yeast is able to perform post translational
modifications similar to mammalian cell lines, especially in S. cerevisiae, the
recombinant protein is enriched with up to 200 high-mannose glycan residues
(mostly N-linked glycosylation), since a smaller variety of utilisable sugars is
available compared to mammalian cells.””’ P. pastoris, on the other hand, is
known to add less mannose residues to the expressed protein target, resulting
in protein targets suitable for human drug delivery, such as human insulin,
hepatitis B vaccine and protein polymers among others as a result of
recombinant optimization.’*-"*?

The ability to study human protein related diseases is based on the access to
the proteins of interest and the proteins related to them in the PPI network
dynamics.”* "> Before interaction targeting therapies are developed, the
related proteins must be produced. The production host Pichia pastoris is
capable to produce both, the disease target for basic medical research, and the
compatible biopharmaceuticals.””*’* Protein-based drugs produced in P.
pastoris are approved by the U. S. Food and Drug Administration (FDA) since
2009, such as the plasma kallikrein inhibitor Kalbitor®."*
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The use of recombinant produced proteins for medical purposes is an
indication for proper PTMs performed by the production host.

For pathological related experiments it is crucial to use protein source material,
which shows the same properties as the native protein. Structural clarification,
functionality and understanding of interactions of the target depend on the
proper initial production.

The proteins produced for the studies in this thesis are possible drug targets,
since they are among others relevant for metabolic and aging-related diseases
(hSIRT2) or autoimmune diseases (hAQP4). We used the benefits of protein
production in P. pastoris, to obtain highly pure, stable and biological relevant
material for our studies.

The advantages of P.pastoris as an expression host for several projects of this
thesis are discussed in more detail in the next section.

2.3. OVERPRODUCTION IN P. PASTORIS

P.pastoris offers an ideal compromise between growth performance, high cell
titer, secretory expression and mechanisms of protein expression comparable
to mammalian cells. These benefits are complemented by the possibility to
introduce linearized foreign DNA into the chromosome.””’ In addition to the
expression similarities with eukaryotic cells, the work with P.pastoris offers
practical advantages such as high growth rates, simple genetic manipulation
and GRAS status (generally recognized as safe).””” *” Mammalian cell
expression of recombinant proteins, in contrast, can be challenging due to high
system costs, potential contamination with animal viruses, capacity limitations
and selection difficulties.’* %

The usage of P. pastoris for the production of integral membrane proteins for
structural determination has been proven many times.”” In this thesis, the
targets hAQP4, hSIRT2, AtPIP2;4, SoPIP2;1 and cpAQPlaa (plus mutants)
were produced in high yields and high quality, sufficient enough for
crystallization and functional assays.

Since P. pastoris is a methylotrophic yeast, we use its ability to metabolize
methanol as the only carbon source. The metabolism switch is coupled to the
strongly and strictly controlled alcohol oxidase 1 promoter (AOX1), which
enables the operator to decouple the growth and replication phase from the
induction phase of the protein target. The alcohol oxidase of the yeast cells
oxidizes the added methanol to formaldehyde and hydrogen peroxide as the
first products, which requires large amounts of oxygen and generates heat.””’
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The cells compensate the low affinity of alcohol oxidase to oxygen with the
overproduction of the enzyme, which it can account for up to 30 % of cell mass
and can be seen as impurities during purification.”” The high demand for
oxygen flow, temperature and feed management makes the usage of
bioreactors advisable.””” 2%

It has been shown, that the usage of bioreactors can improve the yield up to a
factor of eight compared to shaking flasks.””” A favourable feature for this
efficiency is the high titer of the cells and possible multicopies of the target
gene in the genome.”’” ?!! Because P.pastoris is a Crabtree negative yeast, it
does not lose carbon under respiratory conditions through ethanol production,
which prevents autotoxicity and greater efficiency compared to other hosts
such as S. cerevisiae.””?

In practical terms, the process from gene or plasmid to high-expression cloning
is a streamlined process using commercially available selection kits (such as
Invitrogen EasySelect™ Pichia). The linearized pPICZ vector with the target
gene can be transferred by electroporation into a X-33 P.pastoris strain, where
it is integrated into the genome via homologous recombination.””’ A Zeocin
resistance on the plasmid allows iterative screening with advanced antibiotic
concentrations to find highly expressing clones selected for multicopy
insertion of the gene.”’*

In a subsequent small-scale expression test, zeocin-resistant clones from the
previous step are compared with regard to high target expression.’” A
subsequent immunoblot analysis against the target protein from the cell lysates
indicates the suitable clone for a large-scale growth in a bioreactor under
controlled and optimized conditions regarding oxygen supply, temperature and
pH adjustments.

The large-scale expression efficiency and quality of the protein target should
be evaluated by immunoblotting to confirm identity and the stability of the
target.2 16

2.3.1. THE IMPORTANCE OF PTMs FOR PROTEIN
OVERPRODUCTION

The importance of PTMs cannot be underestimated for the insight into
molecular mechanisms and the explanation for pathologies. The human
genome encodes for around 20 000 nonmodified (canonical) proteins.’’’
Interestingly, these coding regions occupy only 1-2 % of the entire genome,
while the remaining regions hold structural and functional information.”’*
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Several factors such as alternative splicing, nucleotide polymorphism and
PTMs ensure, that as many as 100 different protein variants, “proteoforms”,
can be produced from a single gene.?”’

Three subtypes of protein candidates carry out PTMs, which can be classified
as “writing”, “reading” and “erasing”.”’*?* Typically, each of these
modifications is carried out by a specific protein class, but the sirtuin family is
unique in the way, that they can act as both, writer and eraser.’*

These proteins fulfill the writing role by putting a ribose on target protein side
chain (ribose transferase), but they are also able to remove acyl groups from
proteins (deacetylase). The NAD" dependent reversible (de-)acetylation of Lys
side-chains effects all types of cellular proteins and is an ancient and highly
conserved posttranslational modification. With more than 6800 protein
acetylation sites in mammalians, acetylation rivals phosphorylation in
prevalence and malfunctioning of the acetylation machinery is involved in
several severe diseases such as cancer development, neurodegenerative
diseases and cardiovascular diseases.’?***

Since SIRT2 plays a significant role in several pathological pathways, the
recombinantly produced protein should share the same translational
characteristics as the native mammalian protein.””**’ Additional PTMs from
alternative hosts such as S. cerevisiae could influence the outcome of clinical
tests, e.g. by modifying the glycosylation composition of the protein. In
comparison, glycosylation occupancy in P. pastoris can be modified to be
comparable to mammalian cells (CHO).””’ These improvements are not
guaranteed for every protein target, but at the same time the higher yields of
the yeast host are utilized for protein overproduction.

2.4. MEMBRANE PROTEIN PURIFICATION

The selection of a suitable expression host for your protein target is the first
step towards characterization. This chapter will focus on how to get rid of the
host proteins while retaining the protein needed for further studies.

The isolation of the desired protein target from the mass of unwanted co-
expressed proteins and cell debris is not trivial and an often-underestimated
step towards structural analysis.””> ** The process of membrane acquisition
and the final protein purification is unique for every protein, but similar
objectives must be followed.
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Several steps are required to extract the membrane proteins from the natural
environment in which they are incorporated. Membranes are first isolated by
lysis of the cells, sometimes followed by various washing steps to remove
unwanted peripheral membrane proteins. Initially, the cells have to be
disintegrated, which can be done with different methods.

Cells are commonly lysed either by enzymatic and chemical techniques, or by
mechanical cell disruption.”**

As each technique has its advantages and disadvantages, the method chosen
must fit to the physical attributes of the host (e.g. the presence of a cell wall or
cuticle), but also to the sensitivity of the target protein.”*”

Various physical methods can be used to open the cells, considering the robust
cell wall of some hosts and the impact of the method on the quality of the
protein. In particular, the heat-formation of a chosen method might have a
degradation effect on thermolabile biomolecules.”’

In a subsequent centrifugation step (~10.000 x g) cell debris and unbroken cells
are removed, and finally the crude membranes, containing the target protein,
are obtained from the supernatant by ultracentrifugation (~100,000 x g). The
extracted crude membranes pass through several washing steps, and while it
can be sufficient to clean the membranes with urea, it may be necessary to add
a subsequent NaOH washing step, in those cases it does not interfere with the
stability of the target protein. The latter step reduces the yield of the remaining
target protein, but removes peripheral proteins, which are less tightly
associated with the membrane.”*

Membrane proteins are adapted to their natural lipid environment, and if the
embedded proteins should be extracted from the previously isolated
membranes, they have to be solubilized from their environment (figure 5).
Membrane solubilization is another critical (and underestimated) step in the
process of extracting the target protein from its environment, and it is not
advisable to take shortcuts to find the right detergent for this task. Even for the
same class of membrane proteins, preferences may differ, and initial detergent
screening may point the way to efficient extraction while the protein remains
stable in the new environment.”** 2%
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Figure 5: Solubilisation process as a pre-requisite for the isolation and purification of membrane
proteins for different analytical purposes.

Since the extraction from the membrane is a first purification step, the
detergent screening process should include different critical micellar
concentrations (CMC) of the detergents, as well as the monitoring of purity
and stability/functionality if possible (for example by microscale
thermophoresis (MST)).?*

Once the target is solubilized, typically three main steps of protein purification
can usually be performed: In a first step, we want to extract our protein target
from the mixed protein solution and for this purpose Ni2'-affinity or ion
exchange chromatography is applied depending on the design of the expression
construct for the target protein. Sometimes, second intermediate step is
applied, if an excess of bulk impurities needs to be removed, and commonly
an extra run of the first method is then applied. Finally, size exclusion
chromatography (SEC) ensures a high-quality sample for further applications
such as structural and functional analysis.”*’. A separation based on size is
usually performed as the last polishing step in a purification routine to check
the sample for homogeneity and monodispersity.”” Size Exclusion
Chromatography (SEC) allows to avoid aggregations and ensures comparable
protein batches for further investigations.”* ?*’

By using recombinant technology, it is possible to modify the protein target
with tags, i.e. by inserting amino acid patterns, which facilitates the
purification process using affinity chromatography.?*5-2#%
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The use of an additional tag for proteins can have an impact, as the off-standing
amino acids may interfere with crystal formation.””?’ If potential
implications should be avoided, purification can be performed based on the
specific properties of the protein, e.g. by Anion Exchange Chromatography
(IEX), using the charge of the protein. Another separation property is
hydrophobicity, used in Hydrophobic Interaction Chromatography (HIC),
which is beneficial after salt precipitations.

2.5. X-RAY CRYSTALLOGRAPHY

In the last section, the process of obtaining a high-quality protein sample was
discussed. The molecular mechanism of proteins can only be explained with
the knowledge of their structure. Unfortunately, we cannot derive the three-
dimensional model of a protein by examining it with a conventional light
microscope. The physical resolution limit for microscopes using visible light
is 1/2. This allows us to distinguish objects or structural features with a size
of about 200 nm, while the bond-length between the atoms of the protein
molecules is around 1 A.

Electromagnetic radiation of shorter wavelengths must be used to reveal the
protein structures. The discovery of X-rays by Wilhelm Conrad Rontgen in
1895 enabled the detection of molecule structures, but several advanced
techniques are needed to overcome the limitations of classical
magnification.””? In traditional microscopes optical lenses are used to focus,
respectively magnify the scattered light of objects. X-ray radiation cannot be
focused with a traditional lens, and we need the help of a mathematical lens —
Fourier transformation — to reconstruct the image of an object.”” The scattering
of X-rays at the electron density of the atoms in the protein solution is not
sufficient to obtain structural information. The additional effect of radiation
damage compelled the use of protein crystals as object. The highly-ordered
arrangement of protein molecules in a lattice offers the advantage of a possible
constructive interference between the molecules and, as a consequence, an
increased scattering of the radiation that has occurred. Sir William Lawrence
Bragg formulated the requirements for constructive interference in his famous
law of 1914:%

nA = 2dsin(6) (Equation 1)
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The incoming radiation with the wavelength 4 and an angle 6 1is only
interfering in a constructive way with the lattice planes with distance d, if the
path length difference between two waves is a multiple n of wavelength 4 (see
figure 6, A).

Figure 6: A) Bragg diffraction: Constructive interference of an X-ray beam at the electron
density of molecules in a crystal lattice. B) Constructive interference pattern as a result of Bragg
diffraction in a SoPIP2;1 crystal, detected by Jessica Glas.

One might notice, that this formula is independent of the content of the lattice.
Bragg's law was originally invented with inorganic salts as a background, but
any kind of molecule can meet these criteria to show reflection patterns.
Biochemists take advantage of this property, to force protein molecules in
lattice structures to determine their structures. The Bragg reflections do not
produce a traditional (virtual) image as we know it from light microscopes.
Instead, a unique diffraction pattern can be detected (see figure 6, B) which
ideally should be focused to obtain a reconstructed image of the unit cell
electron density inside the crystal. This type of lens does not exist, which
means that structural biologists have to deal with the intrinsic crystallography
dilemma called phase problem.

In order to reconstruct the electron density of the molecule, the experimentally
recorded reflection points need to provide information about the related
intensities and their phases. Since we detect the spots on the screen, we know
the amplitudes (= intensities) of each spot. At the same time, the phase
information gets lost, which represents the position of the peak of electron
density in the unit cell (= positions of the atom). In a diffraction experiment
we therefore collect inverted information about the reciprocal space of the
crystal, which can be transformed into real space (electron density) by Fourier
transformation, the “lens” of the crystallographers.
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The phase problem with macromolecule crystals can be solved individually for
every experiment as a direct method, which can be very time-consuming and
requires small molecules and high resolution (> 1.2 A). Other established
methods include isomorphous replacement, MAD, SAD and molecular
replacement, and they offer elegant solutions to speed up the phasing.
Isomorphous replacement paved the way for solving the first protein structure
at atomic level and has been developed by Max Perutz.””” The method is based
on the idea of attaching heavy metals to the macromolecular structure of the
protein, without altering it. The additional atoms will contribute to the structure
factors of the whole molecule, and by comparing the reflection data to the
unmodified molecule the phase problem can be solved.

MAD and SAD are experimental methods, which also use heavy metal
molecules to obtain phase information, but rather use the characteristic
capacity of the metals to absorb X-rays of certain wave lengths. Lighter atoms
of the macromolecule, such as carbon, oxygen and nitrogen, do not contribute
to this type of resonance phenomenon, and the contribution of the anomalous
scattering of heavy atoms can be used to derive the protein substructure.”®
The most popular phase method is the so-called molecular replacement, which
accounts for more than 70% of the deposited macromolecular structures and
offers several advantages such as speed, cost-effectiveness and a high degree
of automation.”® As with any technique there are a number of requirements,
the most important of which are sequence identity (> 25-50 %) and structural
identity.”” ?° In molecular replacement, a protein with a known structure is
used as a template for the initial phases of the unknown protein.

Many classes of proteins, such as aquaporins, share common structural features
and by translating and rotating the obtained diffraction data into the template,
unknown structural features can be obtained.

2.6. PROTEIN CRYSTALLIZATION

X-ray crystallography has been the most successful technique for the
determination of three-dimensional structures of (membrane) proteins for the
last hundred years.””’ The largest number of Nobel price laureates is directly
or indirectly related to the field of crystallography, while new emerging
techniques like cryogenic electron microscopy continue the trend towards
structural discoveries. % ?%
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Figure 7: PDB entries of 3D structures in the year 2017 by year of deposition (left) and
cumulative numbers (right).?%*

While the cumulative number of all protein structure entries in the pdb-
database is increasing every year (see figure 7), the proportion of membrane
proteins is less than 1 %.°%

This "membrane gap" can be explained by the additional complexity of
membrane crystallography, resulting from its amphiphilic nature, intrinsic
instability and the need for detergents, suitable protein expression hosts and
purification efforts.’™ ?% The crystallisation of soluble proteins is a complex
matter in itself, and while inorganic chemicals can easily be obtained by
evaporation of a supersaturated solution, more effort is required for
(membrane) protein solutions. The first reported protein crystallization
(haemoglobin) happened by chance in the year 1840, and the author of the
publication stated, that he had problems to replicate the discovered process
with the assumed chemicals.””” ?* Today's crystallographers know this
problem very well, and although the physical principles of structure
determination have been known for more than a hundred years, the process of
protein crystallization still cannot be rationalized in advance.’” What we have
is a basic understanding of the process leading to the formation of crystals in a
protein solution.
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Figure 8: The phase diagram: A theoretical concept for protein crystal growth in a vapor
diffusion experiment. Starting from a protein solution in the undersaturation zone, the
evaporation of liquid from the drop leads to a higher protein and precipitant concentration. Initial
crystal growth occurs, if the nucleation zone is reached. Afterwards, crystal growth is continued
in the metastable zone.

In order to achieve crystal growth, our highly pure and monodisperse protein
solution must undergo several phase changes, which depend on the protein
concentration and the content of different salts and precipitants (see figure 8).
At the beginning, in the undersaturated zone, the proteins are dissolved in
liquid solution. Primary nucleation, the starting point for crystal growth, can
only be initiated in a supersaturated state, the labile zone (nucleation zone).
But how to get there? One way to increase the protein concentration is to add
more protein molecules, but the supply from our side is limited and we learned
before that it is difficult to obtain more base material. An easier way is the
evaporation of water from the aqueous protein solution, by altering the
osmotically conditions in the environment.
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There are several techniques available for manipulating the water content, one
of the most commonly used systems is called vapor diffusion via hanging drop
(see figure 9). The protein is kept soluble in a volume of precipitant solution
which is placed atop a reservoir solution containing a higher concentration of
salts and precipitants. In a hanging drop experiment, the reservoir is located
under a glass lid, where the protein drop is sitting. Other variations include an
elevated placement on a platform inside the reservoir solution (sitting drop), or
the use of microdialysis.

A B
hanging drop sitting drop

grease

reservoir

Figure 9: Two different vapor diffusion methods. A) The hanging drop method, where the
protein/precipitant solution is placed under a cover slip, and hold in position by surface-tension.
B) The sitting drop method, where the protein/precipitant solution placed on a pedestal to avoid
contact with the reservoir.

Regardless of the method used, the closed system ideally reaches an
equilibrated state over time. The initial protein solution becomes more
concentrated and the nucleation zone is reached.

The formation of the initial crystals is accompanied by a decrease of free and
available protein molecules and the growth of the final crystal will continue in
the metastable phase of the diagram. This optimal sequence of molecule
arrangement happens rarely, and in most cases many different starting
conditions must be varied in terms of pH, salt, precipitant, temperature and
additive, otherwise the proteins are likely to reach the unstable precipitation
zone and end up in amorphous degradation. The appearance of first crystals
after several batches of purification and screening events is a remarkable
moment in a project, but not the end of a journey for a better understanding of
the structural properties of a protein.

Well diffracting crystals require optimization of the crystallization conditions,
altering the starting conditions, detergents and the addition of specific
substances.
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Finally solving the structure of a protein will give us an idea about the function
of the target, which we can validate with (biophysical) methods presented in
the next chapters, complementing our understanding of the underlying
molecular mechanisms.

2.7. FUNCTIONAL STUDIES OF AQUAPORIN
TRANSPORT

The structural elucidation of aquaporin macromolecules enabled the
development of theories of how water molecules are transported through the
cell membrane. The transport process itself is difficult to observe, since the
transport of a single water molecule is a fast and shielded process inside the
aquaporin. Additionally, the proteins are present in aqueous solution, which
makes it difficult to identify and track the individual molecules. Recent
developments in diffusion-weighted magnetic resonance imaging (DWI) have
determined the exchange time of water from the intracellular to the
extracellular space of human AQP4 expressing cells to be 43 ms, an
improvement over the non-facilitated diffusion time of the molecules of 100
ms, 270272

Understanding the function of proteins is an essential part of biophysical
studies, and the fast nature of biological processes has accelerated the
development of feasible tools to study the function of proteins that our senses
are unable to do. The analysis of rapid biological processes depends on the
kinetics of the underlying mechanisms, for example the binding of an enzyme
to its substrate.

The examination is compounded by the fact that many biological processes are
irreversible, which made mixing depending techniques necessary. Previously
done by hand, the mixing time before evaluation was in the range of seconds,
and the deadtime made it impossible to observe many processes. The manual
mixing process can also cause individual operator errors, which are easily
observed when evaluating titration studies from student laboratories in basic
chemistry.

In 1923 the invention of automated mixing led to the development of the first
continues flow instrument, used for the binding analysis of carbon monoxide
to hemoglobin.””? The mixing time was reduced to 1 ms, but the size of the
reaction chamber resulted in a sample consumption of 7.5 1 for a single
measurement only.””* The situation improved with the development of the first
stopped-flow instrument in 1943, combining low sample consumption with
rapid mixing times.”””
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Instead of detecting reaction signals along the length of the reaction tube, the
monitoring system was fixed at a specific point in the mixing chamber and
defined volumes of reactants were induced and ejected.””’

The advantages of using stopped-flow measurements to analyze the rapid
transport of water molecules by aquaporins are obvious, but the transport
process cannot be directly monitored with this technique.

Since the passive water transport across the cell membrane depends on an
osmatic gradient, this dependency is used to create a natural environment for
the membrane proteins to detect an indirect signal for the kinetic
measurements. By incorporating the aquaporins into liposomes while exposing
them to a hyperosmotic gradient, the shrinkage of the vesicles can be detected
as a variation in light scattering intensity.

The reconstitution of membrane proteins, such as aquaporins, into liposomes
requires the transfer of the protein from its micelle environment into an
artificial lipid vesicle. Initially, a high detergent concentration keeps the
protein completely solubilized in aqueous micelles. By reducing the detergent
concentration, the solubilized protein spontaneously reconstitute into
liposomes and form proteoliposomes.””” The removal of the initial detergents
can be done by various methods, such as hydrophobic interactions with
polymer beads, dilution or dialysis.””*

The size distribution of the (proteo-)liposomes can be determined by Dynamic
Light Scattering (DLS), since a monodisperse vesicle distribution is a
prerequisite for subsequent calculation of water transport rates.

The testing of aquaporin functionality in a stopped-flow experiment is
performed by loading one syringe in the sampler with a proteoliposome
solution and another with a hyperosmotic buffer (see figure 10).

Rapid mixing of these two solutions creates an osmotic gradient between the
inside of the vesicles and the outside, resulting in a flow of water outside the
proteoliposomes. As a result, the shrinkage of the vesicles can be recorded as
light scattering, typically measured over time at a 90° angle to increase the
signal to noise ratio.
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Figure 10: Stopped-flow equipment used for experiments presented in this thesis, with overlaid
functionality features. The 90° light-scattering from a mixed sample is detected in a hard-stop
defined time frame.

Several mixing experiments are replicated, averaged, normalized, time
truncated and finally fitted with a single or double exponential function. Since
a single exponential function is only suitable for uniform proteoliposomes with
exactly the same number of functional proteins evenly distributed over the
surface (which rarely occurs in experiments), a double exponential fitting is
used to derive the constants of the water transport rate for quantitative
comparison between different aquaporin species.””
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2.8. PROTEIN:PROTEIN INTERACTIONS AND
BIFC

From a historical perspective, it was a path of trial and error from the first
extraction of proteins and their purification to the recombinant production and
analysis methods we use today. Not to mention the collaboration needed to
develop techniques, that allow us to observe proteins at the atomic level. For a
long time, and even today, scientists in the field of structural biology were
forced to concentrate their effort on a single protein target. It could take years
for a research group to resolve the structure of a protein target, even longer
when interaction partners were involved. The process from protein of interest,
its purification, characterization, structural analysis and interaction studies can
be seen as a linear progression towards the goal of understanding the
fundamental processes of life. Years of fundamental research have revealed
that basically all biochemical cycles in our cells depend on the interaction of
proteins. Before we can target single proteins for further structural analysis, we
have to reveal the interaction network the protein is incorporated in.

The importance of proteins and their interaction for the complexity of
organisms, especially humans, was addressed in the context of the human
genome project.”® It was shown that proteins and their (transient) complexes
are responsible for the complexity of an organism and the diseases associated
with it. It was the dawn for the field of proteomics, the interdisciplinary
scientific domain of understanding the proteome of organisms and their
underlying protein-protein interactions (PPI). Proteomics is a relatively new
scientific field, but the starting point for PPI studies can be traced back to the
systematic evaluation of yeast two hybrid assays to generate a protein
interaction library, an interactome, in the year 2000.” Over the last twenty
years, several methods for the detection of PPIs have been developed (see table
2 and 3), which led to the discovery of a large number of protein networks.**
These are deposited in databases and are accessible for search queries.”*?%
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Table 2: Different PPI detection methods and their application for HTS of (novel) protein:protein

interactions.

Biophysical

Biochemical

286-292

Method

Microscale Thermophoresis (MST)

Co-Immunoprecipitation (Co-IP)

Bimolecular Fluorescence

Complementation (BiFC) = Protein-

Férster Resonance Energy Transfer/
Bioluminescence Resonance Energy

Transfer (FRET/BRET)

assay
y

Advantages

Label free detection
Low protein quantities
needed

Contact free

Key technique for PPI

Disadvantages

Depending on
autofluorescent
aminoacids, otherwise
labeling needed
Interaction kinetic
informationare
depending on
equilibrium formation

Insufficient sensitivity for

confirmation, especially low affinity PPIs and
complex targets short timeframe
Proteinsare in interactions
hysiological conditions  * | and quality of
High specificity antibody is critical for
success
* Informationabout the
target needed
Intrinsicfluorescenceof + Independent
complex formation complementation
Locking of ient PPI p background
events signal
Location of | * Fl pt are not
formation in vivo functional in aerobic
Correlation between hosts

fluorescence intensity
and complex formation
Can be utilized for
membrane protein
targets

Fast energy transfer
enables detection of
rapid PPl events

High sensitivity due to
nanoscale D/A
(donor/acceptor)
separation

Independent targets
detectable with different
reporter fluorophores
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BiFC mechanism
complicates dynamic
protein interactions

Low signal intensity
requires proper control
experiments

Depending on accurate
image processing for
high signal to noise ratio
A/D stoichiometryis
critical for valid results

Sample preparation
(pure protein/modus-
operandi); ability to
screen for novel
interactions

HTS possible in protein-
targeted drug discovery
Labeling enables in situ
measurements of
interaction affinities in cell
lysates

Gold standard for screening
novel interaction partner
Must be processed in vitro,
support for in vivo
interactions

Works in different
(prokaryotes, eukaryotic)
model hosts under cellular
conditions in vivo

Detection of novel
interaction partner via cONA
screening

Works in different host
systems in vivo

HTS with cDNA libraries
practicable



Table 3: Continuation from table 2.

Biochemical

Genetical

Method

Phage display

Far western blot

yme-Linked |

h
bent

Assay (ELISA)

Protein chip

Two-hybrid systems

Advantages

Rapid screening of
peptide libraries
Ideal for antibody
binding studies or
identification of
substrate specificity
Connection between
displayed protein
informationand
encapsulated DNA

Cell lysates can be
used, purified
protein not needed
Detection of indirect
binding complex
partner

Detection of
transient PPIs

Highly
specificity/sensitivity
due to usage of
specificantibodies
Easy to perform and
economic

Parallel automated
analysis of multiple
PPIs

Versatile: used for
PPIs; protein-DNA
interactions; RNA-
protein interactions
Interactome mapping
Large-scale

Scalable and
economic
Possibility to screen
interactomes
Bacteria two hybrid
preferable for
membrane proteins
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Disadvantages

Verification of results
with protein-level
methods

Random
presentation of
peptides may lead to
random protein
interactions not
representingin vivo
formation

Denaturing process
prevents detection of
complexes
depending on native
protein state or
refolding process
Indirect protein
interactionsare not
detectable

One target (antigen)
must be known
beforehand

Method relies on the
quality of the
antibody

High false-positive
rate, especially if
washingis
insufficient

Correct data analysis
is crucial to avoid a
high false-positive
rate

Misleading surface
interaction of bait
and chip

Expression levels of
protein targets
determine sensitivity
and specificity of the
screen

Missing post
translational
modifications
increase false-
positive hit rate

Sample preparation

(pure protein/modus-

operandi); ability to
screen for novel
interactions

In vitro only and designed
rather for affinity
screening, stability and
enzymatic activity than
novel interaction
detection

cDNA screening
practicable

In vitro only, also in lysated
cell samples

HTS not possible, due to a
long experimental time

HTS of novel interactions
possible

Best performance with
purified protein, analysis
with (diluted) cell lysates
possible

Invented for HTS
Microarrays for lysate
screeningare in
development, but are
sensitivity insufficient

In vivo; screening of novel
interactions via cDNA libraries
is possible



Membrane protein networks, including aquaporins, are the main target for
therapeutics and a database search for experimentally validated protein
interaction highlights the problem scientists are facing:**’

Far more potential protein interaction targets are being discovered than are
evaluated by traditional experimental methods, mainly due to advances in the
field of bioinformatics.””*?** The examination of these potential targets in the
same linear way as before (target by target) is inefficient, instead existing
experimental PPI detection methods are used for large-scale screening to
evaluate potential interaction partner.

There are several methods available to screen for protein:protein interactions,
whereby the intrinsic disadvantages must be weighed against the potential
benefits. A significant amount of actual PPI networks has been discovered by
the yeast two-hybrid (Y2H) approach, which fuses cleaved transcription
factors to proteins of interest.””” The physical interaction of these proteins leads
to the reconstitution of the functional transcription factor, and the expressed
reporter gene enables the detection of positive cells. Since this technique is
based on the manipulation of DNA, protein purification is not necessary for
further analysis. This benefit allows automated high-throughput screening
(HTS) of host libraries to find potential in vivo PPIs.”® In contrast, Y2H
screens show a high false-negative rate on the order of 70-90 % (not detected
true interactions), and a false-positive rate of 25-45 % (detection of non-
interaction partners).””” **’ As a consequence, potential hits of each PPI
detection method must be verified by further studies or the detection can be
improved by using complementary methods in combination.’”’

The use of protein complementation as a reporting tool for protein interactions
goes back to a publication from 1958, explaining the self-organisation of two
individual peptide residues of ribonuclease A into their native and functional
structure.’”” From there it took another 36 years to develop the first in vivo of
the first in vivo proximity sensor, based on the split ubiquitin pair fused to
proteins of interest, which “makes it possible to monitor a protein-protein
interaction as a function of time, at the natural sites of this interaction in a
living cell”.**® The detection was based on induced chemiluminescence, but
the basic idea of protein complementation as a monitoring tool for interaction
studies was coherent.

The fusion of nonfunctional cleavage parts of the green fluorescent protein
(GFP) to a potential interaction partner and the monitoring of the
autofluorescence of the complemented reporter protein was the next
evolutionary step towards the development of a technique which is routinely
used as Bimolecular Fluorescence Complementation (BiFC).**
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The use of GFP, a 26.9 kDa protein from the jellyfish Aequorea victoria, as a
reporter sensor was a milestone not only for cell biology, but also for protein
scientist, who were able to monitor their object of interest from the cell to
purification. This important protein was a by-product of the luminescence
research of the protein aequorin from Osamu Shimomura, and the discovery
was rewarded with a Noble Price in 2008, although these ‘“unusual

proteins...had no particular importance when we first reported them”.’”’

The use of BiFC was an elegant solution to visualize protein interactions
directly. In addition, information on the strength of the interaction could be
obtained, as the intensity of the signal correlates with the strength of the
molecular interactions.’” The efficiency of the fluorescence complementation
assay is directly related to the fluorescent proteins used. A higher quantum
yield from the fluorophores increases the signal to noise without the need for
better detectors or changes in methodical routines. As a consequence, modified
GFP versions were soon developed, which not only have a higher fluorescence
intensity per protein, but also improved properties with regard to their range of
application under physiological conditions. One example is the improved
yellow fluorescent protein SYFP2 (see figure 11), hereinafter YFP, which has
a 204% higher relative brightness compared to the related GFP version.’””

N-terminal part C-terminal part

Figure 11: Fluorescence protein complementation of YFP. Non fluorescent parts of YFP
(YFPN1-154/YFPC155-239) were designed by a split at a position between the 7th and 8th -
strand of the protein for efficient reconstitution and less background fluorescence.’”® The
chromophore region, origin of the fluorescence signal, is highlighted in the middle of the protein.

In recent years, protein engineering efforts have led to the design of a wide
variety of available fluorescent proteins (FP), providing a toolbox for different
needs in microscopy and PPI studies.””
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BiFC experiments can be designed to to study pH changes or multiple protein-
protein interactions, and in combination with Photoactivated Localization
Microscopy (PALM) the spatial resolution of interactions has been improved
down to the nanoscale.”’??*?

The BiFC assay offers several advantages (see table 2), that can be used for
screening PPI networks. The irreversibility of the complementation process is
a beneficial feature of the method, which simplified the purification and study
of locked complexes.’”?

On the other hand, the detection of dynamic protein interactions required the
development of fluorescence reporter tags that bind the complementation
partner in a short-term and reversible manner. Recently introduced
Fluorescence-Activating and absorption-Shifting Tags (FAST) could
complement the traditional BiFC assay, by avoiding the extended maturation
times of BiFC formation.’’*

The benefits of BiFC for detecting and screening PPIs such as high specificity
and sensitivity, signal stabilization, localization of complementation,
availability of different screening host systems and easy applicability have
made this technique popular with researchers in different fields of life
sciences.*/77"

Nevertheless, any method can be extended and the next chapter will discuss
the fundamental technology to automate BiFC verification for high-throughput
screening of protein interactions.

2.9. FLOW CYTOMETRY

The principle of BiFC indicates the existence of protein interactions and where
these are located in the cell. The extraction of this and the readout of the
fluorescence intensities was done by light microscopes with fluorescence
detection systems in the rise of technology. There are still arguments in favour
in daily routine work, such as the easy availability of fluorescence
microscopes, a short learning curve for their handling and the optical
importance of fluorescence images for cell growth control.

The fusion of high throughput routines with fluorescence microscopic
evaluation fails due to the time-consuming microscopic preparation as well as
the induced subjectivity by choosing the right cell targets for intensity analysis.
HTS and population analysis of BiFC depend on the readout of a statistical
number of samples as well as a fast and objectively correct readout of the
fluorescent cells.
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Molecular biologists used flow cytometry, a technology originally derived
from cell biology, to evaluate (and sort) cells with specific characteristics. The
basic idea of single cell analysis in suspensions dates back to 1934, when
Andrew Moldavan reported a technique, in which cells were counted on the
basis of the photoelectric effect.”?” More than 30 years of technological
improvements passed from counting to sorting the cells, first on the basis of
cell volume, later the evaluation was based on the intrinsic fluorescence.’?’ 3%
The commonly used term Fluorescence Activated Cell Sorting (FACS) was
introduced in 1972 by the group around Len Herzenberg.””® They reported an
experimental system, which is able to sort 2000 fluorescing cells per second
using a fluorescence threshold. Although modern FACS machines are able to
sort up to 34000 (FACSMelody) drops per second, the general design is the
same as 40 years ago (see figure 12).

In the beginning of a sorting or analysis process, the cells are first organized in
buffer droplets by hydrodynamics in the fluid system. Directed towards the
flow chamber, the cells get spotlighted by one or several lasers, and an optical
analysis system in modern FACS is able to verify the size (forward scattering)
and complexity (side scattering) of the cell targets. Interesting fractions of the
population, based on uniformity, shape and fluorescence, are selected by the
electronics for further analysis and sorting, based on an electrostatic deflection
system. The entire process of sample preparation, droplet formation, excitation
with the laser system, analysis and sorting takes less than a second.

These advanced machines initially facilitated the purification of antibody
solutions, but today flow cytometry and FACS are used in many scientific
fields, from physics to food science.’*
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Figure 12: Earliest description of a FACS in a block diagram (left) and the setup of a modern
FACS (right), showing the same essential components, such as the charged plates.’?

With regard to fluorescence from protein complementation, the intensity and
population characteristics of growth assays can be read out. The electronic
system converts the diffraction scattering and fluorescence intensities into
dimensionless values, which are presented to the user as dot plots or
histograms. Based on pre-selection (gating) of functional, equally fluorescing
cells, from a transformed population, statements about successful protein
interactions can be made from the statistics obtained.
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3. SCOPE OF THE THESIS

Working with membrane proteins, the “wild west” of structural biology, is not
only a challenge on its own.’”, it involves different fields of science,
biophysics, molecular and experimental biochemistry among others to
characterize the molecular mechanisms of proteins.

The function of a protein cannot be explained theoretically from the amino acid
sequence, as a consequence the protein targets must be produced and
characterized. In this thesis, aquaporins and other potential drug targets from
different species were produced and characterized to get a holistic picture of
their function, while methods were developed or enhanced to facilitate future
experiments.

Before the structure or functionality of a protein can be determined, the protein
of interest must be produced in high yields and adequate quality. The
overproduction of protein targets in the host P. pastoris was used to overcome
the bottleneck of insufficient protein yield for further studies of the soluble
protein SIRT2 (Paper I), an enzyme involved in various biological processes
like tumor development, neurodegenerative diseases, inflammatory responses
and a valuable target for drug development. The membrane protein human
aquaporin 4 was produced in high yields in P. pastoris to improve the diagnosis
of neuromyelitis optica, the development of more efficient water filter and to
reveal the intermolecular binding between AQP4 molecules and potential
interaction partner. The structure of aquaporins determine their function and in
Paper II the effect of mutations in the novel structure of cpAqplaa were
investigated, leading to a hypothesis for a novel extracellular gating
mechanism of a fish aquaporin.

Beside protein purification, method development for protein characterization
was a focus of this thesis. A novel assay for the determination of H>O, transport
on protein level was developed in Paper III and Paper IV. The inclusion of
structural features of plant aquaporins presume the involvement of outer
membrane domains in transport specificity of this protein class.

The importance of protein:protein interactions for protein functionality
becomes more evident in the recent years. We improved the BiFC system in
Paper V for HTS screening of novel PPIs in a standardized assay, with the
ultimate goal to screen for AQP4 interaction partners.

40



4. RESULTS AND DISCUSSION

4.1. HIGH-LEVEL PROTEIN PRODUCTION

The proteins produced in this thesis were one soluble target of medical
relevance; SIRT2, and two aquaporin targets; hAQP4, cpAQP1aa, with the aim
to elucidate their structure and function. All targets were produced in the yeast
host P. pastoris and the results are described in Paper I-IV.

4.1.1. SOLUBLE PROTEIN SIRT2 (PAPER )

The importance of (human) sirtuin
modulation for the pathogenesis of
molecular mechanisms was discussed in
chapter 1.2.2. Especially the inhibition of
SIRT2 has recently attracted attention,
since the binding of selective chroman-4-
one derivates to SIRT2 has shown a
significant reduction of proliferation in
human cancer cell lines.**

Figure 13: Side-view of the apo-form of SIRT2
(PDB: 3ZGO), with the potential inhibition site with
His187 highlighted.

Figure 13 highlights the conserved active site residue His187, where chroman-
4-one-based SIRT?2 inhibitors are proposed to bind.

The continuation of inhibition studies and the establishment of co-
crystallization experiments requires the availability of pure, homogeneous
sample of the protein in high yields.

A literature search on the expression and purification of sirtuin leads to a
bipartite usage. The medical implications of sirtuins are often tested in vitro in
different mammalian cell lines.** 3273/

41



The recombinant expression of sirtuins for molecular characterization is often
carried out in the prokaryotic host E.coli.”**** The structure of SIRT2 was
discovered in the year 2001, and E.coli has since been the dominant host for
recombinant protein production.*-*

The choice of a specific expression host influences the protein target, the
importance of PTMs has already been discussed (see chapter 2.3.1) and is a
crucial factor in the regulation of sirtuin activity.”*/~*

The achievable yields are also influenced by the choice of hosts. There is little
information on SIRT2 yields in terms of media volumes, one source states 13-
15 mg/L of a truncated isoform from minimal media for NMR studies.”** These
amounts were achieved with E. coli as the expression host. In a second source
from another doctoral thesis, a yield of 2.5 mg/L was obtained for SIRT2
purification.’”

In Paper I we describe in detail, how we increased the yield to 39 mg/L in
minimal media by taking advantage of the P. pastoris expression. The increase
in yield is sufficient for supplying photoaffinity labeling experiments (PAL)
and potential crystallization setups.

From a practical point of view, the high expression yields in P. pastoris are not
only a result of technical advanced growth systems (bioreactor), but also the
result of iterative screening for high expression clones.

The screening process started with the linearization and transformation of the
SIRT2 construct into P. pastoris. Resulting clones were screened with
increasing concentrations of the selection marker Zeocin.

The selection process is a first indication of protein expression, but there are
more criteria required for large-scale fermentation. Selection screening on
Zeocin plates cannot replace a small-scale expression test in shaking flasks,
where the largest colonies from the previous step, which showed high
expression, are compared in terms of replication and growth behaviour,
including a methanol induction phase. A subsequent immunoblot analysis
against the fused His affinity tag of SIRT2 from the cell lysates indicated the
appropiate clone for a large-scale growth in 3 L fermenter.

The cell yield for each fermenter run is individual and can vary from 300 g to
more than 700 g, depending on various factors such as nutrition availability,
pH stability and air supply. SIRT2, used in Paper I for PAL studies, is derived
from a growth batch that yielded 342 g of cell mass with a SIRT2 expression
level of 5% of total protein content.

The expression efficiency and quality of the protein target were evaluated by
immunoblotting. Especially when methanol is added at the toxicity limit, there
1s a risk that H,O,-induced oxidative stress is induced, which cannot be
compensated by the cells, resulting in protein degradation.’*
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A subsequent three-step protein purification, including IMAC to remove mass
impurities and two SECs to increase purity and homogeneity, was performed
to obtain SIRT2. The purification of SIRT2 can be adapted to the needs of
subsequent experimental setups. The purity of SIRT2 after the first gel
filtration may be sufficient for enzymatic assays or initial activity
measurements of SIRT2. For crystallization setups, e.g. in combination with
potential inhibitors, the homogeneity is not sufficient (see figure 14, A).

A second SEC, using pooled SIRT2 samples from the previous gel filtration,
was performed to verify, if a monodisperse and pure sample can be obtained
for crystallization experiments (see figure 14, B).
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Figure 14: Two-step purification of SIRT2. The protein purity of an initial SEC (A) was
enhanced by a subsequent SEC (B) run, removing potential impurities seen in SDS-gels.

The additional purification step resulted in highly pure, uniform and
monomeric SIRT2, resulting in an 89% protein loss. Nevertheless, a 20-fold
increase in SIRT2 concentration can be achieved compared to lysate and the
final protein yield after two SECs is at least 2.6 times higher than previously
reported.

The (structural) stability of proteins is a basic prerequisite for crystallographic
studies, and the thermodynamic stability of proteins is a qualitative
characteristic with regard to purification success.’’
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The stability of proteins can be quantified by various methods such as Nuclear
Magnetic Resonance (NMR) or thermofluor assys.***

Purified and concentrated samples of SIRT2 from both size exclusion runs
were analyzed regarding their thermodynamic stability by means of microscale
thermophoresis (see figure 15).
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Figure 15: Thermostability evaluation of two SEC runs via MST. A second gel filtration run
(red line) increased the thermostability in comparison to the initial gel filtration (blue line).

The thermostability of SIRT2 after SEC 1 (blue line, figure 15) and SEC 2 (red
line, figure 15) of the purification was improved by an average of 2.36 °C at
the expense of protein yield.

The high SIRT2 expression level in P. pastoris compensates for the lower
protein yield after a second gel filtration run, when a highly pure and
monodisperse protein sample is required.

4.1.2. MEMBRANE PROTEIN AQP4

The diverse role of aquaporin 4 in health and pathological disorders has
increasingly attracted the attention of the research community in recent years
(see chapter 1.2.5). There is a broad spectrum of medical applications for
purified AQP4, especially for protein produced in high yields with suitable and
diagnostically conclusive PTMs. The established improved recombinant
overexpression of AQP4 in P. pastoris has been used to obtain high amounts
of the membrane protein for different applications.
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For overexpression, a His tag fused AQP4 construct with a triple amino acid
mutation (M48N, L50K, N185D) was cultured in a 3 1 bioreactor with minimal
media.””’ The overexpression feature of the M1 construct was intensified by
codon optimization and proper clone selection for high-yielding
transformants.*

A single step IMAC purification was used to obtain protein of sufficient purity
for use in the desired applications (see figure 16). An extrapolated yield of
108 mg/l medium or 0.35 mg/g cells was obtained.
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Figure 16: A) Ni-NTA-purification of hAQP4. B) The related SDS-gel of the peak fractions
shows a typical hAQP4 degradation pattern.

The high-purity AQP4 obtained was used for a wide variety of application
including the improvement of diagnostic techniques for autoimmune diseases,
development of stable artificial membranes in the development of water filters
and method development for NMR studies on AQP4 itself, a method of
potential use for hAQP4 protein complexes.

4.1.3. MANUSCRIPTS IN PREPARATION

1. Improving the diagnosis of Neuromyelitis Optica Spectrum Disorder

Neuromyelitis Optica Spectrum Disorder (NMOSD) is an immune-mediated
inflammatory condition, often involving the CNS, with a high affinity for
affecting the optic nerves and the spinal cord.”” A major advance for clinical
diagnosis of the disease was the presence of detectable antibodies against
AQP4 (AQP4—immunoglobulin G [IgG]) in the serum of patients.’**

The occurrence of AQP4-IgGs is correlated with pathogenic potential and
patients with NMOSD show syndromes or lesions of the spinal cord, optic
nerve, brainstem, diencephalon, area postrema and cerebral presentations on
Magnetic Resonance Imaging (MRI) screenings.”””
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The severity of disease progression cannot be linked to the abundance (titer)
of AQP4-IgGs, indicating the molecular diversity of the constituents which
comprise the AQP4-IgG titer as a pathological origin.**

Recent developments in bioinformatics and proteomics have made it possible
to profile humoral immunity and the repertoire of human antibodies at the
molecular level.””” The analysis of the circulating AQP4-IgG repertoire is
possible by combining two key techniques, B-cell repertoire sequencing
(BCR-Seq) and Immunoglobulin sequencing (Ig-Seq).””*

BCR-Seq enables the analysis of the acquired immune response of patients by
sequencing B cells at the bulk and single cell level with regard to the antibody
information presented on the cell surface.” As part of the adaptive immune
system, these B cells from the patient serum are responsible for the secretion
of antibodies as an immune response.

Ig-Seq is a proteomics tool that enables the analysis of the dynamics of the
antibody repertoire based on the obtained BCR-Seq data (= encoded by the
individual B cells) of the patient.”" #%

These methods were used in combination, to specify the AQP4-IgG polyclonal
serum repertoire of NMOSD patients. We produced AQP4 to facilitate two
aspects of the project: The recombinantly produced protein was immobilized
on a chromatography column to purify the AQP4-IgG polyclonal serum
repertoire. Based on the BCR-seq/Ig-seq platform analysis of the circulating
AQP4-IgGs in patients, monoclonal antibodies (mAbs) were designed and
expressed for verification. A binding assay of the mAbs with AQP4 confirmed
the AQP4-IgG profiles obtained by using high-throughput sequencing and
quantitative immunoproteomics in combination.

These results provide new insights into our understanding of humoral immune
responses and for a better diagnosis of NMOSD in patients.

2. AQPA1 stabilization for technical applications

The interest in aquaporins is not only limited to biomedical research, the
versatile role of the membrane protein is also utilized in material science to
enable new applications for waste water treatment and purification.

Drinking water production from seawater or the preparation of pure water for
industrial usage is mainly achieved by a polymer based reverse osmosis.’** %
The purification process works against the osmotic gradient, which is
compensated with the use of pumps to drive the filtration process.

Large amounts of energy is needed to meet the increasing demand for pure and
fresh water, making up to 45% of the total permeate production cost for
desalination.”**
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The use of renewable energy for desalting sea water has improved the
ecological footprint for seawater reverse osmosis.’” Previous attempts for
improvements were mostly focused on the specific energy consumption, not
on the water selection process itself.’”

Since most of the biological cells have the ability to facilitate water transport,
attempts to mimic this process with human technology were carried out.’® The
incorporation of aquaporins into filter membranes would combine the proteins
high selectivity for water molecules with a self-driven flux without the need
for high external support pressure.’”” A limited factor for this approach is the
stability of the protein, and previous attempts were mainly focused on
aquaporin stabilization by polymerization.”®“”’ Hence, the stable hAQP4
produced in this thesis, could also be used in the development of a suitable
membrane matrix for water filters. Specifically, the stabilization of AQP4 in
silicon dioxide (nanostructured glass) is explored, offering new perspectives
for the development of efficient water filter for real-world use.

The usage of aquaporins in technical applications is limited by the need of the
protein for a natural environment to prevent functionality. As a membrane
protein it can be transferred into liposomes (see chapter 2.7) to keep its
functionality, but these vesicles lack structural integrity for technical purposes.
Proteoliposomes can be stabilized within a silica matrix, with implications in
protein accessibility.””” An alternative is the coating of the proteoliposomes
with a layer of silica, resulting in a better accessibility of the aquaporin and
higher diffusion rates of molecules.
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A novel method was developed to coat proteoliposomes with silica (see figure
17). The silicification process of the organic-inorganic material was
characterized with different biophysical and structural methods to gain insight
into the mechanisms of silica shell growth.

Figure 17: A) Schematic illustration of the silicification process of hAQP4 proteoliposomes. The
protein is presented in blue, POPC lipids in brown, and silica in grey. B) Formation of the silica
layer after the addition of tetracthyl orthosilicate (TEOS). Modelling performed by Simon
Isaksson, Chalmers university.

Notably, the stabilization process of AQP4 proteoliposome coating with a
silica shell does not have any negative impact on the native confirmation of the
reconstituted protein, a promising prospect for future functionality tests.
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3. Method development for NMR studies on AQP4 interactions

The potential of AQP4 as a drug target for various diseases has been discussed
in chapter 1.2.5. The evaluation of potential pharmaceutical interaction
candidates heavily relies on high resolution structures of the protein in
combination with the binding partner.””” To date, X-ray crystallography
accounted for the greater part of the structures (90 %), with the remainder
produced by NMR (9 %) and Three Dimensional Electron Microscopy
(3DEM, 1 %).*”

The development of Magic Angle Spinning (MAS) solid-state NMR (ssNMR)
has facilitated the investigation of structural, dynamical and interaction
properties of membrane proteins in a lipid bilayer environment.”’”*

Here we present preliminary results of MAS ssNMR studies on the
homotetramerization of AQP4. Several main goals were achieved to be able to
detect and assign the signals of AQP4. First of all, we demonstrated the
feasibility of producing milligrams of isotopically labelled AQP4 (°N, "*C) in
high purity in the host P. pastoris (see figure 18).

15 13
N and "C hAQP4

< 2000~ 100
: 2
e 8 130kDA
g 1500 80 3
p 60 %. 70kDA
£ 10001 2
£ 40 B 35kDA
2 500 &
(3 '20
CR 0

0123456789101
Volume [mL]
Figure 18: Ni-NTA-purification of 15N- and 13C labelled hAQP4 shows a chromatogram with
a peak fraction containing 8mg protein. The double-labelled hAQP4 appears mainly as dimers
in the related SDS-gel.

Second, we established a methodology to reconstitute AQP4 in lipid bilayers
for MAS ssNMR measurements, by mixing the detergent-solubilized and
purified protein with preformed POPC liposomes at a protein-to-lipid ratio of
2:1 (w/w).
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After removing the detergent by dialysis, the sample precipitate was
transferred into MAS NMR rotors and a set of 2D and 3D correlation spectra
of AQP4 were obtained (see figure 19).
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Figure 19: MAS NMR spectra of ['°N, *C]-labelled hAQP4 in POPC bilayers. (a) 2D 'H-N
correlation spectrum of hAQP4 obtained at 60 kHz MAS on a 23.5 T spectrometer. (b-d) 3D 'H-
13C-IN correlation spectra for resonance assignment obtained at 100 kHz MAS on a 18.8 T
spectrometer: (b) (H)CANH, (c) (H)CONH, (d) (H)(CA)CB(CA)NH. Spectra were obtained and
evaluated by Tanguy Le Marchand, Centre de RMN a Tres Hauts Champs.

The high quality 2D spectrum of (°N, *C) labelled AQP4 (see figure 19, a)
indicates a very homogeneous environment for the proteins incorporated in
lipids, comparable to similar experimental conditions observed for other
membrane proteins.’”” Subsequent 3D (‘H-">C-""N) correlation spectra (see
figure 19, b-d) were recorded to automatically assign the AQP4 residues

important for the intermolecular binding of the monomer subunits (see figure
20)3 76,377
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Figure 20: Automated resonance assignment of hAQP4. (a) Results of the CY ANA calculations.
Nuclei for which a signal could be assigned with strong confidence are depicted in dark blue.
(b) Residues with assigned NMR resonances are depicted on a monomeric unit of hAQP4 3D
structure (pdb code: 3GDS). Surfaces of the three remaining monomers are shown in grey.
Spectra were obtained and evaluated by Tanguy Le Marchand, Centre de RMN a Trés Hauts
Champs.

The assignment of aquaporin interactions via NMR has been previously done
with AQPZ from E. coli, which has a high similarity with its human
counterpart AQP1, and the C-terminal peptide of AQP4 to CaM.?”*7%

The presented experimental setup provides a powerful platform to study the
physiological role of aquaporin tetramerization. Non-tetrameric AQP4 mutants
are unable to relocalize into the plasma membrane, and the tetramer formation
of the monomeric subunits might be an important factor for regulatory protein
interactions.”

Once established, studies with potential AQP4 interaction partner can be
carried out with MAS NMR measurements, as well as the effects of OAPs
formation.*?

4.2. NEW AQUAPORIN STRUCTURES

X-ray crystallography as a tool has helped to transform our understanding of
molecular mechanisms of biological processes in the last six decades.” New
technologies such as cryo-electron microscopy are emerging, for the time
being we are still depending on high-resolution structural determinations based
on crystallography to explain the derived function of proteins.”*



In Paper II we present the novel structure of AQP1 from Anabas testudineus,
climbing perch, which plays a significant role in the variable osmoregulation
of the fish species.

In Paper III we have a closer look at the structures of plant aquaporins
AtPIP2;4 and SoPIP2;1, and the presence of cadmium cations for
conformational changes in the different species will be discussed.

4.21. ANOVEL STRUCTURE OF A FISH AQUAPORIN
(PAPER 1)

In contrast to vertebrates living on land, aquatic vertebrates are surrounded by
a medium, which is constantly changing in osmolarity. Teleosts, such as the
climbing persh fish Anabas testudineus, adapted their osmoregulation to the
external environment by the development of ionocytes in the gills, facilitating
the ion- and water flux across the gills.™ **% Aquaporins are not only expressed
in ionocytes, but also in a wide array of fish tissues, where they facilitate the
homeostasis of the cells.”®” We chose AQP1 (cpAQP1aa) from climbing persh
as target, since the diversity of the habitat of this fish should be reflected in the
regulation and transport specificity of its aquaporins. Aquaporins in fish are
known since the year 2000, and the basic components of an aquaporin structure
(ar/R-region, NPA motifs etc.) are also present in the cpAQP1aa structure, but
very little is known about its transport specificities and regulation.”*® The main
factor for successful high-resolution structural determination of cpAQPlaa
were the design of a truncated construct of the protein, missing flexible parts
in the C-terminus which could interfere with crystal formation, and high
production yields P. pastoris as expression host were achieved.

Insights into molecular mechanisms were obtained by comparing the
cpAQPlaa to other (distant) species, both sequence alignment and high-
resolution structures, highlighting variations in loop A and C, respectively.
Especially Tyrosine 107 in loop C supports the formation of an extracellular
hydrophobic constriction region, which could possibly act as an extracellular
gate for water flux control. The open extracellular entrance of cpAQPlaa
might be “capped” by loop C with Leucine 117 being pushed into the pore,
resulting in a semi-gated entrance. The channel capping can be compared to
the one observed in plant plasma membrane aquaporins, exemplified by
SoPIP2;1, but is apparently less efficient since Leucine 117 is pushed further

into the channel by the conformational change in loop C without fully plugging
it.389
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Intracellular gating as a mechanism for water flux control of aquaporins among
yeast, plant and mammalian has been described previously, and can be affected
by phosphorylation, pH, pressure, solute gradients, temperature and membrane
tension among others.””

The high-resolution structure of cpAQPlaa is determined at pH 7.8 and pH
6.5, respectively, and no structural determinant related to pH was observed,
which suggests that the conformational gating regulation of the extracellular
loop C is not pH dependent. Instead, we found support for an extracellular
phosphorylation influence on the efficiency of cpAQP1aa gating, supported by
mutational studies and MD simulation (see chapter 4.3.2).

From the crystal structure alone, it is difficult to validate substrate specificities
for aquaporins. The pore dimensions of cpAQP1aa were compared, via HOLE
simulation, with aquaporins from other species, having different substrate
specificities, and potential transport specificities for ammonia and glycerol
could be excluded for the fish aquaporin. These simulations based on the high-
resolution structure gave a hint for the unique extracellular regulation site and
water transport specificity, nevertheless we examined the protein in functional
assays to validate the proposed findings (see chapter 4.3.1).

The evaluation of molecular mechanisms with structural analysis is a valuable
tool for getting insight into the function and regulation of cellular processes.
This knowledge can then be used to influence various processes in a positive
direction. An example of an application is the production of fish eggs in marine
fish, where the proper function of aquaporins is essential.””’ In this context, the
understanding of the intracellular pathways of oocyte hydration, could possibly
improve egg viability and embryo survival in the aquaculture industry.’*

4.2.2. ANOVEL STRUCTURE OF A PLANT
AQUPAORIN (PAPERIIT)

Hydrogen peroxide transport is vital in plants as part of the recognition of
pathogen infection.”’* *** To shed further light on the structural determinants
of hydrogen peroxide transport, we solved the structure of an aquaporin
homologue from Arabidopsis thaliana, AtPIP2;4, for which hydrogen
peroxide transport had been suggested. Initially, we compared the structure of
AtPIP2;4 with its plant homologue from spinach, SoPIP2;1 (see figure 21).
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N-terminal

Figure 21: A) Superimposed high-resolution structure of SoPIP2;1 (PDB: 1798, light green) on
the high-resolution structure of AtPIP2;4 (dark green). B) View on the N-terminal side of the
superimposed proteins shows a Cd**, necessary for the closed conformation of SoPIP2;1.

The two plant homologues show a high structural similarity in the monomeric
pore when superimposed to each other (see figure 21, A). An important
difference was determined in extracellular loop D, where the closed
conformation of SoPIP2;1 is depending on a divalent cation (Cd*" in the crystal
structure). This is not the case in AtPIP2;4, as a consequence we extended our
study for indications of the importance of the loop regions for contribution to
the transport specificities.

In hAQP1, the structural confirmation of loop D has been identified as an
important factor for channel gating.”’ Indeed, in comparison to the plant
aquaporins, loop D in human AQP1 is not only shorter, but also lacks Leul97,
which plays a vital role in closing the cytoplasmic entrance for water passage
in SoPIP2;1.%

A variation in transport specificities between the species can possibly also be
explained by differences in loop A. The amino acid alignment of the three
AQPs shows a divergence in the quantity of residues, which could have
implications on the functionality of the aquaporin, especially regarding H>O,
transport. Loop B and C, on the other hand, do not show a comparable amino
acid deviation, indicating a less profound impact on the transport specificities.
This reasoning illustrates the importance of complementing functional
verification of structural investigations, since a pore diameter comparison is
not a dependable indicator for transport efficiencies.
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Both, plant aquaporin SoPIP2;1 and hAQP1 share a similar diameter of the
pore, but their specificities are not fully elucidated. By using structural
information and functional characterization in concert, molecular mechanisms
of water transport in aquaporins could be specified.

4.3. EVALUATION OF AQUAPORIN FUNCTION

The knowledge about the structure of proteins opens up opportunities to
understand the derived functions. In Paper II the functionality of cpAQP1laa
is verified, together with the evaluation of transport specificities for this
specific aquaporin homologue. In addition, functional mutants were created to
explain the possible regulatory mechanism for AQP1 from Anabas testudineus,
being a critical player in the osmoregulation of the whole fish.

Plant aquaporins show a large diversity in transport function in comparison to
other species’’?, in Paper III and IV the H202 transport versatility of
aquaporins from the species Arabidopsis thaliana, Spinacia oleracea and their
human homologue are compared. To achieve this, a novel fluorescence-based
transport assay for hydrogen peroxide transport has been developed.

4.3.1. EVALUATION OF WATER TRANSPORT (PAPER
11, 11, 1V)

Stopped-flow assays are used in our studies to verify production of functional
aquaporins and also for the validation of retained function for truncated
versions of aquaporins aimed for crystallization.

In Paper II, the truncated version of cpAQPlaa used for structural
determinations was tested against its full-length version and hAQP4. The
orthodox AQP4 is used as a positive control in our lab, setting the standard for
efficient water transport. All aquaporins are reconstituted into liposomes (see
chapter 2.7), as a consequence empty liposome samples are included in the
experiments as negative controls, representing the passive water transport
through the membrane. As a result, the functional analysis showed comparable
initial rate constants for cpAQP1aa and the truncated version, indicating their
functionality. Both fish aquaporin variants are less efficient water transporter
in comparison with hAQP4, a result of the unique structure regulation features
of Anabas testudineus, and discussed in more detail in the next chapter.
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These initial experiments were the basis for more advanced mutational studies
based on the full length cpAQP1aa construct.

In Paper III functional H>O transport rate comparisons via stopped-flow
measurements were conducted to verify the truncated AtPIP2;4 variant
(chapter 4.2.2) for structural determination. Initially, we compared the water
transport capabilities of full length AtPIP2:;4 to its close plan homologue,
SoPIP2;1 and human AQP1. The human orthodox aquaporin got included in
the measurements as a positive control, with the benefit of being inhibited by
mercury. By the induced abolishment of transport function, the water transport
effect seen in the assay are protein-related and not experimental artefacts. The
previously used hAQP4 (Paper II) is less sensitive for the heavy metal, and
the inhibition effect is based on a modification of a cysteine residue in
cytoplasmic loop D rather than a plugging effect seen in AQP1.7**

All three aquaporins isoforms, AtPIP2;4, SoPIP2;1 and hAQP, show
comparable water transport rates, and a mercury inhibition comparison limited
the transport effect to the presence of incorporated hAQP1 in the liposomes.
Finally, the full length AtPIP2;4 and its truncated version, used for
crystallization setups, were compared regarding their water transport ability.
The water transport efficiency of AtPIP2;4(28-279) was lower in comparison
to AtPIP2;4, but still higher than mercury inhibited AQP1. Nevertheless, the
water transport seen for AtPIP2;4(28-279) is protein specific and this variant
was chosen for structural determination.

The evaluation of the functional data is extremely depending on a sufficient
number of reproducible experiments with a certain quality. In our analysis, we
differentiate between biological replicates (= distinct experiment preparations)
and technical replicates (= repetitions of experiments) to obtain a statistically
relevant number of stopped-flow experiments. The intrinsic variation of a
single stopped-flow measurement is averaged by technical repeats,
additionally we use dual controls to identify eventual effects of different
sample incubation times and the influence of temperature effects.

For measurements, every biological sample is split up into three technical
experimental specimen which is used up in the actual experiment, resulting in
average five to six scattering curves, which get averaged. The number of
biological repeats used for data evaluation depends on the sample species and
their reconstitution quality. Naturally, more liposome control samples were
generated than protein samples, and the reconstitution ability between the
protein samples differed between the used species. The reconstitution factor
has to be considered for the evaluation of transport specificities.
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For the preparation of samples, equal amounts of protein are used initially for
the preparation of the reconstitution samples. That does not necessarily mean
that the protein gets fully incorporated into liposomes.

This process depends on different criteria, such as protein concentration and
quality, choice of detergent and how these are removed in the end.’”

In Paper II, the protein reconstitution into proteolipsomes between the
different constructs were compared, and mutant cpAQPlaa-Y107A and
cpAQPlaa-L117A showed a fraction of protein incorporated into liposomes.
To evaluate the reconstitution efficiency of the used proteins, the immunoblot
intensities for each sample got analysed and the specific initial transport rate
was factorized related to the protein amount quantitated from the immunoblots.
This approach is not ideal, since there is not necessarily a linear relationship
between the amount of protein incorporated into liposomes and the resulting
water transport activity. Nevertheless, the adjusted activity is closer to reality
as those not taking protein amount into account, and also an established way
of presenting data of this kind. It is however wise to apply a critical mind set
and reflect on the intrinsic parameters in retrieved data.

4.32. ANOVEL EXTRACELLULAR GATE
REGULATED BY PHOSPHORYLATION
(PAPER II)

In the last two chapters we investigated the structure of cpAQP1aa and verified
the water transport function of the full-length aquaporin, as well as the
truncated version used for crystallization setups. The obtained high-resolution
structure shows a static picture of the peptide chain, with a unique structural
fold at the extracellular side. In summary, the putative influence of
phosphorylation of the extracellular Tyrosine 107 residue on the conformation
of loop C was investigated as a possible key component in the regulatory
mechanism, as was suggested from the high-resolution structure of cpAQP1aa
(see chapter 4.2.1). Mimicking the phosphorylation of a protein, and as result,
activation and deactivation of the protein function by the disruption of
intramolecular binding, cannot be directly done by adding a phosphate group
to an amino acid. Instead, point mutations with similar characteristics are used
to simulate the related effect.’

Based on the high-resolution structure and comparison to related structures,
five different mutants were made to the mimic or abolish phosphorylation sites;
T38A, T38E and Y107A, to mimic the sequence of AQP1; Y107S, or to take
away the putative hydrophobic block; L117A.
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To study the functional effects of amino acid aberration, the single mutant
constructs cpAQPaa were transformed in P. pastoris, overexepressed, purified
and reconstituted into proteoliposomes to evaluate water transport using
stopped flow and compared to controls, wild type protein and empty
liposomes, respectively.

Initially, we studied the noticeable structural extracellular loop C region,
possibly responsible for the semi-open gating mechanism. The hydrophobic
block characteristic of Leucine 117 was abolished by inserting an alanine at
that specific position. The functional effect of the mutation was not easy to
evaluate, since the reconstitution of the protein into the liposomes was low in
comparison to wild type protein. That abnormality was also noticeable in
mutant Y107A, created to examine the influence of phosphorylation on the
assumed stabilization network around L117. Both mutants were produced to
low yields in P. pastoris, and hence difficult to purify, only 0.5-1 mg of the
proteins could be obtained per purification, which failed several times due to
low membrane yields and poor binding to the affinity column. In comparison,
it was easy to obtain 26 mg of the mutant cpAQP1aa-T39E per purification,
resulting in a higher concentration of the protein in the final pool. The low
concentration of cpAQP1laa-Y107A and cpAQPlaa-L117A had an impact on
the sample preparation for the reconstitution experiments, since a larger
volume of a less concentrated protein solution had a lower ratio between
protein and detergent, which could possibly influence the efficiency of
reconstitution. Even though the incorporation of L117A and Y107A protein
into the liposomes was not efficient, we compensated that effect by virtually
balancing the lower protein amount related to full length cpAQP1aa. Taken the
compensation into account, it turned out, that the side chain containing L117A
is not the primary reason for waterflow control, indicated by a wildtype like
initial rate. At the same time, the ‘“non-phosphorylated“ mutant Y107A
indicated an open-pore like water transport in the compensated functional
assays, supporting its importance for stabilizing the network around L117. An
additional mutant was made at this position to mimic AQP1, Y107S. This
mutant also showed wild-type like water transport rates, but in line with the
increased compensated transport of the Y107A mutant, lacking the
phosphorylation motif, we found a first indication for the importance of a
phosphorylation site at Tyrosine 107.

Since phosphorylation is an important mechanism for aquaporin regulation®
we focused our efforts on additional influence of phosphorylation on the
regulatory mechanism of cpAQP1aa involving Threonine 38 in loop A, where
putative impact of phosphorylation was examined with the mutants T38A and
T38E to abolish and mimic phosphorylation, respectively. A mimicking effect
of phosphorylation at T38 showed an increase of the water flow in comparison
to the wild-type protein, indicating a regulatory effect of the modification,
either on its own or in combination with Y107 from loop C.
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The versatile osmoregulation of the cpAQP1aa could not be verified with the
high-resolution structure alone or in combination with functional studies and
results from phosphorylation evaluations.

With support of molecular dynamics (MD) simulations, the molecular puzzle
of the cooperating effects for gating control finally fit together, giving a first
osmoregulation model for a fish aquaporin. According to the simulations Y107
is indeed effected by phosphorylation, resulting in a pore closure. Functional
studies of the mutant T38E on the other hand, are an indication for the
involvement of phosphorylation for an opening of the channel, but this has to
be further investigated.

The combination of different experimental methods in combination with
theoretical support facilitated the development of an initial model for the
osmoregulation mechanism in fish by an extracellular gate. These findings
have implications on our understanding of aquaporin regulation, where the
semi-open pore allows a more fine-tuned regulation of the water channel.

4.3.3. EVALUATION OF HYDROGEN PEROXIDE
TRANSPORT IN PLANT HOMOLOGUES
(PAPERII, IV)

The comparison of transport rates for aquaporins with different transport
specificities and distinct origin can shed light on the molecular regulation of
the observed effects. In Paper III, we compared the transport efficiencies of
three AQPs, two with plant origin, and a human homologue regarding
hydrogen peroxide as a substrate. We developed a novel assay, which allows
the comparison of H,O; transport efficiencies between these AQP homologues,
and membrane proteins in general, based on standardized protein quantities
reconstituted in proteoliposomes. Previous studies on facilitated hydrogen
peroxide transport of aquaporins were depending on cell assays, where the
expression level of the proteins could not be controlled and background
reactions could interfere with the analysis.”*” *** By using purified aquaporin
homologues in a functional proteolipsome environment, we were able to
quantify the differences in transport specificity related to protein amounts,
rather than correlating growth of cells with protein appearance.

Initially, we compared the H,O; transport of AtPIP2;4, selected based on its
proposed specificity for hydrogen peroxide, with its plant homologue from
spinach, SoPIP2;1.
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The same amount of protein was reconstituted into the liposomes, and a
comparable hydrogen peroxide transport rate was observed where the protein
specific transport was verified by mercury inhibition. Beside human AQP3 and
AQPS8 (known “peroxiporins”), AQP1 has recently been suggested to transport
hydrogen peroxide in whole cells.”” #*

Therefore, we included hAQP1 in our study, to compare its H,O, transport
specificity with the two plant aquaporins on protein level. In the
proteoliposome assay, the human aquaporin showed a significant overall lower
initial transport rate than AtPIP2;4 and SoPIP2;1. The hAQP1 derived
transport of H,O; was protein specific, since mercury addition showed an
inhibition on the hydrogen peroxide transport in proteolipsomes.

The novel assay presented in the study addressed the problem of unspecific
measurements of H>O; transport. Concentration measurements of H»O, as
transport verification in tissues evaluated by microscopy have been extensively
criticized.””” Our established assay is cell-independent and allows the
quantification of the H,O; transport rate based on the amount of protein
incorporated into the liposomes and therefore allows proper comparison of
membrane proteins in general and their mutants. Furthermore, related to these
results, the development of alternative transport assays is possible, by adapting
the reporter system to the desired probe conditions.

4.4. ANALYSIS OF AQUAPORIN INTERACTIONS

Chapter 4.4 focuses on the development of methods for screening PPIs,
including membrane proteins. In Paper V, BiFC complementation of AQPO
and CaM is used in combination with flow cytometry to enable future HTS
screening of novel protein interactions in vivo in eukaryotic cells.

Potential interaction partner of AQP4, found in the screening process, can be
evaluated via NMR experiments presented in chapter 4.1.2.
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4.4.1. SCREENING AQUAPORIN COMPLEXES USING
FLOW CYTOMETRY (PAPER V)

The detection and verification of protein-protein interactions contribute to the
knowledge about the fundamental networks (interactomes) in which they are
integrated. Understanding these networks can provide new insights into their
regulation and the pathways involved, thus pointing the way forward for drug
development.

Various PPI detection methods and their characteristics have already been
discussed (see chapter 2.8), and the intrinsic advantages of a technique must
be evaluated with regard to the presumed application.

Figure 22: Ca?" (black spheres)
mediated binding of calmodulin
(cyan) to the C-termini of AQPO
(PDB: 3J41). ITC studies have
suggested the binding of a single
CaM to two copies of AQP0.%

In Paper V we expand the capabilities of the well-established BiFC assay for
in vivo HTS evaluation and screening of aquaporin interactions in S. cerevisiae.
The well-investigated binding from AQPO to CaM is used for high-throughput
verification of yeast populations in this study.* 3/ 403

Physiologically, the interaction between AQPO and CaM is crucial for the
modulation of the water permeability in the eye lens.””” The Ca*" mediated
binding of CaM to a cytoplasmic helix in the C-terminus of AQPO results in a
conformational change and finally in the pore closure (see figure 22).%
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The BiFC assay meets our requirements for method development and
evaluation, because our interacting proteins AQP0O and CaM are confirmed
interaction partners with an initial binding affinity of Kd=71 nM and the
detected fluorescence signals show a correct molecular interaction between
these proteins, as indicated by the YFP complementation.’ ¥/

Different constructs of AQPO and CaM were generated and evaluated by flow
cytometric readout. By fusion of non-fluorescent cleavage fractions of YFP
(YFPc and YFPy) to the target proteins, different interaction combinations
were tested.

A negative control of unconstructive complex formation recommended in the
literature was included in the experiments, a C-terminal truncated mutant of
AQPO, co-transformed with CaM and both fused to their respective YFP
halves.**#7

In a previous study, the evaluation of BiFC formation was performed
manually. This includes both, the manual collection of brightfield and
fluorescence images of the various construct samples and the manual counting
of the fluorescent cells.””” This labour-intensive work is not only time-
consuming, but also prone to readout errors.

Flow cytometry was used to automate the counting and intensity evaluation of
the fluorescent cells and to statistically analyse entire construct populations.
The exemplary comparison of the constructive BiFC pair Yn-AqpO and Yc-
CaM regarding YFP intensity and frequency in the screened population
revealed the importance of standardized pre-growth conditions.

The pre-selection of transformants associated with a fluorescent phenotype
saves time in the subsequent evaluation in the downstream process, as there is
no need to prepare cell samples that do not exhibit YFP complementation
intensities.

Another factor for an optimal YFP intensity yield in the fluorescent cell
fraction (frequency of fluorescing cells) is the growth of the pre-selected cells
in liquid media up to the log phase prior to cytometric analysis. In comparison,
cells pre-cultured on SC agar plates before analysis showed a lower sub-
fraction of fluorescent cells in combination with low YFP intensities.

The reliability and comparability of a high-throughput readout of intensities is
based on a reliable preparation of the cells before analysis. From our
observations we could determine a significant effect from the sample
preparation to the final readout of the cells. Since the presence of fluorescence
in the cells is a direct indication for the interaction of the transformed protein
partner, the presented standardization scheme for sample preparation was
important to control the intrinsic fluorescence fluctuations of the cells.
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In addition, iterations of biological repeats of the experiments provided a solid
statistical fundament for the analysis of the different screened constructs,
where the biological variation due to the transformation step could be
controlled.

We used the rationalized cell preparation scheme for the screening of different
constructive BiFC complexes, initially with a special interest in the median
fluorescence intensities (see figure 23, A).
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Figure 23: A) Average YFP fluorescence intensity readouts from different BiFC complexes. B)
Average fraction of YFP fluorescent cells in percentage for the BiFC complexes.

We noticed, that focusing on fluorescence intensity readouts is not sufficient
to distinguish between random and constructive BiFC interactions, but could
well be used as the initial parameter for a pre-selection procedure. This was
evident in all constructive BiFC pairs that showed average mean fluorescence
intensities in the same range, although YFPn-AQPOA + YFPc-CaM has a
higher standard deviation, indicating a larger non-fluorescent cell fraction (see
figure 23, A).

The focus on intensity levels to screen for authentic PPIs can be misleading, as
rare and random protein interactions occasionally could lead to above average
fluorescence intensities, which was the case for the interaction-deficient
construct.

In order to distinguish between authentic and random protein interactions,
which leads to a higher signal-to-noise ratio, the inclusion of the fluorescence
frequency (proportion of fluorescent cells) in the cell population was included
as a second quantitative selection criterion in the analysis, and used as the
determinant for formation of constructive membrane protein complexes (see
figure 23, B).
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This procedure required a reduced transformation variation, which was
achieved by a consistent cell preparation prior to the measurement. As a result,
the relative frequency allows the distinction of the interaction-deficient YFPx-
AQPOA + YFPc-CaM pair from the other complementation constructs.

By considering the fluorescence fraction of the cells for the analysis of
potential interaction partner, a threshold value can be derived from non-
interaction constructs to separate authentic complex formation from random
interaction events. Worth noting, though, is that this only serves as in indicator,
and proper references should be evaluated for each protein complex.

A challenge for PPI interaction methods is the differentiation between
authentic interactions and background signal (signal-to-noise ratio). This ratio
has been be improved over the years, either by using improved fluorescent
proteins or by combining BiFC with other methods.?/! 3% 3/ 408-411

By the addition of flow cytometry to the available methods for protein complex
evaluation, the BiFC complementation can be read-out objectively on a large
scale in less time. The results of this thesis show, that an improvement
regarding background reduction can be implemented in a method without
additional complexity. The required statistics of the readout are recorded by
default and available for analysis.
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5. CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Nearly 20 years ago, the first high-resolution aquaporin structure was reported
and it turned out, that the primary function as water transporter is accompanied
by a huge variety in specificity and regulation as well as involvement in a broad
range of human diseases. This thesis tried to elucidate different aspects of
aquaporin research, providing insight into different levels of protein
complexity in the fascination of the larger context of biochemistry and related
fields.

A basic bottleneck emphasised in membrane protein research, is the
availability of sufficient amounts of the protein of interest in a reliable quality,
most pronounced for structural analysis where large amounts are typically
required, but also a relevant aspect for functional evaluation.

In Paper I, my specific contribution was the production of reliable amounts of
the soluble protein hSIRT?2 in P. pastoris, an indirect regulator of AQP4, in its
active form and a homogenous sample was obtained for future structural and
inhibition studies. hSIRT2 is involved in a variety of human diseases, and the
beneficial expression of this potential drug target in an eukaryotic host will be
useful for the development of hSIRT2 modulators.

I also expanded my knowledge in overproduction of membrane proteins,
focusing on hAQP4, the aquaporin homologue dominating in the brain, to
facilitate the development of new research applications, as well as the
understanding of the intermolecular binding of the protein. I also lay the
fundament for future interaction studies between hAQP4 and potential
interaction partner by solid-state NMR. A fundamental prerequisite for these
applications is a highly pure protein sample, which I produced for various
purposes; direct applications in the diagnosis of neurodegenerative diseases
such as NMO, development of water filters and isotopic labelling. Manuscripts
based on this work are in preparation or submitted.

Working with membrane proteins is challenging, and the main aim in
biochemical projects is commonly structural analysis which requires a
substantial effort all the way from genetic design to reliable production and
systemic work in the crystallization trials. In this thesis, two novel aquaporin
structures are described, the cpAPQ1laa and AtPIP2,4. The first structure were
valuable to get a deeper understanding of the variable osmoregulation in the
fish A. testudineus, showing a novel aquaporin regulation mechanism on the
extracellular side (Paper II). Based on the structure we derived several
mutants to verify, by functional studies, the molecular mechanism, which helps
the fish to survive in variable environments.
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The method repertoire was also broadened by establishing a novel method for
testing the transport functionality of aquaporins regarding hydrogen peroxide,
Paper III and IV. Based on the H;O; correlated readout linked to a
fluorescence signal, a larger screening setup was established. Available
methods of H,O, transport evaluation are commonly based on cell growth
assays, and the correlation between protein amount and transport function is
therefore not trivial to evaluate. Hence, the contribution of a protein-based
assay will assist further evaluation of specificity for membrane protein targets.
Furthermore, by varying the probe system, the application of this assay could
be extended to other specificities. The detection of ammonia transport could
possibly be measured by the incorporation of substances into the (proteo-)
liposomes, which either directly react with ammonia in solution, or indicate a
pH change.*/*#"°

Finally, a closer look on aquaporin interactions were done in Paper V, by
evaluating the established AQP0-CaM fluorescence complementation by a
high-throughput read-out using flow cytometry. Noteworthy, the detected
fluorescence signals itself did not give enough information to discriminate
constructive complexes from background, but establishing the fraction of
fluorescing cells as a crucial quality strengthened the method substantially.
Working with signals in living cells required the standardization of sample
preparation before the actual measurements, being an important outcome for
the method on the whole. In addition, I recognized a critical requirement of
proper design for controls as well as controlling the intrinsic transformation
variation of the cells. The quality of a method for PPI evaluation depends on
its signal to noise ratio, and the contribution of Paper V is a way to increase it
by recognizing and neglecting invalid signals. My contribution with this work
is thereby providing a fundament for future screening of potential interaction
partners to aquaporins or membrane proteins in general. By transferring a
cDNA library into the YFP plasmids, used in the thesis work, the interaction
partner of any protein of interest can be screened and evaluated based on the
same principles as those established for the AQP0-CaM complex. Initial
experiments with hAQP4 as a bait, and a brain cDNA library as a target, have
been successful in the sense that initial hits have been identified. The benefit
of using FACS analysis is not limited to the speed of the procedure as such,
but cells showing a fluorescence signal can be isolated, and the target gene,
and the protein responsible for the interaction signal, can be identified. In
conclusion, my contribution to the method development in the field of
membrane protein complex screening and analysis provides fundament for
increased understanding of molecular mechanisms of importance for
biochemical and medical questions.
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Sirtuin 2 (SIRT2) is an enzyme that catalyzes the removal of acyl groups from the side chain
of the amino acid lysine, and, having that activity, this target has a putative involvement
in cancer and neurodegenerative diseases. Being an interesting drug target, we looked for
a suitable eukaryotic protein production system for further medicinal chemistry and
biochemical applications, and the yeast P. pastoris was selected. In this study we report a
high yield of catalytically active protein, more than 40 mg/L, after a three step
purification procedure. Furthermore, we show that the recombinant SIRT2 is
thermostable, able to catalyse lysine deacylation reactions and amendable for
photoaffinity labelling studies. All together, we hereby present a protocol for
monodisperse SIRT?2 highly suitable for structural attempts and further characterization

of the inhibitor binding site using a MS supported approach.



Sirtuins (SIRTs) are a conserved family of
enzymes catalyzing the removal of
different acyl groups from the side chain
amino moiety of lysine residues in
numerous protein substrates. Thereby
various key biological processes related to
gene silencing, cell cycle regulation,
inflammation, stress, DNA damage and
repair responses can be controlled. Thus
SIRTs have received attention as potential
therapeutic targets.! In particular SIRT2
has been considered as a disease modifying
protein target due to its potential
involvement in the development of cancer
and neurodegenerative disorders.”’

We have previously reported potent
chroman-4-one based SIRT2 selective
inhibitors which have shown to possess
anti-proliferative effects.’ 7 In order to gain
knowledge about the binding mode and to
support our continued compound design
process we have carried out docking studies
which have provided a binding mode which
is in line with our acquired structure-
activity relationship (SAR) data. Now, we
are interested to put further efforts into the
experimental verification of the suggested
binding mode of the chroman-4-one based
SIRT2 inhibitors by continuation of our
photoaffinity labeling (PAL) strategy® and
initiation of co-crystallization experiments.

To investigate the biological effects of
sirtuin activity and their downstream events
in cell based studies, sirtuin isoforms are
commonly overexpressed in mammalian
cell lines.” /° However, for biomedical
characterization, such as  structural
characterization, a  robust  protein
production method needs to be developed
which gives access to high yields of a stable
protein product. hSIRT2 and truncated
versions’’ have previously been produced
for structural or interaction analysis as well
as inhibition studies, where the dominating
host has been Escherichia coli.’*!% As it
seems, the highest reported yield of a
hSIRT2 construct (AA 50-356) is more
than 10 mg IMAC purified protein per L
culture of E. coli grown on minimal media,

where the protein sample was used for
NMR studies.’® However, commonly it is
non-trivial to compare the final yield of the
recombinant protein since that is apparently
not the main scope of most studies.

Producing a human target in a prokaryotic
host has its limitations, especially when it
comes to post-translational modifications
(PTMs) which are often connected to
protein activity. For sirtuins, specifically,
there are many reports on the importance of
PTMs for proper regulation.’””” For our
PAL experiments and co-crystallization
trials we therefore looked for a suitable
eukaryotic host for producing hSIRT2s6.356,
a truncate that has been shown suitable for
application in in vitro assays and
crystallization trials.”/ The yeast Pichia
pastoris is a unicellular eukaryote that
combines high-production levels with
functional recombinant protein product and
is capable of performing most of the PTMs
from higher eukaryotes.’”?? To our
knowledge, only SIRT4 has been produced
using this eukaryotic host.”* Based on our
previous successes, mainly producing
complex membrane proteins in P. pastoris,
we also included SIRT2 in our repertoire.’*
27 In conclusion, we achieved a highly pure
and homogenous sample of hSIRT2s6.356
with a yield of at least 40 mg/L, which is
about four times higher than previously
reported. Notably, the protein has been
shown to be both stable and catalytically
active in enzyme inhibition studies.

Materials and Methods

Cloning of recombinant hSIRT2s6-356 for
expression in P. pastoris

The gene optimized hSIRT2s6.356 plasmid
was purchased from GeneScript, cloned in
the pPICZB vector (Invitrogen) with the
consensus sequence AAA ATG G around
the start methionine and a C-terminal 8x
His-tag.  Before transformation by
electroporation (BioRad GenePulser Xcell,
P. pastoris pre-settings) into the wild type
P. pastoris strain X-33 (Invitrogen), the



plasmid was linearized using the restriction
enzyme Pmel.

Production screening for high yielding
clones

After transformation, P. pastoris cells were
grown on YPD agara plates containing a
high Zeocin concentration (2000 pg/mL) in
order to screen for transformants having the
expression cassette with SIRT2 inserted
multiple times in the genome. Six
transformants of X33/pPIZB-hSIRT256.356-
Hiss were screened for initial protein
production (Invitrogen EasySelect Pichia)
in order to find a high yielding clone
suitable for final expression in the
fermenter  system. The  small-scale
production was performed in duplicates
with two non-target samples and cells
without transformed plasmid as controls.
Cells were incubated overnight, 180 rpm
and 30 °C, and the precultures were diluted
in 5 mL BMGY the next day to ODsoo=1.
At ODeoo =3.5-4.5, the cells were harvested
and tested for hSIRT2 production. Cell
samples were mixed in 2x SDS loading
buffer (46 pL 4x Laemmli sample buffer
(BioRad), 20 mM DTT, 50 uL mq H20)
and heated up to 100 °C for 10 min. Cell
debris and unbroken cells were collected by
centrifugation at 13,000 g for 3 min. The
final supernatant, 10 pul, was loaded on an
SDS-PAGE gel (Mini-PROTEAN TGX, 4-
20 % polyacrylamide, BioRad; 300V, 16
min). The protein signal was detected by
using immunoblot using ECL substrate
(Pierce Fast Western Blot Kit, Thermo
Fisher) and chemiluminescence was
analyzed via an imager system (ChemiDoc
MP, BioRad).

Large scale growth of hSIRT2s6-356-Hiss
To ensure and optimize recombinant
hSIRT2 production, a high expression
clone of P. pastoris producing hSIRT2s6.
3s6-Hisg was grown at 30 °C in a 3 L
fermenter (Minifors 2, INFORS HT)
containing initial basal salts medium
volume, 1.5 L with PTMI trace salts
(Sunrise Science), 7 mL.’® The initial
fermentation volume was inoculated by a

pre-culture; 50 mL and ODgoo = 4-7. After
24 h, the initial glycerol carbon source was
consumed, and glycerol was feeded with a
50% solution (v/v in water) for another 24
h to increase biomass; 282 mL was
consumed. Overexpression of recombinant
hSIRT2s6.356 was induced by feeding the
culture with 100% methanol solution for 48
h, approximately 250 mL was consumed,
and a total cell mass of 342 g cells was
harvested.

Purification of recombinant hSIRT256-356
The purification process was carried out
according to the protocol for bacterial
expression of hSIRT2./6 In brief, the frozen
cell pellet, 100 g, was thawn in 200 mL
lysis buffer (20 mM Tris—HCI, pH 8.0, 200
mM NaCl, 10 mM imidazole, 2 mM pB-
mercaptoethanol, 0.1 % v/v Triton X-100,
Roche Diagnostics Complete EDTA-free
anti-proteases cocktail) and cells were
broken using a beadbeater with 0.5 mm
glass beads for breakage (5x30 s, 1 min
pause in between, 4 °C, Bead-Beater,
Biospec Products). Unbroken cells and
debris were collected by centrifugation,
500xg for 30 min. For purification of
hSIRT2s6.356-Hiss, the supernatant was
loaded on a pre-equilibrated 5 mL Ni-NTA
HisTrap HP column (GE Healthcare), pre-
equilibrated with three CV lysis buffer, and
cycled for at least 12 h at 4 °C. Non-
specifically bound proteins were removed
by washing the column matrix with 3 CV
wash buffer (20 mM Tris—HCI, pH 8.0,
containing 200 mM NaCl, 10 mM
imidazole, and 2 mM B-mercaptoethanol,
0.1% v/v Triton X-100) and loosely
attached proteins were removed by a step
gradient using three CV wash buffer
containing 50 mM imidazole. Protein,
hSIRT2s56.356-Hiss, was eluted with five CV
elution buffer (20 mM Tris—HCI, pH 8.0,
containing 200 mM NaCl, 300 mM
imidazole, and 2 mM B-mercaptoethanol,
0.1 % v/v Triton X-100) and collected in
fractions. Protein fractions were analyzed
using SDS-PAGE and hSIRT2 containing
fractions were pooled together and



concentrated (30 kDa cut-off, Sartorius).
The homogeneity of the of hSIRT2s6.356-
Hisg, target was verified using size
exclusion chromatography (Superdex200
increased, GE Healthcare), with a buffer
containing 50 mM Tris pH 7.5, 100 mM
NaCl, 5% glycerol, and 5 mM DTT. To
increase the purity of the protein, a
subsequent gel filtration step was
performed with the concentrated sample of
the main peak.

Protein stability measurements

To evaluate the stability of purified
hSIRT2s6.356, samples from each SEC step
were analyzed on a Prometheus instrument
(NanoTemper Technologies) using a
sample volume of 10 pL per capillary. The
capillaries were filled directly from the
respective  solution without laborious
sample loading or sealing steps. Data
analysis was performed using the
Prometheus software packages
PR.ThermControl, PR.ChemControl and
PR.TimeControl. The initial fluorescence
scan of loaded capillaries was performed at
20 °C. The emission at 330 nm and 350 nm
showed that all samples were within the
optimal concentration range. For evaluation
of the thermostability, samples were
subjected to a temperature ramp of 2
°C/min from 20 °C to 90 °C and
fluorescence was constantly monitored.
Data was analysed with the
PR.ThermControl software.

In Vitro Fluor de Lys Assay for SIRT2
Activities

The Fluor de Lys fluorescence assays were
based on the method described in the
BioMol product sheet (Enzo Life Sciences)
using the peptide substrate Gln-Pro-Lys-
Lys(e-acetyl)-AMC. The determined Km
values of SIRT2 for the peptide substrate
was 103 uM and for NAD" 350 pM.
Briefly, assays were carried out using the
Fluor de Lys acetylated peptide substrate at
a concentration corresponding to 0.7 Kn
and NAD" (KI282) at a concentration
corresponding to 0.9 Km, recombinant
SIRT2s6.356-Hiss enzyme and SIRT assay

buffer (KI286). The buffer, Fluor de Lys
acetylated peptide substrate, NAD® and
DMSO/compounds in DMSO (2.5 pL in 50
pL total reaction volume) and the reaction
was started by adding the enzyme. The
reaction mixture was incubated for 1 h at 37
°C. After that, Fluor de Lys developer
(KI176) and nicotinamide (KI283) were
added, and the incubation was continued
for 45 min at 37 °C. Fluorescence readings
were obtained using a Safire’ Multi-mode
plate reader (Tecan) with excitation
wavelength 370 nm and emission 460 nm.

The ICso values were determined as two or
three independent determinations with
8—10 different inhibitor concentrations in
each determination. The collected data
points were included in the calculation of
the best-fit value for nonlinear curve fitting
with  GraphPad Prism8  (GraphPad
Software, Inc.).

Synthesis of the bifunctional chroman-4-
one based PAL probe 11

The synthetic pathway towards PAL probe
11 is illustrated in Scheme 1 (see the
Supplementary for more detailed
information).  1,12-Dodecanediol ~ was
mono-protected using TBDMSCI and
imidazole in DMF and the remaining
unprotected hydroxyl group was oxidized
using a Swern oxidation. The formed
aldehyde was reacted with 5-bromo-2-
hydroxyacetopheone in a base-promoted
one-pot reaction to form the desired
chroman-4-one derivative which after
isolation was directly used in a subsequent
reduction step with NaBH4 to obtain the 4-
chromanol 3 in 64% yield over two steps.
The newly formed alcohol group was
protected with TBDMSCL. For the
installation of the light-sensitive diazirine
moiety, compound 4 was treated with n-
BuLi and ethyl trifluoroacetate to introduce
a trifluoroacetyl group. A reaction of the
ketone with N-hydroxylamine in pyridine at
70 °C provided oxime 6 in a 1:1 isomeric
mixture. Tosylation of 6 with TsCl in the
presence of EtsN and DMAP in CH2Cl»
yielded intermediate 7 which was reacted



with liquid ammonia, the following
oxidation step with iodine furnished the
photoreactive diazirine moiety.
Deprotection of the two alcohols was
achieved using TBAF in THF followed by
selective oxidation of the benzylic alcohol

using MnO; as oxidant. The desired PAL
probe 11 was obtained in 86% yield after
amide coupling of 10 with biotin applying
EDC-HCI as coupling agent in the presence
of DMAP.

Scheme 1. Synthesis of biotin-functionalized diazirine-based chroman-4-one probe.”
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Photoaffinity labeling experiment

The hSIRT2s6.356 protein expressed in P.
pastoris was used in the experiments. For
the labeling reactions, the photoprobe 11 in
DMSO (final concentration of 0—600 puM,
2.5 pL in 50 pL total volume) and
recombinant SIRT2s6.356 enzyme (10 pL,
3.8 mg/mL) were mixed in buffer (HDAC
buffer) at room temperature in the dark, and
the mixture was incubated for 5 min at 22
°C protected from light. After incubation,
the samples were irradiated with a high-
power UV LED (A =365 nm, 2 cm from the
LED, light flux: 23 mW/cm?) for 3 x 15 s
and a resting period of 10 s. For the
competition experiments, KE-091 in
DMSO (final concentration of 0—200 pM,
2.5 pL in 50 pL total volume) and
photoprobe 11 in  DMSO (final
concentration of 200 uM, 2.5 pL in 50 uL
total volume) were added to the buffer
(HDAC buffer) prior to the addition of
SIRT2s6.356. The samples were subjected to
SDS Page and Western blotting to detect
labelled protein using a streptavidin-HRP
conjugate.

Results

High expression levels of recombinant
hSIRT2s6-356 is achieved in P. pastoris

P. pastoris provides a eukaryotic host
suitable for producing protein targets from
human origin with a potential for high
protein yields as well as correct post
translational modifications. To make use of
these attributes, target protein hSIRT2s6.356

was cloned into the pPIZB-Hisg vector,
which was linearized and transformed into
the wild-type X33 P. pastoris strain. After
Zeocin selection, six fast growing colonies
were tested for a small-scale protein
production. The clone with the highest
hSIRT2s6.356 production, as verified by
immunoblot (data not shown), was selected
for large scale growth using a 3 L
fermenter. Under tightly controlled
conditions, a total cell mass of 342 g wet
weight could be obtained from 1.5 L initial
basal salt medium, resulting in
approximately 2 L of final culture volume.
The production of hSIRT2s6.356 resulted in
a stable protein product with the expected
molecular weight of 35 kDa. The overall
expression level was approximately 5% of
hSIRT2s6.356 of the total protein content. A
three step purification procedure consisting
of one IMAC step and two following gel
filtrations resulted in a highly pure and
homogenous sample for further analysis.
The whole purification process resulted in a
20-fold concentration of the targeted
protein in comparison to the lysate and a
final protein yield of 0.17 mg hSIRT256.356
per gram cells (Table 1). The additional
size exclusion chromatography (SEC) step
was accompanied with an 89% protein loss,
resulting in 39 mg hSIRT2s6356 per litre
initial fermentation volume in comparison
to 415 mg after the first SEC step. In
conclusion, the target hSIRT2s6.356 was
produced in high levels in P. pastoris and
could be purified to homogeneity providing
samples for crystallography or enzymatic
assays.

Table 1. Overview of the purification of hSIRT2s.356. Total protein content and the amount of hSIRT256.356,
respectively, are given for 100 g of wet cells. Purity, recovery and fold of purification are also stated in the lysate
as well as after the full purification procedure, after the second SEC.

Purification Step Total hSIRT2
protein (mg)
(mg)
Lysate 46151 2146

2. SEC 17

Purity Recovery Fold of

(%) (%) purification
5 1 1
100 0.8 20



A three-step purification process results
in highly pure and homogenous
hSIRT2s6-356

P. pastoris cells were mechanically lysed
using a bead beater and the His-tag (Hisg)
fused to hSIRT2s6.356 was captured from the
background cell proteins by Ni?" IMAC
purification. After elution, hSIRT2s6.356
was detected at the expected molecular
weight (35 kDa) on an SDS-PAGE gel,
together with a band at 50 kDa (Fig. 1A),
being a protein contamination of serine
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IMAC
1. SEC
2. SEC
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hydroxymethyl  transferase in  the
purification process, as verified by mass
spectrometry (see Supplementary Fig. 1
and Table 1). An immunoblot confirmed
the overexpression of hSIRT2s6.356 in the
cells and the importance of using affinity
chromatography to achieve high purity
(Fig. 1B). The highly specific immunoblot
analysis also revealed the presence of a 70
kDa hSIRT2s6.35¢ fraction, not visible on
SDS gel, being a putative dimeric form of
the target protein.
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%]
)
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1. SEC
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37kDa |

25kDa |

Figure 1. Purification of hSIRT2s6.356 from P. pastoris. (A) SDS-PAGE gel showing the pooled fractions after
each purification step with the corresponding immunoblot shown in (B). A dominating band of the expected
molecular weight of 35 kDa is observed in all purified fractions. The immunoblot also show a putative dimeric
form of the target protein at 70 kDa as well as some putative degradation products.

A subsequent SEC showed a peak at 15 mL
containing hSIRT2s6.356 with the correct
size of 35 kDa, as verified by SDS-PAGE
combined with immunoblot analysis.
Notably, the main peak from the first SEC
was accompanied by a shoulder peak.
When analyzed by SDS-PAGE, the 50 kDa
protein was the dominating protein in this
peak (Fig. 2A), but this band was not
pronounced for the pooled fraction on the
immunoblot (Fig. 1B). Thus, the first SEC
step provided a constructive purification
step for hSIRT2s6.356 which was separated

from the contaminating 50 kDa protein
product. The purity of hSIRT2s6.356 after
the first SEC can be sufficient for activity
assays, but for crystallization approaches, a
higher demand for a monodisperse peak is
required. To fulfil this criterion and obtain
hSIRT2s6.356 of highest purity and
uniformity, a second SEC was performed
with pooled fractions 11 and 12 from the
previous gel filtration. The obtained
hSIRT2s56.356 protein sample indeed showed
monodisperse behaviour as well as high
purity  validated by  SDS-PAGE.



Immunoblot analysis of concentrated
hSIRT2s6.356 after the second gel filtration
showed similar size and band pattern as
after first SEC, indicating a similar purity.
The 50 kDa impurity band seen on the SDS-
PAGE after the first SEC was efficiently
removed and a monomeric form of
hSIRTs6.356 achieved (Fig. 2B). Worth
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noting is that hSIRT2s6.35¢ appears as a
double band in the purified fraction (Fig.
1A) where both bands corresponds to full-
lengths products of the protein target
(Supplementary Fig. 1 and Table 1),
which opens up for the possibility that
recombinant SIRT2 produced in P. pastoris
has some PTMs.

o]
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Figure 2. Purification of SIRT2s6.356 using SEC. (A) The chromatogram from the first SEC where samples
covering all peaks are analysed using SDS-PAGE, as shown below. The last peak (lanes 11 and 12) mainly
contains the monomeric form of the protein while the peak before (lanes 9 and 10) contains more of the
contaminating protein at 50 kDa. (B) Chromatogram showing the second SEC where the last peak from the first
SEC is pooled and purified again to achieve a highly pure and homogenous hSIRT25¢.356 sample. Samples from

the SEC peak were analysed using SDS-PAGE, shown below. Lanes 3-10 represent the elution peak from 14—

20 mL.

Recombinantly produced hSIRT2s6.356 is
thermostable

The size exclusion chromatogram showed
that hSTRT256.356 can be produced with high
quality indicated by monodispersity and
supported by SDS-PAGE showing a
monomeric form of the protein. In order to
evaluate the stability of the recombinant
protein product, hSIRT2 samples from both
gel filtration runs were tested for

thermostability (Fig. 3) using microscale
thermophoresis. In general, higher thermal
denaturation temperatures indicate a more
stable protein. The measurements for each
SEC run were performed in triplicates and
the average first derivative of the melting
scans fluorescence ratios (350 nm /330 nm)
was evaluated. After the first SEC, the
average was 42.97 °C and after the second
SEC it was 45.33 °C. Thus, the second SEC



Figure 3. Microscale thermophoresis
measurements of hSIRT2. Upper part: Melting
Scan of samples SIRT2-1.SEC (blue) and SIRT2-
2.SEC (red), showing the fluorescence ratio (350
nm/330 nm) in the top panel and the first derivative
in the lower panel. Thermal unfolding onsets (ON)
and unfolding transitions (Tm) are indicated by
vertical lines in the graph. Lower Picture: Time
control profile of samples SIRT2-1.SEC (blue) and
SIRT2-2.SEC (red).

run had a positive effect on the
thermostability of hSIRT2s6.356, as the
stability was improved by 2.36 °C in
average. This improvement went along
with a 90% loss in protein yield between the
purification steps, which might be
negligible if homogeneity of the sample is
crucial. However, since the overall
production level of hSIRT2s6.356 was very
high in P. pastoris (Table 1) a three step

purification procedure could be afforded,
still giving a high final yield of the desired
protein.

Biochemical evaluation of SIRT2

The production of hSIRT2s6.356 in P.
pastoris yields a catalytically active
enzyme that effectively catalyzes lysine
deacetylation reactions. The Ky, values of
NAD" and the acetylated peptide substrate
Gln-Pro-Lys-Lys(e-acetyl)-AMC used in
the assay has been determined to be 350
UM and 103 uM, respectively. The enzyme
has been successfully applied in the
assessment of SIRT2 inhibitors for which
the protein from the first SEC step shows
sufficient purity and stability. The obtained
inhibitory values and ICso data are in line
with our previously determined data; also
two compounds reported in the literature
(Table 2) gave similar results.”’

The evaluation of the inhibitory activity of
the bifunctional PAL probe 11 has
identified an ICso value of 100 uM (see
Supplementary, Fig. 2). Efforts in
developing more potent PAL probes were
unfortunately unsuccessful.

Table 2. Results from inhibition of SIRT2s6-35¢ using various known inhibitors‘

Entry Structure Inh.% at 200 pM ICso
10 RCOUS 83%+12 226 yM=0.13
2¢ W@fﬁm@ 79% + 1.8 -
3 °>ws*‘:?
3¢ ;[' o - 0.47 uM £ 0.12
OO SirReal2
HNj\
4¢ . { . - 43 uM£2.5
SaS e

“Literature values given as footnotes; °88%, ICso 4.3 uMY; ¢82%, ICso 5,5 uM’; “ICsp 0.4 uM'/; €ICsp 2.53 pM?’
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Figure 4. HPLC analysis of photolysis solution of diazirine 11 in MeOH upon irradiation with 365 nm light.
Samples taken after t = 0, 10, 20, 30, 50, 60 s of UV irradiation were injected on the column (reversed-phase,
C18). Integration of the absorption peaks in the chromatogram (UV detection at 254 nm) shows the rapid photo-
conversion of 11 (squares) directly into the insertion product 12 (triangles) or partially via formation of a diazo

isomer (circles).

Evaluation of photochemical properties
and labelling capability of 11 with
hSIRT2s6-356

The photochemical decomposition of the
bifunctional PAL probe 11 was evaluated
using HPLC analysis (Fig. 4). Aliquots
from a solution of 11 in methanol were
taken at defined time points during
irradiation with 365 nm delivered by a
high-power LED. The HPLC analysis
shows the expected formation of the
insertion product 12 over time concurrent
with the decay of 11 and build-up and
decline of the diazo by-product.

In subsequent experiments, we have
performed labeling experiments of our

produced hSIRT2s6356¢ with varying
concentrations of 11 (Fig. 5). For the
detection of a successful cross-linking of
the probe with SIRT2, the biotin moiety is
utilized as a detection handle in Western
blot analysis applying a streptavidin-
horseradish peroxidase (HRP) conjugate.
The Western blot showed clearly a dose-
depended incorporation of the probe into
hSIRT2s6.356.  Also, a  competition
experiment (Fig. 6) with the known
chroman-4-one-based inhibitor KE-091
showed a decrease in labeling efficacy of
11 with increasing concentration of KE-
091.

Lane 1 2 3 5 6 7
11 [pM] 0 25 50 100 200 400 600
]

MW 37 —

(kDa) - 8"
25 —
37 — — Total protein content
’ - - - —— — i (MemCode reversible

Figure 5. Dose-depended labeling of SIRT256.356 with 11.
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Figure 6. Competition experiment of 11 with the known chroman-4-one based SIRT2 inhibitor KE-091.

Base-promoted hydrolysis of the ether
adduct 12

To investigate the binding site of the
chroman-4-ones we are planning to follow
a similar approach as previously published
where the labelled hSIRTse.356 was treated
with trypsin and then subjected to MS-MS
analysis to identity the incorporation site of
11.% However, in contrast to our previous
report, an enrichment step using an affinity
resin utilizing the biotin moiety in 11 as a
tag will be included to remove non-labelled
protein prior to the tyrosination. The release
of captured biotinylated compounds from
the typically used avidin beads requires
harsh conditions, therefore it was planned

24h 48h

N=|

perform an on-bead ester hydrolysis to
release the cross-linked protein fraction. To
test this hypothesis, the ether adduct 12
formed after photolysis of diazirine 11 in
MeOH was subjected to base-promoted
hydrolysis in a NaxHPO4/NaOH buffer (pH
12) at 37 °C. The reaction was monitored
by HPLC. The hydrolysis was proceeding
slowly, after 48 h the main part was
hydrolyzed (Fig. 7), no other products were
formed. The experiment indicates that the
ester can be successfully hydrolyzed using
basic conditions and after filtering off the
beads the labelled protein could then be
analyzed further.

9 HHN—
" OM"" é;ﬁd
S

Figure 7. The hydrolysis of 12 was run in a Na,HPO4+/NaOH buffer, pH 12.
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Discussion

For a successful medicinal chemistry
project, it is of utmost importance to have a
protein of high quality as well as purity and,
especially for structural approaches, a high
production yield is required. The high
quality aspects in consideration, is a mainly
correctly folded protein product that is
biologically active. Especially for human
targets, a suitable protein production host
has to be selected to assure proper PTMs as
well as folding processes. For this
particular study, we are interested in
SIRT2, a putative target for cancer and
neurodegenerative disorders. Being a
human target, we aimed for a eukaryotic
host system and found P. pastoris to be
highly suitable for high level production of
fully functional hSIRT2s6.356, Which
apparently is the first example of
recombinant production of this specific
sirtuin isoform in a eukaryotic host. As
mentioned above, hSIRT4 is the only
sirtuin isoform that has been produced in P.
pastoris  before,”> 3° supporting the
suitability of this yeast as host system for
sirtuins. Worth noting, however, is that the
yields of hSIRT4 were not clearly stated,
hence, a proper comparison of the
productions cannot easily be made.

It is not only the high yield that is of major
importance for the structural approach,
especially  valid for crystallization
involving many trial and error attempts
consuming a lot of purified protein. In order
to succeed with the actual crystal
formation, a  highly = homogenous
population of the protein is required and to
tolerate the high concentration of the
protein sample, a high protein stability is
desired. The standardized way to evaluate
the homogeneity of a sample is a qualitative
evaluation of the elution peak in the SEC
purification step. As seen for hSIRT2s6.356,
a second SEC step was needed to achieve
this monodisperse peak (Fig. 2B). This
additional step was accompanied with a
major loss of the protein of interest, which

12

could be tolerated due to the high initial
enrichment of hSIRT2 in the yeast cells
(Table 1). Even though the combination of
SDS gels and homogeneity from SEC are
good indicators of a well-produced protein,
they do not necessarily guarantee the
desired  biophysical  properties. A
complementing evaluation is therefore
thermostability, which provides a key
indicator  for  protein  degradation,
aggregation, precipitation, and folding
instability 3 3 Noteworthy, the stability of
hSIRT2s6.356 was positively affected by the
additional purification step, as verified by
the thermostability evaluation (Fig. 3).
Altogether, the purification procedure and
the evaluation of the final product support a
production of hSIRT2 in P. pastoris in high
yields as well as high quality.

Already the protein fractions of hSIRT2se.
356 from the 1% SEC have shown to be
catalytically active and are suitable for the
application in the fluorescence based in
vitro assay to assess the biological activity
of SIRT2 inhibitors. The read out of the in
vitro assay also allows the use of fractions
with less homogeneity. However, in order
to perform photoaffinity labeling studies, a
protein of high purity is necessary to avoid
off-target labeling with impurities, and to
suppress the background noise in tandem
mass spectrometric analyses originating
from contaminations if affinity enrichment
is omitted. We have also investigated the
potential of the bifunctional probe 11 to be
applied in PAL studies. Investigation of the
photodecomposition of 11 in MeOH
showed a complete photodecomposition of
11 within 60 s after exposure to UV-light
and the expected MeOH insertion product
12 was formed which was accompanied by
the undesired diazo pathway. We have
shown that the bifunctional PAL probe 11
is binding covalently to hSIRT2s6.356. A
competition experiment with the known
chroman-4-one based SIRT2 inhibitor KE-
091 demonstrated that both compounds
share the same binding site which verifies
the suitability of 11 to elucidate the binding



site of the chroman-4-ones. In addition, the
ester moiety in 11 can serve as a cleavable
linker which allows the release of labeled
proteins from affinity resin.

In conclusion, we present a successful
protein production procedure in P. pastoris
providing a highly pure and catalytically
active hSIRT2 truncate. The high yielding
production of a stable protein enables
crystallization approaches and further
characterization of SIRT2 with bound
inhibitor, which is an ongoing research
activity in our laboratories.
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Novel structural mechanism of extracellular gating of aquaporin

from the fish climbing perch (Anabas testudineus)

Short title: High resolution structure of a fish aquaporin
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Abstract

Aquaporins are protein channels embedded in the lipid bilayer in cells from all
organisms on earth. These channels are mainly transporters of water and thereby they
are crucial for the water homeostasis at the cellular or tissue level. The water transport
can be regulated which is fine tuned by conformational changes in the actual peptide
chain. In this study we have investigated the water channel from climbing perch
(cpAQP1aa), an air breathing fresh water fish (4nabas testudineus) that can spend time
in brakish and full strength seawater as well as up to a week on land, providing an
interesting species for studies on osmoregulation. Remarkably, from the high-resolution
structures, a novel structural fold is seen on the extracellular side of the aquaporin
providing a semi open channel. Combining functional analysis and Molecular Dynamic
simulations suggest that phosphorylation of Tyrosine 107 gives rise to a closed
conformation of the aquaporin.
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Osmoregulation is a major
challenge for fish species in general since
they are in direct contact with water and
continuously need to compensate for
passive water loss or uptake, depending on
the envoironment. The ionic mechanisms
and the structural organization of both gill
and the intestinal epithelia are very well
understood !2 3, but the presence and
regulation of aquaporins in various fish
tissues and organs are not so well studied 24,
Partial air breathing fish species, spending
long times in terrestrial conditions, are even
more challenged with respect to
osmoregulation due to evaporation and risk
of drying out. Of particular interest among
the various fish species is the climbing
perch fish Anabas testudineus, a fresh water
(FW) teleost which is extremely adaptable
to environmental changes: (1) it can
acclimate to higher salinity and acclimate
from FW to seawater (SW) over seven days
in a progressive manner °, (2) it can live on
land for up to six days and utilize air via
breathing through a special accessory
respiratory organ (ABO), the “labyrinth
organ”, located in the upper part of the gill
chambers ©, and (3) it is capable of active
ammonia excretion during emersion 78
(Fig. 1a). In conclusion, among the fish
species, A. testudineus provides an
attractive model organism for studying the
mechanisms of water homeostasis as well as
ammonia excretion.

Aquaporins in fish were first
identified in 2000 ° and most of our current
understanding concerns the involvement of
aquaporins in fish intestine where they are
essential for keeping water homeostasis in
SW. Aquaporin isoforms are localized in
both the apical and basolateral membranes
(Fig. 1b) where they provide a transcellular
water flow %19, Investigation of numerous
fish species reveals that aquaporins are up-
regulated in the intestine as a response to
transfer to SW, indirectly supporting a
general mechanism for osmoregulation and
water absorption >*. Furthermore, skin and
gills are of major interest for fish
osmoregulation and, potentially, aquaporins

are also involved in a regulated water flow
in these organs. As compared to the
consensus for aquaporin mRNA levels in
the intestine, less is understood for the
organs being in direct contact with the
surrounding *. AQP homologues are present
in all organisms where their primary
function is passive transport of water as a
direct response to the osmotic pressure.
Some AQPs could also transport other small
neutral solutes, such as glycerol, urea,
ammonia and carbon dioxide, across plasma
membrane. In mammals, 13 AQPs (AQPO-
12) have been identified and they are
classified into three subgroups: orthodox
AQPs (AQPO, 1, 2, 4, 5, 6 and 8), which
could transport only water;
aquaglyceroporins (AQP3, 7, 9 and 10),
which could transport glycerol, urea,
ammonia and carbon dioxide; and
superaquaporins (AQP11 and 12), whose
details are to be further elucidated '' A
selection of the aquaporin isoforms are also
peroxiporins transporting hydrogen
peroxide, being part of the cellular redox
signaling '2. Compared to human, fish is
phylogenetically distant and at the opposite
end of the vertebrate taxon. Not
surprisingly, highly efficient mechanisms
for osmoregulation has been developed in
all life stages of fish in order to maintain
water and ion balance in an organism
constantly surrounded by water. Those
mechanisms are even more crucial for
euryhaline teleosts which can survive in
extreme conditions and acclimatize to
sudden changes in osmolality presented by
fresh water (FW), seawater (SW) and
brakish water (BW) environments . The
osmoregulation in fish is complex and
involves many organs, including gill, skin,
esophagus, gastrointestinal tract, kidney
and bladder. Comparably, a large variety of
AQPs have also been identified from fish,
implicating their essential roles for
maintaining water balance. Interestingly,
there seems to be a connection between the
complexity of the organism and the
diversity of AQPs produced, reflecting the
trends of evolution, as illustrated by 18
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hyperosmotic osmoregulator trying to minimize the diffusional inflow of water across the gills and producing a
dilute urine to get rid of excess water. In SW, on the other hand, 4. testudineus will acclimate and become a
hypoosmotic osmoregulator with the revers problem with water diffusing out across all epithelia which is
counteracted by an ion-coupled water uptake acorss the intestine and a decreased glomerular filtration rate and
thus urine production. During terrestrial exposure, it will be critical for 4. festudineus to reduce water loss from
the large surface areas constituted especially by the gills, but also by the skin. The intestinal water absorption is
also supposed to be reduced as that is dependent on drinking, which ceases in air. (b) During SW acclimation a
total water flow is directed from the mucosal to the serosal side of the intestine driven by an ionic gradient of
mainly K*, Na* and CI". In SW trout the increased intestinal water absorption is facilitated by aquaporin isoforms

in the apical (Agqpla and Aqp8ab) and basolateral (Aqp8ab) membranes, respectively (reviewed in Madsen
2015).

AQP members identified in the model kidney. Furthermore, expression levels vary
organism zebrafish Danio rerio '* and the with changes in salinity supporting the
Atlantic salmon genome comprises 42 involvement of aquaporins in fish
paralogs, possibly resulting from a whole osmoregulation 3.

genome duplication event *. The aquaporins
in fish are expressed in osmoregulatory
organs and tissues, where homologues are
distributed in skin, gill, intestine and

The structure of AQPs is highly
similar, also though some homologues
share low sequence identity, indicating a



history of conservation '°. High resolution
structures of various AQP homologues are
available to date, including AQP1 from
human 7. AQPs share a common topology
of six transmembrane helices with five
connecting loops and two half helices
containing one highly conserved NPA motif
each forming the functional pore, as
established in the hourglass model '5.
Furthermore, biochemical studies support
that AQPs have a tetrameric assembly with
each monomer being a functional unit '°.
High resolution structural studies have
explained the mechanism for proton
exclusion of the water channels, where the
highly conserved AQP signature NPA motifs
provide a marco-dipole positive electrostatic
barrier in the middle of the channel .
Further, in the super high resolution for the
Aqy! channel, a pair-wise movement of water
was proposed which would prevent proton
conduction via the Grotthuss mechanism .
Structural studies have also highlighted a
site near the extracellular vestibule, the ar/R
motif with a highly conserved arginine
residue. The diameter, ~3 A in water-
specific AQPs and one Angstrém wider in a
typical aquaglyceroporins such as the
glycerol transporter GIpF from E. coli 223,
and the polarity of this site direct the
substrate specificity of the AQP channel.

In this study we have focused on a
homologue to AQP1 from A. testudineus
(cpAQPlaa), the only characterized AQP
from this species to date 7 (Supplementary
Fig. 1). Studies of cpAQPlaa expression
reveal that it is mainly produced in gills and
skin which implies that this AQP might
have a more pronounced physiological role
in ammonia excretion as compared to
osmoregulation ”. To shed more light on the
specificity of this specific AQP homologue
from fish we have produced the target to
high yields in P. pastoris, isolated the
protein to homogeneity and solved the
structure to high resolution. To get an even
deeper understanding of the regulatory
mechanism, we pursued a mutational
analysis of key residues in cpAQPlaa
where molecular dynamic simulations

complement the functional analysis. This
study thereby provides the first atomic
structure of a fish AQP together with some
insight into the mechanism of regulation at
the extracellular side of the pore also
contributing to increased understanding of
the variation in the molecular mechanisms
of the AQP family of proteins.

Results

High-resolution structure of cpAQPlaa
reveals a novel fold on the extracellular
side

Since flexible termini are known to
hamper crystallization of AQPs !I2 a
construct of cpAQPlaa that had been
truncated after residue 243 was made. The
protein was recombinantly produced in the
methylotropic  yeast Pichia pastoris,
purified and crystallized. The structure was
solved to 1.9 A resolution by molecular
replacement using a homology model of
cpAQPlaa that had been based the crystal
structure ~ of  bovine  AQPI 13
(Supplementary Table 1). The overall
structure of cpAQPlaa shares most of the
common AQP structural features; each
protomer consists of six transmembrane o-
helices (1-6) and five connecting loops (A-
E). A seventh pseudo-transmembrane o-
helix is formed by the insertion of two half-
helices in loops B and E into the pore which
each contain the AQP signature NPA motif
(Fig. 2a). Furthermore, cpAQPlaa
assembles as a tetramer with each protomer
possessing a functional pore and a fifth pore
is formed at the center (Fig. 2b). A single
file of water molecules is aligned within the
water conducting pore of each protomer,
indicating that cpAQP1aa is in a functional
state. Loops A (residues 33-42) and C
(residues 108-126) are partly disordered,
wherefore residues 34-37 and 108-112 lack
electron density and have been omitted
from the structure. The visible parts of the
loops have well-defined electron density
and reasonable B-factors, supporting their
modelling. Since the last residue that could
be unambiguously modeled for cpAQP1laa
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Figure 2. Crystal structure of cpAQP1laa. The cpAQPlaa tetramer viewed (a) parallel to the membrane and
(b) from the extracellular side. The two half-helices forming the seventh pseudo-transmembrane segment are
coloured yellow in the frontmost monomer. Water molecules inside the channel are showed as red spheres. (c)
HOLE analysis of the water-conducting channel with the channel dimensions visualized as dots. Residues in the
aromatic-arginine (ar/R) and NPA regions as well as the extracellular gate are shown in stick representation. The
graph shows a comparison between the channel profiles of cpAQP1laa (teal), human AQP4 (orange, PDB code
3GDS), human AQP7 (grey, PDB code 6QZI), Arabidopsis TIP2;1 (green, PDB code 5132) and spinach PIP2;1
(brown, PDB code 1Z98). For cpAQP1aa, the channel is significantly narrower on the extracellular side of the
ar/R-region with a channel radius of 1.1 A around Leu 117. The zero channel position corresponds to the midpoint
between the two NPA motifs. (d) Close-up view of the interaction between Tyr 107 and Asn 114 and 116 that
stabilizes the conformation of loop C that allows to extracellular gate to form. Electron density shown as grey
mesh represents the 2fofc-map contoured at 1.0 . Hydrogen bonds are depicted as dotted lines.

is Lys226, its C-terminus is deemed to be pore in between. The pore constricts to a
disordered beyond this residue. radius of ~1.2 A at the ar/R-region, formed
by residues Argl87, His172, Cysl81 and
cpAQPlaa water-conducting channel, its Phe50, a Wlldﬂ; and residue cop}pos1t10n thgt
shape and dimensions was calculated using is typical for water-specific AQPs™.

the program HOLE ' (Fig 2¢). Similar to However, when comparing the channel
other AQPs, the channel of cpAQPlaa is profile of cpAQP1aa with those of the water

dumbbell-shaped, consisting of open spgciﬁc channelsm human  AQP4 2 agd
vestibules at both intracellular and spinach PIP2;1 " the aquaglyceropor'ln
extracellular sides, and an elongated narrow human  AQP7 and the ammonia-

In order to explore the features of



Figure 3. Structural comparison of cpAQP1aa with other AQPs and at different pH. Structural overlay of
cpAQP1laa (teal), human AQP4 (orange) and human AQP7 (grey), viewed from the extracellular side. Residues
in the cpAQPlaa extracellular gate and the suggested phosphorylation site at Thr 38 are shown in stick
representation. Waters in the channel are shown as red spheres. (a) View from the extracellular side showint that
the main structural differences are found in loops A and C (b) Zoom-in on loop C showing significant structural
differences between the three overlaid structures. In cpAQP1aa, the side-chain of Tyr 107 has flipped compared
to AQP4 and AQP7, pushing loop C further into the extracellular vestibule. closer to the channel opening. (c)
Structural overlay of the cpAQPlaa structures at pH 7.8 (teal) and 6.5 (purple). The two structures are highly
similar, but differ in loops A and C. In the structure at pH 6.5, these two loops could be built in full in two
monomers, whereas they were mostly dsordered in all monomers in the structure at 7.8. (d) Zoom-in on the
extracellular part of the overlay, showing that, despite the structural differences in loops A and C, Tyr 107, Asn
116 and Leu 117 occupy similar positions in both structures.

permeable TIP2;1 from Arabidopsis
thaliana'®, a unique constriction region at

stabilized by hydrogen bonds between Tyr
107 in transmembrane helix three and the

the extracellular side of the ar/R-region can
be found. This region is defined by loop C
adopting a conformation which places
residues 114-117 closer to the centre of the
extracellular vestibule, with Leu 117, Ile
176 and Gly 180 forming a hydrophobic
constriction region with a radius of 1.1 A,
approximately 8 A away from the ar/R-
region. The conformation of loop C is

carbonyl oxygen and side chain of Asn 114
and 116 respectively, via a water molecule
(Fig 3d). The formation of a hydrophobic
constriction region is reminiscent of what is
seen in the gated spinach aquaporin
SoPIP2;1, where a conformational change
of cytoplasmic loop D results in the
insertion of a Leucine side chain into the
opening of the channel from the



cytoplasmic side, albeit on the opposite side
of the membrane. In SoPIP2;1 this severely
constricts the channel to a radius of less than
0.5 A (Fig 2c), efficiently blocking water
transport. Although the radius of the
hydrophobic constriction region in the
cpAQPlaa structure may not small enough
to completely rule out the passage of water
molecules, it is possible that even minor
structural changes in this region could
narrow it down further suggesting it may
function as a hydrophobic gate and that the
structure could represent a semi-open state.
Such structural changes could be triggered
by phosphorylation and/or pH as has been
shown for SoPIP2;1. It is therefore
interesting to note that two putative
phosphorylation sites, as suggested by the
high-resolution structure, are located in this
region, Thr 38 and Tyr 107 (Figure 3a and
b).

A structural comparison between
cpAQPlaa, human AQP4 (water-specific)
and human AQP7 (glycerol-permeable)
show structural variability in extracellular
loops A and C, (Figure 3a) and an extended
comparison with several other eukaryotic
AQPs reveal that loops A and C are able to
adopt a number of unique conformations,
specific for each homologue/isoform
(Supplementary Figure 2). Interestingly,
although Tyr 107 is conserved in all three
AQPs, its side chain is pointing away from
the channel in AQP4 and AQP7 and as a
result loop C and remains further away from
the channel opening (Fig 3b). Furthermore,
Leu 117 is highly conserved in vertebrate
AQPs, including fish and human (albeit not
in human AQP7) (Supplementary Figure
1), indicating that the extracellular
constriction is not directly related to this
residue being present in not. Taken
together, the structural differences in loop C
and its dependence on the side chain
conformation of Tyr 107 supports the
extracellular constriction region
functioning as a hydrophobic gate.

The extracellular constriction region in
cpAQPlaa is not dependent on pH

To investigate if the conformation
of loop C is dependent on pH, we
crystallized and solved the structure of
cpAQP1laa at a lower pH; pH 6.5 instead of
7.8 which was used for the cpAQPlaa
structure above. The crystals at the lower
pH belonged to a different space group,
C222; instead of P42,2 as seen for the
crystals grown at higher pH and diffracted
to significantly lower resolution (3.5 A).
The lower diffraction quality is consistent
with the differences in crystal packing; the
crystals grown at pH 6.5 has considerably
weaker crystal contacts and higher solvent
content (Supplementary Figure 4).
Furthermore, in the structure at lower pH,
there are four cpAQP1laa protomers in the
asymmetric unit compared to one in the
structure at pH 7.8. Due to this, structural
differences can be observed between the
protomers, most notably the fact that loops
A and C could be built in its entirety in one
of the protomers (protomer C)
(Supplementary Figure 4a and b).

As seen in Figure 3¢ and d the two
structures at different pH are very similar
although some minor differences can be
seen in loops A and C. Nevertheless, the
residues responsible for narrowing the
channel on the extracellular side, in
particular Tyr 107, Asn 116 and Leu 117
line up well and seem to be able to involved
in the same interactions (hydrogen bonds
can not be reliably assigned due to the low
resolution of the structure at low pH). This
is supported by the fact that the channel
profiles as calculated by HOLE are very
similar in both structures (Supplementary
Figure 5c¢ and d), suggesting that the
extracellular  hydrophobic  constriction
region is unaffected by pH.

cpAQPlaa is a channel for water but not
glycerol

To verify that the cpAQPlaa,
recombinantly produced in P. pastoris
and purified to homogeneity, is a functional
water channel both the full length protein
(cpAQPlaa-FL) and the truncated variant
used for crystallization (cpAQPlaa-243)
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protein of both cpAQPlaa-FL and cpAQP1laa-243 are functional. (b) Initial rate (i.r.) of the water transport of
hAQP4 (positive control), cpAQPlaa-243, cpAQPlaa-FL and empty liposome (negative control) showing that
purified protein of both cpAQP1laa-FL and cpAQPlaa-243 are functiona,l n = 9-25 +/- SD. (c) Representative
curves for glycerol transport of cpAQPlaa-FL, cpAQPlaa-243, hAQP4 and empty liposome (negative control)
n=3 . (d) Representative curves for water transport of cpAQPlaa-FL, cpAQPlaa-243, hAQP4 and empty

liposome (negative control) at pH 6.5.

were reconstituted in liposome and tested
for water transport by stopped flow (Fig.
4a). The water transport was compared to
the efficient water transport of human
AQP4 (hAQP4) as well as empty liposome.
The initial rates were 37.59 + 13.84 s and
39.97 £ 11.92 s! for cpAQPlaa-FL and
cpAQPlaa-243, respectively. Comparably,
the initial rates of the controls were 9.49 +
3.68 s and 95.13 + 31.67 s! for empty
liposome and hAQP4, respectively. Thus,
both full length and truncated cpAQPlaa are
equally efficient in their water transporting
activities. As seen in Fig. 4b, however, the
efficiency for the cpAQPlaa water
transport is substantially lower than for

hAQP4, being in agreement with a semi
open conformation of the aqueous pore
(Fig. 3a, b). Notably, the measured water
transport is due to similar levels of protein
in the liposome (Supplementary Figure
6a).

Since many aquaporins have
broader transport specificity than water and
commonly also transport glycerol, glycerol
transport was also evaluated for cpAQP1aa.
Neither of the reconstituted aquaporins,
cpAQPlaa-FL, cpAQPlaa-243 or hAQP4,
showed any transport of glycerol (Fig. 4c¢).
The immunoblot analysis supports that the
aquaporins are properly reconstituted, the
cpAQP1laa even slightly better than hAQP4



(Supplementary Figure 5b), which could
possibly result in more tightly sealed
liposomes and a slower transport than
empty liposome. The specificity of water
observed for the cpAQP1laa is well related
to the observed diameter and structure of the
actual water pore which is much more
narrow than the one of the glycerol
transporter human AQP7 (Fig. 3a).
Furthermore, to confirm that the transport
function for cpAQP1aa is not affected by a
lower pH, as indicated by the comparison of
the two structures at pH 7.8 and 6.5 (Fig 3¢
and d), respectively, water transport was
also evaluated at the lower pH. Even though
the liposome preparation was a somewhat
less stable under this condition, it could
indeed be concluded that cpAQPlaa was
much less efficient in its water transport as
compared to hAQP4 (Fig. 4d). This
observation is valid for full length as well as
for truncated protein supporting that the
extracellular  hydrophobic  constriction
region is unaffected by pH
(Supplementary Figure 5).

Possible regulatory mechanism for the
cpAQPlaa involves the conformation of
loop C and phosphorylation

The semi open structure of
cpAQPlaa reveals that loop C forms a
unique ‘capping’ conformation on the top of
the channel where Leul17 has a central role
plugging the entrance from the extracellular
side (Fig. 3a, b). In order to evaluate the
importance of Leull7 for channel
regulation, it was mutated to alanine
(L117A) to possibly take away the
hydrophobic block (Fig. 3a, b). The water
transport of this specific mutant was very
low and the initial rate very similar to the
one of the empty liposome, 7.49 £ 0.73 s°!
as compared to 9.49 + 3.68 s (Fig. 5a).
Noteworthy, this specific mutant did not
reconstitute very well and the amount of
protein in the proteoliposome was very low
(Supplementary Fig. 6c¢). Taking the
protein amount into account, it cannot be
excluded that that L117A is as efficient as
the wild type cpAQPlaa (Fig. 5a),

suggesting that it is not the side chain of
L117 in itself that is critical for the
restricted water flow of cpAQPlaa but
rather the overall fold of loop C.

Taking a closer look in the
structure, the location around the critical
residue L117 is stabilized by the hydrogen
bonding network between the residues
Tyr107, Asnl14 and Asnl16 (Fig.3d). In
order to investigate the role of this network
and a possible influence of phosphorylation
on the closure of the extracellular gate,
Tyr107 was mutated to Alanine to abolish
phosphorylation (Y107A) and Serine
(Y107S) to mimic this position in human
AQP1 (Supplementary Fig. 1), and tested
for water transport (Fig. 5a). Both mutants
showed wild type characteristics, where
more accurate comparison of the initial rate
showed that Y107S was very similar to wild
type, 39.36 = 6.68 s as compared to 37.59
+ 13,84 s!, while Y107A was slightly
slower, 23.26 + 8.14 s’!. Comparing the
protein amounts (Supplementary Fig. 6¢),
however, wild type and Y107S both
reconstitute efficiently while a much lower
amount was found in the proteoliposome for
Y107A. Taking this into account, the
transport of Y107A is substantially more
efficient than wild type, potentially giving
rise to a fully open water pore with transport
capacity in the range of hAQP4 (Fig. 5a),
supporting that the tyrosine side chain is
important in forming the network that
stabilizes the unique fold of loop C seen in
cpAQP1laa and that phosphorylation of this
specific site could be involved in channel
regulation.

To  further  investigate  if
phosphorylation could be a regulatory
mechanism for cpAQPlaa, an additional
putative  phosphorylation  site  was
investigated, Thr38. Based on the structure,
this residue is located in loop A and its
putative phosphorylation status could
possibly influence the conformation of loop
C and closure of the channel. Again, two
mutants were produced, one to abolish
(T38A) and one to mimic (T38E)
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taking the protein amount into account, respectively, n=2-25 +/- standard deviation. The intensity of the
immunoblot signal was quantified for each protein target (n=2), wild type cpAQPlaa and mutants, and related
to the measured k-values for each. The relationship between protein amount in the protein liposome and initial
rate is not necessarily linear, but the correlation gives an indication of the real effect for each target, highlighting
that the Y107A mutant is clearly more efficient than the wild type protein, up to three times and in the range of
hAQP4, the L117A mutant is in the range of wild type cpAQP1laa and T38E is slightly higher. (b) Superposition
of the energy minimized structures of the final snapshots after 100 ns MD simulation of the wild type AQP (grey)
and the pY 107 system (turquoise); side view (left) and view from extracellular side (right). The differences in
orientation of the two loops connecting transmembrane helices 1 and 2 (top) and helices 3 and 4 (across) are
clearly visible. (¢) Zoom-in of the wild type system, with residues L117, G118, L119 and G180 forming the pore
opening, R187 located just beneath this, and Y107 to the right. (c) Energy minimized final snapshot from the
100 ns MD simulation. Same as (b), but for the pY107 system. The extracellular loop has shifted to the left,
closing the pore opening, and is held in place by the interactions from R187 — pY107.

phosphorylation, which were both tested for Hence, it seems that phosphorylation of Thr
water transport. (Fig. Sa). Interestingly, 38 is important for channel regulation of
T38A had wild type like transport, with an cpAQP]laa, either on its own or in addition
initial rate of 51.01 &= 15.76 s™! as compared to phosphorylation of Tyr 107, leading to
to 37.59 + 13,84 57!, while the transport of channel opening.

T38E was significantly more efficient, kinit
= 6438 + 19.50 s' (Fig. 5a). In this
comparison, the protein amounts were equal was analyzed by phosphostaining after
in the proteoliposome supporting the actual separation of protein samples by SDS-
differences in transport capacity (Fig. Sa). PAGE confirming that it indeed is

To investigate phosphorylation of
cpAQPlaa, the protein (cpAQPlaa-243)



phosphorylated (Supplementary Figure 7)
From the structure it can be seen that Y107
is not phosphorylated while T38 is more
difficult to evaluate due to less clear
electron density. In order to get further
insight into the phosphorylation status of
cpAQPlaa, this modification was looked
for in the masspectrometry analysis.
Phosphorylation was confirmed at three C-
terminal residues, S239, T254 and T255
(Supplementary Figure 1), but despite
multiple efforts, no phosphorylation was
found on residue 38 and 107, respectively,
supporting that the recombinant crystallized
cpAQPlaa was not phosphorylated at
Thr38 nor at Tyrl07 (data not shown).
These findings are consistent with the fact
that the T38A mutant exhibited a water
transport rate similar to wild-type (Fig. SA).

MD reveals that phosphorylation of
cpAQPIlaa influences channel regulation

To further examine whether
phosphorylation could influence a putative
gating of cpAQPlaa, Molecular Dynamic
(MD) was applied to investigate whether
the side chain of Y107 could stabilize the
conformation of the loop that blocks the
channel from the extracellular side, where
the main chain is more important than
blockage by the L117 residue itself.
Noteworthy, the simulated structures; pT38,
L117A, Y107A, Y107S and pY107, are
highly stable in the time frame of the current
simulations, and show, with the exception
of pY107, very close overlap in the pore
entry and restriction point. For pY107
larger changes are noted in the extracellular
loop regions (Fig 5b). The overall heavy
atom RMSD of the two models is 1.24 A,
with essentially all the difference localized
to the terminal part of membrane spanning
helix 1 (having a larger tilt angle in pY107)
and the extracellular loops connecting
helices 1 and 2, and helices 3 and 4,
respectively.

In the structure of the wild type
aquaporin, Y107 displays a clear stabilizing
role for the loop between membrane
spanning helices 3 and 4 by establishing a

10

hydrogen bonding between the phenolic
oxygen of Y107 and the backbone NH of
G118 (2.45 A in the minimized structure
after 100 ns MD simulation). The distances
between backbone carbonyl oxygen of
G180 and those of L117, G118 and L119,
representing the pore opening, are also very
stable through the simulation (5.63, 6.65
and 6.82 A in the minimized final snapshot,
(Fig 5¢), and highly similar to the values
obtained for pT38, L117A, Y107A and
Y107S. We also note the role of R187
located just below the pore opening,
forming two stable hydrogen bonds to the
carbonyl oxygen of G118 (distances 2.00
and 2.17 A), and a stable interaction to the
carbonyl of G180 (O - - HN distance 3.71
A); Fig Se.

In the pY'107 system, however, the
system gradually adjusts to the bulkier side
chain and altered electrostatics and
hydrogen bonding conditions. During the
initial stages of the simulation, G118 of the
loop connecting helix 3 and 4 is pushed
towards G180 by the bulky phosphate group
of pY107, narrowing the pore opening, also
resulting in a rotation of the backbone of
L117 such that its carbonyl points away
from the pore opening and the amine group
of G118 instead orients towards G180.
After about 50 ns of the production run,
there is a rotation of the phosphate group
which in turn is accompanied by a motion
of R187 from its position near the pore
opening, to instead form two strong
hydrogen bonds to the phosphate of pY107.
The phosphate group also forms strong
interactions to the backbone NH of L119
and a hydrogen of G118. Due to the shift in
loop orientation, which is then kept in place
by the strong interactions to the pY107 —
R187 pair, the diameter of the pore opening
is drastically reduced with distances
between the carbonyl oxygen of G180 an
G118 being 3.21 A (and 4.8-4.9 A to the CO
of L119 and NH of L117, respectively), Fig
5d, i.e., markedly smaller than the 5.6 — 6.9
A noted for both the wild type system.



Discussion
The role of aquaporin in climbing perch

Our understanding of the relevance
of aquaporins in fish is mainly based on
gene identification and phylogenetic
analysis, indicating that AQPs are involved
in many physiological functions. Besides
water, many aquaporins also transport
glycerol '° and fish aquaporins, specifically,
have been reported to be involved in gas
transport, especially ammonia and CO; 202!,
This study provides the first structural and
biochemical analysis of a pure aquaporin
homologue from a fish of utmost interest
regarding osmoregulation. Climbing perch
is able to live in different environments and
it is superior in acclimation to different
conditions connected to tight regulation of
ion-transporters and ion and water channels
in the osmoregulatory organs and tissues.
cpAQPlaa is expressed in multiple tissues
with high expression in gills and skin,
tissues that are in direct contact with the
surrounding of the fish 7, implying a
possible role of cpAQPlaa in transport of
both water and gas. mRNA analysis
showing an increase in cpAQPlaa gene
expression in gills following terrestrial
exposure have suggested that it may have a
greater physiological role in ammonia
excretion rather than osmoregulation’.

When the structure of cpAQPlaais
compared to aquaporins with different
substrate specificities; the aquaglyceroporin
human AQP7 and the ammonia transporting
channel from A. thaliana (AtTIP2;1), it is
evident that cpAQPlaa is less uniform
throughout the channel and has an channel
radius and residue composition at the ar/R-
region that is much more consistent with
water-specific AQPs (Fig 3a and b,
Supplementary Figure 2). Moreover, the
additional narrowing on the extracellular
side is completely unique for cpAQPlaa,
regardless of the substrate specificity of the
AQPs that are used in the comparison.
Based on the analysis by HOLE, cpAQP1laa
significantly differs from the glycerol and
ammonia transporting aquaporins,
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providing support that it is unlikely that
cpAQPlaa transports these compounds.
The transport data for glycerol indeed
support this where cpAQPlaa is as
inefficient in glycerol transport as the
human water channel AQP4 (Fig. 4c).

The ammonia channel AtPIP2;1,
has been described as comprising an
extended specificity filter which together
with a deprotonation mechanism provided
by Hisl131 are believed to contribute to
ammonia transport, in addition to water 22,
The presence of a histidine in position 131
forces the side chain of the arginine in the
ar/R-region of AtTIP2;1 adopts a novel
conformation that has not been seen in other
AQPs (Fig 6). Furthermore, the ammonia-
transporting capability of AtTIP2;1 is also
believed to correlate with the position of the
carbonyl of Gly 194 which is located in a
position typically assigned with non-
specific AQPs as well as the hydrogen
bonding pattern. When comparing this
region in AtTIP2;1 and cpAQPlaa it is
evident that the structure of cpAQPlaa
strongly resembles those of water-specific
AQPs, specifically the presence of an
asparagine (Asn 120) in the equivalent
position to His 131, the position of the
carbonyl of Cys 181 and the hydrogen
bonding pattern between residues and water
molecules. In conclusion, contradicting to
previous analysis of mRNA indicating a
greater physiological role for the cpAQP1aa
in ammonia  excretion than in
osmoregulation ', structural evaluation
suggests that it is rather unlikely that this
aquaporin is involved in ammonia transport.
Possibly, in the acclimation of climbing
perch to seawater, it is instead a Na"/H*
exchanger that provide the route for passive
ammonia transport along with acid-base
balance 3.

7
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Figure 6. Structural comparison between cpAQP1aa and the ammonia-transporting aquaporin AtTIP2;1.
(a) Overlay of cpAQPlaa (teal) and AtTIP2;1 (green) viewed from the extracellular side. The arginine in the
ar/R-region is shown in stick representation. Water molecules in the channel are shown as spheres of the
respective protein colour. (b) Zoom-in on the boxed area in (a), showing the different side-chain orientation of
the arginine in the ar/R-region and the hydrogen bonding pattern between water molecules and residues within
the channel. Hydrogen bonds are shown as dotted lines in the respective protein colour. In cpAQPlaa, the
carbonyl position of Cys 181 and its hydrogen bonds to Asn 120 and two water molecules correspond to what is
typically seen in water-specific AQPs. In contrast, the carbonyl of Gly 194 in AtTIP2;1 occupies a different
position, observed mainly in non-water specific AQPs, and shows a different hydrogen bonding pattern.

Combining all the results, the
current study supports that cpAQPlaa is
mainly a transporter for water and thus is
primarily involved in osmoregulation. The
special character of the climbing perch is its
ability to both be truly euryhaline and able
to spend time on land, in air. Under these
conditions it is likely that the presence of
regulated aquaporins is beneficial in order
for the fish to be able to finely regulate the
water flow across its epithelia. When
residing in FW or air, it is advantageous for
the fish that the channel can be efficiently
closed. This will, in FW, minimize
diffusional inflow of water across the
epithelia while in air it will instead avoid
evaporative water loss, mainly from gills
and skin. When residing in SW on the other
hand, the ability to rapidly change between
open and closed conformations in a tissue-
dependent manner is a favorable scenario,
the
environment, diffusional water loss should

since in epithelia facing outer
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be counteracted, whereas in the intestine the
fish needs to have an active fluid uptake to
compensate for the water loss ' (Fig. 1).

The  high-resolution  structure  of
cpAQPlaa reveals a novel extracellular
gating mechanism that is controlled by
phosphorylation

The unique constriction region in
the high-resolution structure of cpAQPlaa
suggests that a novel extracellular gating
mechanism amongst AQPs (Fig. 2). Based
on the HOLE analysis of the channel
dimensions (Fig 2¢) and the functional
evaluation that shows that the water
transport via cpAQPlaa is less efficient
than the one via hAQP4 (Fig. 4a, b),
cpAQPlaa is likely to be a gated channel
that is captured in a semi open state. Known
regulatory mechanisms for aquaporins are
influenced by pH, phosphorylation and
mechanosensitivity. For the cpAQPlaa
specifically, we have looked more closely
into the impact by pH and phosphorylation
on the regulation of the water transporting
function of the channel. While a decrease in



pH did not have any apparent effect on the
cpAQPlaa water transport (Fig. 4d) or the
protein structure (Figure 3¢ and d and
Supplementary Figure 5), there are two
critical positions on the extracellular side of
the protein where phosphorylation possibly
affects the efficiency in water flow, Y107
and T38 (Fig 3a and b). The high-
resolution structure of cpAQPlaa reveals
that Tyr 107 is important for the unique
conformation of loop C that results in the
formation of the extracellular gate, via a
hydrogen bonding network involving Asn
114 and 116 and a water molecule (Fig 2d).
As suggested by MD simulations,
phosphorylation of Tyrl07 influences
channel closure by interacting with the
highly conserved arginine R187 (Fig. 5d).
Looking at the  other  putative
phosphorylation site, T38, the
phosphomimicking mutant T38E shows
significantly higher water transport than the
wild type protein (Fig. 5a), suggesting that
phosphorylation of this residue provides a
more open channel, an observation that
could not be supported by MD simulations.
However, it should be noted that the
position and conformation of this residue is
more uncertain due to less well-defined
density than for Tyr 107, and that there may
be phosphorylation-dependent structural
changes that could not be captured during
the time-scale of the MD simulation.
Interestingly, T38 is not a conserved residue
among fish species (Supplementary Fig.
1), but appears in frog, which opens up for
speculations on a general osmoregulatory
mechanism for an organisms living both on
land and in water.

In conclusion, the structural and
functional analysis together with the results
from MD support a model where non-
phosphorylated cpAQP1laa is a semi open
pore, which is less efficient for water
transport than for example hAQP4, and it
can adapt a closed conformation upon
phosphorylation of Y107 (Fig. 7). A
structural mechanism for a possible
involvement of phosphorylation of T38 in
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mechanism of cpAQP1aa. Model of the regulation
of the extracellular gate of cpAQPlaa where
phosphorylation of Y107 gives rise to a closed water

channel.

creating a fully open pore, as suggested by
functional analysis, remains to be shown.

Gating as a regulatory mechanism
has been proposed for several eukaryotic
aquaporin homologues where regulation by
capping (larger conformational changes) or
pinching (small side-chain movements)
have been presented ?*. Structural studies
have resulted in detailed gating mechanisms
to be proposed for AQPO from mammals >*,
SoPIP2;1 from plant '® and Aqyl 2 from
yeast, all of which involves restriction of the
channel radius on the cytoplasmic side and
triggers such as as pH (AQPO and
SoPIP2;1), phosphorylation (SoPIP2;1 and
Aqyl) and mechanosensitivity (Aqyl). In
addition, a gating mechanism for
mammalian AQPO involving an
extracellular gate has also been suggested,
whereby channel closures is triggered by
AQPO-mediated cell-cell contacts during
the formation of junctions in the eye lens 2°.
This involves a pinching-type mechanism
in which, in the junctional (closed) form, the
side chain of Metl76 protrudes into the
channel while it points away from the
channel in the non-junctional form (open),
allowing additional water molecules to pass
through  (Fig. 8). As seen in
Supplementary Figure 1, Metl76 in
AQPO is a unique residue at this position
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PDB code 1YMG) form. mammalian AQPO and cpAQP1laa (teal) viewed (a) parallel to the membrane and (b)
from the extracellular side. In junctional (closed, magenta) AQPO, the side chain of Met 176 points into the
channel, causing restriction, whereas in non-junctional AQPO (open, white) it points away from the channel. In
cpAQPlaa, this position corresponds to Ile 176 which, together with Leu 117 and Gly 180 constitutes an
extracellular constriction site. The cpAQP1laa constriction site is a result of a unique conformation of loop C
whereby the side chain of Tyr 107 pushes it towards the center of the channel. In AQPO, the corresponding
residue, Tyr 105, points in the opposite direction, as seen for other AQPs (Figure 3b).

among the aquaporins, most isoforms have
isoleucine at this site. In cpAQPlaa, this
residue corresponds to Ilel76, which
together with Leul17 and Gly180 forms the
extracellular  hydrophobic  constriction
region that is involved in the proposed
phosphorylation-dependent gating
mechanism. However, in comparison to
mammalian AQPO, the cpAQP1aa structure
demonstrates a novel mechanism consistent
with capping whereby a conformational of
change of loop C which puts Leul17 further
into the channel. Moreover, whereas the
ability to rapidly regulate water flow
through cpAQPlaa in this manner seems
plausible for osmoregulation in the fish, the
physiological relevance of extracellular
gating of AQPO via junction-formation is
not obvious since in this form it has its main
function as an adhesion protein.

Amongst to established aquaporin
regulatory =~ mechanisms,  gating  of
cpAQPlaa mostly resembles the one of
SoPIP2;1; in both cases conformational
change of a loop results in the insertion of a
leucine residue into the channel opening,
albeit from opposite sides of the membrane
(Figure 3 and Supplementary Figure 3).
A leucine residue in the position equivalent
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to 117 in cpAQPlaa is highly conserved
among the aquaporins. It is therefore not
obvious why Leull7 adopts a specific
conformation in cpAQP1laa, different from
the other aquaporin homologues. A possible
explanation lies in the hydrogen bonding
network surrounding Leull7 which is
stabilized by the neighboring residues
Tyr107, Asnl14 and Asnl16, where none
of these are conserved among the
aquaporins. Tyrl07 is rather well-
conserved among fish species, as well as
present in several mammalian AQP
homologues, including AQPO, AQP4 and
AQP7 (Supplementary Figure 1), Asnl16
is present at this site in AQPO and Asnl14
is only present in a few fish species.

Taken together, this study suggests
a novel gating mechanism for aquaporin
regulation where phosphorylation on the
extracellular side of the protein determines
the size of the aqueous pore. Compared to
known aquaporin gating mechanisms
involving phosphorylation, these sites are
localized on the cytoplasmic side of the
protein  27.  Nevertheless, extracellular
phosphorylation has been suggested for a
long time and the conserved pattern in vivo
is further understood by the characterization



of specific kinases 2%; for example, a

Tyrosine kinase has been suggested to
influence the localization and regulation of
a synaptic receptor 2. Furthermore,
according to the mRNA expression of A.
testudineus  cpAQPlaa regulated by
environmental conditions, it is mainly
localized in the epithelial cell layers of the
osmoregulatory organs like gill, skin,
kidney and intestine 7. If localized on the
basolateral (mucosal) side of the polarized
epithelia cells the extracellular part of the
protein will actually be phasing the
circulation (see Fig. 1b), which may
influence the variants of kinases present.

Based on our studies of purified
cpAQPlaa, recombinantly produced in P.
pastoris, we have confirmed that this
aquaporin  homologue is a specific
transporter of water, supporting that this
protein is involved in osmoregulation in
vivo. Furthermore, key residues for the
molecular mechanism of regulation have
been identified supporting that
phosphorylation Y107, and possibly also
T38, fine-tunes the extracellular gate of the
channel. This is the first structure of a fish
AQP and provides unique new insights into
the adaptation mechanisms that allows them
to tackle osmolarity changes in changing
water conditions.

Online Methods

Cloning and protein overproduction

The full-length gene for Anabas
testudineus, climbing perch, aquaporin laa
(cpAQP1laa-FL, residues 1-261) (Genbank
accession code JX645188.1) was codon
optimized for protein production in P.
pastoris (Genscript) and sub-cloned into the
pPICZA vector (Invitrogen), fused with a
C-terminal 8xHis-tag (cpAQP1laa-FL). Two
truncated constructs, untagged-cpAQP1aa-
243 (residues 1-243) and C-terminal 8xHis-
tagged-cpAQPlaa-244 were prepared for
crystallization. The genes were ligated into
the pPICZA vector between the EcoRI and
Xhol or Notl restriction sites, respectively.
The plasmids were linearized by the
restriction  enzyme  Mssl  (Thermo
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Scientific) and transformed into an
aquaporin deficient A33 strain of P. pastoris
by electroporation 26, For all the constructs
of cpAQPlaa used in this study, extra
nucleotides ‘GCT’ encoding an alanine
were intentionally added after the start
codon ‘ATG’ to meet the Kozak consensus

sequence 3%3! and the first methionine is
numbered as Met0.
Yeast clone  selection  was

performed on YPD plates containing 2,000
pug/mL Zeocin *° and small-scale protein
production was tested for selected strains.
Membrane fractions were analyzed by
SDS-PAGE and western blot. Strains with
the highest production of His-tagged
proteins were picked for large scale
production in 3 L fermentors. For untagged-
cpAQPlaa-243, the strain corresponding to
the largest colony on the high-Zeocin plate
was used for fermentation directly. Protein
production was induced by methanol fed-
batch, typically lasting between 24 and 48
h, resulting in a yield of more than 250 g wet
cells per liter culture. Cells were harvested
by centrifugation (6000 g, 45 min, 4 °C) and
stored at -20°C.

Membrane preparation, solubilization and
protein purification

For cpAQPlaa-FL, 60 g of cells
were thawed at room temperature and
resuspended in 200 mL breaking buffer [S0
mM KH;POs4 (pH 7.5) and 5% (W/v)
glycerol], supplemented with Complete
EDTA-free protease inhibitor (Roche). A
Bead Beater (Bio Spec) was used to break
the cells with 0.5 mm glass beads (Scientific
industries) grinding for 12x30 s, with 30 s
cooling between runs. Cell debris was
separated by a first centrifugation (10000 g,
30 min, 4 °C) followed by a second
centrifugation (15000 g, 30 min, 4 °C).
Crude membrane was harvested from the
supernatant by ultracentrifugation (100000
g, 90 min, 4 °C). The resultant membrane
was washed with urea buffer [4 M urea, 5
mM Tris-HCI (pH 9.5), 2 mM EDTA and 2
mM EGTA] and ultracentrifuged again at
158000 g for 90 min at 4 °C. A final wash



was performed to remove traces of urea by
homogenizing the membrane in membrane
resuspension buffer [20 mM Tris-HCI1 (pH
8.3), 300 mM NacCl, 10% glycerol and 2
mM B-mercaptoethanol (f-MeOH)] and
centrifuging at 158000 g for 1 h at 4 °C.
Finally, the membrane was homogenized in
the membrane resuspension buffer and
stored at -80 °C. For untagged-cpAQP1aa-
243 and His-tagged-cpAQPlaa-243, the
same procedure was used except that the pH
of the membrane resuspension buffer was
adjusted to 8.

Membrane  solubilization  of
cpAQPlaa-FL was carried out by mixing
the membrane with solubilization buffer [20
mM Tris-HCI (pH 8.3), 300 mM NaCl, 10%
glycerol, 4%  (w/v)  n-nonyl-$-D-
glucopyranoside (NG, Anatrace) and 2 mM
B-MeOH] in a 1:1 volume ratio
supplemented with Complete EDTA-free
protease inhibitor (Roche). The mixture was
gently rocked for 1 h in a cold room.
Unsolubilized material was removed by
ultracentrifugation (149000 g, 30 min, 4 °C)
and the supernatant was transferred to a
falcon tube containing pre-equilibrated Ni-
NTA agarose beads (Qiagen) and rocked for
3 h or overnight. 5 mM imidazole was
added 20 min before centrifugation to avoid
non-specific binding. The supernatant
containing unbound proteins was discarded
after centrifugation at 3000 g for 3 min at 4
°C. Non-specifically bound proteins were
removed by washing the matrix in 15 mL
wash buffer [20 mM Tris-HCI (pH 8.3), 300
mM NaCl, 10% glycerol, 0.4% NG], 50
mM imidazole and 2 mM B-MeOH] for
three times, with centrifugation between
washes (3000 g, 3 min, 4 °C). Thereafter the
resin with bound protein was transferred to
a 6-mL gravity-flow column (Qiagen).
Protein was eluted with 10 mL elution
buffer [20 mM Tris-HCI (pH 8.3), 300 mM
NaCl, 10% glycerol, 0.4% NG, 350 mM
imidazole and 2 mM B-MeOH]. Protein
fractions were analyzed using SDS-PAGE.
Protein containing fractions were pooled
together and buffer was exchanged to gel
filtration buffer [20 mM Tris-HCI (pH 8.3),
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100 mM NaCl, 10% glycerol, 0.4% NG and
2 mM B-MeOH] immediately using a PD-
10 column (GE Healthcare). The protein
eluted from the column was concentrated to
500 pL using a 50 kDa cut-off concentrator
(Merck Millipore), filtered through a 0.2
um centrifugal filter (VWR) and injected to
a Superdex 200 increase gel filtration
column (GE Healthcare), pre-equilibrated
with gel filtration buffer. Fractions were
analyzed using SDS-PAGE and the protein-
containing fractions were pooled together.
For crystallization, the protein was
concentrated to ~18 mg/mL and stored at -
80°C. For His-tagged-cpAQP1aa-243, the
protocols were same except that the pH of
all the buffers was 8.

For the untagged protein, the
solubilization buffer contained 20 mM Tris-
HCI (pH 8), 10% glycerol, 4% NG and 2
mM B-MeOH. After solubilization and
centrifugation, the solubilized material was
diluted in a 1:3 (v/v) ratio with drop-wise
addition of pre-chilled dilution buffer [20
mM MES (pH 6), 10% glycerol, 0.4% NG
and 2 mM B-MeOH]. The diluted sample
was filtered using a 0.2 pm bottle top filter
(Thermo Fisher Scientific) and applied to a
Resource S cation exchange column (GE
Healthcare) pre-equilibrated with buffer A
[20 mM MES (pH 6), 37.5 mM NaCl, 10%
glycerol, 0.4% NG and 2 mM B-MeOH] at
a flow rate of 0.5 mL/min. After washing
the column with 10 column volume of
buffer A, protein was eluted with the
gradient 0-40% of buffer B [20 mM MES
(pH 6), 1 M NaCl, 10% glycerol, 0.4% NG
and 2 mM B-MeOH]. Fractions were
analyzed using SDS-PAGE and the protein
containing fractions were pooled together
and concentrated to 500 pL and injected to
a Superdex 200 increase column (GE
Healthcare) pre-equilibrated with gel
filtration buffer [20 mM Tris-HCI (pH 8),
100 mM NaCl, 10% glycerol, 0.4% NG and
2 mM B-MeOH]. The untagged protein was
analyzed, concentrated and saved as
described above. The identity of all proteins
was verified by mass-spectrometry.



Phosphostain

The aquaporin form climbing
perch, cpAQPlaa-243, was analysed for
phosphorylation together with a positive
and negative control, lysozyme and the
periplasmic chaperone spy), respectively,
by using a selective phosphate-binding tag
molecule (BTL-111), with streptavidin-
conjugated HRP bound to it (prepared
according the manual from Fujifilm Wako
Pure Chemical Corporation). An SDS-
PAGE is performed by loading 7.5 pg of
each protein species and operated at 300 V
for 15 minutes. After transferring the
proteins to a PVDF membrane, the
instruction manual is followed, which
briefly consists of a soaking step with 1 x
TBS-T for at least one hour, 30 minutes of
incubation with the tag molecule and
consecutive washing steps. The blot was
developed by using 4 mL of Genescript

LumiSensor chemiluminescent HRP
substrate.
X-ray crystallography

Crystallization trials were carried
out for all the constructs and best crystals
were obtained for untagged-cpAQP1aa-243
by the hanging drop vapour diffusion
method at 4 °C. The reservoir solution
contained 100 mM Tris-HCI (pH 7.8), 5%
poly-y-glutamic acid low molecular weight
polymer (y-PGA, Na+ form, LM) and 30%
(w/v) PEG400. 4 pL of the reservoir
solution was mixed with 1 pL 30% (w/v) D-
Sorbitol. Crystallization drops were then set
up by mixing the mixture with protein at 1:1
or 2:1 ratio, against 0.5 mL reservoir.
Crystals with different shapes appeared
after a few days. Crystals were mounted in
cryo-loops, flash frozen in liquid nitrogen
and stored for data collection.

Complete data sets were collected
at beam line P13 (wavelength 0.8 A) at the
PETRA III storage ring (DESY, Hamburg,
Germany) *2. Data sets were processed
using MOSFLM * and scaled using
SCALA of the CCP4 program suite 3%,
Molecular replacement was carried out
using the program Phaser from the CCP4
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program suite 3* with a homology model of
cpAQPlaa generated using the SWISS-
MODEL web server 3 based on the
structure of bovine AQP1 (PDB: 1J4N) 3,
The model was examined and adjusted
manually in COOT 3 and subsequent
refinement was carried out with Phenix-
refine 37.

Transport studies
Water transport studies were
carried out wusing similar protocols

described in %%. Liposome stock (25

mg/mL) was prepared by homogenizing E.
coli polar lipid extract (Avanti Polar Lipids)
in reconstitution buffer [SO mM NaCl and
50 mM Tris-HCI (pH 8.3) for cpAQP1aa-
FL and pH 8.0 for His-tagged-cpAQP1laa-
243]. An n-Octyl-B-D-Glucoside (B-OG,
Anatrace) stock solution [50 mM Tris-HCI
(pH 8.0), 50 mM NaCl and 10% B-OG
(w/v)] was added to the liposome solution
to a final concentration of 1%. Purified
protein was added into the mixture with a
theoretical lipid-to-protein ratio of 50.
Samples were gently mixed and incubated
for 10 min. Subsequently, Biobeads (Bio-
Rad laboratories) was added to the mixture
to remove the detergents by incubation (and
rocking) at room temperature in dark
overnight. The resulting proteoliposome
was pelleted (100000 g, 1 h, 10 °C) and
gently resuspended in reconstitution (same
as described before) buffer to a final lipid
concentration of 2 mg/mL. Samples were
filtered using a 0.2 pm spin column filter
(VWR) by centrifugation (10000 g, 3 min,
20 °C) before measurements. Control
liposomes were prepared using the same
protocol but with addition of corresponding
gel filtration buffer instead of purified
protein.

Water transport experiments were
conducted on an SFM 2000 (BioLogic
Science Instruments). In brief, 88 ulL of
sample was rapidly mixed with the same

amount of  hyperosmolar  solution
(reconstitution buffer with 300 mM
sucrose). Change in light scattering

intensity at the wavelength of 438 nm was



monitored at the fixed angle of 90°. Two
independent proteoliposome preparations
were made for each target protein and three
samples were measured for each. For each
sample, three measurements were averaged
for each curve providing the raw data for the
calculation of the initial rate. The light
scattering data was normalized and fitted to
a two exponential equation:

I=Ae -t 4
Ay e k(=00 4 4, Eq. 1

where [ is the intensity
corresponding to the time point #; 41, A2 and
Az are coefficients; ki, k» are the rate
constants of water transport and 7 is the
dead time of the measurements.

Vesicle size for one third of
randomly picked liposome and
proteoliposome samples was measured
using a Malvern Zetasizer Nano ZS
instrument  (Malvern). The osmotic
permeability coefficient (P, cm/s) was
calculated using the following equation:

Ps = Eq.2

(%)*Vw *Cout

where k (s!) is the fitted rate
constant; (S/V,) is the external surface to
internal volume ratio of the vesicles; Vi is
the partial molar volume of water and Cout
is the external osmolality .

Averaged curves (n = 6-25 (2-9)),
were the number of individual preparations
are given in parenthesis, were used to
calculate initial rate. Average plus standard
deviation was calculated for each target.
Figures were made using Graphpad Prism
version 6.0 and the error bars represent
standard deviation.

Glycerol transport measurements
were performed using the same setup with
the difference that the liposomes were
preloaded with glycerol buffer (300 mM
glycerol, 50 mM Tris pH 8.3, 50 mM NaCl)
and the transport of glycerol out of the
proteoliposome was measured via light
scattering at 90° and a wavelength of 438
nm. For each measurement, 88 pL glycerol
buffer and 88 pL sucrose buffer (300 mM
sucrose, 50 mM Tris pH 8.3, 50 mM NacCl)
assuring that the osmolarity of 528 mOsm
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was applied. For each experiment,
minimum three traces of single stopped-
flow performances were averaged and fitted
to a two-exponential function using R?
values of minimum 0.95.

Molecular Dynamics Simulations

All molecular dynamics (MD)
simulations were conducted using the MD
engine *' in the YASARA program *?, with
the AMBERI14 force field . The crystal
structure of the aquaporin was first
protonated assuming a pH of 7, and energy
minimized. The different mutants or
phosphorylated variants (pY107, pT38,
Y107A, L117A) were generated by
modifying the corresponding residue of the
minimized structure in silico, followed by
additional energy minimization. Each
system was placed in a cubic water box
extending 10A away from nearest protein
atom in each direction, water molecules
were randomly replaced by Na* or CI- ions
to ensure charge neutrality and assuming a
physiological salt concentration of 0.9%
NaCl.

Following a stepwise sequence of
equilibration, the 100 ns production runs
were performed on wild type crystal
structure and the five modified proteins,
assuming T=298 kelvin, as maintained
through velocity rescaling, and simulation
box rescaling to ensure water density of
0.997 for pressure control. Each simulation
box contained in the order of 55000 atoms.
All simulations were performed using the
default macro md.run in the YASARA
program. Analyses were performed with the
macro md analyze in the YASARA
program, to which analysis of the bond
distances were added.
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Supplementary Material

Optimization of the production of cpAQP1
in Pichia pastoris

The full length cpAQPlaa was
successfully produced to high yields in the
P. pastoris membranes, with an estimated
yield of 63 mg highly pure protein per liter
culture after a two-step purification
procedure. This protein was used for
functional characterization after
reconstitution into liposome using stopped
flow. Crystallization attempts were also
pursued, but no crystals were achieved. In
the optimization of the -crystallization
approach for cpAQP1aa, truncated versions
of the protein were evaluated, where
truncations were based on the alignment
with vertebrate AQPs with available
structures. The N-terminus of cpAQPaa is
very short and the focus for truncations
leaned on the C-terminus of the protein
which specifically aligned with the C-
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terminal domain of mammalian AQPO, 1, 2
and 5 (Supplementary Figure 1). Based on
this alignment, six different C-terminal
truncations were made from cpAQPlaa
residue 228 to 243, where the shortest
truncation showed the highest production
level (38 mg/L) and it was therefore taken
further to large scale production and
crystallization. Resolution down to 7 A was
achieved for this truncated version of
cpAQPlaa, and based on inhomogeneity
and instability during purification three
additional versions of the same construct
were evaluated including an untagged
variant, since it was suspected that the His-
tag had a negative influence on the
crystallization event. This hypothesis
turned out to be valid; a monodisperse peak
appeared after size-exclusion
chromatography indicating a homogenous
population of stable protein. Importantly,
highly ordered crystals were achieved for
this version and a diffraction at 1.9 A was
achieved (Supplementary Table 1).



Supplementary Table 1. Data collection and refinement statistics of cpAQP1aa. Values
in parentheses are for the highest resolution shell.

Crystal

Form A (pH 7.8)

Form B (pH 6.5)

Condition

Data collection

Space group

Unit Cell parameters
a, b, c(A)

Resolution (A)

Rumerge

Mean I/o(I)

Completeness (%)

Redundancy

Number of unique
reflections
Wilson B-factor (A?)

Refinement

Resolution (A)
Rwork/Rfree

Number of protein atoms
Average B-factors(A?)

Ramachandran plot
statistics (%)
Favored region

Allowed region

Disallowed region
RMSD bond lengths (A)
RMSD bond angles(°)

0.1 M Tris-HCI (pH 7.8),
5% (w/v) y-PGA (Na+
form, LM), 30% (v/v)

PEG400 and 3% (w/v) D-

Sorbitol

P42,2

80.06 80.06 95.28
95.28-1.90 (2.00-1.90)
0.108 (0.657)
15.1 (4.0)

100 (100)

12.2 (12.1)
25108 (3588)

25.19

56.61-1.9 (1.968-1.9)
0.1779/0.2017
1594
36.39

95.28
3.77
0.94

0.014
1.171

0.3 M Lithium sulfate, 0.1 M

ADA (pH 6.5), 30% (v/v)
PEG400 and 3% (w/v)
Dextran sulfate sodium salt
(Mr 5,000)

C222;

113.670 178.100 177.900
95.82-3.46 (3.65-3.46)
0.177 (0.832)
4.5(1.3)

98.8 (97.9)

4.5 (4.3)

23598 (3367)

89.59

84.36-3.46 (3.584-3.46)
0.2707/0.2991
6438
119.41

90.4
8.1
1.5

0.003
0.704
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Supplementary Figure 1. Sequence alignment of selected aquaporin homologues from various species.
Strictly conserved residues are rendered with white characters on a red background in the column. Well-conserved
residues (>70% similarity) are rendered as red characters in the column. Specific amino acids of importance for
cpAQPlaa regulation or modification are marked by black boxes and highlighted by arrows; namely T38 and
Y107 involved in channel gating and the three confirmed C-terminal phosphorylation sites. Sequence alignment
was performed using Clustal Omega, EMBL-EBI (https://www.ebi.ac.uk/Tools/msa/clustalo/), and the figure was
made with ESPript 3.0 (http://espript.ibcp.fi/ESPript/ESPript/).
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Supplementary Figure 2. Structural comparison of eukaryotic AQPs. Overlay of crystal structures of
cpAQPlaa (teal), bovine AQP1 (blue), human AQP4 (orange), human AQP7 (grey) and Arabidopsis TIP2;1
(green) viewed (a) parallel to the membrane and (b) from the extracellular side. Water molecules are shown as red
spheres.

Supplementary Figure 3. Gating mechanism of SoPIP2;1. Crystal structures of SoPIP2;1 in closed (brown,
PDB code 1Z98) and open (beige, PDB code 2B5F) conformations viewed (a) parallel to the membrane and (b)
from the cytoplasmic side. Channel closure is achieved through a conformational change of loop D, resulting in
the insertion of Leu 197 into the channel opening. A Ca?'-binding site at the N-terminus, occupied by Cd** in the
crystal structure, that is involved in stabilizing loop D in the closed conformation is indicated by a grey sphere.

25



\

- "g{@s« .

s

<6

2

) 3 (7,
o A
(&8

€

—

._a
e

>

e

Cartoon representation of crystal

Supplementary Figure 4. Crystal packing for cpAQP1aa at different pH.

packing in cpAQP1laa crystals grown at (a) pH 7.8 and (b) pH 6.5. The protein molecules corresponding to the

asymmetric unit are coloured teal and purple respectively.
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Supplementary Figure 5. Structure of cpAQP1aa at pH 6.5. Overlay of the four monomers in the cpAQPlaa
tetramer viewed (a) parallel to the membrane and (b) from the extracellular side, displaying only minor structural
differences between the monomers. In one monomer only, monomer C (purple), loops A and C could be built in
full. (c) Graph comparing the channel profiles of cpAQP1laa structures at pH 6.5 (monomer C, purple) and 7.8
(teal), as calculated by HOLE. In both structures, a similar constriction can be seen on the extracellular side of the
ar/R-region. The zero channel position corresponds to the midpoint between the two NPA motifs. (d) Structure of

cpAQPlaa at pH 6.5 (monomer C) with the channel dimensions represented by grey dots.
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Supplementary Figure 6. Inmunoblots showing liposome reconstitution. (a) Immunoblot using the 6x His
monoclonal antibody (Takara Clontech) showing typical proteoliposome preps for empty liposome (negative
control), cpAQPlaa-FL, cpAQP1-243 and hAQP4 (positive control) for the functional analysis of the water
transport. (b) Immunoblot using the 6x His monoclonal antibody (Takara Clontech) showing typical
proteoliposome preps for empty liposome (negative control), hAQP4 (positive control), cpAQPlaa-FL and
cpAQP1-243 for the functional analysis of the glycerol transport. (c) Immunoblot using the 6x His monoclonal
antibody (Takara Clontech) showing the liposome preps for empty liposome (negative control), cpAQPlaa-FL,
cpAQPlaa-Y107S, cpAQPlaa-Y107A, cpAQPlaa-T38E, cpAQPlaa-T38A and cpAQPlaa-L117A. The relative
protein fractions are averages from two immunoblots.
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~ Ponceau Phosphostain

Supplementary Figure 7. Confirmation of phosphorylation and cpAQPlaa structure showing putative
phosphorylation sites. SDS-PAGE and phosphostain for (1) positive control (lysozyme), (2) negative control
(SPY) and (3) cpAQP1aa-243.
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Aquaporins are membrane-intrinsic proteins initially defined as water (H,O) channels in all organisms and
subsequently found to have multiple substrate specificities, such as hydrogen peroxide (H,0,). H,0; is a sig-
naling molecule that partakes in immune responses where its transport is mediated by aquaporins. To shed
further light on the molecular basis of the aquaporin function in H,O, transport, we have characterized an
Arabidopsis thaliana aquaporin, AtPIP2;4, recombinantly produced to high yields in Pichia pastoris. Here, we
present a newly established assay that allows detection of H,O, transport by purified aquaporins reconstituted
into liposomes, enabling us to compare aquaporin homologues with respect to substrate specificity. To get ad-
ditional insight into the structural determinants for aquaporin-mediated H,O, transport, we solved the 3D-
structure of AtPIP2;4 to 3.7 A resolution and found structural identity to the water channel from spinach
(SoPIP2;1), with the difference that Cd** cation is not required to retain the closed conformation. The transport
specificities of the two plant aquaporins were compared to a human homologue, AQP1. Overall, we conclude
that AtPIP2;4, SoPIP2;1 and hAQP1 are all transporters of both H,O and H,0,, but have different efficiencies for
various specificities. Notably, all three homologues expedite H,O transport equally well while the plant aqua-
porins are more permeable to H,O, than hAQP1. Comparison of the structures indicates that the observed
variations in H,O and H,O, transport cannot be explained by differences in the monomeric pore. Possibly, the
determinants for transport specificities reside in the flexible domains outside the membrane core of these

channels.

1. Introduction

Aquaporins (AQPs) are present in all organisms where they have the
primary function to mediate the transport of water under osmotic
pressure. Some AQPs could also transport other small neutral solutes,
such as glycerol, urea, ammonia, as well as gases, like carbon dioxide,
across the plasma membrane. In mammals, 13 AQPs (AQP0-12) have
been identified and they are traditionally classified into three sub-
groups: orthodox AQPs (AQPO, 1, 2, 4, 5, 6 and 8), which have been
viewed as mainly transporting water; aquaglyceroporins (AQP3, 7, 9
and 10), which in addition to water can transport glycerol, urea, am-
monia, carbon dioxide and metalloids; and superaquaporins (AQP11
and 12), whose details are to be further elucidated [1,2]. AQPs share a
common topology of six transmembrane helices with five connecting
loops and two half helices containing one highly conserved NPA motif
each forming the functional pore, as established in the hourglass model
[3]. Even though some homologues share low sequence identity, the
three-dimensional fold of AQPs is highly similar, indicating a history of

* Corresponding author.

conservation originating two to three billion years back in time [4].
Biochemical studies support that AQPs have a tetrameric assembly with
each protomer being a functional unit [5]. High resolution structural
studies have explained the mechanism for proton exclusion of the water
channels, where two highly conserved AQP signature motifs, con-
stituted of an amino acid triplet each (NPA), provide a macro-dipole
positive electrostatic barrier in the middle of the channel [6]. Further,
in the super high resolution study of the Aqyl channel, a pair-wise
movement of water was proposed which would prevent proton con-
duction via the Grotthuss mechanism [7]. Structural studies have also
highlighted a site near the extracellular vestibule, the ar/R motif with a
highly conserved arginine residue, constituting a specificity filter of the
aquaporin channel. The diameter, ~3 A (A) in water-specific AQPs and
1A wider in a typical aquaglyceroporins such as the glycerol trans-
porter GIpF from E. coli [8,9], and the polarity of this site is suggested to
constrict and define the substrate specificity of the aquaporin channel.
Based on the similarity in the chemical properties of water (H,0) and
hydrogen peroxide (H»05), it is likely that a transporter of H,O is also a

** Correspondence to: K. Hedfalk, Department of Chemistry and Molecular Biology, Gothenburg University, Box 463, 405 30 Goteborg, Sweden.
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transporter of Hy0,.

Indeed, several studies support that selected aquaporins from
mammals and plants transport hydrogen peroxide, as evaluated in
various cell based systems [10-13]. Further, the insight of a broader
function for the water transporting channels has recently been re-
cognized as a subclass of the aquaporin family, the peroxiporins, in-
cluding AQP3, AQP8, AQP9 and AQP11 [14]. Interestingly, also AQP5
has been noted as a transporter of hydrogen peroxide having a putative
role in tumor growth [15]. In plant genomes, there are more AQPs
encoded as compared to any other organism. In the plant A. thaliana,
specifically, 38 sequences with homology to aquaporin have been
identified and these are divided into four subfamilies based on their
localization: Plasma membrane Intrinsic Proteins (PIP), Tonoplast In-
trinsic Proteins (TIP), Nodulin26-like Intrinsic Proteins (NIP) and Small
basic Intrinsic Proteins (SIP). Focusing on the aquaporins located to the
plasma membrane, the PIPs, there are 13 isoforms in A. thaliana, the
same number as there are aquaporin isoforms encoded in the human
genome [16]. The PIPs in A. thaliana are divided into two groups,
AtPIP1 and AtPIP2. There are eight AtPIP2 which localize to the plasma
membrane as homotetramers while the five AtPIP1s form hetero-
tetramers with AtPIP2s in order to properly localize to the plasma
membrane [17,18]. Based on assays testing the viability of yeast cells,
five isoforms from A. thaliana were suggested to increase the sensitivity
to hydrogen peroxide; AtPIP2;1, AtPIP2;2, AtPIP2;4, AtPIP2;5 and
AtPIP2;7 [13] where AtPIP2;1 is the only PIP2 ortholog for which an
increase of hydrogen peroxide into yeast has been demonstrated pre-
viously [19].

Transport of hydrogen peroxide also means that aquaporins con-
tribute to the signaling in living cells [20]. Hydrogen peroxide is a re-
latively stable Reactive Oxygen Species (ROS) that acts as an extra-
cellular and intracellular signal molecule that mediates pleiotropic
effects in animals and plants. In animals, it has been shown that hy-
drogen peroxide plays an important role in the recruitment of immune
cells to damaged areas [21]. Further, in plants the production of ROS is
a consequence of a successful recognition of pathogen infection leading
to an activation of the defense but it is also involved in other beneficial
biotic interactions [22]. The hydrogen peroxide generating system is
supposed to be similar in mammals and plants, leading to a rapid
production of extracellular hydrogen peroxide after a microbial pa-
thogen infection [23]. The general mechanism for hydrogen peroxide
production utilizes the NADPH oxidase complex (NOX) to transfer
electrons from NADH or NADPH to O, to form superoxide [24-26].
Recent studies have indeed suggested an involvement of aquaporins in
the migration of cancer cells as well as a role in inflammation [27,28].
Further, aquaporins have been shown to contribute to the signaling
pathway of the immune system in plants [29]. In A. thaliana, specifi-
cally, it has been shown that AtPIP1;4 and the extracellular hydrogen
peroxide play a fundamental role in the intracellular immunity path-
ways critical to build resistance to pathogens, such as the systemic
acquired resistance (SAR) and the immunity triggered by the Pathogen-
associated molecular pattern (PAMP) [29]. In plants, aquaporins also
provide the hydrogen peroxide export from the chloroplast assisting the
clearance of byproducts of photosynthetic activities [30].

Notably, transport studies for hydrogen peroxide have so far been
performed in whole cells and characterization of this aspect on pure
protein has been lacking. To shed more light on the specificity for hy-
drogen peroxide for certain AQP homologues, we have identified a
target from plant, AtPIP2;4 from A. thaliana, produced it to high yields
in P. pastoris and isolated the protein to homogeneity, enabling func-
tional studies using proteoliposomes. Further, we have evaluated the
transport of water and hydrogen peroxide, respectively, between
homologues from plant and human. Structure determination of
AtPIP2;4 by protein crystallography and detailed analysis enabled the
comparison to SoPIP2;1 from spinach and AQP1 from human. By this
study, we thereby provide a new proteoliposome assay for the char-
acterization of hydrogen peroxide transport mediated by aquaporin and
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we also present the first structure of a PIP aquaporin from A. thaliana.
Both these results contribute to an increased understanding of the
aquaporin function and its physiological role.

2. Material and methods
2.1. Cloning

For yeast growth complementation assay, yeast expression plasmids
based on the pYES2 vector were constructed with cDNAs of the various
AtPIP isoforms using EcoRI, HindIll and Kpnl (TAKARA), respectively.
Yeast cells from the NMY51 strain, Saccharomyces cerevisiae, were
transformed with the expression plasmids and positive transformants
were selected and maintained using SC-URA™ medium (0.17% yeast
nitrogen base, 2% glucose, 0.5% (NH,4)>SO4, 0,002% histidine,
0,0023% lysine and 0.01% leucine, with 2% w/v agar for solid plates)
at a temperature of 30 °C.

For overproduction of AtPIP2;4 (NM_125459) in Pichia pastoris, full-
length (FL) and truncated version (28-279), the genes were codon op-
timized and purchased from GenScript. The truncated version of
AtPIP2;4 was based on analysis using the protein prediction website
topcons.cbr.su.se, giving that AtPIP2;4(1-27) and AtPIP2;4(280-291)
are disordered or not well folded, and therefore considered to be not
essential for the protein function. In the design of a truncated version of
the protein aiming towards a more efficient crystal packing for struc-
tural determination, we designed the truncated variant AtPIP2;4(28-
279) leaving out flexible parts of the protein. Both targets were fused to
Tobacco Etch Virus (TEV) protease digestion site followed by an 8xHis-
tag at the C-terminus and sub-cloned into the pPICZB vector
(Invitrogen) using the restriction sites EcoRI and Kpnl (Thermo
Scientific), resulting in AtPIP2;4 (FL) and AtPIP2;4 (28-279), respec-
tively. The plasmids were linearized by the restriction enzyme MssI
(Thermo Scientific) and transformed into an aquaporin deficient wild
type strain of P. pastoris, X-33A, by electroporation [31]. For all the
constructs used in overproduction, AtPIP2;4 was cloned to mimic the
Kozak consensus sequence around the start ATG [32].

2.2. Measurement of H>0, transport in vivo

For the yeast growth assay using S. cerevisiae, overnight cultures
were prepared from fresh NMY51 transformants by inoculating single
colonies in SC-URA medium. The cell pellets were washed with sterile
water and diluted to a normalized cell density of ODggo = 1. Three 10-
fold serial dilutions were prepared from each normalized suspension.
Five dilutions, 10 pL of each, from each transformant were spotted on
YPD agar plates with or without 3 mM H,0,. The plates were incubated
for 3—-4 days at 30 °C.

To confirm the uptake of H,O, in yeast, a DCF fluorescence assay
was applied where intracellular hydrogen peroxide was detected by
staining with the ROS-probing dye H2DCFDA (Sigma-Aldrich). S. cere-
visiae, the NMY51 strain, transformed with AtPIP2;4 was cultured in
liquid YPD [33] for 16 to 18 h in a shaker at 200 rpm and 30 °C, spun
down using 800g and washed twice with phosphate buffer solution
(PBS, 0.2mM, pH7.4). Cells were suspended with PBS containing
H2DCFDA at a final concentration of 10 uM, incubated for 30 min, and
then supplied with 3mM H,0,. Yeast cells were observed at 15 min
after the addition of H,O, using a confocal microscope (Zeiss).

2.3. Recombinant protein overproduction in Pichia pastoris

In order to identify P. pastoris transformants producing high-yields
of AtPIP2;4, a high-zeocin (2000 pg/mL Zeocin) growth screen was
performed followed by a small-scale production screen, as previously
described [32]. To optimize the production level of strains with the
highest production of His-tagged AtPIP2;4s, culturing in a 2L fer-
menter was pursued [34], applying methanol induction for three days
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continuously assuring that dissolved oxygen was available keeping the
carbon source as the limitation for growth. Cells were harvested by
centrifugation (6000g, 45 min, 4 °C) and stored at —20 °C.

2.4. Membrane preparation, solubilization and protein purification

For AtPIP2;4-FL and AtPI2;4 (28-279), cells were thawed at room
temperature, diluted 1:2 with breaking buffer (50 mM potassium
phosphate, pH 7.5, 5% (v/v) glycerol, 2mM EDTA, 1 mM PMSF). Glass
beads (0.5mm) were added and cells broken by grinding in a bead
beater (Bio Spec) for 12 x 30s, with 30s cooling between runs. Cell
debris and unbroken cells were spun down at 10,000g for 2 X 20 min at
4°C. Isolation of the total membrane fraction was performed as pre-
viously described [35]. In brief, the membrane was collected by cen-
trifugation (200,000g for 90 min at 4 °C) and washed with urea buffer
(4 M urea, 5mM TrisHCl pH 9.5, 2mM EDTA, 2 mM EGTA) followed by
a wash in membrane wash buffer (20 mM Tris pH 8, 20 mM NaCl, 10%
glycerol, 2mM EDTA, 1 mM PMSF). Finally, the membrane was re-
suspended in buffer (20mM Tris pH8, 20mM NaCl, 10% glycerol,
1 mM PMSF) and stored at — 80 °C.

To find a suitable detergent for AtPIP2;4, a solubilization screen was
performed using the following detergents: 3-[(3-cholamidopropyl) di-
methylammonio]-1-propanesulfonate (CHAPS), n-Dodecyl-B-D-
Maltopyranoside (DDM), n-Decyl-p-D-Maltopyranoside (DM), Fos-
Choline-12 (fc12), n-Dodecyl-N,N-Dimethylamine-N-Oxide (LDAO),
Lauryl Maltose Neopentyl Glycol (MNG), Decyl Glucose Neopentyl
Glycol (NG) and n-Octyl-B-D-Glucopyranoside (-OG). Solubilization
buffer (4% detergent, 20 mM Tris pH8, 20mM NaCl, 1 mM PMSF).
Each detergent was added drop-wise into thawed membranes with the
end ratio of 1:1 and incubated at 4 °C for 2 h with rotation. Non-solu-
bilized membranes were was spun down at 160,000g for 30 min at 4 °C,
supernatant and pellet were collected for immunoblot analysis, re-
spectively. Based on the screen for a suitable detergent, LDAO with a
final concentration of 2% (w/v) was chosen for large scale solubiliza-
tion of AtPIP2;4.

For purification of AtPIP2;4, the membranes were solubilized in
buffer A (2% LDAO, 200 mM Tris pH 8, 200 mM NacCl), supplemented
with Complete EDTA-free protease inhibitor (Roche) for 2 h. Solubilized
material was collected by ultracentrifugation (200,000 xXg, 30 min,
4°C) and the supernatant was collected for subsequent purification.
Imidazole, to a final concentration of 10 mM, was added to the super-
natant which was then incubated with Ni-NTA agarose (Qiagen), pre-
equilibrated with buffer (20 mM Tris-HCI pH 8.0, 200 mM NacCl, 10%
glycerol, 0.4% LDAO, 10 mM Imidazole), in a 50 mL Falcon tube for 3 h
at 4°C. The Ni-NTA resin was washed two times in Ni-wash buffer
(20 mM Tris-HCl pH 8.0, 200 mM NaCl, 10% glycerol, 0.4% LDAO,
50 mM imidazole) and eluted with 5 X 5mL Elution buffer (20 mM
Tris-HCl pH 8.0, 200mM NaCl, 10% glycerol, 0.4% LDAO, 300 mM
imidazole). The protein containing fractions were pooled and con-
centrated (VivaSpin 100kDa concentration tube, Sartorius Stedim
Biotech GmbH) to a volume of 1 mL, diluted 10 x with buffer lacking
imidazole (20 mM Tris-HCl pH 8.0, 200 mM NacCl, 10% glycerol, 0.4%
LDAO) and concentrated to a final protein concentration of to 10 mg/
mL using a VivaSpin 100kDa concentration tube (Sartorius Stedim
Biotech GmbH). The final protein sample was aliquoted into fractions of
500 pL and stored at —80 °C or used immediately for further purifica-
tion. In the second purification step, the buffer of the protein sample
was exchanged to Gel filtration buffer (20 mM Tris-HCI pH 8.0, 200 mM
NaCl and detergent (1% OG or 0.145% Octyl Glucose Neopentyl Glycol
(OGNPG)) using Superdex200 increase 10/300gl column (GE
Healtcare). Fractions with target protein were collected and used for
crystallization or functional assays.

2.5. Measurement of hydrogen peroxide transport in proteoliposomes

The method to measure transport of hydrogen peroxide by purified
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aquaporins reconstituted in proteoliposomes was developed from the
method established by Piwonski et al using horseradish peroxidase
(HRP) molecules trapped in lipid vesicles and the addition of externally
added Amplex Red substrate [36].

Liposomes were prepared by homogenizing E. coli polar lipid extract
(Avanti Polar Lipids) in Reconstitution buffer (50 mM NaCl, 50 mM
Tris-HCI, pH 8.0) to a final concentration of 25 mg/mL. An n-Octyl-B-D-
Glucoside (B-OG, Anatrace) stock solution (50 mM NaCl, 50 mM Tris-
HCI, pH8.0, 10% B-OG (w/v)) was added to the liposome solution to
achieve a final concentration of 1% B-OG (w/v). Purified protein was
then added to the liposome solution with a theoretical lipid-to-protein
ratio of 50 (w/w) and incubated for 10 min with gently mixing. To
remove the detergent, Biobeads (Bio-Rad laboratories) were added to
the lipid-protein mixture which was then incubated overnight, in
darkness with rocking at 4°C. The resulting proteoliposomes were
collected by centrifugation (100,000g, 1 h, 4 °C) and gently resuspended
in Reconstitution buffer (see above) to a final lipid concentration of
2mg/mL. Before measurements, samples were filtered by centrifuga-
tion (10,000g, 3min, 4°C) using a 0.2 um spin column filter (VWR).
Control liposomes were prepared using the same protocol but with
addition of the corresponding volume of Gel filtration buffer instead of
purified protein solution. HRP (0.5 pM) was added to the liposome or
proteoliposomes after their formation.

To remove excess of non-encapsulated HRP liposomes were pelleted
by centrifugation (100,000g, 4°C for 30min) and resuspended in
Reconstitution buffer with EDTA (50 mM NaCl, 50 mM Tris pH 8.0,
1 mM EDTA). Residual HRP was removed using a MicroSpin S-400 HR
Column (GE Healthcare). The aquaporin and control liposomes, re-
spectively, with HRP trapped inside, were incubated in 10 uM Amplex
Red (AR, ThermFisher) for 20 min at room temperature. For inhibition
studies using mercury, mercury chloride was added to the liposomes
and proteoliposomes to a final concentration of 300 pM and incubated
for 20 min at room temperature. The resulting liposome mixture was
distributed into black Matriplate 96 glass bottom plate (Brooks LIFE
SCIENCE SYSTEMS), 150 pL in each well, and mixed with 50 pL H,O»
stock solution (200 uM H,0,, 50 mM NaCl, 50 mM Tris pH 8.0, 1 mM
EDTA). The plate was immediately put into a POLARstar Omega plate
reader (BMG TECH) to follow the fluorescent signal from the oxidation
of Amplex by HRP and H,0, inside the liposomes. Fluorescence signal
was collected for 40 cycles with an interval of 2 min, using wavelength
of 544nm and 590 nm for excitation and emission, respectively. For
each sample, triplicates were measured (technical replicates), and the
experiment was repeated at least three times (n = 3-6 biological re-
plicates). Each triplicate measurement was fitted to a quadratic equa-
tion and the initial rate was calculated for each of these where initial
rate = dF/dt. To eliminate the possible experimental variations be-
tween different experiments performed in different plates, relative in-
itial rate was determined by relating all proteoliposome experiments
those of the empty liposomes. All data represented in the bar graph are
provided as the average +/— standard deviation. For each sample, the
experiment was repeated in at least three biological replicates con-
sisting of averages of three technical replicates (measurements from the
same 96-well plate). The significance of the relative initial rate was
analyzed by ANOVA analysis by Fisher's LSD (least significant differ-
ence) test (P < 0.05) using the software of SPSS (Statistical Product
and Service Solutions, USA). Significant differences are indicated by a,
b, c. The liposomes and proteoliposomes were analyzed on SDS-PAGE
and the band intensity was measured using the software of Image J
(developed by National Institutes of Health, USA). The gel images were
opened in the type of 8-bit and calibrated through the function of un-
calibrated OD. The integrated density (Intden, indicating the quantity
of corresponding protein) was measured after subtracting the back-
ground. The average +/— standard deviation is shown for three in-
dividual gels constituting three biological replicates.
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Fig. 1. In vivo hydrogen peroxide transport in yeast transformed with individual AtPIPs. (A) Toxicity of externally applied H>O, on S. cerevisiae cells that were not
transformed (control) or transformed with a single gene encoding AtPIP homologues fused with a 10 x His-tag. Dilutions series, 10-fold, of yeast cells were spotted on
YPD agar plates with and without 3 mM H,0,, respectively, and image taken after four days incubation. (B) The intracellular accumulation of ROS in yeast cells, not
transformed or transformed with AtPIP2;4, the isoform showing the highest sensitivity to H,O, when produced in yeast, grown on medium with H,O, supply. ROS
was visualized by staining suspensions of yeast cultures after 20 min with a green-fluorescent dye. (C) Confirmation of production of AtPIP isoforms in yeast cells,

analyzed by immunoblot using primary antibody to the His-tag.

2.6. Measurement of water transport in proteoliposomes

Water transport studies were carried out using protocols similar to
those previously described [37]. Liposomes were prepared as pre-
viously described for the hydrogen peroxide transport studies above,
but excluding the addition of HRP to the liposomes or proteoliposomes
after their formation.

Water transport experiments were conducted on an SFM 2000
(BioLogic Science Instruments). In brief, 88 uL of sample was rapidly
mixed with the same amount of hyperosmolar solution (Reconstitution
buffer with 300 mM sucrose). The change in light scattering intensity
was monitored at the wavelength of 438 nm and the fixed angle of 90°.
Two to four preparations of proteoliposomes (biological replicates)
were made for each target and split into three technical replicates
which were measured at least three times each to get average curves.
For each proteoliposome preparation, the vesicle size was measured for
one third of randomly picked liposome and proteoliposome samples,
respectively, using a Malvern Zetasizer Nano ZS instrument (Malvern).
The surface and volume calculations are based on the average sizes of
the vesicles per species, determined via dynamic light scattering (DLS),
where the autocorrelation function showed a single decline to zero and
the count rates were stable throughout all measurements.

The light scattering data was normalized and fitted to a one ex-
ponential equation (Eq. (1)):

I= Ajehl=0 4 gy ekl 4 A, @)

where [ is the intensity corresponding to the time point t; A;, A, and A3
are coefficients; k;, k, are the rate constants of water transport and t; is
the dead time of the measurements.

The osmotic permeability coefficient (P, cm/s) was calculated using
the following equation (Eq. (2)):

k
(i) ¥ o @

where k (s~ 1) is the fitted rate constant; (S/V,) is the external surface to
internal volume ratio of the vesicles; V,, is the partial molar volume of
water and C,, is the external osmolality [38]. Averaged curves (n = 3)
of technical replicates (n = 5-11) were used to calculated Pf values for
each target, where only r* values above 0.9 were accepted. Average
plus standard deviation was calculated for each target. The significance
of the relative initial rate was analyzed by ANOVA analysis as described
above. Significant differences are indicated by a, b, ¢, where ab is
neither significantly different from a, nor b.

P=

2.7. Crystallization, X-ray analysis and structural characterization

Crystallization trials were carried out for both constructs, AtPIP2;4-
FL and AtPIP2;4(28-279), applying the hanging drop vapour diffusion
method at 4 °C using commercial protein crystallization kits (Membrane
Gold™HT-96, Membrane Gold2™HT-96, MemStart™, MemSys™ HT-96
and MemPlus™ HT-96 from Molecular Dimensions as well as HR2-130
from HAMPTON RESEARCH). For both targets, the protein sample was
concentrated to 20 mg/mL and crystallization drops were set up by
mixing the protein and the reservoir solution to a ratio of 1:1 or 2:1,
respectively, using 0.5mL of the reservoir solution in each case. Two
different conditions, [0.1 M NaCl, 0.1 M MgCl,, 0.1 M sodium citrate
PpH 5.5, 30% (v/v) PEG400] and [1.5 M sodium formate, 0.05 M sodium
cacodylate pH5.5, 30% (v/v) PEG400], respectively, resulted in pro-
mising crystallization leads. In the crystal optimization step, 3% w/v
Trimethylamine N-oxide dihydrate or 3% w/v 6-Aminohexanoic acid
was added to each condition. Crystals with different shapes appeared
after a few days. Crystals were mounted in cryo-loops, flash frozen in
liquid nitrogen and stored for data collection.

Complete data sets were automatically collected at the ESRF
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beamline MASSIF-1 (ID30A-1, workflow: MXPressE) in Grenoble,
France [39,40]. Data sets were processed using EDNA [41] and XDS
[42]. Molecular replacement was carried out using the program Phaser
from the Phenix program suite [43] with a model of SoPIP2;1 (pdb:
4jc6, Mercury activation of the plant aquaporin SoPIP2;1 - structural
and functional characterization [44],). The model was then manually
mutated, adjusted and examined in Coot [45,46]. Subsequent refine-
ment was carried out with Phenix-refine [47].

3. Results
3.1. AtPIP2;4 is a transporter for hydrogen peroxide

Yeast growth assay were carried out to test H,O, permeability in
Saccharomyces cerevisiae cells overexpressing AtPIP homologues. Yeast
cells transformed with AtPIP2;4 showed the most significant growth
defect at 3mM H,O, as compared to the other twelve AtPIP homo-
logues (Fig. 1A) and was hence selected for further studies. To confirm
the transport of HyO, in the yeast transformants, a DCF fluorescence
assay was performed. As compared to untransformed cells, cells pro-
ducing AtPIP2;4 had a much stronger accumulation of H,O, supporting
this transport specificity for this particular aquaporin homologue
(Fig. 1B). To verify the production of AtPIP isoforms in the yeast cells,
whole yeast extract was analyzed by immunoblot using the primary
antibody to the His-tag, detecting the monomeric and dimeric form of
the protein, respectively. As confirmed for AtPIP2;4, the sensitivity to
hydrogen peroxide was connected to production of recombinant protein
in the yeast cells (Fig. 1C).

3.2. Optimization of production of AtPIP2;4 in Pichia pastoris

To enable detailed characterization of AtPIP2;4, the protein was
expressed in and purified from the methylotrophic yeast P. pastoris. Full
length protein (AtPIP2;4-FL) and a truncated variant (AtPI2;4(28-279))
were transformed into P. pastoris, strain AX33 having endogenous AQY1
gene disrupted [31]. To screen for high yielding clones, three colonies
for each construct were screened for growth on high-zeocin and further
evaluated using the small-scale production screen evaluated by im-
munoblot [32] (Fig. 2A). The high-yielding clones were taken further to
large scale production using fermenter growth. From the large scale
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culturing, using a volume of 1.5L, 360 g and 340 g cells were achieved
from AtPIP2;4-FL and AtPIP2;4(28-279), respectively. In the optimi-
zation of purification, eight of the common detergents for membrane
protein solubilization (CHAPS, DDM, DM, FC12, LDAO, MNG, NG, -
0OG) was evaluated by immunoblot analysis of the solubilized material
from each detergent. LDAO turned out to be the most efficient detergent
with respect AtPIP2;4-FL (Fig. 2B), and hence chosen for subsequent
purification. The same analysis was also performed on the truncated
version of the target, AtPIP2;4(28-279), with the same outcome (data
not shown). After the first purification step, using Ni-NTA agarose
purification, 50 mg AtPIP2;4-FL and 25 mg AtPIP2;4(28-279) were ob-
tained from 90 g and 85 g P. pastoris cells, respectively, giving a total
yield of 0.3-0.6 mg pure protein per gram cells. For the crystallization
attempts, size-exclusion chromatography was conducted for further
purification and detergent exchange, resulting in highly pure protein
for the full-length as well as the truncated variant of the target
(Fig. 2C). Also for the second purification step, several detergents (3-
OG, OGNPG, DDM, DM, LDAO, NG) were evaluated for detergent ex-
change and the resulting elution peak was analyzed. For AtPIP2;4-FL,
only B-OG and OGNPG gave monodisperse peaks (Fig. 2D). For the
truncated variant of the target, AtPIP2;4(28-279), 3-OG, DM and DDM
gave monodisperse peaks indicating homogenous material amendable
for crystallization.

3.3. A novel assay for hydrogen peroxide transport using proteoliposomes

Using the S. cerevisiae growth assay, AtPIP2;4 was shown to trans-
port hydrogen peroxide, being a strong indication of this transport
specificity for this aquaporin homologue from A. thaliana (Fig. 1). To
analyze the transport specificity for hydrogen peroxide among aqua-
porin homologues, we have established a novel fluorescent proteoli-
posome assay relying on purified target protein and the HRP reaction
inside the liposome. Empty liposomes or proteoliposomes with recon-
stituted aquaporin, both having HRP and Amplex Red (AR, Invitrogen)
trapped inside, were mixed with a specific concentration of external
H,0,. Hydrogen peroxide will pass the membrane by simple diffusion,
but if aquaporins are specific HO, transporters, the transport will be
faster. When H,0, molecules reach the inside of the liposome HRP
catalyzes the reaction of Amplex Red and H,O, resulting in a product of
highly fluorescent resorufin which can be quantified as secondary
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Fig. 2. Purification of AtPIP2;4 recombinantly produced in Pichia pastoris. (A) Initial production screening of P. pastoris transformed with AtPIP2;4, full-length gene
and truncated variant shortened in the N- and C-terminus (residue 28-279), respectively, both equipped with an 8 x His-tag. Three different transformants are shown
together with the corresponding signal on the immunoblot using the antibody towards the His-tag. (B) Detergent screen using eight different detergents commonly
used for membrane protein extraction. The supernatant after solubilization was investigated using immunoblot and the antibody directed towards the his-tag
showing that LDAO was the most efficient detergent with respect to the AtPIP2;4-FL (C) SDS-PAGE gel showing purified AtPIP2;4, full-length and truncated,
respectively, after a two-step purification scheme. (D) The final peak of homogenous AtPIP2;4-FL after the second purification step using SEC.
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Fig. 3. Functional assay of hydrogen peroxide transport in proteoliposomes. (A) Schematic representation of the hydrogen peroxide transport measurements in
proteoliposomes with the coupled reaction of HRP inside the liposomes where the reaction of Amplex Red and H,0, gives rise to the fluorescent product resorufin
The more efficient hydrogen peroxide transport that takes place via the aquaporin gives rise to a higher fluorescent read-out, as compared to the simple diffusion in
the control liposomes. (B) In order to establish the assay, different H,O, concentrations (5, 50 and 200 uM, respectively) were evaluated to find the concentration that
gave a clear difference of the aquaporin mediated transport as compared to simple diffusion (average of technical replicates +/— standard deviation is shown,
n = 3). (C) Bar graph showing the relative initial rates at different H,O, concentrations where a, b and c illustrate the significance from the ANOVA analysis (average
of technical replicates +/— standard deviation is shown, n = 3). (D) The control experiment for the detection system of hydrogen peroxide mixed with HgCl,
showing that the conventional aquaporin inhibitor does not interfere with the enzymatic detection system encapsulated inside the liposomes (average of technical
replicates +/— standard deviation is shown, n = 3-9). (E) Bar graph showing the initial rates for the reaction between HRP, AmplexRed and hydrogen peroxide, in
resuspension or encapsulated in liposomes, also comparing control liposomes and liposomes having AtPIP2;4 integrated (average of technical replicates +/—

standard deviation is shown, n = 9-24). The letters a, b and c illustrate the significance from the ANOVA analysis.

readout for the transport (Fig. 3A). A major advantage with this assay is
that many samples can be evaluated simultaneously using a 96-well
format and assessment of the reaction using a plate reader. The main
principle for the method is that the stronger the fluorescent signal, the
more efficient is the H,O, transport. However, a critical parameter with
the assay is that the internal reaction giving rise to fluorescence is the
rate limiting step so if an excess of external hydrogen peroxide is added,
no differences in transports efficiencies can be observed. Hence, in
order to establish the assay, the key experiment was to evaluate the
transport efficiencies for proteoliposomes having AtPIP2;4 recon-
stituted using various concentrations of external H,O,. As seen in
Fig. 3B, a low concentration of external H>O, (5uM) resulted in low
fluorescence intensity and only a minor difference between liposomes
and proteoliposomes. Using a high concentration, 200 uM H,0,, also
gave a high fluorescent signal, but again only a minor difference be-
tween liposomes and proteoliopsomes, indicating that the internal re-
action is saturated. Noteworthy, using an intermediate concentration of
H,0, (50 M) gave a clear fluorescent signal and importantly, a sig-
nificant difference between the sample and control could be evaluated
(Fig. 3C). Based on this evaluation, an external concentration of 50 pM
H,0, was established for investigation of hydrogen peroxide transport
for various aquaporin targets. To further evaluate the suitability of this
assay for aquaporins, we investigated a putative interference of

mercury with the fluorescent reaction between Amplex Red (AR),
horseradish peroxidase (HRP) and hydrogen peroxide. (Fig. 3D). By this
test, it was concluded that the established hydrogen peroxide assay is
compatible with the established aquaporin inhibitor. Finally, we com-
pared the initial rate of the reaction between AmplexRed, HRP and
hydrogen peroxide at the established concentration of 50 uM, having
the reactants encapsulated or free in solution showing a huge difference
in rate supporting that the measured reaction indeed is an outcome of
protein based transport or simple diffusion of H,0, (Fig. 3E).

3.4. Aquaporin isoforms transport hydrogen peroxide with different
efficiencies

As confirmed with this novel assay, AtPIP2;4 efficiently transports
hydrogen peroxide through the lipid bilayer, as compared to the control
liposomes lacking protein (Fig. 3B). To further test our assay, we also
included the highly related homologue from spinach, SoPIP2;1, in the
experiment being equally efficient with respect to hydrogen peroxide
transport. As confirmed with SDS-PAGE, the observed transport can be
related to comparable amounts of protein reconstituted into the lipo-
somes (Fig. 4A). To evaluate the specificity to hydrogen peroxide
among aquaporin homologues, an aquaporin from human was also in-
cluded in the assay, hAQP1. Notably, hAQP1 has a lower capacity of
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Fig. 4. Functional analysis of the hydrogen peroxide transport in aquaporins. (A) Hydrogen peroxide transport of AtPIP2;4 and SoPIP2;1 as compared to empty
liposomes (negative control). The SDS-PAGE gel confirms comparable levels of protein in each sample. (B) Comparison of the hydrogen peroxide transport for
AtPIP2;4 and hAQP1. The SDS-PAGE gel confirms comparable levels of protein in each sample, including the observation that AtPIP2;4 migrates as a dimer while
hAQP1 migrates as a monomer. (C) Mercury inhibition of the hydrogen peroxide transport via hAQP1 confirming a protein specific transport. For the hydrogen
peroxide measurements in A-C, the average of three individual curves (technical replicates) +/— standard deviation, n = 3, are shown together with an SDS-PAGE
confirming equal protein content reconstituted in the liposomes, average of biological replicates +/— standard deviation is shown, n = 3. (D) The relative initial rate
calculated for all tested targets (n = 3-6 biological replicates) showing that the two tested aquaporins from plant are significantly more efficient for hydrogen
peroxide transport as compared to the human aquaporin, hAQP1. The letters a, b and c illustrate the significance from the ANOVA analysis.

hydrogen peroxide transport as compared to the homologues from
plants, as shown for AtPIP2;4. As seen on the SDS-PAGE analysis, the
protein amounts are comparable, even though AtPIP2;4 migrates as a
dimer and hAQP1 as a monomer (Fig. 4B). To confirm that the observed
transport of hydrogen peroxide is protein specific, it was inhibited by
mercury, as tested for hAQP1. Indeed, a decrease in hydrogen peroxide
transport was observed, comparable to the control with empty lipo-
somes, which implied that the difference in fluorescent curves between
aquaporin-liposomes and empty liposomes was due to H,O, transport
by hAQP1 (Fig. 4C). Since no background reaction was observed
(Fig. 3D), we can conclude that mercury is an efficient inhibitor of
hAQP1 also in this method.

For proper comparison of the transport efficiencies for different
targets, the initial rate (min~') was estimated for each and related to
the negative control (Fig. 4D). For this calculation, three to six biolo-
gical replicates were summarized where each repeat represents an
average of three curves (technical replicates). The overall conclusion is
that the plant aquaporins are significantly more efficient with respect to
hydrogen peroxide transport, as compared to hAQP1, as confirmed with
an ANOVA statistical test.

3.5. AtPIP2;4 is an efficient channel for water

To further characterize the aquaporin channels, transport of water
was also evaluated using stopped-flow. Water transport capacity of full
length protein, AtPIP2;4-FL, as well as the truncated form used for
crystallization, AtPIP2;4(28-279), were assayed by stopped-flow ana-
lysis. The average external surface of the liposome vesicles was
2.7 x 10~ m?, while the average internal volume of the vesicles is
4.17 x 10~%m>. The corresponding values for the average proteoli-
posome vesicles are 3.65 x 10 '*m? for the external surface and
6.56 x 10~ **m? for the internal volume. The average diameter for the
liposomes vesicles is 92.72nm and for the proteoliposome vesicles
107.82nm.

Compared to control liposomes, AtPIP2;4-FL showed a high level of
water transport, comparable to the positive controls of hAQP1 and
SoPIP2;1, respectively (Fig. 5A). To confirm that the observed effect
was due to protein specific transport, the hAQP1 containing liposomes
were incubated with mercury giving the expected abolishment of the
transport capacity (Fig. 5B). The truncated variant of AtPIP2;4 used for
crystallization was shown to be a functional form of the protein, albeit
the water transport was somewhat lower as compared to the full-length
protein (Fig. 5C). The proteoliposome preparation was repeated at least
twice and the Pf value was calculated for each sample based on average
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Fig. 5. Functional analysis of the aquaporin water transport. (A) Water trans-
port of aquaporin homologues (SoPIP2;1, hAQP1 and AtPIP2;4,) together with
control (empty liposomes). (B) Inhibition of the hAQP1 water transport by
mercury. (C) The water transport of the AtPIP2;4 full-length protein as com-
pared to the truncated variant used for crystallization, AtPIP2;4(28-279). In A-
C, shaded curves show representative averages of three measurements of a
technical replicate for each target, where the line is the fitted curve. (D) For
each target, the Pf value was calculated. In the bar graph, the average of
technical replicates (n = 5-11, based on 2-4 biological replicates) and the
standard deviation are shown. SDS-PAGE gel is shown below, confirming
comparable protein levels in each proteoliposome preparation. The letters a, b
and c illustrate the significance from the ANOVA analysis.

curves (n = 5-11) in order to establish the observed differences in
transport capacity of the various aquaporin isoforms. Further, to ex-
clude the possibility that observed effects could be related to differences
in protein levels reconstituted into the liposomes, an SDS-PAGE analysis
was performed, indeed showing comparable amounts of proteins in the
various proteoliposome preparations (Fig. 5D). Hence, the overall
conclusion is that there is no significant difference in water transport
between AtPIP2;4, SoPIP2;1 and hAQP1.

3.6. Structure of AtPIP2;4

Several conditions were tried out for crystallization of AtPIP2;4(28-
279), and the best resolution was achieved from protein in 1% OG and
the crystallization condition containing 1.5 M sodium formate, 0.05 M
sodium cacodylate pH 5.5, 30% PEG400, 3% W/V 6-Aminohexanoic
acid, 0.01 M Calcium chloride dehydrate (Fig. 6A). The structure was
determined for the membrane core of the channel with the parameters
defined in Table 1. The tetramer of AtPIP2;4 shows a typical aquaporin
oligomer with four individual water pores (Fig. 6B). To illustrate the
similarity between the known high-resolution PIP structure of aqua-
porin from plant, the AtPIP2;4 monomer was superimposed on the
closed structure of SoPIPI2;1 (Fig. 6C). In this comparison, helices are
fully aligned on top of each other. Loop D, being essential for the
closing mechanism in SoPIP2;1, is resolved in only one of the two
molecules found in the asymmetric unit of the AtPIP2;4 structure.
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Notably, when resolved, it also aligns with the corresponding loop D
region in the SoPIP2;1 structure. The very high correlation between the
structures is not surprising since both share a sequence similarity of
75%.

4. Discussion

The ability to accurately measure hydrogen peroxide transport
through membrane protein targets is of interest for various targets,
where peroxiporins have specific implications in cancer [48]. Diffusion
of hydrogen peroxide through the plasma membrane of S. cerevisiae has
been evaluated previously and suggested to not be mediated by aqua-
porins. This conclusion was based on the observation that the perme-
ability constant, the first-order rate constant for the permeation of HyO,
into the cell, was not altered in the presence of mercuric chloride [49].
Producing aquaporin homologues from plants and mammals in yeast,
on the other hand, has provided direct evidence for hydrogen peroxide
transport across membranes mediated by selected isoforms [50].
However, current methods to evaluate the hydrogen peroxide perme-
ability of aquaporins, including yeast growth and intracellular fluor-
escence dying assays, respectively, rely on expression of aquaporins in
whole cells. An intrinsic difficulty with cell based assays like these is the
variation in expression level between different targets in the same cells.
Hence, it is problematic to standardize the quantity of the aquaporins
and measure the transport efficiencies for different isoforms and mu-
tants. Thus, proper comparison of transport specificities is thereby
difficult. Indeed, the deficiency in performance of hydrogen peroxide
transport among certain aquaporins, such as hAQP1, has been con-
sidered to be explained by a low production level in the cells under
study [51]. The comparison of H,O, permeability between aquaporins
is therefore meaningless without having equal amount of functional
proteins. Here, we have established a new quantitative method to
compare purified and functional aquaporins. We have adapted a
fluorescent liposome assay [36] to reconstitute purified aquaporins into
liposomes and measure hydrogen peroxide transport specifically. As
seen in Fig. 4, the hydrogen peroxide transport is equally efficient for
both plant aquaporins (AtPIP2;4 and SoPIP2;1) while it is clearly less
efficient for hAQP1. Notably, the amount of protein responsible for the
transport in the proteoliposomes is comparable, even though hAQP1 is
a monomer while the AtPIP2;4 and SoPIP2;1 are dimeric when ana-
lyzed by SDS-PAGE. Further, since the measured hydrogen peroxide
transport can be inhibited by mercury it is proved to be protein specific
and occur via the monomeric pore (Fig. 4C). This effect of inhibition
can only be evaluated for hAQP1 for which mercury is a very efficient
inhibitor, blocking the channel entrance by binding to Cys189 [52]. In
the corresponding position in the selectivity filter, the plant aquaporins
have a threonine residue which does not interact with mercury
(Fig. 7A). While the hydrogen peroxide transport was clearly different
for hAQP1 and the plant aquaporins, all three aquaporin isoforms
transport water with comparable efficiencies. Again, the observed
transport was due to similar amounts of protein reconstituted in the
liposomes and the water permeability of hAQP1 could be efficiently
inhibited by mercury (Fig. 5). Taken together, our transport measure-
ments using purified protein support different transport efficiencies for
different aquaporin isoforms, when comparing water and hydrogen
peroxide, respectively.

Based on our functional evaluation of transport specificities for
proteins reconstituted in proteoliposomes, we conclude that the H,0,
transport by an aquaporin is not correlated with the aquaporin specific
transport efficiency for H>O. To shed further light on the differences in
transport observed for aquaporin homologues, and the efficient trans-
port of H,0, for the aquaporin isoform from A. thaliana, we determined
the structure of AtPIP2;4 (Fig. 6). The sequence- and structural align-
ments show that the pore-lining residues of hAqpl, SoPIP2;1 and
AtPIP2;4 are almost identical (Fig. 7A and B). The comparison of spe-
cificity filter residues [9] (F87, H216, T225 and R231 in ATPIP2;4)
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Fig. 6. Crystallization and structural determination of AtPIP2;4. (A) Optimized crystals of AtPI2;4 (28-279) purified to homogeneity. (B) 3D structure of AtPIP2;4
tetramer at 3.7 A resolution as seen from the extracellular side. (C) The high-resolution structure of AtPIP2;4 (green) superimposed on the high-resolution structure of

SoPIP2;1, closed conformation (pdb:1Z98) (purple).

Table 1

Data collection and refinement statistics of AtPIP2;4 (28-279). Statistics for the
highest-resolution shell are shown in parentheses. The largest off-origin peak in
the Patterson function is 4.83% of the height of the origin peak. No significant
pseudotranslation is detected.

AtPIP2;4 (28-279)

Data collection
Wavelength (A)
Space group
Cell dimensions

0.9666
P 6322

a, b, c(A) 218.9 218.9 100.6
a By () 90 90 120
Resolution (A) 48-3.7 (3.8-3.7)
R-meas 0.116 (1.8)
(I/sigma) 13 (1.3)
Completeness 98.2 (94.4)
Redundancy 14.2
Refinement

Resolution (;\)
No. of reflections
Ruwork/Rfree

48.64-3.7 (3.832-3.7)
15,438 (1506)
32.7/35.6 (36.7/35.3)

Mean I/sigma(I) 16.60 (4.25)
Wilson B-factor 137.35
No. of atoms
Non-hydrogen atoms 3649
Protein 487
RMS (bonds) 0.004
RMS (angles) 0.81
Ramachandran favored (%) 89
Ramachandran outliers (%) 2.1

between SoPIP2;1 and hAqp1l does not show any obvious difference in
the diameter of the pore despite the fact that the threonine is a cysteine
in hAQP1 (Fig. 7C). Interestingly, from previous studies it has been
suggested that water permeable aquaporins are also channels for hy-
drogen peroxide, but there might be variations in permeability for
different isoforms. In the same study, it was also observed that the
permeability for water as well as hydrogen peroxide was comparable
despite differences in the pore diameter at the position of the specificity
filter [51]. Therefore, based on our observations as well as previous
studies, we cannot easily explain the observed differences in the water
or hydrogen peroxide transport efficiencies of hAQP1, AtPIP2;4 and
SoPIP2;1 by differences in the inner pore architecture. We rather
speculate that isoform specific loop structures might contribute to the
sieving of the molecules to be transported, thereby contributing to the
variation in specificity observed among aquaporin homologues.
Comparing the sequences of hAQP1, AtPIP2;4 and SoPIP2;1 some
differences are indeed observed in loop A and loop D (Fig. 7A). Loop A,
as compared to AtPIP2;4, SoPIP2;1 is six amino acid residues shorter
and hAQP1 four residues shorter. Since the three aquaporins are all
rather different in loop A, it is not obvious that this loop is responsible
for the observed differences in H,O, transport between the aquaporin
isoforms from plant and human, respectively (Fig. 4). Loop D, on the
other hand, is highly similar between AtPIP2;4 and SoPIP2;1, 17
identical residues out of 19. In hAQP1, loop D is four residues shorter
and it is also lacking the highly conserved leucine involved in channel
regulation of PIPs, Leu197 in SoPIP2;1 [53]. It is therefore not excluded
that Loop D could contribute to transporting molecules with different
efficiencies for various aquaporin isoforms. Interestingly, for SoPIP2;1,
a divalent cation, Cd>" in the crystal structure and possibly Ca®* in
vivo, was pointed out to be critical for defining the closed structure by
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Fig. 7. The selectivity filter of AtPIP2;4. (A) Alignment of hAqp1, AtPIP2;4 and SoPIP2;1 indicating loop A, B, C and D (blue), respectively, as well as the four residues
constituting the selectivity filter of the channel (yellow) where the numbering is the residues of AtPIP2;4 and the mercury sensitive cysteine is underlined. Pore lining
residues of AtPIP2;4 are indicated (magenta) and Leul97 of SoPIP2;1 is indicated with a red box. The truncated form of the protein, AtPIP2;4 (28-279) are lacking
parts of the N- and the C-terminus, respectively (grey). (B) Looking into the AtPIP2;4 channel from the extracellular side, highlighting the pore lining residues in
magenta. (C) Superimposition of selectivity filter residues from AtPIP2;4, SoPIP2;1 and hAqpl. Residues are numbered according to sequence of AtPIP2;4 and
depicted as sticks. Green: AtPIP2;4, orange: hAqpl (pdb:1j4n), purple: SoPIP2;1, closed conformation (pdb:1798). (D) Loop D in AtPIP2;4 (green) and SoPIP2;1
(magenta), respectively, where the Cd** ion was recognized as essential for the closed conformation of the spinach aquaporin.

anchoring loop D [53,54]. In the 3.7A AtPIP2,4 structure, loop D is
resolved in one of two monomers of the asymmetric unit, and, note-
worthy, this loop adopts a very similar conformation implying a closed
conformation also for this PIP from A. thaliana, despite the absence of
the cation (Fig. 7D). Interestingly, this observation opens up for var-
iations in the molecular mechanisms for plant aquaporin regulation.
The regulatory mechanism for water transport by the PIP proteins
are rather well studied, especially well illustrated by the high-resolution
structure of SoPIP2;1 providing a model for the gating mechanism
based on phosphorylation and protonation [53]. Just like SoPIP2;1, the
water transport of AtPIP2;1 has been suggested to be gated by divalent
cations and protons [55] and regulation by phosphorylation has re-
cently been presented for both water and hydrogen peroxide transport
in AtPIP2;1 [56]. Altogether, these observations support a common
gating mechanism for the highly homologues PIP proteins independent
of specificity, suggesting that comparable regulation is also valid for
AtPIP2;4. Nevertheless, observations from this study opens up for ad-
ditional fine tuning of the regulation of the transport, where the loop
regions possibly also influence the specificity of the aquaporin. For
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detailed analysis of the determinants of transport specificities among
aquaporin homologues the hydrogen peroxide assay using proteolipo-
somes will be of great value, especially combined with mutational
analysis.

5. Conclusions

In this study, we present a novel fluorescent based proteoliposome
assay for the analysis of aquaporin facilitated hydrogen peroxide
transport. Based on structural evaluation and water transport analysis,
we suggest that the differences in efficiencies in transport for hydrogen
peroxide between aquaporins cannot easily be explained by differences
in the monomeric pore. To get a deeper understanding of the structural
determinants for transport specificities for different aquaporin homo-
logous, more isoforms need to be characterized, ideally for both
structure and function, combined with mutational studies. Having
quantitative protein assays for different specificities is indeed critical
for this evaluation and pure protein is required. For the human aqua-
porin homologues, several of those are already produced in P. pastoris
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[57] providing a setup for a broader evaluation and comparison. In
conclusion, since we do not find any support from the structures and the
analysis of the actual aquaporin pore explaining the differences in ef-
ficiencies for hydrogen peroxide transport observed for different
aquaporin homologues, we speculate that the explanation could po-
tentially be found in the loop regions. Further analysis would be needed
to evaluate this hypothesis, and for such studies our proteoliposome
assay for hydrogen peroxide will be of high value.
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ABSTRACT

Hydrogen peroxide (H,0;) is an important signal molecule produced in animal and plant cells. The balance of
H,0, between the intra- and extracellular space is regulated by integral membrane proteins, which thereby
modulate signaling. Several methods have been established to analyze aquaporin mediated transport of H,0,
in whole cells with the intrinsic limitation that the amount of protein responsible for a certain activity cannot
be standardized. As a consequence, the quantification of the transport and specific activity is difficult to extract
making it problematic to compare isoforms and mutated variants of one specific target. Moreover, in cell-based
assays, the expression of the target protein may alter the physiological processes of the host cell providing a
complication and the risk of misleading results. To improve the measurements of protein based H,0, transport,
we have developed an assay allowing quantitative measurements.

e Using purified aquaporin reconstituted in proteoliposomes, transport of H,O, can be accurately measured.

o Inside the liposomes, H,0, catalyzes the reaction between Amplex Red and horseradish peroxidase (HRP)
giving rise to the fluorescent product resorufin.

e Analysing pure protein provides direct biochemical evidence of a specific transport excluding putative cellular
background.
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Specification table

Subject Area: Biochemistry, Genetics and Molecular Biology
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Method name: Quantitative assay for H,0, permeability of aquaporins
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original method: inhibition of individual enzyme molecules trapped in lipid vesicles. Proc Natl Acad Sci
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Resource availability: Plate reader

Overview of the method

Cell-based methods for aquaporin mediated hydrogen peroxide transport include qualitative
growth assays using yeast cells combined with fluorescent dyeing and fluorescent probe. These
measurements rely on the expression of the channel proteins in the host cells, and, most
importantly, proper localization of the recombinant protein to the cellular membrane [1-4], factors
that are difficult to fully control and standardize. Noteworthy, recombinant production of the 13
highly homologues plasma membrane intrinsic proteins (PIPs) isoforms from Arabidopsis thaliana in
Saccharomyces cerevisiae using the expression vector pYES2 [5] resulted in major variations in protein
levels (Fig. 1). In conclusion, even when using the same promoter and growth conditions, comparing
transport efficiencies and specificities for the AtPIP isoforms was non-trivial using the cell-based
system [G]. Furthermore, working with cell-based systems, there is a substantial risk that background
reactions within the complex intracellular environment of the host cell interfere with reaction of
interest and influence the final results, an aspect that is also pronounced in less complex cells like
yeast. In addition, the recombinant expression as such, aiming at producing a foreign protein within
the cellular environment, might have a negative impact on endogenous physiological processes which
could also interfere with the analysis giving misleading results.

To avoid possible complications and lack of reproducibility connected to the use of cell-based
systems, a biochemical method for direct evidence of H,0, transport mediated by selected membrane
proteins has been developed using artificial liposomes as host system. It has previously been shown
that the enzymatic reaction of horseradish peroxidase (HRP) can be assayed encapsulated in a lipid
vesicle [7] and the method presented here is a development of this assay where integral membrane
proteins reconstituted into the liposome have been included. In brief, the method relies on liposomes
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Fig. 1. Recombinant production of aquaporins in yeast for functional studies. Immunoblot showing the variation in production
levels of the 13 AtPIPs expressed in yeast cells using the vector of pYES2. All AtPIP isoforms are fused to a C-teminal 6xHis tag
and detected using an anti-His antibody. Figure adapted from Wang et al 2020.
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Fig. 2. Schematic figure of the proteoliposome assay with reconstituted aquaporin for functional analysis of H,0, transport
using a 96-well format. In order to provide the detection system for H,0, transported via the lipid bilayer, Horseradish
peroxidase (HRP) and Amplex Red are encapsulated in the lipid vesicles. The aquaporin mediated transport (orange trace)
is more efficient than simple diffusion (blue trace) giving rise to a faster increase in the fluorescent signal as compared to
background. Figure adapted from Wang et al 2020.

having HRP and Amplex Red (Invitrogen) trapped inside and, at time zero, a defined amount of
H,0, is added on the outside. By balancing the concentrations of internal HRP and Amplex Red,
respectively, as well as optimizing the external concentration of H,0,, the transport efficiency of
proteoliposomes as compared to liposomes can be evaluated. The externally added H,0, penetrates
the lipid membrane of the liposomes by simple diffusion, but importantly, the transport is more
efficient via the aquaporin channel. When H,0, reaches the inside of the vesicle, HRP catalyzes the
reaction of Amplex Red and H,0, forming the highly fluorescent product resorufin which could be
quantified using a plate reader (Fig. 2). The main principle of the method is that a more efficient H,0,
transport over the membrane gives rise to a higher fluorescence. Thereby, the transport of different
aquaporin isoforms can be quantified and accurately compared using empty liposomes as a reference.
In principle, there is nothing hindering the evaluation of other membrane proteins using this method,
providing a general method for H,0, transport using proteoliposomes.
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Experimental procedure
Protein purification and standardization of the amount

Purified protein is required for the reconstitution experiment. Noteworthy, purification of integral
membrane proteins in high yields is challenging in itself, and it is well established that eukaryotic
membrane proteins are the high-hanging fruits for recombinant protein production. Yeast, and
especially the methylotrophic strain Pichia pastoris, has been shown to be a reliable host for
challenging membrane protein targets [8]. High level production of stable protein is a prerequisite
for subsequent purification, where the choice of detergent and purification protocol has to be
optimized to suit each specific target. For AtPIP2;4, specifically, the key steps for the optimized protein
purification procedure [6] is described below.

(a) For large scale production, culture Pichia pastoris transformed with recombinant aquaporin
fused with a C-terminal 8xHis-tag in fermentor, harvest cells and keep at -20°C for future
purification.

(b) For purification, thaw cells and resuspend them in buffer (20 mM Tris, 20 mM NaCl). For cell
breakage, grind the cell resuspension in a bead beater (e.g Bio Spec) for 12 x 30 s, with 30 s
cooling between each run. Collect unbroken cells by centrifugation.

(c) Collect the membrane fraction by ultracentrifugation (200,000 x g, 30 min, 4°C) and resuspend
the membrane pellet in buffer (20 mM Tris-HCl, 200 mM NacCl, 10% glycerol).

(d) Perform a detergent screen to find the best solubilizing agent for the target of interest with

respect to efficiency without compromising with protein function. It is recommended to screen

the following detergents: 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate

(CHAPS), n-Dodecyl-B-DMaltopyranoside (DDM), n-Decyl-8-D-Maltopyranoside (DM),

FosCholine-12 (fc12), n-Dodecyl-N,N-Dimethylamine-N-Oxide (LDAO), Lauryl Maltose Neopentyl

Glycol (MNG), Decyl Glucose Neopentyl Glycol (NG) and n-Octyl-8-D-Glucopyranoside

(B-0G). For the detergent screen, each detergent is added drop-wise to the membrane

resuspension and the final mixture is incubated at 4°C for 2 h with rotation. Non-

solubilized membranes are spun down at 160,000g for 30 min at 4°C and supernatant
as well as pellet are collected for immunoblot analysis to evaluate the efficiency of each
detergent.

For purification, add 10 mM Imidazole to the solubilized material and incubate the solution

with Ni-NTA agarose for 3 h at 4°C. Elute the target aquaporin in elution buffer (20 mM

HCl, 200 mM NaCl, 10% glycerol, detergent, 300 mM imidazole) and concentrate the final

protein sample using e.g VivaSpin 100 kDa concentration tube (Sartorius Stedim Biotech

GmbH).

If increased purity is required, a gel filtration step is advised using e.g a Superdex200 increase

10/300 GL column (GE Healtcare).

(e

~—

—
—
-

For proper comparison of the transport efficiencies, it is critical to standardize the amount
of protein in each reconstitution experiment. In the case of H,O, transport measurements via
aquaporins, the concentration for each protein preparation was determined using the BCA protein
assay or absorbance measurement (280 nm) using the protein specific extinction coefficients, and the
concentration was then adjusted to 0.3 mM for each target.

Preparation of aquaporin-liposomes with encapsulated HRP

All reagents and equipment needed for the reconstitution experiment are listed in Box 1. It is
highly recommended to prepare all the reagents in advance.
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Box 1. Reagents and equipment*

Lipids (E. coli Polar Lipid Extract, Avanti Polar Lipids. inc)

Reconstitution buffer (50 mM NaCl, 50 mM Tris pH 8.0, with or without 1 mM EDTA)

10% OG (n-Octyl-B-D-Glucoside, Anatrace)

1 M NaCl

0.5 M Tris pH 8.0

200 U/ml HRP (type II, Sigma Aldrich)

GF buffer (the buffer used to elute the protein in the last purification step, in the case of aquaporins, 200 mM NaCl and
20 mM Tris pH 8.0 was used).

Bio-Beads (Bio-Beads® SM-2 Hydrophobic absorbents, Bio-Rad)

S400HR Column (GE Healthcare)

Ultracentrifuge (Beckman)

Roller table (kept at 4°C)

* Here we specify material successfully used for the aquaporin containing liposomes in Wang et al 2020, which does
not exclude that alternatives could work equally well.

The experimental procedure for reconstitution of aquaporin in proteoliposomes is listed below as
a-i. It is strongly advised to be thorough in the pipetting procedure so that equal amounts are added
in each sample. Further, to avoid disruption of the preparation it is important to treat the samples as
gentle as possible once the vesicles are formed.

(a) Mix lipid powder with Reconstitution buffer to a concentration of 25 mg/mL. Aliquot the
homogenized mixture into 2 mL tubes, 160 pL in each. The aliquots could be stored at 4°C
for up to two weeks.

(b) For the reconstitution experiment, add compounds to the 2 mL tubes as follows:

Liposomes Proteoliposomess
Lipid (25 mg/mL) 160 pL 160 pL
ddH,0 610 pL 610 uL
1 M Nadl 42 nL 42 pL
0.5 M Tris pH 8.0 84 pL 84 pL
Mix gently
10% OG 100 pL 100 pL
Mix them and let stand for 5 min, now the mixture should be clear.
HRP (200 U/mL) 2 pL 2 pL
GF buffer 6.5 pL -
Aquaporin (0.3 mM) - 6.5 uL
Mix them gently and wait for 5 min
Bio-Beads* 300 mg 300 mg

*Note: bio-beads should be activated by methanol, washed with mQ water two times and finally
equilibrated with reconstitution buffer.

(c) Incubate the mixtures from step b) at 4°C for 3 h with rotation.

(d) To get rid of the bio-beads, centrifuge the mixture (13000xg, 4°C for 5 min) using a 0.22 um
spin filter.

(e) Mix the flow-through with 5 mL Reconstitution buffer (with 1 mM EDTA, all the reconstitution
buffer used from this point should have EDTA added). Collect liposomes by ultracentrifugation
(140,000xg, 4°C for 45min).

(f) Remove the supernatant and wash the liposomes with 5 mL Reconstitution buffer. Collect the
liposomes by ultracentrifugation (140,000xg, 4°C for 45min). Discard the supernatant.

(g) Resuspend the liposomes in 200 pL Reconstitution buffer by gentle mixing. Please note that the
liposomes are fragile and break easily.

(h) Wash residual HRP outside the liposomes away using the S400HR Column (GE Healthcare) [7],
100 pL of the liposome solution is spun at 700xg, 4°C for 30s.

(i) The final flow through is gently mixed with Reconstitution buffer, 500 wuL. The
liposomes/proteoliposomes are now ready for use.
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Hydrogen peroxide transport assay

The actual measurements of hydrogen peroxide is performed in 96-well plates (Fig. 2) and the
detailed procedure is listed in a-e below:

(a) Add 0.6 pL of Amplex Red (AR, Thermo Fisher SCIENTIFIC) stock solution (100 mM) to each of
the prepared liposome samples and mix gently. In order to prepare a negative control, blocking
the aquaporin transport with mercury, additionally 0.9 pL 200 mM HgCl, is added by gentle
mixing.

(b) Add the liposome/proteoliposome mixture to black Matriplate 96 glass bottom plate (Brooks
LIFE SCIENCE SYSTEMS), 150 pL in each well. For each sample, three repeats are prepared in
individual wells. The plate is incubated at room temperature for 20 min before measurements.

(c) Meanwhile, prepare the H,0, solution, 200 uM in Reconstitution buffer (0.2 puL 30% H,0, to 10
mL Reconstitution buffer).

(d) Add the 200 puM H,0, solution to the liposome/proteoliposome mixture, 50 pL in each well,
using a multipipette.

(e) For fluorescent measurements, the plate is immediately put into a plate reader (e.g POLARstar
Omega, BMG TECH). The fluorescent signal from the oxidation of Amplex Red by HRP and H,0,
inside the liposomes is collected for 40 cycles with an interval of 2 min, using the wavelength
of 544 nm and 590 nm for excitation and emission, respectively. Since H,0, penetrates the
liposomes very fast, it is recommended to set up the program before adding H,0,.

Method validation
Optimizing the concentration of H,0,

To establish the method, different concentrations of H,0, was evaluated to define conditions giving
a clear signal to background as well as a distinction between the protein mediated transport and
simple diffusion over the lipid bilayer. Using a low concentration of H,0,, 5 puM, resulted in a low
fluorescent signal and a small difference between the liposomes and proteoliposomes, respectively. A
high H,0, concentration (200 pM), on the other hand, resulted in a fast increase of the fluorescent
intensity with the concomitant risk to cover the difference in transport between liposomes and
proteoliposomes. Noteworthy, using 50 pM H,0, gave an intermediate velocity development for
the fluorescent signal and also an acceptable ratio of signal to background, this concentration was
therefore selected for all measurement of aquaporin mediated H,0, transport as well as for the
negative control with empty liposomes (Fig. 3A).

Confirming protein specific H,0, transport

It is always possible that the actual reconstitution of a protein into the liposome alter the lipid
bilayer and makes it leaky, giving the risk for misinterpretation of the transport in proteoliposomes.
To exclude this possibility, and confirm that the observed H,0, transport indeed was protein specific,
an inhibitor for aquaporin was added to the proteoliposome preparation. Mercury is a well-established
blocker for selected aquaporins, among those hAQP1, and this compound was therefore selected
as inhibitor in the H,0, transport assay. Noteworthy, by mercury addition, the H,0, transport
was fully abolished in the hAQP1 containing proteoliposomes and the curve overlaid the curve
for the liposomes. To exclude that mercury had a negative effect on the lipid bilayer itself, a
control experiment was performed by adding mercury to the empty liposomes, but no effect was
observed confirming that the effect of mercury was protein specific (Fig. 3B). As an additional control
experiment, a putative interference between mercury and the fluorescent reaction provided by AR,
HRP and H,0, was also investigated. Since no background reaction was observed, it was concluded
that mercury is a compatible compound with the assay (Fig. 3C) and, over all, it was concluded that
the observed increase of H,0, transport in proteoliposomes was specifically due to the reconstituted
aquaporin.
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Applicability of the assay for different aquaporin isoforms

In a first comparison, two highly homologues aquaporins from plant, SoPIP2;1 and AtPIP2;4,
were evaluated using the H,0, assay. Both aquaporins showed efficient transport of H,0, and the
fluorescence was clearly higher than the one in empty liposomes. To confirm that the observed
transport was due to comparable amounts of reconstituted protein, the proteoliposome preparations
were analyzed by SDS-PAGE (Fig. 4A). To compare aquaporins from different organisms, AtPIP2;4
was compared to hAQP1 in the same experiment. Interestingly, a difference in H,O, transport was
observed for these two aquaporins. Again, the proteoliposomes were analysed by SDS-PAGE, excluding
that the difference in transport efficiencies were due to different amounts of reconstituted protein
(Fig. 4B). Noteworthy, the result on aquaporin homologues from plant and human, respectively,
indicated that this assay has the potential to compare differences in the capacity of H,O, transport
between different targets.

Comparison of the relative initial rate of H,0, transport

The H,0, assay is efficient in the sense that many samples can be compared simultaneously using
the 96-well format. To quantitate the transport, the initial rate was evaluated for each target, having
a minimum of three repeats. The Initial Rate (IR) was calculated by the equation

IR = dF/dt

where F(t) is the function fitted to the curve, F(0) is the fluorescent intensity at 0 min and t is
the time in minutes. Due to slight deviations in pipetting of the H,0, solution, there are minor
variations between the rates observed for samples measured in different plates, an aspect difficult to
avoid. Since the relative signal is consistent between different plates, however, relative initial rates
were calculated for each sample by calculating the ratio of the initial rate of proteoliposomes to
that of empty liposomes within the same plate. Using this approach, there is no theoretical limit
for the number of samples that could be compared, all together providing a robust way to compare
differences in H,O, permeability among aquaporins. Further, to evaluate the significance of different
transport efficiencies, ANOVA-test is applied giving that a difference is significant for a p value < 0.05

(Fig. 5).
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Discussion

The method we established has been validated as a useful way to compare the capacity of various
aquaporin isoforms in transporting H,0, in vitro. Traditional methods for measuring H,0, transport
are normally based on living cell systems where expressing the aquaporins in vivo constitute an
indispensable step. However, variations in production levels of individual protein targets as well
as unavoidable interferences in the living cells make it non-trivial to accurately compare transport
capacities between targets. Noteworthy, our method overcomes these disadvantages by reconstituting
purified aquaporins in artificial liposomes.

The chemiluminescent probe used in the setup presented here is Amplex Red which is transformed
to resorufin, catalyzed by HRP in the presence of H,0,. In fact, there are alternative fluorescent probes
for detecting H,0, which are established in cell-based assays. One of the most common probes to
detect intracellular H,0, is 2/,7’- Dichlorofluorescein diacetate (DCFH-DA) [9]. DCFH-DA permeates the
cell membrane and is transformed to DCFH in the cell, catalyzed by esterase. However, in comparison
to many other fluorescent probes, the transformation of DCFH to its fluorescent form requires the
participation of additional compounds, like O,, which cannot be controlled [4], and hereby we regard
DCFH-DA as not suitable for our assay since problems with specificity and reproducibility can be
expected. Another common chemical probe for hydrogen peroxide measurements is based on aryl
boronate. Boronate esters of polycyclic aromatic compounds interact with H,O, and release a highly
fluorescent product [10,11]. However, the boronate esters a membrane permeable which makes it
difficult to keep them inside the liposomes. A possible solution to this could be to bind the boronate
esters to a protein target or some other impermeable compound, a reaction that might be difficult
and costly. An additional disadvantage with the boronate esters is that the reaction between H,0, is
irreversible and that could possibly lead to inaccurate quantification of transient fluxes of hydrogen
peroxide [12].

Furthermore, there are protein based fluorescent probes for H,0, based on enginereed proteins,
including the commonly used HyPer. HyPer is based on the bacterial H,0,-sensing transcription
factor OxyR and the circularly permuted yellow fluorescent protein (cpYFP) genetically inserted into
the regulatory domain of OxyR [1]. The conformation of HyPer is altered by H,0, which affects
the disulfide bounds in the protein. A consequence is a shift in the fluorescent read out to an
intensity at 500 nm. The fluorescent shift can also be detected in vitro by purified HyPer [1] and
the protein can easily be encapsulated in liposomes, possibly providing an alternative system for
hydrogen peroxide measurements. However, one concern to reflect upon is the necessity to keep the
thiol group of HyPer reduced when encapsulated into liposomes, just to avoid the risk of disulfide
bond formation in HyPer as a result from the interaction with H,0,. In the validation of this system,
it would therefore be advisable to include an antioxidant, like the widely used B-mercaptoethanol,
being aware of the paradox that the antioxidant itself could interfere with the reaction between HyPer
and H,0,. Pointing this out, we do not exclude that HyPer could be a promising H,0, sensor in the
proteoliposome assay and it would be worth evaluating if this probe could improve the quantitative
assay even further.
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Interactions between membrane proteins in their cellular environment are determinants of the
fine-tuned regulation crucial for all living cells. To shed light on the molecular mechanism of
protein interactions, robust methods to screen and analyse protein complexes are of utmost
importance where most available methods are designed for soluble proteins. The
bimolecular fluorescence complementation (BiFC) assay is an approach which visualizes
complex formation involving protein:protein interaction (PPI) partners in vivo, also for
membrane protein complexes. In this study, we report the development of a high-throughput
screening approach, using fluorescence-activated cell sorting (FACS) to characterize
membrane protein interaction partners in the host Saccharomyces cerevisiae, allowing the
discrimination between constructive complexes and random interaction. The approach
developed in this study will make the use of manual screening obsolete and give the opportunity
to efficiently screen for novel protein interaction partners in vivo in a high-through put setup.



The identification of protein-protein
interactions (PPI) is the key for
understanding cellular networks and their
molecular processes in order to find
effective treatments for the underlying
diseases. Interaction between proteins are
involved in critical functions such as
signaling, posttranslational modification,
trafficking and environmental
communication. Derivation in function of
the interactome is associated with various
diseases such as autoimmune diseases and
cancer.’ The same fundamental role for cell
functionality applies to membrane proteins,
including aquaporins, which play a critical
role in the development of a wide range of
medical implications including, among
others, neurological disorders’” auto-
immune diseases’ and inflammatory
related responses.” 7 Membrane proteins
and their PPI networks are valuable drug
targets® and there is a need for biochemical
analysis and structural techniques which
can give insight into their function. Since
the progression in system biology and
bioinformatics is fast, potential PPIs must
be verified on a large-scale basis in less
time, while aiming for high sensitivity, to
provide targets for further characterization.

Several methods have been developed to
detect PPIs based on different interaction
effects’, such as Surface Plasmon
Resonance’’, Two-Hybrid methods’/, and
biochemical approaches such as Co-
Immunoprecipitation’? and  Pull-down
assays.’? For the various methods available
to detect PPIs, biophysical, genetic or
biochemical, it is necessary to assess
whether the potential benefits of a
technique outweigh its inherent
disadvantages. In recent years, researchers
have had access to a variety of methods® /4
for surveying the interactome, of which
fluorescence-based techniques like
fluorescence resonance energy transfer

(FRET) and Bimolecular fluorescence
complementation (BiFC) for high-
throughput screening of PPIs in living
cells’ 16 have attracted attention. BiFC can
readily be performed in different host
systems, ranging from plant cells’” to more
complex mammalian cells like HEK293/%,
Complementation  fluorescence  was
initially quantified using fluorescence
microscopy’’, however, the benefits with
flow cytometry for the analysis of
fluorescence intensity became obvious?’
enabling high throughput screening while
avoiding artefacts arising from manual
readout. Independent of method used for
evaluation of BiFC pair, the detection of
PPIs has intrinsic challenges such as
unspecific fluorescence background signal
due to self-assembly of the fluorophore
partner and possible tethering of BiFC
partners during translation and
translocation.’’  Thus, using  BIiFC,
awareness of these limitations are needed
and solutions to overcome them are highly
attractive.

In a previous study, we have established the
BiFC method to validate the direct protein-
protein interaction between aquaporin
tetramers and specifically the complex
formed by human aquaporin 0 (hAQPO)
and the regulatory protein Calmodulin
(CaM) using the yeast host Saccharomyces
cerevisiae, where this BiFC complex in
addition aided the purification process.’ In
this specific study, each protein target is
attached to a complementary YFP
molecule  and  constructive = BiFC
complexes were verified”, where the
specific interaction between CaM and the
C-terminus of hAQP0’* brings the YFP
fragments in close proximity. The native
three-dimensional structure of YFP can be
followed by the fluorescence read-out,
providing a method for membrane protein
complex screening where the in vivo



interaction can be analysed directly in its
natural environment. The hAQP0-CaM
complex was initially analysed by manual
readout using fluorescence microscopy and
complex formation was confirmed by
Native Page.”” In this study we aimed at

developing the actual screening procedure
applying  population  screening  and
quantification of the complex using FACS
establishing the full procedure from
transformation and growth of cells to the actual
analysis of the fluorescent signal. Here we

Critical requierements

Day 1 S.cerevisiae O/N in 10 mL YPD, 30 °C, shaking
Day 2 Chemical transformation s= == o Freshl)l;Epge;;?:cIl‘;};imwals
Plate on selective media and .
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ay incubatIt 30 °C L ciency contro
Day 6 Masterplate: 20 colonies per construct == == o Reduced transformation variation
Innoculate 5 mL selective media and = Yeast eulmre mustibelinlogiph
: . ) g phase
g incubation at 30 °C and shaking e F
Expression verification Interaction verification == = ufi Quality control
Confocal
Day 8 microscopy Western Blot FACS measurements

Figure 1: Schematic view of a standardized cell preparation scheme for qualitative and quantitative analysis
of BiFC complexes produced in Saccharomyces cerevisiae cells. The schedule is optimized to finalize the whole
screening process in less than 14 days. Optimization of critical steps throughout the whole procedure have been

emphasized.
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present a standardized method to perform
reliable screening of the aquaporin BiFC
complex using FACS allowing a high
throughput and having the potential to
screen for novel interactions. Additionally,
we want to propose a second validation
criterion as an indicator for authentic BiFC
interaction, the relative fquency of the
interaction.

Results

High throughput screening of aquaporin
BiFC complexes produced in S. cerevisiae
Analyzing the expression and interaction of
two membrane proteins described in this
study with BiFC requires a robust
experimental pathway design, which
assures a consistent fluorescence signal for
further investigation (Figure 1). The
validation is based on at least three
biological repeats based on individual
chemical transformations. A first
investigation of these transformation
events via FACS measurements revealed an
intrinsic fluorescence variation of the
transformants. The intensity of
fluorescence is correlated to a biological
variation connected to the growth phase and
natural variance of the yeast cells. For this
reason, a protocol was established which
standardizes the selection and growth of
transformants to reduce the naturally
occurring transformation variation.

By using fluorescence cytometry as a “pre-
check” technique, ten colonies were
screened directly from the growth plate
after the transformation for fluorescence
activity and thus for the evaluation of the
transformation efficiency. The absence of
fluorescence was considered as an
unsuccessful transformation and therefore
not used in this study. If fluorescence was
detected from individual colonies the
transformation was considered successful
and 20 colonies were randomly picked and

transferred to a fresh SC media agar plate,
constituting the master plate. This
procedure was performed for each
individual biological replicate and finally
ten colonies from each transformation were
grown in liquid media to the log phase and
analysed wusing flow cytometry. As
negative controls, transformants containing
only one plasmid of the BiFC paid were
treated the same way as described above.
However, non-fluorescence was not
considered as an exclusion criterion when
only one part of the YFP (Yc or Yn) fused
with its target was transformed.

AQP0-CaM BiFC pairs are equally
expressed in the cells

Before reading the fluorescence intensity
of the BiFC complexes, it was verified that
the BiFC constructs were correctly
expressed in comparable amounts in vivo.
For this purpose, standardized high density
cell lysates of overnight cultures, loading
the same ODeoo units in each well, were
separated by SDS-PAGE and the various
BiFC pairs were analysed by immunoblot
using anti-YFP and anti YFP split variant
(YFPc , YFPn) antibodies, respectively,
and the sizes of the bands evaluated
(Figure 2). Using the antibody towards the
YFPc part, YFPc-AQPO (40 kDa) and
YFPc-CaM (28 kDa) could be identified at
their expected molecular weights, lane 1-3
in Figure 2A. Furthermore, faint bands of
oligomeric forms of YFP-AQPO could be
seen together with the negative and
positive controls for this antibody, YFPn-
AQPO and YFPc-CaM in lane 5 and 6,
same figure. Untransformed cells are
loaded in lane 7. Similarly, using the
antibody towards the YFPn part, YFPx-
AQPO (47 kDa) and YFPx-AQPOA (41
kDa) could be identified a bit lower than
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Figure 2: Immunoblot analysis of the various
BiFC complexes obtained from cell ly-

sates.. Samples were applied in the following order
on all three blots (A-C): (M) Marker, molecular
weight in kDa, (1) YFPx-AQPO + YFPc-AQPO, (2)
YFPn-AQPO+ YFPc—CaM, (3) YFPn-AQPOA +
YFPc-CaM, (4) YFP-AQPO, (5) YFPN-AQPO, (6)
YFPc —CaM, (7) non-transformed S. cerevisiae
cells. Antibodies against YFPc (A), YFPy (B), or
complemented YFP (C) were used.

their expected molecular weights, lane 1-3
in Figure 2B, which is not uncommon for
membrane protein targets. Furthermore,
the oligomeric states of YFP-AQPO could
be seen in lane 4 as well as the positive
control, YFP»-AQPO in lane 5, and the two
negative controls for this antibody, YFPc-
CaM and untransformed cells, in lane 6 and
7, respectively. Worth noting for the YFPy
antibody, is a faint background band
between 20 and 37 kDa seen in all lanes
(Fig. 2B). In addition, using the antibody
against full YFP (Fig. 2C) gives very
similar immunoblot pattern as the YFPc
antibody (Fig. 2A), indicating that the
epitope for this antibody is located at the C-
terminus. In summary, even though BiFC
complexes are unambiguously produced in
the cells analysed, the major immunoblot
signals correspond to individual parts (lane
1-3) supporting an excess of fragments as
compared to amount of complex actually
formed (see also results below). In all blots,
however, faint bands at higher molecular
weight are also observed, possibly
corresponding to full BiFC complexes.

Noticeable also is the low expression of the
YFPc-AQPO part of the YFPN-AQPO +
YFPc-AQPO BiFC pair (Fig 2A and B, lane
1), which could possibly be related to the
observed poor growth of that mutant,
Nevertheless, by the immunoblot using
various antibodies, the actual production of
the BiFC parts in the host could be verified,
as an important fundamental fact for further
quantitative analysis of the fluorescent
BiFC complex.

Log phase growth is important for
accurate cytometry analysis

For the analysis of the BiFC complexes a
suitable gate was created where 51% of all
events ended up in the selected gate (Fig
3A and B). In order to establish a stable
FACS analysis of biological samples, the
actual pre-growth of the S. cerevisiae
transformants were carefully evaluated.
Initially, picking yeast cells directly from
the SC agar plate was evaluated, however,
the resulting fluorescence was relatively
low (Fig. 3C). Hence, pre-selected
fluorescent cultures grown to the log-phase
(ODs0o = 0.5) were evaluated assuring active
growth of cells producing the BiFC
complex. Indeed, a higher fluorescence was
recorded, showing an additional peak in the
chromatogram further up on the x-axis, as
exemplified by the AQP0-CaM complex
compared to the negative control just
containing one of the fragments, YFPy-
AQPO (Fig. 3C). Noteworthy, a higher
percentage of cells also show fluorescence
for cells pre-grown in liquid culture as
compared to plate growth, indeed about
four times higher for the AQP0-CaM
complex, 21.4 as compared to 4.8. In
conclusion, the cultivation of the
transformed cells in liquid cultures up to
the log phase was crucial for rationalization
and standardization of the cytometry
analysis. This control experiment led to an
optimized growth scheme in liquid SC
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Figure 3. FACS evaluation of BiFC complexes. Applied gate showed as a dot plot with 16000 events in A) and a
pseudo-color plot illustrating a heat-map of all events in B). SSC on the y-axes represents side scatter as indicator of
complexity and FSC on the x-axes represents forward scatter as an indicator of size. The figure 51 means that 51% of

all events ends up inside the gate. C) Representative YFP intensity flow cytometry readouts of the AQP0-CaM BiFC
complex grown on SC media plates versus SC liquid growth to ODggo = 0.5. As a control, a non-fluorescent construct
is shown as comparison. D) FACS analysis of the various BiFC pairs compared in this study together with a negative
control (YFPc-CaM). The figures show representing flow cytometry readouts of YFP intensities from different BiFC
constructs and their individual fluorescent fraction in percentage.

media, which was applied to all cells
analysed and their respective fluorescence
intensities (Fig. 3D). As seen for the
various complexes, transformants
expressing the BiFC protein pairs showed a
peak fluorescence on a logarithmic growth
scale and the predefined growth conditions
make the resulting intensity values more
comparable. The exemplary representation

of individual sample values (Fig. 3D)
cannot show the variety of the analysis of
the entire transformation range, but it is still
possible to identify the different
fluorescence intensities used for accounting
and where the cut-off for the auto-
fluorescent cells lies.

The highest fraction of fluorescent cells



was achieved for the positive control YFP-
AQPO, which is in the same range as the
control BiFC complex, AQP0-AQPO, 30.3
versus 30.8. For the AQP0-CaM complex,
the fraction of fluorescent cells is a bit
lower, 21.4, while the unconstructive
complex where the binding site for CaM is
deleted, only had a fraction of fluorescent
cells of 5.2 (Fig. 3D). Summarizing these
findings, for proper comparison of FACS
signals, log phase cells should be compared
and it is essential to evaluate the actual
intensity of fluorescence as well as the
fraction of fluorescent cells for each target.

BiFC complexes can be visualized by
fluorescence microscopy

A qualitative examination of yeast
transformants  producing the BiFC
complexes using fluorescence microscopy
was performed to confirm the intracellular
production complexes and the absence of
fluorescent aggregates. A BiFC signal
could indeed be successfully detected and
varies between the different pairs. The
strongest qualitative intensity signal was
detected from the single plasmid
transformant YFP-AQPO (Fig. 4), which is
possibly due to an easier uptake of a single
plasmid by the yeast cells combined with
the fact that a single fluorescent fusion
protein is more likely to be fully translated
and does not require a split YFP partner to
be activated. BiFC complexes dependent
on co-transformation, YFPn-AQPO + YFPc
-AQPO and YFPy - AQPO + YFPc —CaM,
showed lower fluorescence intensities in
comparison to the full length YFP-AQPO
control. That observation can be explained
by the need for complex formation between
the co-expressed proteins and the
alignment of the YFP reporter protein. The
single plasmid control, YFPn-AQPO, was
used as a negative control. On the other
hand, the C-terminus deficient BiFC
complex formation control, YFPN-AQPOA

+ YFPc—CaM, showed extremely low
fluorescence intensities supporting that
Fluorescent YFP will not form if the
binding site for CaM on AQPO is deleted.
This observation is in good agreement with
the FACS signal where the frequency of
fluorescent cells was much higher for the
YFPN-AQPO + YFPc-CaM complex  as
compared to the YFPN-AQPOA + YFPc-
CaM complex (21.4% versus 5.2 %, Fig.
3B). Thus, the qualitative microscope
pictures already show the importance of an
interaction-deficient mutant as internal
control samples, since the coincidentally
fluorescence intensity of the C-terminus
deleted mutant is not completely
suppressed.

Besides a qualitative check of fluorescence
frequency and intensity, the observation of
the general condition of the grown cells in
the brightfield setup can provide
information about the overall fitness of the
yeast cells. Observed abnormal cell shapes
can be an indicator for a strained cell and
could indicate low replication rates. For
example, we experienced low growth rates
of the YFPN-AQPO + YFPc-AQPO cell line
and  examination via  brightfield
microscope showed an abnormal cell
shape. In this specific case, we speculate
whether the production could lead to
dysfunctional osmotic balance regulation
due to the aquaporin overexpression.
Altogether, a microscopical confirmation
allows the qualitative verification of targets
for FACS evaluation where proper controls
for the complex formation can be
evaluated.
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Figure 4: Bright field and fluorescence images of subcellular localisation of BiFC complexes produced in
Saccharomyces cerevisiae cells. Highest fluorescence level was obtained from the positive control, cells producing the full
length chromophor fused to human aquaporin 0, YFP-AQPO. Cells transformed with the split variants of YFP, YFPn-AQPO
+YFPc-AQPO and YFPx- AQPO + YFPc—CaM, respectively, showed an intermediate signal, while very faint fluorescence
was observed for the negative AQP0-CaM complex, YFPn-AQPOA + YFPc-CaM complex. Cells expressing single plasmid
were used as non-fluorescent controls.



The fraction of fluorescent cells is a
critical parameter to evaluate successful
BiFC formation

Even though the qualitative microscopy
analysis provides a useful tool to evaluate
BiFC complexes produced in S. cerevisiae,
the method has intrinsic limitations due to
risk and subjective evaluation as well as a
large time demand. A more objective
method having a high-through put is
therefore of major interest where the
median fluorescence intensity values can be
quantitated with robust statistics, and
FACS was therefore evaluated for
screening of the BiFC membrane protein
complexes produced in S. cerevisiae.
Indeed, the readout of cells producing full
length YFP-AQPO expressing a single
plasmid supports the results previously
achieved from the microscope studies with
the highest average median fluorescence
units of 5645 +/- 660, n= 3 x 10
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transformants (Fig. 5A), and thereby
provides a robust standard as a positive
fluorescence control using this method. In
order to confirm that any auto fluorescence
of cells in the selected gating (see Figure
3A and B) can be measured, single plasmid
transformants (YFPc-CaM and YFPx-
AQPO0) were also included in the FACS
evaluation to include proper negative
controls. Furthermore, it is noticeable that
all constructive BiFC pairs generally show
similar average fluorescence intensities,
while the higher YFPx-AQPOA + YFPc -
CaM fluorescence derivation indicates a
larger fraction of non-fluorescent cells. The
constructive BiFC complexes, YFPn -
AQPO + YFPc-AQPO and YFP~x-AQPO +
YFPc-CaM, respectively, show average
fluorescence intensities of 2185 +/- 685 and
1496 +/- 213, while the non-interactive
construct YFPx-AQPOA + YFPc-CaM
shows a higher oscillation of 976

30+
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]

-

Figure 5. Fluorescence intensity and relative YFP frequency of BiFC complexes evaluated using FACS. A)
Average fluorescence intensity is shown for each complex together with the standard error of the mean (n=10 technical
repeats based on at least 3 biological repeats, i.e. independent transformation events). B). The average of the fraction of
fluorescent cells in percentage is shown for each complex together with standard error of the mean (n=10 technical
repeats based on at least 3 biological repeats, i.e. independent transformation events).



fluorescence units around the standard
deviation of 1493 units (Fig. SA, Table 1).
In order to exclude the obliterating effect of
averaging all single measurements over
different transformations, two
transformations of each construct were also
compared individually with respect to their
intensity and relative frequency readouts.
These results are not plotted separately, but
a statistically significant difference was not
observed. Furthermore, the low
fluorescence readout for the single
exemplary YFPN-AQPOA + YFPc-CaM
construct (Fig. 3B) is having a similar but
more volatile fluorescence readout
comparing all transformation populations
(Fig. 5A) indicating that randomly formed
complexes are a more rare event, but when
they are formed, they fluoresce as much as
a constructive BiFC complex. This reveals
the critical need for a second indicator to
distinguish between constructive and non-
constructive complementation.

To more accurately be able to distinguish
constructive and non-constructive BiFC
complexes we included another factor in the
analysis of the BiFC complexes using
FACS, namely the fraction of fluorescent
cells. This criterion provides an additional
quantitative criterion, besides the qualitative
control by microscope examination, which
makes it possible to distinguish between
valid BiFC complementation and random
background interactions. As expected,
single plasmid transformants (YFPx-AQPO
and YFPc-CaM) did not show any
analysable fluorescence fraction of cells
(Fig. 5B), which is consistent with previous
fluorescence intensity measurements (Fig.
5A). The same consensus was found for the
YFP-AQPO construct, which showed the
highest average fluorescence intensity, in full
agreement with the quantitation of the highest
fraction of fluorescent cells at 20,91 % (Fig.
5B). The advantage of defining a second

quantitative selection criterion for the
selection of authentic complex formation
becomes evident when the relative
frequency of fluorescent cells of YFPx -
AQPO + YFPc-CaM, YFPN-AQPOA + YFPc
-CaM is analysed. Focusing only on
intensity levels, the YFPn -AQPOA + YFPc-
CaM cells would be classified as a valid
BiFC  interaction  sample  showing
fluorescence of comparable intensity (1496
units (YFPN-AQPO + YFPc-CaM) versus
1493 units (YFPn-AQPOA + YFPc-CaM),
Fig. 5A), while having a higher internal
variation. Ahe integration of the relative
frequency of fluorescent cells in the
complementation analysis resulted in a more
differentiated conception of how to interpret
the analysis results. Since the cell
preparation prior to analysis was the same
for all constructs, the difference in
fluorescence fractions ((15,23 % +/- 4,07 %
(YFPN-AQPO + YFPc-CaM) vs. 3,54 %+/-
4,12 % (YFPN-AQPOA + YFPc-CaM)) is a
diagnostic tool to distinguish between
constructive  complex formation and
background noise signal due to random
interactions (Table 1).

Taken together, in this study we identified
two criteria, the fluorescence frequency of
occurrence in combination with intensities,
as critical factors for proper evaluation of
complex formation. The first criterion, the
fraction of cells showing fluorescence, or
the relative frequency, also provides a brief
and reliable screening criterion to preclude
potential constructs via the standardised
growing scheme. Cells that didn’t show
any expression were eliminated for
subsequent analysis, which preserves
experimental time and reduces the risk of a
decreased signal-to-noise ratio. In a
subsequent analysis, the levels of relative
fluorescence frequency of the different
constructive constructs to each other were
compared (Fig. 5B). The fraction of cells



Table 1. Overview table of fluorescence intensity and relative YFP frequency of BiFC complexes. Number of
biological repeats (independent transformation event) and the sum of all technical repeats is shown for each construct.
The average of the fluorescence intensity units is shown for each complex together with the variation (standard error
of the mean). The average of the fraction of fluorescent cells in percentage is shown for each complex together with
the standard error of the mean

Constructs Biological Technical Repeats | Average Average Variation Variation
Repeats Fluorescence intensity units | YFP Frequency (%) | Fluorescence intensity units YFP Frequency (%)
3 31 4.94

YFP-AQPO 5645.44 2091 660.36
YFP-AQPO - YFP-AQPO 3 32 2185.00 16.56 657.87 5.40
YFPy-AQPO - YFP.-CaM 3 33 1495.87 25.23 213.24 4.07
YFPy-AQPOA+ YFP-CaM 3 44 1493.20 3.54 976.41 412
YFP.-CaM 3 30 0 0 0 0
YFP,-AQPO 3 30 0 0 0 0
containing  the  interaction-deficient median intensities as a second quality
plasmids YFPx-AQPOA + YFPc-CaM was selection criterion. The average median
defined as the threshold of use to identify fluorescence intensity of the constructive
and distinguish random interference from BiFC pair YFP~-AQPO + YFPc-AQPO
fluorescence complementation. From a compounds to 2185 units +/- 658 (Fig. 5A),
practical point of view, the constructive which is the highest average median of
complementation differed from random constructive BiFC combinations. The
interactions when the relative fluorescence highest fluorescence level defines the
frequency was above the 7,66 % (YFPx- exclusion limit, cells with a lower
AQPOA + YFPc-CaM mean of 3,54 % + fluorescence display were considered as
4,12 % deviation, Fig. SB) of the deficient signal background. Given that the
control construct. This value can be maximum obtainable fluorescence
considered as a threshold to distinguish intensity is determined with 5645+/- 660
between random interaction and complex for YFP-AQPO, (Fig. 5), potential
formation. aquaporin BiFC studies with novel
interaction partners should set the selection
All analysed transformants of full length level to 4985 intensity units (Table 1).
YFP (YFP-AQPO) as well as all the two
constructive BiFC pairs (YFPN-AQPO + Discussion

YFPc-AQPO, YFPN-AQPO + YFPc-CaM)
show a fluorescence frequency of more
than 10 %, indicating a proper alignment of
the two YFP fragments, which can be
distinguished from the single plasmid :
controls and the YFPx-AQPA mutant. A Furthermore, the use of different host

relative fraction of fluorescent cells above systems .has b?fn developeq, from
10% could thus be an indicator of a prokaryotic cells” to eukaryotic yeast

constructive membrane protein complex systems and human cell lines.”" In the case
when analysed using this method. Besides of plant aquaporins, the complex formation
the relative frequency of cells showing cquld be th:gonﬁrmeq by .ﬂuorescence
fluorescence as a basal criterion, this study microscopy.” The {ntegratlon of ﬂ,OW
suggests the use of averaged fluorescence cytometry readout into the analytical

Previously, BiFC has been used to detect
human aquaporin interaction partner in
vivo”, as well as the confirmation of

aquaporin PPIs in living plant cells®.
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process in recent years was a step forward
towards high-throughput screening of
molecular PPI processes, both in human
cells?” as well as in yeast cells*” %/, In this
study, we have shown that human
aquaporin-BiFC complexes produced in S.
cerevisiae can be evaluated in a high
throughput screening (HTS) manner via
flow cytometry and we have established a
detailed protocol for proper interaction
studies. The present study rationalized the
conditions prior to the HTS measurements
while  reducing  unspecific ~ BiFC
background. A streamlined growth scheme
ensures uniform cell populations in the
logarithmic growth phase, where the
expression of target proteins is optimal. The
use of cytometry allows an objective
screening of many populations in an HTS
manner as well as the ability to measure
several parameters in addition to the
intensity of the quality checked cells.

While BiFC complementation is an
established method for the detection and
validation of protein:protein interactions,
the intrinsic disadvantages of the
technique, the distinction between
background signal and valid molecular
based signal and potential false-positive
hits, are still achallenge. The development
of advanced split fluorophores has led to an
increased signal-to-noise ratio®’, but
commonly, only the fluorescence
intensities of complementation events are
analysed. This seems to be natural, but this
approach will favor the detection of events
that show large differences in binding
affinity and is only the indirect indicator of
the association of two binding partner.
Complementation events based on low PPI
affinities or via two-step mechanisms do
not occur often enough to be detected
significantly. On the other hand, the false-
positive rate would increase if too many of
these events were locked via BiFC. Based
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on our evaluation, fluorescence intensities
should not be interpreted in isolation from
their molecular background. Even correctly
designed negative controls such as YFPx-
AQPOA + YFPc-CaM can show intensity
levels that correspond the interaction
controls, although with a higher variance.
This is the reason to include the relative
frequency of fluorescence in the evaluation
of FACS complementation evaluations. The
proportion of cells showing fluorescence is
an indicator that allows the discrimination
of non-constructive pairs from constructive
complex formation. In conclusion, defining
the proportion of fluorescent cells as the
additional analysis criterion allows the
investigation of PPIs with low affinity
and/or complexes with cooperative
complex formation, such as the AQPO-
CaM complementation, while sorting
random interactions away. Co-evaluation
with relative fraction of fluorescent cells
gives more information about the strength
of the interactions, in the meaning and
frequency of actual interaction events, and
allows to distinguish between complexes
with large differences in binding affinities
and  weak  transient  interactions.
Furthermore, a weak two-step interaction
could result in the potential fluorescence
intensity never being reached because the
molecules are not locked often or long
enough to be separated from the
background noise. Interaction processes
like the binding of CaM to two AQPO
molecules is a cumulative process in which
the first interaction favors the final
interaction. Recent interaction studies with
full length protein’ indicate a low affinity
binding of the AQP-CaM interaction
illustrating that also weak interactions can
be evaluated using FACS.

A general aspect of importance specifically
for analysis of BiFC complexes is the
requirement of proper internal controls® ,



which can be non-trivial to achieve for
novel  complexes  where  detailed
biochemical information is missing. When
designing controls, it is therefore of major
importance to consider those lower
interaction frequencies and include those in
the analysis. When cells are screened for the
detection of novel interaction partners, only
clones with high fluorescence intensity and
relative frequency that are individual for
each protein target should be considered.
Noteworthy, the results from this work
emphasize the possibility of setting
thresholds when screening for cells that
show correct BiFC complementation based
on the two criteria; fluorescence intensity
combined with fraction of fluorescent cells.

Even though the FACS analysis
satisfactorily identify fluorescent
complexes, imaging is a relevant

complement just to assure healthy cells are
included in the analysis. Thus, besides the
analysis of the BiFC intensities and relative
frequencies, it is still encouraged to check
the quality of the cells at least once for each
designed construct. This aspect is
especially relevant for membrane protein
complexes where the actual localization
can be observed and putative internal
aggregates found. Worth noting is also that
mutations designed for proper controls may
be complementary at the molecular level,
but can have an impact on the overall health
of the cells. As a result, high fluorescence
intensities can be read out, but a low
percentage of fluorescent cells indicates a
low rate of transformation and slow growth
(see YFPx -AQPO + YFPc -AQPO).
Evaluation of the state of the cells with a
confocal fluorescence microscope could
exclude theoretical mutants that have a
negative influence on the general health of
the cells.

In summary, we present an approach
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combining quantitative and qualitative
criteria for the screening of the biological
variation that influences the evaluation of
BiFC protein complex formation. The
relative frequency of cells showing
fluorescence is a complementary factor that
supports constructive complex formation
and lowers the number of false positive hits
in the screening approach. This study
presents a systematic screening process
that can be utilized for high-throughput
cDNA library screening of novel
interaction partners®’ which opens up for
understanding the underlying mechanics
that are important for cellular functions
associated with medical diseases.

Methods

Genes, vectors, and strains

The BiFC pairs, including human AQPO
and CaM, were cloned in the p423GPD and
p426GPD vectors and transformed to S.
cerevisiae (MYA-1662™ his3, ura3-52), as
previously described (Sjohamn et al. 2016).
For this specific study the following
constructive constructs were selected for
evaluated by FACS screening; YFP-AQPO,
YFP~-AQPO + YFPc—AQPO, YFPN-AQPO
+ YFPc -CaM, YFPx -AQPOA + YFPc -
CaM, YFPx -AQPO, YFPn -AQPO and
YFPc-CaM.

Chemical transformation of S. cerevisiae
For transformation of plasmids, S.
cerevisiae cells with HIS or HIS/URA
deficiency selection marker (MYA-1662™
strain) were inoculated in 5 ml YPD
medium and grown overnight at 30°C. The
next day, the cells were inoculated in 50 ml
YPD medium to a starting ODgoo of 0.25
and grown at 30°C to reach an ODeoo
between 0.7 and 1.0. For the chemical
transformation, cells were fractionated into
50 pl batches and for a single plasmid
transformation, each batch was mixed with
240 pl freshly prepared PEG4000 (50%),



36 ul 1 M freshly prepared LiAc, 50 pg
freshly denatured salmon sperm, 1- 2 ug
(maximum 10 pg) of plasmid DNA and
mQ water was added to a final volume of
360 pl In case of double plasmid
transformation, a minimum of 2 g
(maximum 10 pg) of each plasmid DNA
must be used. The mixture was incubated
at 30°C for 30 min with shaking and a
subsequent heat shock followed for 25 min
at 42°C. The cells were spun down for 15 s
at 5500 g. The pellet was resuspended in
200 pl mQ water, transformed cells were
plated out on selective SC-agar plates and
incubated at 30°C. The single colonies were
grown for at least three days, to become
fully visible on the SC-agar plates. To
verify efficient transformation for each
target, ten colonies from each plate were
randomly tested for fluorescence using
FACS (see below). Before analysis, cells
were resuspended in water and if the
majority of the cells fluoresce, the
transformation was judged as successful
and cells selected for further analysis.

Growth of transformants producing the
BiFC complexes

For successful transformations, master plates
were prepared for each BiFC pair by re-
streaking 20 single colonies on a fresh SC-
agar plate, before re-growing the cultures in
liquid selective me- dia. For each BiFC pair,
or control, twelve colonies from the
masterplate were regrown overnight in 5 ml
SC medium at 30°C with shaking. The
following day, the cells from the overnight
culture were diluted to ODg0o=0.2 into a 12-
well tissue culture plate and incubated at
30°C to reach an ODsoo of 0.5, assuring a
generation time of two hours being a quality
marker for being a culture of healthy cells.
Cultures having a prolonged generation time
were not included in the fluorescence
analysis.
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Fluorescence readout using FACS

Fluorescence intensities of the cell samples
were evaluated using a FACSMelody (BD)
flow cytometer (100 ym nozzle size, blue
excitation laser at 488 nm). For the
fluorescence measurements, S00 ul sample,
cell culture of ODgoo=0.5, was loaded into
the FACS machine assuring a good
resuspension of the cells. Debris and non-
uniform cells were excluded and the
fluorescence intensity of 100,000 cells of
the live population was excited at 488 nm
andevaluated on the FITC channel (527/32
bandpass filter).

Immunoblot analysis

To confirm proper and even production of
the split YFP variants, YFPy and YFPc,
respectively, fused to the targets of interest
or the full-length YFP, cell lysates were
evaluated using Immunoblot analysis. In
brief, the cells of an overnight culture of the
different constructs from the masterplate,
same cells that we used for the FACS
screening, were spun down (5,500g, 5 min.)
and diluted in PBS to an ODggo of 5. Each
sample was resuspended in 200 yl 1x SDS
resuspension buffer (46 pL 4x Laemmli
sample buffer (BioRad), 20 mM DTT, 150
pL mq H20) and heated for 8 min at 95°C.
Cell debris were spun down (15000g, 5
min) and 14 pl of each sample were loaded
on a SDS-PAGE gel (BioRad Protean TGX,
4-20%, 16 min, 300 V). A fast blotting
procedure was performed (BioRad Trans-
Blot Turbo, TGX Turbo protocol) to a
PVDF membrane (Amersham Hybond
PVDF). Three different antibodies were
used in separate immunoblots directed
towards the YFP split YFP variants (anti
YFPc: Roche Diagnostics #11814460001;
anti YFPn: BioLegend #902601) and the
full length YFP (Thermo Scientific
#CAB4211), respectively, using a Pierce
Fast Western Blot kit (ECL substrate) from
Thermo Scientific. The chemiluminescence



signal was detected via luminol
enhancement from the kit. Fluorescence
detection was manually performed and
captured using a ChemiDoc MP imager
from BioRad and Image Lab software.

Fluorescence microscopy and image
analysis

Images of the transformants were
generated with an exposure time of 200 ms
at an inverted Zeiss Axio Observer.Z1
flurescence microscope with an Axiocam
506 camera. A Plan- Apochromat
100x/1.40 oil DIC M27 objective was fitted
to the microscope. YFP excitation was
performed at 508 nm, using a 450 - 490 nm
filter with a HXP mercury short-arc lamp.
The emitted fluorescence light at 524 nm
was analysed after passing a 500 - 550 nm
filter. Zeiss Zen blue software was used to
capture and process the data.
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