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Abstract

Water is the basis for life as we know it. It is only logical then that all organisms have
evolved specialized proteins, aquaporins, which regulate water flow across their
membranes. Plants, which are immobile, depend more on their environment and also
use water flows to move, to breathe, and to grow. This is reflected by the much more
diverse set of aquaporins plants facilitate. These work in cohort to tightly control the
water flow throughout the plant.

The aim of this thesis has been to deepen the understanding of a spinach leaf
aquaporin, SoPIP2:1 and to develop new tools for structural studies of membrane
proteins. We have studied how the SoPIP2;1 function is modulated by pH, calcium
and mercury using X-ray crystallography and water transport assays in
proteoliposomes. We elucidated the pH gating mechanism, discovered an additional
binding site for calcium, found an unusual activating effect of mercury and
hypothesized a novel mechanism by which this occurs.

We have also used X-ray scattering techniques for structural studies of SoPIP2;1 in
solution, thereby circumventing the need for crystallization. Using WAXS we studied
the calcium-induced structural changes of SoPIP2;1 in detergent micelles. However,
solvation in detergent micelles is a problem in many ways, both for the protein and for
many research tools. To deal with this we explored the nanodisc system, which is a
soluble discoidal bilayer in which membrane proteins can be reconstituted — thus
creating a homogenous population of soluble membrane proteins without the need for
detergent. We then used this tool to extract useful structural data from SoPIP2;1
using SAXS/SANS.



Abbreviations:

AQP Aquaporin ER Endoplasmic reticulum
PIP Plasma membrane intrinsic protein | Cholate 3,7c,12a-Trihydroxy-58-cholan-24-
oic acid
NIP Nodulin-26-like intrinsic protein B-0G n-Octyl-B-D-glucopyranoside
TIP Tonoplast intrinsic protein DDM n-Dodecyl-B-D-maltopyranoside
SIP Small basic intrinsic protein DM n-Decyl-B-D-maltopyranoside
XIP uncategorized X intrinsic protein GFP Green fluorescent protein
GIP GlpF-like intrinsic protein IMAC Immobilized metal affinity
chromatography
HIP Hybrid intrinsic protein SEC Size exclusion chromatography
SAS Small-angle scattering cmC Critical micelle concentration
SAXS Small-angle X-ray scattering NMR Nuclear magnetic resonance
SANS Small-angle neutron scattering MSP Membrane scaffold protein
WAXS Wide-angle X-ray scattering NPA Asn-Pro-Ala
POPC  1-palmitoyl-2-oleoyl-sn-glycero-3- MD Molecular dynamics
phosphocholine
SUvV Small unilamellar vesicle HPLC High performance liquid
chromatography
MLV Multi lamerllar vesicle A Angstrém (0.1 nm)
DNA Deoxyribonucleic acid Da Dalton
ATP Adenosine Tri-Phosphate uv Ultraviolett
ADP Adenosine Di-Phosphate IR Infrared
SNARE  Soluble NSF Attachment Protein GPCR G-protein coupled receptors
Receptors
Organisms:
Escherichia coli Medicago truncatula
Saccharomyces cerevisiae Nicotiana tabacum
Pichia pastoris Oryza sativa L. cv Nipponbare
Plasmodium falciparum Populus trichocarpa
Xenopus laevis Solanum lycopersicum
Arabidopsis thaliana Spinacia oleracea
Glycine max L Vitis vinifera L
Mesembryanthemum crystallinum Zea mays
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1. The scope of this thesis

When | laid the foundation for the story of this thesis | found myself somewhere in-
between structural and physical biochemistry. Here | have tried to employ the tools
from both worlds to grasp the mechanisms behind these tiny workers, our proteins.
The lipid perspective is always important when explaining membrane protein behavior
and structure. Although the scope of this thesis is not lipids in themselves, the
importance of their role in membrane protein chemistry and how we can use them as

tools to gain knowledge has always been present.

| have studied a spinach leaf water channel (SoPIP2;1) using scattering and diffraction
with a dual goal; On the one hand, the more we look at this protein the more it
teaches us about the complexity of nature, and on the other hand, this well studied
protein has been an excellent candidate for further development of techniques in

membrane protein research.

In Paper | we wanted to study the pH dependency of the gating mechanism in
SoPIP2;1 With X-ray crystallography we determined the structure of a protein
tetramer where we could visualize exactly how acidification can switch off protein

function in times of stress.

In Paper Il we wanted to investigate the structural mechanics behind SoPIP2;1's
mercury sensitivity by determining the structure in complex with mercury, and by
measuring its water transporting properties on different mutants.

In Paper Il we turned our focus on the calcium dependency of SoPIP2;1. With wide-
angle X-ray scattering (WAXS) we could observe the structural changes of the protein
upon UV-triggered calcium release.

In Paper IV we wanted to utilize the recently popular nanodisc system to study
membrane proteins using small-angle X-ray scattering (SAXS) in combination with
small-angle neutron scattering (SANS). The nanodiscs provided a new, simple way of
studying membrane proteins in a more native milieu, and we evaluated the current

limits of this technique.



2. Proteins and lipids

2.1 Proteins are workers in the cell

Imagine a medieval city. Each inhabitant of this city has a purpose, a job, with a very
specific task that he or she performs. No city would function properly without these
tasks being performed correctly, and by a specific amount of workers. Each city is
surrounded by walls patrolled by guards to protect itself from outside forces. To
control influx and efflux of both people and goods the guards of the wall has to
maintain gates. The government resides in the castle in the center of the city,
surrounded by an inner city wall. This government is in charge of changing work force
distribution in response to the demands of the city. In times of war or natural disaster,
the government rallies its army and the city gates are closed, and during calmer times

more incentives are given for expansion.

A cell is much like a medieval city where its inhabitants are proteins. Each protein has
a very specific task it is evolutionary distilled to perform, and each task has a very
specific amount of proteins assigned to it, decided by the governing transcription
machinery residing in the nucleus of eukaryotic cells. The walls of the cell, the cell
membrane, protects the cell from the outside world and the guards of this wall are the
membrane proteins that control biomolecule influx and efflux as well as relaying

important signaling molecules to the inner cell compartments.

If we want to understand the cell, we have to study its inhabitants, the proteins, what
they work with, and how they do their job. In the human genome the number of
different protein encoding genes is estimated to over 19,000' — not taking into account
variations due to posttranscriptional and posttranslational modifications. It is
important to fully understand each and every one of them so that we can better
understand diseases, develop better medicine and, as always, hope for serendipitous
discoveries that can change the world.

We readily use smaller organisms such as mice, flies, plants, yeast, and bacteria as
model organisms for humans, because everything in nature originates from a common
ancestor. Plant research is also very important because of the ever growing need to
feed our societies. In the next decennia substantial improvements in agriculture is
needed to accommodate the increase in population and living standards that we see
today.



2.2 A brief history of protein research

The story of protein research began in the early 18™ century when Antoine Fourcroy
and others started to characterize wheat gluten and found it to be similar to extracts
from other plants as well as milk, although they weren't called proteins at the time?.
The word “protein” was coined much later, in 1838, by the Dutch chemist Gerardus
Johannes Mulder after having it suggested to him in a letter from the Swedish chemist
Jéns Jacob Berzelius®. By this time the constituents of proteins were starting to be
identified but it took until 1935 to identify threonine as the last of the 20 essential
amino acids®. During that decennium the enzyme urease was proven to be a protein®,
and hemoglobin was identified as the color component of blood and it became the first
crystallized protein®. By the 20t century an image had started to emerge suggesting
that proteins were something more than just bulk matter.

With  the advent of X-ray 600 -

crystallography in the early 20% w00

century, protein scientists wondered
if it would ever be possible to 400 1
determine the structure of

something as large as a protein.
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Figure 2.1 The total number of unique membrane

protein structures deposited in the PDB database
each year from 1985 to 2014. Data taken from
up huge possibilities in the field. To  http://blanco.biomol.uci.edu/mpstruc/ 2015-02-20
be able to see these otherwise

determine the three dimensional
structure of a protein would open

intangible molecules would help scientists to understand protein function at a much
faster pace than previously. In 1958 Sir John C. Kendrew managed to solve the
structure of sperm whale myoglobin” — a feat that awarded him the Nobel prize in
chemistry in 1962.

There is a metaphor that is not entirely accurate, but serves to visualize the principle
of X-ray crystallography. Imagine a crystal chandelier hanging from the roof of a dark,

empty, room. Propose that you can't image it directly, but you can illuminate it using



a very strong and precise flashlight. If you observe all the tiny reflections across the
walls in the room as you walk around the chandelier the location and intensity of these
spots can then be used to calculate exactly what the chandelier looks like.

As of 2015, over 98,000 protein structures are publicly available in the protein data
bank®, out of which over 55,000 are unique structures. However, the number of unique
membrane protein structures is only 520° — less than 1% of the total (Figure 2.1). In
contrast, 27% of the human proteome is estimated to be alpha-helical transmembrane

proteinslo.

The first membrane protein structure, of photosynthetic reaction center, was solved in
1984, more than 25 years after the first soluble protein structure. This lag in
progress was, and still is, because of the huge increase in difficulty in producing,
purifying and crystallizing membrane proteins as compared to soluble proteins. In
contrast to this, almost all commercially available drugs target proteins in some way,
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with approximately 70% of those being membrane proteins™. The importance of

developing better methods for studying membrane proteins is obvious.

2.3 Lipid bilayers
Lipid bilayers assemble spontaneously from free lipids due to the hydrophobic effect.
This provides the basis for sustainable life as these walls provide protection from the
outside world, as well as the ability to build up osmotic and ionic gradients used for
signaling and energy generation.

It is very easy to generalize these lipid bilayers to be a homogenous, invariable, sea of
lipids whose only function is to compartmentalize organelles and carry membrane
proteins randomly distributed across the membrane. This was for decades the generally
accepted fluid mosaic model™®. However, the understanding of the complexity of the
membranes has increased over the years as we have developed more advanced tools.
The bilayer is not a homogenous and invariable entity, which | will try and illustrate in
this introduction. Before | describe the interplay between membrane proteins and
properties of the bilayer, | will take some time to get to know the bilayer itself.

The choice of lipids and concentration of them helps the organisms to mold their
membranes in to exactly what they need. The lipid metabolites and pathway strategy
(LIPID MAPS) structure database currently contains over 37,000 different Iipids”, but



could theoretically be expanded to over 100,000 species®®, illustrating how much effort
life spends on varying these compounds to suit different needs.

Lipid classification

The lipids are usually divided into W\/\/:\/\/\/\j)\o Phospholipid

three main groups: phospholipids,

o X _0,_.0 .
glycolipids and sterols (Figure 2.2). \/\/W\/W\g F 75
OH

oo

The head groups are either anionic ¢
) \/\O'T_OM

or zwitterionic. Phospholipids can I
either be phosphoglycerides, most Sphingolipid  r

often built on glycerol-3-phosphate, & Cholesterol

HO
Figure 2.2 Examples of three common lipids.

Phospholipids are usually made up by a phosphate
called sphingosine. Glycolipids are group and a glycerol derivate. When a lipid is instead
sphingolipids with a sugar instead made up by an amino alcohol it's a sphingolipid.
Cholesterol is the most common sterol.

or sphingolipids. Sphingolipids are

built on a long-chain amino alcohol

of phosphate. Sterols and linear
isoprenoids are derivatives  of
isoprene (2-methyl-1,3-butadiene).

Lipids in cells

The types of lipids and their concentration can be different depending on which side of
the bilayer you're looking at. The observation of this asymmetry led to the discovery of
the phospholipid transportation enzymes: flippases, floppases and scramblases'®8. Not
only can lipid composition differ between inner and outer leaflet, they can polarize
laterally into micro-domains called lipid rafts (Figure 2.3). When compared to the rest
of the bilayer these rafts are enriched in sterols or sphingomyelin, giving them different
properties such as increased thickness and decreased fluidity19_22. The discovery of lipid
rafts helps us realize that the bilayer is a heterogeneous milieu where local
microenvironments constantly are created and dissipated.

Prokaryotes have little to none of the sterols while it can vary up to 25% of dry
membrane weight in eukaryotes®. The sterols interact with other lipids mainly through
the hydrophobic effect, but prefers sphingomyelin because of hydrogen bonding with
its amide head group**?. Since sterols are bulkier and more rigid they fill out the
space in between normal lipid tails, lowering their hydrocarbon chain flexibility and



increases bilayer packing density. This in turn lowers solute permeability and increases
bilayer thickness and mechanical strenght®®>. An example of the cholesterol effect is
that membranes with typical concentrations of cholesterol demonstrate a very low CO>
permeability®®. Depletion of cholesterol can increase this permeability by a factor of
two?.

Sphingolipids are a major component of plant plasma membranes®. Up to 40% of the
plasma membrane can consist of sphingolipids and they tend to enrich the outer
leaflet?®®. A notable example of adaptation is how plants handle phosphate shortage.
During those times the phospholipids in the plant bilayers are replaced with
galactolipidszg’30. These non-phospholipids are similar to sphingolipids but lack the
nitrogen. Most research on sterols in bilayers is done on cholesterol, but plants employ
different kinds, such as stigmasterol and B-sitosterol. However, they exhibit similar,
although not entirely equal, properties as cholesterol®!, thus studies done on

cholesterol can mostly be transferrable to plant physiology.

5 7

Figure 2.3 A simplified cross section view of a lipid bllayer 1) Lipid bllayer 2) A cholesterol
enriched raft portion 3) Transmembrane protein that preferentially moves into rafts 4)
Transmembrane protein that preferentially moves into normal areas 5) Glycosylated lipid 6)
Cholesterol 7) GPl-anchored protein 8) Glycosylated protein. Image based on original by Artur
Jan Fijatkowski, distributed under a CC-BY 2.5 license.



2.4 Interplay between proteins and the lipid bilayer

The most important realization in this area of research is that bilayers do not only
function to carry membrane proteins. Lipids have been shown to interact with, and
help regulate, proteins. Some proteins are not stable without certain lipids, and some
are not even functional. There's also a wide array of mechanosensitive proteins that
are gated by external mechanical forces acting upon the lipid bilayer. In the following
paragraphs | will exemplify this interplay between lipids and proteins.

Thickness and elasticity

There are many examples of proteins being altered by the bilayer thickness or

elasticity: The maltose ABC transporter®?, the sugar transporter melibiose permease®,

34, several ion channels35, mitogen activated protein kinases36, and

diacylglycerol kinase
the water transporters Aquaporin 03" and Aquaporin 4%, These findings all point
towards an importance in matching the bilayer thickness with the hydrophobic regions

of transmembrane proteins.
Protein-lipid direct interaction

Direct interaction with specific lipids is important for many protein functions. Acidic

phospholipids has been show to affect activity of a variety of membrane proteins,
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including the translocon SecA% ™ the neurotensin receptor , the nicotinic

acetylcholine receptor43, and a transmembrane bacterial chemoreceptor44. Similarly,

cholesterol has been implicated in regulating membrane proteins such as the

|45,46

endothelial inward-rectifier potassium channe , and a calcium-activated potassium

channel*”. Cardiolipin is needed for functionality and stability in mitochondrial

#8849 and several carriers®®®. This

membrane proteins, such as: cytochrome c oxidase
dependency amongst the mitochondrial proteins is not very surprising as the

mitochondrial membranes contain up to 20% cardiolipin®.



Mechanosensitivity

Many ion-channels are mechanosensitive which makes it possible to respond to
external stimuli such as sound, touch, gravity and pressure. The first mechanosensitive
channel protein was found in 1983 by Falguni Guharay and Frederick Sachs in the
skeletal muscle of chicken®®. The now most characterized of these is the bacterial
large-conductance mechanosensitive channel (MscL)®*. Mechanical stimuli has been

also been implicated to modulate function of at least four different water channels®’>>"

57

Lipid rafts

Lipid rafts has been seen to be enriched in glycosylphosphatidylinositol-anchored (GPI-
anchored) proteins and certain transmembrane proteins®®® (Figure 2.3). Specifically it
seems that rafts are used as a sorting mechanism in the Golgi apparatus to traffic
proteins to the plasma membrane® 2. The enrichment of sterols in rafts increases the
thickness of the bilayer. This can in turn make protein preferentially partition into
these rafts as they want to minimize hydrophobic mismatch. The opposite could also
be true; membrane proteins could induce rafts by recruiting sterols as a lipid shell.



3. Water transport across the cell membrane

All cell membranes are somewhat permeable to water due to diffusion through the
lipid bilayers. This was also thought to be the main mode of water transport in cells
for the longest time. The first entry of water pores in the literature comes from 1957
when Paganelli and Solomon measured the surprisingly high diffusion rate of water
across human red blood cells®®. To account for this they suggested that cylindrical
water pores 3.5 A in diameter were present in the membrane. An alternative
hypothesis suggested kinks and defects in the lipid bilayer as a possible explanation for
this diffusion deviation®, but further evaluation calculated that such irregularities
account for no more than 10% of the increased water flow®.

In 1988, when Peter Agre's group was working on the rhesus blood group antigens
they isolated an unknown 28 kDa protein that kept appearing on their gels®®. They
were intrigued, since as much as 20% of the initial purifications consisted of this

contaminant.

Three years later, in 1991, they had managed to isolate the cDNA and found it to be
related to proteins in a large variety of organisms: bacteria, plants, flies, and cows®".
Since the protein seemed to exist in all kingdoms of life, and was present in both
membranes of red blood cells in renal tubules, they speculated that this was the long
sought for water channel. After a most likely intense year of research they published
their proofs that this unknown 28kDa protein indeed was a water channel®. By
injecting Xenopus oocytes with aquaporin cDNA and then measured swelling rates in
response to osmotic shock they could see a dramatic increase in permeability compared
to their controls. Their discovery gave Peter Agre the Nobel Prize in Chemistry in

2003.

3.1 The aquaporin family
Most membrane proteins can be divided in to three large classes: transporters,
receptors and enzymes® (Table 3.1). Transporters transport atoms, ions, molecules
and electrons across the membrane and responsible for maintaining homeostasis or
creating biochemical gradients. Receptors are information mediators. They receive a

signal in form of a binding ligand, and upon doing so they creates a cellular response.

The transport proteins are divided into three major families: 1) channels, which are
either ion channels or aquaporins, 2) active transporters, which are either ABC-



transporters or ATPases, and 3) the solute carrier superfamily’®. Transport occurs
either downstream the gradient (passive transport), or upstream the gradient, using
either an energy source such as ATP (primary active transport) or a coupled transport
of a second solute travelling downstream (secondary active transport).

Aquaporins, which is the topic of this thesis, belong to the channel class of membrane
transporters. They are passive transporters, always netting a water transport
downstream an osmotic gradient. Even though the notion of a water channel may
seem simple at first glance, it is an essential protein for all multicellular organisms and
has a highly complex mechanism that ensures that ions and large molecules are
excluded from the pore.

Table 3.1 Membrane proteins are divided into three major families which are then further
divided into sub-classes. The genes are the amount estimated in the human genome. All data
taken from Almén et al.'°.

Family Class Genes Family Class Genes
G-protein coupled and 7TM 901 Aquaporins & ion channels 250
receptors
Receptor-type kinases 72 Solute carrier superfamily 2393
Receptors Receptors of t.he immunoglobulin 149 | Transporters Active transporters 81
superfamily and related
Scavenger receptors and related 63 Other transporters 51
Other receptors 167 Auxiliary transport proteins 42
Oxidoreductases 123 Structure/Adhesion proteins 187
Transferases 194 Ligand proteins 181
Hydrolases 178 | Miscellaneous  Protein of unknown function 57
Enzymes Lyases 17 Other 272
Isomerases 5 Auxiliary transport proteins 42
Ligases 6
Multuple EC proteins 6
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In mammals there are 13 aquaporin homologues (AQPO0-12) expressed in a wide

971 Human aquaporins concentrate urine in the kidneys'>",

maintains lens transparency in eyes’®, maintains water homeostasis in the brain’,

variety of tissues

keeps the skin moist’®, and is involved in tumor progression’® just to mention a few
examples. These twelve are divided into three subgroups based on homology and
substrate specificity: aquaporins (AQPO,1,2,4,5,6,8), aquaglyceroporins (AQP3,7,9,10),
and superaquaporins (AQP11,12)". In addition to water the mammalian aquaporins

|78—82, urea78,79,81,83’ anion584_86, C0226,87,88,

have been shown to transport glycero
NH;8"#, hydrogen peroxide®™ and arsenite™. Aquaporins appear to serve a lot more

functions than first believed.

3.2 Plant aquaporins

Have you ever wondered how plants move water from soil, through their roots and
stem, to their leaves? The cohesion-tension theory has been the leading theory for over
100 years. In short, leaf evaporation lowers the water potential in the leaves, causing
new water to move in from the stem. This in turn, creates a capillary effect
throughout the plant, causing an inflow of fresh water from the soil through the
roots’?. Another important concept in plant physiology is turgor pressure. When the
vacuole of a plant cell fills up the cell exert an outward pressure on the cell wall. This
turgidity is what the plant relies on to maintain rigidity, as well as being used for cell
expansion®®, opening and closing of the stomata® and being the driving force in
opening and closing of petals®.

The diversity of plant aquaporins

Plants demonstrate an even wider variety of aquaporins than mammals. There are 35,
36, 37, 33, 28 and 66 aquaporin homologues expressed in Arabidopsis tha/iana%, maize
(Zea mays)”, tomato (Solanum lycopersicum)®, rice (Oryza sativa L. cv

Nipponbare)®, grapevine (Vitis vinifera L)% )10t

, and soybean (Glycine max L
respectively. Based on sequence homology, the plant aquaporins are divided into seven
classes with the main five being: tonoplast intrinsic proteins (TIPs), plasma membrane
intrinsic proteins (PIPs), NOD26-like intrinsic proteins (NIPs), small basic intrinsic
proteins (SIPs)'® and uncategorized X intrinsic proteins (XIPs)'®1% The remaining
two classes have only been identified in some species of moss: GlpF-like intrinsic

proteins (GIPs)'®1% and hybrid intrinsic proteins (HIPs)!%3%,
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PIPs are the most abundant aquaporin in the plasma membrane while the TIPs are
the most abundant in the tonoplast (vacuolar) membrane®®!®. NIPs localize to the

107,108

plasma membrane or the endoplasmic reticulum®®, but are most prevalent in the

peribacteroid membrane of nitrogen-fixing symbiotic nodules of legume roots. SIPs

localizes to the endoplasmic reticulum®®,

Aquaporins facilitate more than just water

As has been discovered the past ten years, the plants take up a variety of other solutes
through the aquaporins in their roots. Plant aquaporins have been shown to transport

112,113 89,115

urea , glycerollu_lls, formamide , acetamidells, boric acid108'113, silicic acid107,

117,118

lactic acid™®, methylammonium and NHs®®, CO, and hydrogen peroxide™.

The large number of plant aquaporin homologues and substrate specificities reflects
the different life plants lead. Tight regulation of water flow is necessary to maintain
water homeostasis in all organisms, but more so in plants. Plants are quite immobile
and very dependent on the local environment for their survival, so they need to
regulate their water intake and outflux in response to either sudden (e.g. flooding or
drought) or gradual environmental changes (e.g. the night/day cycle). Apart from the
transcriptional and translational regulation, which | will not go into detail here, there
are two more direct modes employed: trafficking and gating, acting on the location
and conformation of the actual protein.

3.2.1 Trafficking

Protein trafficking refers to how membrane proteins are regulated by transportation
between different organelle membranes and vesicle membranes. The most studied
aquaporin regulated by trafficking is AQP2, which is a vasopressin regulated water
channel in the human kidney'*°, but what is known about plant aquaporin trafficking?

Effects of osmotic stress

Osmotic and salt stress induces a relocalization of plasma membrane aquaporins in

12013 |n the plant Mesembryanthemum crystallinum, McTIP1;2 is

121

plant roots
glycosylated and relocalized to the endosomal compartments during osmotic stress
Under salt stress both AtPIPs and AtTIPs are heavily decreased in the plasma
membrane, both by downregulation of expression and by relocalization into subcellular

compartments'?%. This relocalization is mediated through hydrogen peroxide induced
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dephosphorylation of the C-terminus'®*. Exactly why this regulation happens and what
the effects are is still not entirely clear.

Heterotetramerization

When PIP1s are expressed alone in oocytes, they generally show little to no water
transport where PIP2s, on the other hand, show a remarkable increase in water

125 It turns out that PIP1s does not localize to the plasma membrane

permeability
correctly when expressed alone, and that they heterotetramerize with PIP2s in vivo to
be correctly targeted to the plasma membrane. In vivo studies has confirmed that
PIP1s are retained to the endoplasmic reticulum when expressed alone, but when co-
expressed with PIP2s they are both correctly trafficked to the plasma membrane as a

result of interactions between the two'?°.

Several PIPs has a di-acidic motif in the N-terminal which can act as an endoplasmic
reticulum (ER) export signal. When this motif was mutated in AtPIP2;1, ZmPIP2;4

127,128

and ZmPIP2;5, they were retained in the endoplasmic reticulum However,

ZmPIP2;1 lacks this motif and is still exported, and inclusion of the motif in the N-

128

terminal of ZmPIP1;2 was not sufficient for exportation™®. There must be some

additional, currently unknown, export or retention signal.
Membrane polarization

Although many aquaporins are homogenously distributed in the membrane, there are
more and more instances where a polarization has been observed. The boron acid
aquaporin AtNIP5;1 and the silicic acid aquaporin OsNIP2;1 are both preferentially
trafficked to the outward facing plasma domains of root cells'?**3. A single-molecule
analysis of AtPIP2;1 in roots using variable-angle evanescent wave microscopy and
fluorescence correlation spectroscopy showed a heterogeneous distribution in the
plasma membrane and that membrane rafts and clathrin were involved in the
subcellular cycling that followed salt stress™!. Clathrin is a protein that plays a major

role in creating the small vesicles used in cycling.

3.2.2 Gating

Regulation of mRNA transcription, protein translation, and protein trafficking, all work
by regulating the physical presence of protein in the membranes. Protein gating works

on the protein itself, and involves conformational changes often triggered by post-
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translational modifications. Aquaporin gating is based on amino acid residues
physically occluding the water conducting pore. These conformational changes are
induced by either indirect or direct signals. Direct signals can be a change in pH where
protonation of residues induces the gating, or binding of calcium. An example of
indirect signal is phosphorylation where the kinases are the key proteins that respond

to stimuli.
PIP and TIP gating

PIP aquaporins have a gating mechanism that can respond immediately to changes in

132 Flooding of plant roots cause a

pH, calcium concentration and phosphorylation
rapid decrease in cytosolic pH due to anoxia'®®, which leads to the closing of most PIP
water channels in the plasma membrane®* 3. The pH dependency of this gating is
attributed to the protonation of a conserved histidine residue in an intracellular loop*2.
Calcium changes has a similar effect on PIP where an increase in cytosolic levels of
Ca®* almost completely inhibits the water transport'>*'**!3" Phosphorylation, one of
the most common post-translational modifications, has been seen in a wide array of
plant aquaporins including PIP2s where it increases their activity’***3. Upon drought
the serine is dephosphorylated which lowers the water transport activity and closes the
stomata’*'. Some TIP aquaporins has also been shown to be gated by pH, although
the feature is not as common as with PIPs. WTIP2:1'* and AtTIP5;1145 is inhibited

by low pH attributed to a histidine in Loop D — similar to PIPs.

3.3 Structural features

To date, the crystallographic structure of eleven different aquaporins have been solved;
five mammalian, AQP0™®, AQP1'¥, AQP2® AQP4* and AQP5'°: one yeast,
Aqy156; two from bacteria, AqpZ'®! and GIpF'®%; one from an archaea, AqpM®3; one

P154_

from the malarial parasite Plasmodium falciparum, PfAQ ; and one from the plant

1'% Together they have helped in shaping the current

Spinacia oleracea, SoPIP2;
understanding of the aquaporin’s structural features and the relationship to their

function.

The functional unit of aquaporins is a homotetramer with each monomer
independently transporting water in single file arrangement through the pore (Figure
3.1. All aquaporins consist of an a-helix bundle (1-6) with both their termini on the
cytoplasmic side. There are five loops (A-E) where Loop B and D each fold into a half
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OJ
Figure 3.1 A) Front view of the AQP1 tetramer (PDB ID: 1J4N) with the half helices colored
magenta. B) Top view of AQP1 tetramer showing the four fold symmetry and the single file
transport of the water molecules in each pore.

Figure 3.2 A) The AQP1 monomer with the half helices highlighted in magenta. B) Zoom in on
the NPA-motif and selectivity filter with the highly conserved Argl97, and, to a lesser extent,
His182.
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helix that dips into the channel from each side, forming a seventh pseudo-
transmembrane helix containing two copies of the highly conserved Asn-Pro-Ala
(NPA) motif aligned in the central region of the pore (Figure 3.2).

Near the end of the extracellular side of the water pore four amino acid residues make
up what is called the aromatic/arginine selectivity filter (SF). In AQP1 they consist of
a His182 in helix 2, a Phe58 in helix 5, a Cys191 and an highly conserved Argl97 in
Loop E'™ (Figure 3.2). The configuration of these four residues creates a narrow
passage, 2.8A in diameter, which sterically hinders all molecules larger than a water
molecule from passing through. In the aquaglyceroporins this selectivity filter is altered
to accommodate larger molecules®>%*,
3.3.1 Structural basis for aquaporin proton exclusion

The most remarkable feature of the aquaporin is its ability to exclude protons while
maintaining near diffusion transport speed of water across the membrane'®®. Without
this feature the organism would not be able to maintain a proton gradient across its
membranes — dissipating the proton motive force needed for ATP-synthesis. The
proton exclusion mechanism is not truly understood as of this writing, but many of its

key aspects have been elucidated.
The Grotthuss mechanism

Before understanding how protons are excluded from the aquaporin water channel, the
mechanism behind how protons are diffusing in water must be understood. Proton
mobility in water is 5-8 times higher than that of other cations'® which makes it
apparent that there are other mechanisms in play, in addition to pure H3O™ diffusion.

In 1806 C.J.D. von Grotthuss proposed the first mechanism for proton diffusion in
water where protons are rapidly transferred between water molecules via hydrogen

bonds and transient hydronium ions'®. Since then simulations!®*!

and
experiments'® has observed this complex phenomena to be true in essence, although
the mechanistic details remains a topic of interest. Surely this proton conducting wire

is what has to be broken in the aquaporin pore.
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MD simulations!3%155:163.164

and X-ray crystallography'® have shown that the oxygen
in water aligns with the NPA-motif and that the water molecule undergoes a rotation
through the pore, creating a bipolar orientation in the two halves of the channel. This

would break the proton conducting wire needed for the Grotthuss mechanism.
Electrostatic barriers

A review from 2005 concludes that the proton exclusion mainly come from
electrostatic effects from the NPA-motif and helix B and E macrodipoles'®. This
turned out to be contradicted by a later study where mutations in the NPA-motif and
the selectivity filter were introduced'®’. When the asparagine in the NPA-motif was
neutralized cation transport increased, but proton transport did not. When the
selectivity filter's arginine and histidine were changed, to the much smaller alanine and
valine, proton transport increased but cation transport did not. Proton exclusion
turned out to be more reliant on the selectivity filter itself than on the NPA-motif, and

the opposite was true for cations.
A collaboration between NPA and the selectivity filter

A follow up study looked further into the selectivity filter's role in more detail*®. The
selectivity filter works together with the NPA-motif in creating an electrostatic barrier,
and to orient water molecules in such a way as to minimize hydrogen bonding for
hydronium ions. They reasoned that, evolutionary, the NPA-motif arose first as a
mean to mainly exclude cations, and that the selectivity filter came later to more
effectively exclude protons through synergetic coupling to the NPA-motif.

In the subangstrom X-ray structure of a yeast aquaporin the high resolution allowed
for some hydrogen bonds of the water molecules inside the pore to be visualized'®.
Each NPA-asparagine was seen to hydrogen bond to one water each, in contrast to
the previously depicted situation where both asparagines hydrogen bonded to the same
water molecule. This suggests that a central water molecule bonding to both
asparagines could not be the main component preventing proton transport through the
Grotthuss mechanism as often previously proposed. In the selectivity filter, however,
four adjacent water molecules were modelled with partial occupancy. The electron
density was too close to allow all four pockets to be occupied simultaneously. The

findings led to the hypothesis that the two water molecules moves pairwise through
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the selectivity filter while maintaining two hydrogen bonds each with the selectivity
filter's His212 and Arg227. As the waters move through the selectivity filter, all four
hydrogen bonding donor and acceptor interactions are filled, preventing proton
transport via the Grotthuss mechanism.

This structure have contributed to the current consensus that the selectivity filter
highly coordinates the water molecules in such a way that it disrupts the Grotthuss
mechanism while the NPA-motif is responsible for the rotation of the water molecules
through the pore. Furthermore, the NPA-motif together with the helix dipoles creates
an electrostatic barrier that excludes cations from passing through. Aquaporins is an
excellent example of how much evolutionary fine tuning can provide selectivity in

channels, without compromising the transport speed.

3.3.2 The mercury effect

In 1970 Macey et al. was one of the first to discover the inhibitory effect of mercury
on water transport across membranes®®'®.  With the addition of p-
chloromercuribenzoate the osmotic water permeability of human red blood cells
decreased 70%. Because this inhibitory effect is reversible with the addition of excess
cysteine this further strengthened the hypothesis that water was transported by other
means than just passive membrane diffusion. The mercury test has been readily used
to test the activity of aquaporins, although nowadays the much less toxic mercury

chloride is used.
Inhibition by mercury

Two inhibitory mechanisms have been shown for the aquaporins. In both cases the
mercury ions bind to free cysteines in the protein. In the most common case, the

responsible cysteine is located inside the water channel, making the binding mercury

ion either sterically hinder any water transport!’!"!

172

or, as shown by MD simulations,
collapse the selectivity filter''“. In the second case the mercury ion binds to cysteines
further from the center, but is thought to induce a conformational change that

constricts the pore!’317,

Activation by mercury

Even though most aquaporins are either inhibited or unaffected by mercury there are a
few rare exceptions. A notable example of the contrary is AQP6. When first studied it
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was seen to be inhibited by mercury!”™®, but was later shown to instead be activated by
mercury86. The water permeability was much lower than for AQP1, and the channel
also transported anions. A follow up study confirmed the activation and located two
cysteines that were responsible for the effect: Cys155 and Cys190 not located inside
the water conducting pore itself®*. When the two residues were mutated to alanine,
the activation was abolished. A structural explanation for this activation still eludes us

as no structure of AQP6 has been solved yet.

In Paper Il we discovered that SoPIP2;1 was activated with the addition of sub-
millimolar concentrations of mercury chloride. As further discussed in the results
section this is a peculiar behavior since most aquaporins are either unaffected or
inhibited by mercury. SoPIP2;1 doesn’t share any cysteines with AQP6, or AQP1, so
the mechanism by which this activation happens is most likely different from what is
previously known.

3.3.3 Gating mechanisms
With high resolution structures comes the ability to investigate gating mechanisms in
proteins. Here | will summarize what is known about aquaporin gating in Aqyl, AQPO
and AgpZ. The gating mechanism of SoPIP2;1 will be thoroughly evaluated in the

results section.
Aqyl

The P. pastoris aquaporin Aqyl is gated by its elongated N-terminus which was shown
by its markedly increased activity in spheroplast assays when the N-terminus was
deleted®®. Each N-terminus in the tetramer intertwines with its neighboring monomer,
creating a helical bundle. In turn, three conserved residues interacts to close the pore;
an N-terminal tyrosine inserts into the water channel where it creates a hydrogen
network between two water molecules and two glycines, tightening the pore diameter
to 0.8 A. Phosphorylation of a serine that sits in close proximity to the tyrosine, can in
turn override this mechanism. MD simulations show that when the serine is
phosphorylated the pore closing tyrosine is pushed out of the way®°.

Aqyl was suggested to be mechanosensitive, opening its pore due to changes in
membrane curvature or lateral pressure. In spheroplasts expressing an N-terminal
truncated form of the aquaporin, the transport rate was increased 6-fold compared to
wild type aqyl. However, when the same constructs were purified and reconstituted
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into liposomes their activities were indistinguishable. This could possibly be explained
by the fact that liposomes (100-500nm) have a membrane curvature that is a lot
higher than in spheroplasts (1-5pm). Molecular dynamics simulations was used to
apply lateral pressure, and to bend the membrane, and in both cases an opening of the

channel was seen®®.

AQPO

AQPO is a very interesting aquaporin because of its low water permeability'”® and its
role in creating cell junctions'’”. In lens fiber cells they are so abundant that they form
a quasi-crystalline state that maintains the lens transparancy™*®. In AQPO a second
constriction site is present at the cytoplasmic side of the pore where Tyr149, Phe75,
and His66 narrows the diameter to 2 A8 or 1.5A° widths that would allow zero
water conductance. It is strange then that AQPO shows water permeability in oocytes
and proteoliposomes. The authors argue that the structure can fluctuate enough to
widen the pore to >2.9A, allowing for some passage of water but at a the cost of
higher activation energy*.

How is this protein gated then? AQPO is modulated by calmodulin, a common
signaling molecule that responds to changes in Ca*" concentrations. When calmodulin
then binds to the AQPO tetramer it forces Tyr149 in the cytoplasmic restriction site to
narrow the pore even further, thus completely abolishing its water transport
capability'”.

A decrease in pH has been shown experimentally to increase the water transport rate
of AQP0™, but all structures determined at low and high pH has given contradictory

results and has not revealed any mechanism for this gating'®.

AqpZ

In the bacterial AqpZ, Argl89 of the selectivity filter has been seen to flip between
182 |n the first

conformation the arginine points upwards towards the extracellular medium, making

two conformations in both MD simulations and crystal structures

the channel open. In the second conformation the arginine points downwards into the
channel, occluding the pore. It's suggested that protein-protein interactions in the
protein crystal is responsible for the stabilization of two distinct conformations of

argininel89, although the physiological relevance for this is still a mystery.
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4. Methodology in membrane protein research

4.1 Artificial membrane protein carriers

The difference between soluble proteins and membrane proteins is apparent already in
their naming. The natural environment for membrane proteins is a lipid bilayer. This
creates one of the biggest challenges in membrane protein research: creating an
environment in which the protein is stable, functional and accessible for probing. The
intrinsic hydrophobicity of membrane proteins makes them prone to irreversible
aggregation and improper folding in lab environments. In contrast, soluble proteins can
often be stored long periods of time as lyophilized powder and readily refolds once
liquid is added. How can these important research targets be kept in an environment
where they are easily manipulated and studied, while maintaining their integrity and
stability?

4.1.1 Detergent micelles
Most of the methods involving protein
research involve having the protein in
solution. In order to solubilize membrane

proteins the bilayer has to be removed

without irreversibly  damaging  the o/\;I’OH
protein. This is done using amphipathic Triton x—160
molecules called detergents that most

often consist of a single hydrophobic tail,

and a polar or charged head group
(Figure 4.1). They differ from lipids in  Figure 4.1 Examples of common detergents in
membrane protein research. n-Dodecyl-3-D-

_ maltoside (DM), n-octyl-B-D-glucoside (B-OG)
spontaneously form micelles above a and Triton x-100

that they are conical in shape and

certain critical micelle concentration

(CMCQ) that is unique for each type of detergent. Longer chain detergents, that are
more hydrophobic, typically have a lower CMC because their monomeric form is less
soluble. (Table 4.1). Each detergent also has a specific aggregation number associated
with it, which is the average number of detergent molecules per micelle (Table 4.1).

21



4.1.2 Liposomes
A way of mimicking the original lipid
bilayer is to form artificial ones from
purified lipid mixtures (Figure 4.2).
These liposomes are optimally formed
to be small unilamellar vesicles (SUVs)
with diameters ranging from 100nm to
500nm.  Reconstituting  membrane
proteins in to these liposomes is a
common way to study transport over
membranes. Not only does this
provide a compartmentalized
environment, it also creates a lipid
environment more like the one in vivo.
The lipid composition can be adjusted
to suit the membrane protein but

most often simple systems of 1- Figure 4.2 Three forms of membrane protein
palmitoyl-2-oleoyl-sn-glycero-3- carriers. Liposomes have a lot smaller diameter

phosphocholine (POPC) or E. coli than cells and have a lot higher curvature.
’ Micelles can form if an amphipatic molecule has

extracts are used. .
a conical shape.

4.1.3 Nanodiscs

Although liposomes provide a lipid environment, the method of reconstitution is quite
crude. Furthermore, the vesicles are heterogeneous in size, form and in amount of
protein reconstituted. The development of small discoidal bilayers called nanodiscs
provides us with a new platform for working with membrane proteins (Figure 4.3). In
this system two copies of a membrane scaffold protein (MSP, a derivative of human
apolipoprotein A-1) wraps around a certain amount of lipids, creating a soluble
bilayer'®. The size of these nanodiscs can be precisely controlled by modifying the

185186 making it possible to insert a single copy of a membrane protein

scaffold protein
complex in each disc. This property of the nanodiscs gives us the option of creating a
homogenous population of soluble membrane proteins without the need of detergent,
thereby eliminating many of the problems caused by detergent micelles and liposomes.

Although the lack of compartmentalization makes it a less viable option for transport
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assays, the system is well suited for studying binding of substrates, protein-protein
interaction, protein dynamics, protein-lipid dependencies and more.

Many membrane proteins has already been reconstituted into nanodiscs including, but

8 the translocon complex SecYEG", several G-

not limited to: ABC transporters!
protein coupled receptors (GPCRs)lsg_lgl, Soluble NSF Attachment Protein Receptors
(SNAREs)'%71% " bacterial outer membrane proteins'®
P450s!%1%7 |n addition to this, the nanodiscs have already proven to be a viable
technique for structural studies using SAS'  NMR!® EPR!, Cryo—EM‘u, and

FRET,

and several Cytochrome

97 A

' =z "1 |

MSP1 Nanodisc

two MSP/Nanodisc

Figure 4.3 Side view, and top view of a nanodisc made from MSP1. The MSP wraps itself

around a bilayer sheet, and because of the protein’s fixed size, the diameter of the nanodisc is

defined. Reprinted with permission from Stephen Sligar'®’.

4.2 From gene to purified membrane protein
Target proteins have to be isolated and purified to suit the needs of the experiments
and studies conducted. This can be a long a tedious journey — especially for membrane
proteins. In theory the production and purification proceeds in a linear manner from
cell cultures and membrane preparation to solubilization and chromatography
purifications (Figure 4.4), but generally reality requires multiple iterative trial and error
phases before a successful protocol can be established.
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4.2.1 Cloning and overexpression for protein production

The choice between bacteria, yeast and insect cell hosts still
has to be chosen from a protein to protein basis. The
advantage of using a eukaryotic host for protein production
is its ability to do post-translational modifications (e.g.
glycosylation, disulfide bond formation, and proteolytic
processing), its translocon mechanisms and differences in
lipid 199

composition". cerevisiae  has
commonly been the major host for eukaryotic protein

Saccharomyces
production, but in this work Pichia pastoris has been used,
just as for many other eukaryotic membrane protein targets

for structure determination®®.

P. pastoris is methylotropic, which is that it can grow on
methanol as its sole carbon source. It was first isolated from
1920 by the
Guillermond®!, however, the first report of yeasts growing

chestnut  trees in French scientist
on methanol as the sole carbon source came in the late
1960s°%%. Since then, P. pastoris has been developed into a
widely used tool for heterologous protein expression®®. P.
pastoris can be grown to much higher cell densities than S.
cerevisiae and the ability to grow on methanol gives us the
ability to exploit its incredibly strong aldehyde oxidase

203 turn,

promoter for membrane protein overexpression
the total yield can become higher than with other hosts

(cells/liter and protein/cell).

The commercially available vectors for P. pastoris includes
selectivity towards the antibiotic Zeocin™, which allows
simple screening for jackpot clones of extraordinary protein
production. When the vector containing the protein coding
gene and Zeocin™ resistence is inserted into P. pastoris,
some cells incorporate multiple copies into their genome.
This in turn gives a much higher protein production. The
equally higher Zeocin™ resistence can be used to screen for
these jackpot clones using a high concentration of it. When
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found, the production is scaled up using large volume shaker flasks or preferably
fermentors. Harvested cells can be frozen and stored for long periods of time.

4.2.2 Protein purification
For membrane proteins the membranes of the cells have to be isolated in the first step
of purification. The cells are lysed using one of the methods available for yeast (e.g.

204) and the membranes are spun down. Many protocols

French press or X-Press
includes salt, urea or sodium hydroxide washing steps of the membranes to remove as
much peripheral and integral proteins as possible. These can potentially contaminate
the purification or interfere with binding to affinity chromatography columns. During
the development of a purification protocol for one aquaporin (not in this thesis) |
found that urea-washed membranes were sufficient to give pure protein, but a NaOH-

wash was still required for the protein to bind to the affinity column.

Once the membranes are isolated, they are solubilized in detergent. Membrane
solubilization is a critical step as it moves the protein from the inaccessible lipid
environment to the water environment. The goal is to extract as much protein as
possible from the membranes, but without harming the protein itself. Sometimes this
step can be optimized, not only to get the most of the target protein, but to avoid too
much solubilization of unwanted proteins. As always, there is a tradeoff between
quality and quantity.

The choice of detergent can be a chapter by itself. In (Table 4.1) many common
detergents used in membrane protein research is listed. Typically, membrane proteins
are more stable in long chain detergents such as DDM and DM — something that is

reflected by the large number of X-ray structures determined using these?®.

During protein purification, all of the target protein’'s properties have to be exploited
to maintain stability and to gain purity during all stages of the process. Much of the
development of new purification protocols is purely an iterative process where you
make a qualified first guess about where to start and then sees what goes wrong and

where.

Recombinant technologies have given us the ability to modify protein genes to suit our
needs. Insertion of a poly-histidine tag in either the C- or N-terminus of the protein is
very common as it enables the use of immobilized metal affinity chromatography
(IMAC). Green fluorescent protein (GFP) is another fusion protein that helps during
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all stages of expression and purification of membrane proteins because of its easy

detection?%207,

Most purification protocols ends with a size exclusion chromatography (SEC) step,
unless a crude protein sample is satisfactory. With SEC, proteins are separated by their
size, with smaller proteins being retained longer in the column. If the protein has a
fluorescent tag, the HPLC can be equipped with a fluorescence detector to closely
monitor the protein during all stages of purification. Apart from increasing the purity
SEC also reveal how monodisperse the sample is. If a protein is prone to aggregation it
is easily identified in this step, and the SEC can also be used to evaluate different
buffer conditions and the effect they have on protein stability. Furthermore, a
calibrated SEC column can be used to estimate protein weight and its

08

oligomerization®®. The importance of freshly SEC purified protein samples is

highlighted in Paper IV where it was critical for the success of the experiments.
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Table 4.1 A list of common detergents used in membrane protein solubilization, purification and crystallization.

Detergent Short MW Charge Length CMC CMC Na Ref.
name (Da) (# carbons) (mM) (%)
n-Dodecyl-B-D-maltopyranoside DDM 511 N 12 0,17 0,0087%  78-149 2%
n-Decyl-B-D-maltopyranoside DM 483 N 10 18 0,087%  69-90 0
n-Nonyl-B-D-glucopyranoside B-NG 306 N 9 6,5 0,20% 133 209
n-Octyl-B-D-glucopyranoside B-0G 292 N 8 1820 0,55%  27-100 2%
Dodecyl-phosphocholine FC-12 351 Z 12 1,5 0,05% 54-80 2%
Decyl-phosphocholine FC-10 323 Z 10 11 0,36% 2453 2%
Polyoxyethylene-(23)-lauryl-ether (C12 / 23)  Brij-35 1200 N 12 012  0014%  N/A 20
Polyethylene-glycol P-1,1,3,3-tetramethyl-  Triton X- 647 N 14 0.23 0.015% N/A 210
butylphenyl-ether 100
Lauryl Maltose Neopentyl Glycol LMNG  1005,19 N 2x13 001  0,001% N/A 2
Octyl Glucose Neopentyl Glycol OGNG 568,69 N 2x8 1,02 0,0580%  N/A 21
n-Dodecyl-N,N-Dimethylamine-N-Oxide LDAO 2294 z 12 1-2 0,03% 76 21221
S Cholamidoprophetmetislommonel ™ cpaps 615z swed 2486 0% NA %
3,7a,120-Trihydroxy-58-cholan-24-oic acid Cholate 430,55 A Steroid 14 0,60% 2.0-4.8 214215

Charge is either Anionic, Zwitterionic or Neutral. CMC are measured in pure H20. Na is the aggregation number of the micelle
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4.3 Protein reconstitution

4.3.1 Proteoliposomes

Purified protein is solubilized in detergent micelles so in order to measure aquaporin
activity they need to be transferred into liposomes. The reconstitution can be done in
a two main ways, where both of the methods end with a detergent removal from the
sample. Since the efficiency of the detergent removal is heavily dependent on the CMC
of the detergent used, a detergent with a high CMC is preferred — such as $-OG or
cholate (Table 4.1). This presents a problem when the target membrane protein is
purified using low-CMC detergents (commonly DM or DDM). Detergent molecules still
present after reconstitution introduces defects into the liposomes that make them
more leaky or heterogeneous. If the purification detergent can’t be changed to a
detergent with a higher CMC because of instability issues there is a second possible
adaptation. In these instances the reconstitution can still be done if the protein is
concentrated enough so that the amount of low-CMC detergent added to the
proteoliposomes mixture is as low as possible. However, extended dialysis or buffer
exchange might still be needed.

The classical way to form proteoliposomes is to first form the liposomes and then
insert the membrane protein (Paper Il). Typically, lipids are dried to a thin film in a
glass container and then rehydrated in a buffer. The lipids then form a mixture of free
lipids and multi lamellar vesicles (MLVs) which are further treated by either
sonication®'® or extrusion®” to create small unilamellar vesicles (SUVs). A detergent is
added drop wise up to a concentration where the liposomes become slightly
destabilized, but without rupturing. After incubation with protein for some time, the
detergent is removed by either dialysis or dilution, resulting in reconstitution of the

membrane protein into the lipid bilayer.

A different method is to reconstitute the membrane proteins at the same the liposomes
form (Paper Ill). First a mixture containing all elements is created: lipids, detergent,
buffer, and protein. It is important that the detergent concentration is high enough to
completely solubilize the lipids into micelles. The detergent can be removed by either

dialysis, dilution or the use of polystyrene beads, called BioBeads?'®

, that preferentially
adsorb detergent molecules through hydrophobic interactions. When the detergent
concentration is diminished the lipids will spontaneously form protein-containing

liposomes (proteoliposomes) of a very specific size, dependent on type of lipid and
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buffer conditions. The method produces a larger amount of proteoliposomes which is
crucial for a good signal-to-noise ratio in stopped-flow measurements.

4.3.2 Nanodiscs

The method for creating nanodiscs is very much like the proteoliposome reconstitution
protocol but with the addition of membrane scaffold proteins and much more closely
regulated parameters. The most important factors to consider for optimal yield are the
lipid-to-protein ratios as well as temperature and choice of detergent (Table 4.2). Just
as for proteoliposome formation, the choice of a detergent with a high critical micelle
concentration is preferred as it is much easier to remove through the use of BioBeads
or dialysis. It is also important that the lipids can be fully solubilized in the detergent.
Typically cholate is used but not all membrane proteins are stable in this detergent. In
those cases a different detergent can be used for purifying the membrane protein itself
but still using cholate as the reconstitution detergent.

The best lipid-to-protein ratio is the one that has just the right amount of lipids to fit
into the theoretical maximum vyield of nanodiscs®'®. An excess of lipids can trigger
formation of non-discoidal structures or exclusion of the target membrane protein from
the nanodisc. Thus the preparation of lipid stock solution has to be meticulously
prepared. A precise volume of lipid-chloroform solution is dried in a pre-weighted glass
vessel under nitrogen gas for a couple of hours. The exact amount of lipids can then

be measured by weight before solubilization in a cholate buffer.

Many experimental trial and errors have shown that the assembly process is optimal at
temperatures slightly above the main phase transition of the lipids used®®. The
assembly temperature for nanodiscs made with POPC is 4°C as its transition

temperature is -2°C%%.

Table 4.2 Recommended reconstitution temperatures depending on lipid type and the nanodisc

properties depending on what membrane scaffold protein and lipids used. Data taken from?%.

POPC DMPC DPPC Diameter (A)  Bilayer area (A?)

MSP1D1 61 77 82 98 4400
MSP1E1D1 79 102 106 106 5700
MSP1E2D1 103 122 134 119 7200
MSP1E3D1 125 148 167 129 8900
Temperature 4°C 25°C 37°C
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With the nanodiscs formed, the
empty discs and the discs with
reconstituted membrane protein
has to be separated. An IMAC
purification step binds only the
discs with his-tagged membrane
protein and allows empty discs to
flow through. Since both empty
and filled discs have basically the
same size, SEC cannot separate
them (Figure 4.5). A SEC step is
included to remove aggregates
and malformed discs. Since the
lipid environment is much more
native for the membrane protein
than detergent micelles, formed

discs are stable both with and
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Figure 4.5 SEC profiles of empty vs filled MSP1E3D1
nanodiscs. The Azgo is normalized to highlight their
features. The difference in retention between empty
and filled nanodiscs is not large enough to successfully
separate them with this method alone.

without reconstituted protein and can be both frozen and refrigerated for days or even

weeks — although a second SEC step is recommended prior to any experiments where

ultra-high purity and homogeneity is required (Paper 1V).

4.4 Functional studies of water transport across

membranes

4.4.1 Stopped-flow spectroscopy

Measuring sub-second kinetics first and foremost requires rapid mixing of the solutions.

In stopped-flow spectroscopy samples are rapidly injected in to a cuvette via a mixer,

followed by a sudden stop of the flow (Figure 4.6). The sample cell is illuminated with

monochromatic light and scattering at 90°C is observed. Since everything is computer

controlled dead times of just a few milliseconds can be achieved.
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Figure 4.6 Stopped flow setup. Sample (syringe 1) and osmotic gradient (syringe 2) is
simultaneously injected into a cuvette. The flow is forced to stop after a set amount of mixing
time through the use of a hard stop. The 90° scattering is then collected for the duration of the
measurement. Both syringes and cuvette are temperature controlled with a thermostatic water
bath.

In kinetic measurements of water transport over lipid bilayers an osmotic gradient is
the driving force. One syringe is loaded with a liposome solution and another syringe is
loaded with a hyperosmotic buffer. Once the solutions are mixed the osmotic gradient
creates an outward force, causing the vesicles to shrink rapidly. The change in
diameter will cause the scattered light to increase in intensity (Figure 4.7). Worth
noting is that for liposomes it is true that light scattering increases as vesicle volume
decreases, but for larger vesicles the relationship can be far more complex®?!. This
increase in intensity is tracked over time and averaged over several replicates to
minimize noise. The end result is a curve that can be normalized and fitted with a one
or two exponential equation on the form:
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Ale—k1(t—to) + Aze_RZ(t_tO) + Az (Equation 1)

Where tg is the dead time of the stopped-flow system and kn the fitted rate constants.
When a single exponential curve is fitted (A2 = 0) the rate constant represent the total
passive diffusion through control liposomes or the collective water transportation
capability of all the aquaporins in the proteoliposomes. When a two-exponential curve
is more appropriate, the interpretation is that the rate constants represent the
aquaporins and the passive diffusion respectively. This can occur when the passive
diffusion is not negligible. However, the water transport through aquaporins still
dominates the rate, which is reflected by the typically large differences between A; and
Ao. Even though this is reasonable, little effort has been spent on studying the actual
validity in how to interpret the two-exponential function.

1.2

Control SoPIP2;1
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Figure 4.7 A typical stopped-flow graph, after averaging and normalization. Empty
control liposomes (blue) are slower than proteoliposomes containing SoPIP2;1
(orange). When equilibrium is reached after 0.5 seconds the scattering stays constant.
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4.4.2 Osmotic water permeability
The osmotic water permeability (Ps) is calculated according to the equation given by
Van Heeswijk et aP?:

P:(um-s~1 = Equation 2
r(u ) AT (Equation 2)

where k (s?) is the fitted rate constant, (S/Vo) (m™) is liposome external surface to
internal volume ratio, Vi is the partial molar volume of water (18 cm®/mol), and Cout

is the external osmolality (mOsm/kg).

In theory, Pf would give us the
ability to compare the effect of
different aquaporins independent of
vesicle size and osmotic gradient.
In practice, it is at best a crude
estimation that assumes perfectly
spherical vesicles, a homogenous
distribution of protein and a
complete  mixing of  osmotic

solution with vesicle solution. A

decrease in the osmolyte

concentration is strongly High osmolarity

correlated with an increase in P#%.

This  could stem from a
concentration  polarization  near
both sides of the vesicle wall Low osmolarity
(Figure 4.8). Even though it is a
crude value it is very useful in Figure 4.8 When water is transported out of a

comparing internal assays, and for vesicle, the concentration of solute closest the lipid

. - bilayer will change quicker than in the rest of the
roughly comparing permeability . e o
) solution, resulting in slower kinetics.
between different groups.
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4.5 X-ray crystallography
Using visible light in the range 400-700 nm it is impossible to visualize atomic spacing
that typically are in the order of 1-2 A since the physical resolution limit is A/2. With
X-rays, typically with a wavelength of 1 A, atom spacing can be visualized. Unlike a
microscope, where light is reflected off the specimen and focused through lenses onto a

224 |nstead, the specimen image

retina or camera, no X-ray lenses good enough exist
has to be collected in reciprocal space by diffraction and then simulation of the lens by
applying Fourier transform recreates the image of the object. The incoming light is
scattered by the electrons in the sample and, by using a protein crystal, constructive
interference between each molecule enhance the pattern given. Sir William L. Bragg

summarized the requirements for constructive interference in his famous law:
nd = 2dsin(0) (Equation 3)

Where X is the wavelength of the light, 0 is the angle between the lattice plane and
the incoming light, d is the distance between two planes and n is an integer.
Constructive interference between two lattice planes happens if, and only if, the path
difference between two scattered waves is a multiple of the wavelength. This
constructive interference will give rise to a very specific diffraction pattern where each
spot corresponds to a Bragg peak that is dependent on the crystal symmetry, while the
intensities of these reflections contain information about the electrons in the molecules
(Figure 4.9).

—o ® ® ® *—

Figure 4.9 A) X-rays are scattered by electrons and gives rise to constructive interference when
Bragg's law is satisfied. Figure by Hydrargyrum, distributed under CC-BL 3.0. B) The
constructive interference from lysozyme crystal diffraction gives rise to complex patterns.
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4.5.1 Crystallization

As perfect protein crystals as possible is needed for successful diffraction and much
time is spent on optimizing crystallization conditions. In its essence the goal is to bring
the protein solution from under saturation, into super saturation, and then trigger
nucleation without precipitating the protein (Figure 4.10). Many strategies are
available but one of the most common is the vapor diffusion technique where a small
volume of protein solution is mixed with a precipitant solution and placed hanging
from a glass lid over a reservoir solution (Figure 4.10). Over time this enclosed system
will equilibrate and the water content of the hanging drop will decrease, thus
increasing both protein and precipitant concentration and slowly move the solution
into the nucleation stage. Once the crystal is fully grown and ready for transfer to an
X-ray source the crystal is cryo cooled in liquid nitrogen to minimize radiation damage.

If a membrane protein migrate as a single peak on a SEC column that is a strong

2% A single peak is representative of a

indication of its ability to crystallize
monodisperse protein-detergent complex. The detergent itself is also very important.
Although many membrane proteins are best solubilized and purified in DDM and
DM?® those detergents produce large micelles (Table 4.2) that might interfere with

crystal contacts formation.

2L Glass <2plL
\__/ |cover] ——

”HQO “HZO

2

Precipitant concentration
Figure 4.10 Left) The small amount of liquid in a hanging drop crystallization equilibrates with
a large reservoir solution and upon shrinking the protein concentration increase to the point

Protein concentration

where nucleation and crystal growth starts. Right) In a hanging drop experiment the protein
solution starts in zone a (under saturated), then slowly travels into zone b (super saturatation)
where it either continues through to zone c (aggregation) or stumbles upon zone d (nucleation).
The protein concentration gradually lowers and stops when it reaches zone a again.
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In the same way lipids has been seen to be required for the function and stability of
some proteins, lipids can be added in low concentration to the crystallization mixture
to improve the quality of the crystals grown??®. The use of lipids can be taken one step
further by using the lipids in meso phases. During the last two decades Martin
Caffrey's development of the lipidic cubic phase for crystallization has yielded much
success®?’. As seen in (Figure 4.11) lipids take on various complex forms depending on
water content and temperature. In the lipidic cubic phase the lipids form a single
curved bilayer that separates two continuous, non-contacting, water channels. The
crystals are then thought to grow in the interface between the cubic phase and a

lamellar phase where the proteins gather laterally and stack upon each other®®’.
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Figure 4.11 The phase diagram of monoolein illustrates the complex phases lipids go through.

The cubic phases (A-C) can be used to crystallize membrane proteins. Reprinted with

permission from Martin Caffrey®%.

4.5.2 Structure determination
When the Bragg peaks, or reflections, has been collected on a large amount of images
there are a number of processing and refinement steps that has to be done before the
protein structure can be determined (Figure 4.12). The goal of the experiment is to

collect a dataset with as many reflections as accurately as possible to be able to
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reconstruct the electron density of the molecule. Each reflection’s index, intensity and
phase have to be determined.

First, the reflections are indexed and their amplitudes are integrated. The resulting
intensities are scaled and data sets are merged. In these first steps the unit cell
parameters and space group are approximated. Many parameters such as the signal to
noise ratio (l/o), are taken into account when evaluating the quality of the data, and
when deciding at what resolution shell to cut the data.

Second, the phases have to be found. This is the most notable obstacle to overcome in
this process because the phase information is lost upon collection of the data and has
to be retrieved elsewhere. The most common method is to use a previously determined
structure of at least 30% sequence®® identity and use its phases as a starting guess. If
this option is not available the phases can be retrieved by experimental methods using

heavy atom incorporation.

Third, the first electron density map and the first model generated is very crude so
significant effort is spent on an iterative refining process where the phases are
continuously improved upon. It is very important to remember that the process is very
biased towards the model because of the dependency on the phases. If the phases are
wrong, a model can still be made that looks right, but with proper evaluation during
all stages of the process this will not happen.

: Scale and Solve the Iterative
Identify and Evaluate the
3 p merge the phase model
integrate reflections . . - model
intensities problem building

Figure 4.12 The theoretical structure determination process once diffraction is collected.

4.6 X-ray and neutron scattering

Although X-ray crystallography can give high resolution structures, these are only
snapshots of stable conformations of the protein in crystallization conditions. In crystal
structures, flexible regions are often unable to be modelled, and sometimes these
regions are cut from the protein to produce better diffracting crystals. Solution
scattering provide accurate structural information in the 10-50A range and is method

to study, for example, protein dynamics, protein-protein®? or protein-ligand

interactions, or to evaluate the validity of crystal structures®,
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In a typical X-ray scattering experiment a continuous flow of protein solution is passed
through a thin quartz capillary where it is irradiated by X-rays (Figure 4.13). In
neutron scattering the continuous sample flow is not needed because of the negligible
radiation damage, but because of the much lower flux from neutron sources a larger
amount of sample is needed.

Unlike crystals were the molecules are ordered in a lattice, the scattering from
molecules in a solution is given by the average scattering of all the molecule's
orientations. Instead of discrete points of constructive interference, solution scattering
will create a continuous scattering pattern (Figure 4.13). The scattering is radially
integrated and typically plotted as a function of the scattering angle (20) and the
wavelength of the X-rays (\) (Eq. 4).

q= 477Tsin(0) (Equation 4)

The scattering at low q describes the protein’s overall shape while higher q's reveal
more and more details. The resolution limit comes mostly from the lower information
content in solution scattering because of the rotational averaging, but also from the
significant amount of water scattering. Therefore the scattering from the buffer
solution must be subtracted from the scattering from the protein solution.

Sample
Collimated X-rays
2)

Figure 4.13 The basics of a SAS setup. X-rays hit the protein solution and gives rise to a
continuous scattering pattern.

Data evaluation

If the protein solution is monodisperse, a Guinier plot (In[I(0)] vs ¢°) at low q's will be

231

approximately linear™", and its intercept and slope give information about the

molecular mass and radius of gyration, Rg, of the protein®223, This also serves as a
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data quality check because if the Guinier plot is not linear, that indicates that the
sample contains aggregates or protein-protein interactions.

The inverse Fourier transform of the scattering profile is used to give the pair
distribution function, p(r), which is a histogram over the distances between all
combinations of electron pairs in the molecule. The largest of these distances
correspond to the maximum diameter of the molecule, Dmax. For a homogenous sample
the Dmax should be well defined. The function at high r, beyond Dmax, should not be
negative (indicative of interparticle interference) or fluctuate (indicative of

aggregation)*.

Modelling

Pre-determined protein structures can be used to calculate theoretical scattering
profiles and it has been shown that the scattering profile is unique for each protein
studied so far®®®. The program CRYSOL is most often used to calculate scattering
curves from high resolution X-ray structures®®. The theoretical curve can be compared
to experimental curves to validate the structure, where differences could suggest that
the crystal structure is causing structural artifacts due to crystal packing.

Without a high resolution structure ab initio modelling is used, and for that purpose
there are several algorithms®*"?%® This method shapes the protein by finite volume
elements called dummy atoms, or beads, that are constrained by simple rules, such as
being compact and interconnected. The placements of the beads are then placed to
minimize the difference between the experimental curve and the model curve. The
method suffers from having many models fitting the data so each model need to be
rigorously evaluated to determine its correctness.

The problem with detergents

Even though SAS is a growing method for studying soluble proteins, it is struggling to

239,240

accommodate the special needs membrane proteins have The detergents

necessary to keep the membrane protein in solution poses two big problems in SAS*,
1) The ab initio modelling requires a uniform electron density, which is true for
proteins in general. The detergent micelle around the membrane protein, however, has
a very different electron density which the modelling tools can't accommodate. 2) The
concentration of free detergent micelles in the protein solution is difficult determine —

especially after protein concentration, which typically concentrates the detergent as
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well. Proper buffer subtractions are essential to extract information from SAS, and
unless the free micellar concentration is accurately subtracted the information will be

useless.

The second of these issues can be overcome by the now common in-line HPLC setups
available at SAXS beamlines®®?, and by using a detergent with a very low CMC, such
as DDM (Table 4.1). Feeding the eluate from SEC columns directly to the SAXS
capillary provides as monodisperse sample as possible while ensuring a constant, and

known, detergent concentration.

The first issue, however, is a bit more complex to get around. The detergent micelle
can be modelled if there is crystallographic data available for the membrane protein, as
proven by several papers on AQP0?'?® but ab inito modelling of the membrane

protein itself remains a problem to be solved.
Contrast variation with neutron scattering

Neutrons scatter off the nuclei of atoms instead of their electrons. The way this
scattering occurs depends heavily, in a non-linear fashion, on both the atomic number
and the isotope of the atom (Table 4.3)244. In particular, the scattering length for
hydrogen is very different from deuterium which makes it possible to do contrast
variations using deuterated water, D20O.

Table 4.3 Scattering lengths for common elements (10™2cm)?%.

H D C N 0) P S
-0.3742  0.6671  0.6651 0.940 0.5804 0.517 0.2847
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5. Insights into SoPIP2;1 function

SoPIP2;1 constitutes 10% of the membrane proteins in the spinach leaf plasma

39 Where it maintains water homeostasis. Out of the eleven different

membrane’
aquaporins structures SoPIP2;1 is the only plant aquaporin available’®?. The ground
breaking article provided a structure for both the open and the closed conformation of
SoPIP2;1 and gave much insight into the mechanisms behind the gating of plant
aquaporins. Since then follow up work together with this thesis has broadened the
understanding even more and has revealed intricate and exquisite regulation
mechanisms. A summary of all relevant residues and their roles are available in (Figure
5.1). It is known that aquaporin function and cell localization can rapidly change in
response to changes in the environment. Phosphorylation, pH, and calcium ions all
seem to modify the properties of many aquaporins in some way. What exactly is

happening to the individual protein monomers in these situations?

SoPIP2;1, as well as other members of the PIP family has an elongated Loop D that
can cap the channel in response to various changes in the environment. When closed
the fully conserved Leul97 creates a hydrophobic barrier by inserting itself into the
channel (Figure 5.2). Loop D itself is stabilized in this conformation by hydrogen and
ionic bonds with Cd** (calcium in vivo), residues in the N-terminus and a neighboring
monomer's C-terminus (Figure 5.2)*2. The cadmium ion seemed to play a central role
in this stabilizing network and its importance was reflected in that the best structure
without cadmium as an additive crystallized in the open conformation, and only
diffracting to 3.9A.

Phosphorylation

Two phosphorylation sites have been demonstrated for SoPIP2;1 (Figure 5.1), and has
been shown to increase its water transport rate upon phosphorylation'**. The first site
is at Serll5 in Loop B, and the second site is at Ser274 on the C-terminus. The first
of these are conserved among all PIPs, with Ser274 being strictly conserved among
PIP2s.

Phosphorylation of Serll5 is thought to cause a disruption in the hydrogen bonding
network that stabilizes Loop D in its closed conformation'®>. As predicted, in the
structure of a phosphorylation mimicking Ser115Glu mutant, the Cd** binding site was
disrupted and the N-terminus was released®*®. However, the structure remained closed,
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Figure 5.1 SoPIP2;1 topology illustrating the 6 trans-membrane helices (1-6), the Loops (A-E),
and residues of interest. Generated using TexTopo®*.

which can be interpreted in different ways: 1) The phosphorylation of Serl15 is not
enough to open the pore, 2) Glutamate is not a mimicking phosphorylation good
enough, 3) The closed structure is stabilized by crystallization itself.

In MD-simulations the Serl15Glu mutant showed a significantly lower electrostatic
potential compared to in silica phosphorylated wild type SoPIP2;1. Furthermore,
functional assays did not show any increase in water transport compared to the wild
type. Both points indicate that glutamate does not fully mimic Ser115 phosphorylation
in this case.

At the C-terminal phosphorylation site the side chain of Ser274 interacts with the
neighboring monomer’s Prol99 and Leu200 in Loop D, stabilizing its closed
conformation. In addition to this, the position of Ser274 would cause a steric clash
with Leul97 in its open conformation (Figure 5.2). Phosphorylation of this serine
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would break the interaction with Loop D and would in turn most likely destabilize the

32

closed conformation™*?. Furthermore, in the phosphorylation mimicking Ser274Glu

7%%® just as in the open

mutant this C-terminal is disordered beyond residue 26
structure’®?, which means that Ser274 would no longer clash with Leul97 if it were to

adapt an open conformation.

In functional studies neither the Ser115Glu nor the Ser274Glu mutant presented an
increase in water transport compared to the wild type®*®. A third phosphorylation site
was proposed at Serl88 and the mutant Ser188Glu did indeed produce water transport
assays with significantly higher water transport than the wild type. No structure is
available for this mutant since it has been difficult to get high diffracting crystals. This
is something that indicates that this mutant is indeed in a more open conformation
since the extra flexibility of Loop D in the open position would make it harder to
crystallize.

Figure 5.2 SoPIP2;1 closed (green; PDB ID: 1Z98) overlaid with open (blue; PDB ID: 2B5F).
A) When closed, Leul97 constricts the pore. B) In the open conformation, the C-terminal
becomes disordered, because Leul97 would otherwise cause a steric clash with Ser274. A

cadmium ion (yellow), coordinated by Glu31 and Asp28, facilitates a hydrogen network between
Loop D and the N-terminus, which stabilizes the closed conformation.
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5.1 Ca®t gating and binding sites in SoPIP2;1 (Paper
11 & 1)

In the first structure of SoPIP2:1 a Cd?* ion is modelled, which is thought to
correspond to a Ca®* binding site in vivo. The cadmium ion is coordinated by Asp28
and Glu31l (Figure 5.2). In turn Glu31l hydrogen bonds to the side chain of Argll8
that mediates the connection to the backbones of Arg190 and Asp191 on Loop D with
the help of Gly30 and three water molecules’®. Glu 31, Argl18, Argl190 and Aspl91
are strictly conserved in PIPs. Asp28 is strictly conserved in PIP2s, but is conserved as
glutamic acid in PIP1s.

A new cadmium site

A second binding site for calcium was hypothesized in a study on Beta vulgaris roots
where Ca®™ was found to inhibit water uptake with a biphasic dose-response curve'**.
In Paper Il, we discovered this second binding site, again occupied by Cd**. Here
Thr183 from Loop D and Ala267 from the C-terminus octahedrically coordinate Cd**

with four water molecules (Figure 5.3).

Figure 5.3 The second cadmium is octahedrically coordinated by Thrl83, Ala267 and four
water molecules. These water molecules are in turn bound to residues of the C-terminal, and
Loop B.
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What physiological implications could this C-terminus stabilization have? As already
mentioned, in the open structure Loop D swings out the pore-closing Leul97 which
causes a steric clash with Ser274 of the neighboring protomer. To avoid this steric
clash the C-terminal is forced to become disordered. However, if the C-terminal is
stabilized the activation energy for overcoming this steric clash increases, which would
switch the equilibrium towards the closed conformation.

Functional assays

In Paper Il we performed functional assays of SoPIP2;1 with and without Ca®".
Initially no effect was seen upon incubation with Ca®", but when the protocol was
adapted to ensure that Ca® was present on the inside of the vesicles, SoPIP2;1 was
inhibited (Figure 5.4). This does confirms the calcium effect and it also implies that
SoPIP2;1 preferentially inserts itself into the bilayer with its termini facing inwards,
just as in vivo. In a similar assay describing Ca®* mediated inhibition of AtPIP2;1, the

authors’ protocol also ensures the presence of calcium on both sides of the vesicles'.
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Figure 5.4 Proteoliposomes with SoPIP2;1 (green) show a high water conductivity, while
proteoliposomes with Ca®* are much closer to the control curves (blue and brown). Folded in on
the right side are the fitted rate constants without (dark grey) and with 0.5 mM Ca®" (light

grey).
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5.2 pH-gating of SoPIP2;1 (Paper I)

For most pH sensitive PIPs the regulation was seen to originate from the protonation
of a conserved histidine in Loop D138 |n the closed structure of SoPIP2:1, at pH
8.0, the pH sensitive His193 in Loop D was unprotonated so its structural mechanism
could not be explained in detail. However, a hypothetical mechanism was suggested*®*;
upon protonation the histidine side chain can rotate and create a salt bridge to Asp28
which could strengthen Loop D's anchor to the N-terminus. This could also make up
for bindings lost due to phosphorylation.

In Paper | we wanted to see if we could visualize this histidine flip. To do so we
crystallized SoPIP2;1 at pH 6.0 and determined its structure to 3.1A. In one out of the
four monomers His193 was flipped towards the N-terminus as proposed, presumably
protonated. Since the pKa of the imidazole ring of histidine is 76, the same as the
crystallization condition, it is reasonable that not all of histidines should be protonated.

Figure 5.5 A) From the closed structure at pH 8 (green), His193 was proposed to interact with
Cd** at the N-terminus by flipping its sidechain. This flip could be seen in the structure at pH
6.0 (pink) B) Without Cd*", the N-terminus has moved away and the flipped histidine sidechain
interacts with the backbone of Loop B via a water molecule, anchoring Loop D in the closed
position.

In this case, no cadmium ion was present in the crystallization conditions, which
presented us with a different scenario for the histidine protonation than previously
suggested. Without cadmium the N-terminal has moved away compared to the pH 8.0
structure, and the proposed His193 interaction partner, Asp28, is inaccessible (Figure
5.5). Instead the His193 is hydrogen bonding to a water molecule which in turn
hydrogen bonds to the backbones of Lys113 and Serl15 in Loop B (Figure 5.5). The

46



interaction with the backbone of Ser115 makes the serine’s possible phosphorylation
less able to interfere with the Loop D anchoring due to low pH.

However, these findings do not necessarily contradict the previously proposed
mechanism where cadmium is present. Mutational studies of both Asp28 and Glu31
has shown that they are to some extent involved in the pH sensitivity of PIP2'¥
supporting a role for the Ca**-binding site in pH-gating.

The implications of our proposed mechanism involving interactions with Loop B are
that SoPIP2;1 can stabilize the closed conformation by low pH, despite
phosphorylation of Serll5 and low concentrations of calcium. Physiologically it
permits the plant to respond appropriately to a wide variety of conditions, whether it
be pH, calcium or phosphorylation or all at once.

1.2
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Figure 5.6 Control curves (blue) and controls with mercury (grey) show no difference
in transport activity. Mercury treated SoPIP2;1 proteoliposomes (purple) show a
significantly higher activity than untreated proteoliposomes (orange).
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5.3 The mercury effect on SoPIP2;1 (Paper Il)

In Paper Il we wanted to investigate the effect of mercury and discovered that it
significantly increases the water transport rate of SoPIP2;1, instead of exhibiting the
more common inhibitory effect on AQPs (Figure 5.6). We wondered if this activation
acted on the gating equilibrium or if it was a mechanism separated from this.

Establishing a fully open channel

The previously  studied
Ser188Glu mutant  was
proven to be significantly

100 E Normal
1410.5mM Hg

more active than the wild
type  because of  the I
mimicked phosphorylation. If
mercury could increase the

transport rate of this mutant

P¢ (um-s™)

even further, that would
indicate that the mechanism 40
was separate from the
gating. However, no
significant activation of the 20

Ser188Glu mutant could be '
seen in the activity assays 0 |
(Figure 5.7). We concluded Control (n=8) WT (n=4) S188E (n=3)

that mercury acts upon the Figure 5.7 Functional assays of SoPIP2;1 shows that the
gating equilibrium and that effect of mercury on the S188E mutant is much lower
there is a state of maximum  compared to the WT and that there is a state of

openness that SoPIP2;1 can maximal openness of SoPIP2;1. Errors are reported as

. standard error of the mean.
achieve.

Cysteine to serine mutation studies

Since cysteines were the only residues previously implicated in mercury sensitivity in
aquaporins we focused our efforts on these. SoPIP2;1 has four cysteines (Figure 5.1):
Cys69, Cys91, Cys127, and Cys132. Cys69 sits in the cytoplasmic Loop A but is
involved in a cysteine bridge, Cys91 is on Helix 2 and is facing towards a neighboring
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protomer, and Cys127 and Cys132 is on Helix 3 facing the lipid environment. Out of
these four the contestant to being the culprit in the mercury activation was Cys91
because of its location between two protomers where it could influence Loop D in the
adjacent protomer. The only solvent exposed cysteine is Cys69 which is unlikely to
bind mercury because of the cysteine bridge. In contrast, the cysteines identified in
AQP6 as being the mercury sensitive are closer to the solvent area with one being at

the cytoplasmic end of helix 4 and the other in Loop E.

We determined the structure of SoPIP2;1 in complex with mercury to 2.15A (Figure
5.8). Compared to the closed structure it was very similar to the closed structure
without mercury. Out of the four cysteines in each monomer, Cys91, Cysl27 and
Cys132 bound mercury, while Cys69 was involved in a cysteine bridge as expected.

Figure 5.8 The structure of SoPIP2;1 in complex with mercury (mercury) reveals that all
cysteines except Cys69 binds mercury. In particular Cys91 coordinates a mercury ion together
with Thrl78 of a neighboring protomer.
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Since SoPIP2:1 is activated by mercury in proteoliposomes it was strange that the
determined structure was closed. However, the open structure has been notoriously
hard to crystallize, likely because of the flexibility Loop D has in the open
conformation. In addition to this the Cd*" ions required in the crystallization
conditions stabilizes the closed conformation.

Next step was to make cysteine to serine mutants to deduce which cysteine was the
important one for its mercury sensitivity. Six mutants were made: Cys69Ser, Cys91Ser,
Cys127Ser, Cys132Ser, Cys127Ser:Cys132Ser, Cys91Ser:Cys127Ser:Cys132Ser. All
cysteine to serine mutants were reconstituted into proteoliposomes and their activities
were measured with and without treatment with 500 pM HgCl> (Figure 5.9). Out of
the four single mutants Cys132Ser was the only one that was less activated than the
wild type, however this was not statistically significant (p>0.05). In addition, the
double mutant Cys127Ser:Cys132Ser and the triple mutant
Cys91Ser:Cys127Ser:Cys132Ser was indistinguishable from the wild type. In conclusion,

no cysteine could be implicated in the mercury activation.
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Figure 5.9 Pf with and without 0.5mM HgCl2. Error bars are reported as standard error of the
mean, with at least 3 independent measurements.
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An alternative hypothesis

A functional study of eight PIP2 members in Populus trichocarpa revealed a varied
response to mercury. Out of the seven variants that had the same cysteines as
SoPIP2;1, six were inhibited and one was unchanged after treatment with mercury248.
A curious example of possible mercury activation was seen in Medicago truncatula
MtAqpl even though that aquaporin has no cysteines at all***. The authors did not
comment on this however.

If mercury does not act upon the cysteines to shift the equilibrium of SoPIP2;1, then
what else is there? The lipid bilayer itself could provide an alternative. Mercury has
been shown to decrease the fluidity of the membrane by binding to the amine head

groups of phosphoethanolamine®®

, the major constituent of the E. coli lipid extracts
used for the liposomes in this study. Consistent with this, the empty control liposomes
have been showing a small decrease in permeability upon mercury treatment (Figure
5.9) — something that has been noted in other studies'’™. Both AQP0*" and AQP4%®
have altered functions based on bilayer composition, and Aqy156, WTIP2:1%" and corn
root aquaporins® have been shown to be mechanosensitive. Given how few studies
there are about correlation between aquaporin function and bilayer properties it is not
unlikely that there are more instances of this behavior that are yet to be discovered.
Taken together it is possible that the mercury effect seen is a result of the mercury
ions changing the properties of the lipid bilayer. Therefore we propose that SoPIP2;1

can be regulated by membrane lipid composition.

In light of this hypothesis there are several implications that need to be taken into
consideration and these issues need to be further investigated as it has strong

implications for how aquaporin-mercury assays should be evaluated.

The E. coli polar lipid extracts that is commonly used in functional assays is different
from native plant plasma membrane lipid composition. It could turn out that the
mercury effect seen in the proteoliposomes is not present in the plant plasma
membrane because of their different compositions. To my knowledge, all studies on
plant plasma membranes report a significant inhibition upon treatment with mercury

even though the aquaporin population mainly is PIPs in those membranes®'2%*,

Mercury showed no effect at all on AtPIP2;1 in proteoliposomes even though it has
the same cysteine sites as SoPIP2;1'*". The explanation to this could lie in the way the
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proteoliposomes were treated. The method used was a bit more elaborate than what
was used in this thesis since the authors wanted to ensure the divalent cations tested
were present on both sides of the lipid bilayer. The newly reconstituted liposomes were
subjected to a hypoosmotic shock that opened transient pores so that the interior
could equilibrate with the cation-supplemented exterior. This was followed by an
extrusion that essentially re-equilibrates the lipid bilayers and could potentially nullify
any effect mercury has on it. In addition, the authors did not measure vesicle size, but
only estimated it to be equal to the extrusion filter pore size, which is far from certain,
which gives an uncertainty in the P value calculated.

A recent study on OsNIPs inhibited by mercury found that cysteines were not

% The authors conducted studies where they

responsible but instead histidines?
mutated all OsNIP3;3s histidines because mercury can in theory interact with the
imidazole group. The results indicated that a histidine in the extracellular Loop C was
responsible for the mercury sensitivity as all effect was lost upon mutation to
phenylalanine or alanine. The question is whether this could be the case for SoPIP2;1s
mercury activation as well? SoPIP2;1 has two extracellular accessible histidines: His210
in the selectivity filter on Helix 5, and His62 at the end of Helix 1. However, no
unexplained electron density is found near any histidine residues in the mercury
structure of SoPIP2;1. The case could also be that mercury indirectly affects histidines

by binding elsewhere, so the question is still open for debate.

5.4 The central pore (Paper II)

In plant leaves CO> is absorbed from the air through rapid opening and closing of the
stomata which in turn evaporates water. The cells are lined with different PIP
aquaporins whose task is to either a) open and close the stomata or b) to regulate
how much water is evaporated®®. Having the same set of aquaporins tasked with
simultaneous CO» uptake would simplify things for the plant and it turns out that
reduction of PIPs drastically lowers the membrane CO; permeability in Nicotiana

25 8

tabacum®’ as well as in A. thaliana®®.

The mercury crystal structure (Paper Il) lacked the common four-fold symmetry
aquaporins usually have in the asymmetrical unit. It gave us the possibility to examine
the electron density of the central pore of the tetramer. This pore has been suggested
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to be responsible for conducting a variety of gases such as NO, CO2 and NH3™. In

our model we could place a B-OG molecule lining the extracellular part of the central
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pore (Figure 5.10). In the structure of AQP5 a lipid from the native membrane was
seen occluding this pore'®. For AQP5 this implicated that native lipids filled the
central pore, making it impossible to transport CO» through it. In SoPIP2;1 the in
vitro added detergent molecule instead implicates that something else occupies this
space in vivo. Whether that is lipids or CO2 or something else cannot be determined

from these results.

Figure 5.10 A B-OG molecule nicely fits the electron density in the central pore of the mercury-
bound SoPIP2;1 structure.
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6. Tools for structural and functional research
6.1 WAXS and caged calcium (Paper IlI)

In Paper Ill, we studied the effect of calcium on SoPIP2;1 in detergent micelles using

wide-angle X-ray scattering. We wanted to see if we could visualize the closed

conformation. By using caged calcium that is released upon UV illumination we could

measure many ON/OFF scattering profiles in succession with a continuous flow.

The use of caged calcium

Caged calcium compounds have a
very high affinity for Ca®" that is
drastically lowered upon
illumination by UV light®®®. The
caged compound we used was
DM-Nitrophen (Figure 6.1). We
wanted to ensure that the caged
compound worked so we used a
setup identical to the one at the
beamline but with a micro spectro-
photometer instead of an X-ray
source. Arsenazo Il (Figure 6.1) is
a calcium sensitive dye that that
has an absorption peak at 652 nm
upon calcium binding. Our caged
calcium and arsenazo Il mixture
was illuminated with UV at 365
nm while we monitored absorption
at 652 nm. A sharp rise in
absorption was observed and
plateaued within one second,
indicating a complete release of
calcium ions from the caged
compound (Figure 6.1). With the
UV-LED still on we started the
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Figure 6.1 A) Absorption graph of caged calcium
(orange) and caged calcium illuminated by UV-
light (purple) B) Chemical structure of the caged
calcium  compound DM-Nitrophen and its
photocleavable bond (purple)
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sample pumps and continued to monitor the absorption at 652 nm, while we

successively increased the flow rate. This way we could establish how fast we could

flow our sample while maintaining full release of the caged calcium.

The heating effect

The temperature of the sample solution will increase as a side-effect of UV absorption

and the photolysis of DM-Nitrophen. Even slight increases in temperature expand

water, and change its scattering, which leads to a significant water signal even after

buffer subtraction. To control for this, the heating effect is measured by irradiating the

sample with IR to increase the temperature by an equal amount as the UV does.

Experimental setup and data acquisition

For the setup 200 mg of SoPIP2;1 was
purified, frozen in N2 and stored at -
80°C. On the first day of the experiment
the protein was thawed, incubated with
1ImM of EGTA and SEC purified
freshly made buffer. This was to ensure
of
residual calcium. A stock solution of DM-

in

elimination all  aggregation and
Nitrophen and calcium was made with
the calcium concentration slightly lower
than the DM-Nitrophen to ensure that all
calcium is caged. The caged calcium was
added to the protein solution to an

excess of 0.5 mM. The concentration was

chosen to ensure a 05 mM free
concentration of calcium even when all
available SoPIP2:1 had bound two

calcium ions each.

The sample was pumped through PEEK-
tubing into a thin glass quartz capillary
that was mounted in the X-ray beam.
The IR- and UV-sources were collected
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Figure 6.2 WAXS setup. A fiber is connected
to the capillary which irradiates the sample
with UV, IR. The X-rays comes
perpendicular to the fiber and the scattering is
collected with a CCD-detector (outside the
right edge). A helium filled cone (black)
minimizes background scattering from air.
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with a Y-fiber which was mounted to the capillary holder perpendicular to the X-ray
source (Figure 6.2), and a computer script automatically switched between light
sources (Dark/UV/IR) during data collection.

Data sets of Dark, UV, and IR were collected in sequence while the pump was kept on
a constant speed of 0.05 pL/s. The UV-LED was set to constant illumination during
UV data collection. The IR laser showed fluctuations in intensity at the low amperes
needed for our heating measurements. To eliminate those fluctuations we employed
pulse width modulation of the IR-laser with a pulse generator that sent small bursts of
IR every fraction of a second. The length of the pulses was adjusted to match the
heating signature of the UV-LED, although inherent variations between data-sets

forced us to do additional scaling in the data analysis at a later stage.
Data analysis and modelling

After radial averaging, the data processing was performed in three steps. First the dark
datasets was subtracted from 1) UV-illuminated data sets (UV-Dark), and 2) IR-
illuminated data sets (IR-Dark). The heating signature from the IR-Dark curves were
matched to the UV-Dark curves and then subtracted from them to give the final 3)
UV-IR curves (Figure 6.3) that represents the difference scattering caused by
structural changes.

The previously solved structures of SoPIP2;1 in closed (PDB ID: 1Z98) and open
(PDB ID: 2B5F) conformations was used as a starting point for MD-simulations. The
aquaporin tetramer was put into a pre-equilibrated lipid bilayer and an equilibrium
model was created by running the simulations for ~70 picoseconds. The model was
then used to create the theoretical UV-IR curves.

A fully open or closed aquaporin might not be the most probable case so we tested
five combinations of open and closed tetramer structures: 4 open, 3 open + 1 closed, 2
open + 2 closed (diagonally), 2 open + 2 closed (horizontally) and 1 open + 3 closed.
These were compared to the expected fully closed system.

The best fit

The experimental difference curves, AS(q), show distinct features at the low q region
(0.1 A* < g <06 A?), similar to the light induced changes in WAXS spectra of

proteins from the rhodopsin family®®262,
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Currently, the best fit to the experimental data comes from the difference between the
fully closed and the fully open tetramer. As seen in figure 6.3a, the general features are
there, but the fit is still not perfect. The model uses a lipid bilayer instead of a
detergent micelle which could account for some of the discrepancies seen. In addition
to this the flexible N- and C-termini was omitted from the model at this stage, but
once included the fit is expected to improve. The biggest improvement to the model
will likely come from using an equilibrium ensemble instead of a single equilibrated
state. In solution SoPIP2;1 are not locked in a certain place but rather shift rapidly
between the open and the closed conformation. An equilibrium ensemble would
capture this and would provide a more accurate model to fit to the data.

A 0.003 -

—Fit
Experimental data
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0.001 -

q*AS(q) (A1)

0.000 — Vi
/

-0.001
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a (A

Figure 6.3 A) Experimental data and the best fit that comes from the difference between the
fully closed and the fully open structure. B) Overlay of closed (green), open (blue) and best fit
model (cyan).

Conclusion

There is, to my knowledge, only one other study using caged compounds together with
SAS to study conformational changes in proteins®®. This is the first step towards
time-resolved WAXS (TR-WAXS) studies of non-photosensitive proteins. The caged
compounds and UV-setups can be optimized to release tiny incremental amounts of
calcium to give scattering snapshots of all intermediate conformations in protein

gating.
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6.2 Nanodiscs (Paper 1V)

As described earlier, nanodiscs are discoidal lipid bilayers enclosed by two copies of
MSP. Single copies of membrane proteins can be inserted into the discs and because
of their defined size they are very monodisperse in solution. This serves as an excellent
basis for SAXS studies of membrane proteins; something that has been very
challenging due to the intrinsic properties of detergents®*!. Although the lipids are not
handled well by standard modelling tools, new tools has been developed by Lise

Arleth’s group, as shown by their paper of bacteriorhodopsin modelled in nanodiscs'®.

In Paper IV we wanted to see how small backbone movements we could distinguish.
Tetramers of SoPIP2;1 was successfully inserted into the lipid bilayer of the nanodisc
system consisting of two copies of MSP1E3D1 and analyzed with SAXS in
combination with SANS. The hydrocarbon chains from lipids scatter X-rays very
weakly, which means the bilayer in nanodiscs is poorly resolved with SAXS. In SANS,
however, the contrast between D20 and the hydrogens in the hydrocarbon chains are
very distinct. Combining the two methods yields the information needed for both the

proteins and the lipids in the nanodisc?**.

Tetramer verification

To verify that SoPIP2;1 would not reconstitute as a mixed population of monomers
and tetramers we made nanodiscs of different sizes. Monomer reconstitution was tried
using the Cys69Ser mutant and the smaller nanodisc size with MSP1D1. Tetramer
reconstitution was done as for the wild type with the larger MSP1E3D1 (Table 4.2).
The smaller diameter of MSP1D1 was thought to force SoPIP2;1 to either reconstitute
as a monomer or not at all. The Cys69Ser mutant would ensure that no cysteine
bridge would hold together the dimer. SEC purifications of both MSP1D1 and
MSP1E3D1 reconstitution mixtures showed that only in the latter case was correctly
folded nanodiscs formed (Figure 6.4). With this information we felt confident that
SoPIP2;1 only existed as tetramers in the larger nanodiscs, something that we later
confirmed with the SAS modelling.

Data collection and modelling

SAXS data was collected first to evaluate the sample quality. Roughly 100 pL of

sample was used for these measurements, which translates to about 0.065 mg, or 2

58



nanomole, of pure SoPIP2;1. In contrast, SANS collection required 400 pL of sample
with a higher concentration, which translated to about 0.5 mg, or 16 nanomole, of
pure SoPIP2;1. The almost ten-fold increase in sample amount is due to the
significantly lag in neutron facility technology, compared to synchrotrons, but this is

expected to change in the coming years, as detector quality and neutron flux continues
to increase.

The initial models established that SoPIP2;1 did indeed reconstitute as a tetramer, and
that it was located in the center of the nanodisc. Normally the empty nanodisc is oval,
rather than circular, but the size of the tetramer forced the SoPIP2;1-nanodisc to
adopt a more circular form. In fact, there is only room for 1-2 POPC molecules
between SoPIP2;1 and the MSP1E3D1 protein. Even so, the lipids maintain an

average area per headgroup of 71A% compared to 67A% in the empty disc, and 60A? in
bilayer structures®®*.
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Figure 6.4 SEC profiles of SoPIP2;1 Cys69Ser reconstituted into either MSP1E3D1 or MSP1D1
nanodiscs. The smaller discs of MSP1D1 failed to form, since no peak is seen after the
MSP1E3D1 peak.
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Because of four-fold symmetry of SoPIP2;1 and the large volume it fills, the quality of
the data exceeded the expectations based on the previous study on bacteriorhodpsin'®.
This allowed us to investigate more closely what can and can not be distinguished with
this method. In the crystallographic structure of SoPIP2;1 there are 45/49 N-terminal
and 7/18 C-terminal unmodelled residues in the closed and open structure respectively.
Four different models were tested to evaluate how much of the flexible regions we
could accurately model (Figure 6.5). We wanted to see whether or not the disordered
N- and C-termini contributed significantly to the scattering, and if we could locate the
lateral placement of these. Furthermore, we wanted to see if there were any significant
differences in model quality when using the open structure compared to the closed

structure.

In the first model we omitted the flexible regions at the N- and C-termini (Figure
6.5a), while in the second model the termini were modelled as one single flexible chain
with their X-Y coordinates as extra free parameters (Figure 6.5b). The fit is visually
better using the latter model. Specifically, the x* decreases from 52 to 5.5, but the
partial specific volume of the lipid belt, and the SoPIP2;1 tetramer, are unrealistic in
both models (Table 6.1). It's concluded that these flexible regions are needed to
accurately describe the scattering from the nanodisc-SoPIP2;1 complex, which leaves

room for improvement.

In the third and fourth model we modelled the N- and C-termini as two separate
flexible chains. This, in addition to Loop D, gave us the opportunity to distinguish
between the closed and the closed structure. The biggest difference is the placement of
the C-terminal which is located in the center of the tetramer in the closed structure
(Figure 6.5¢), but have moved away to the sides in the open structure (Figure 6.5d).
Both fits provided more physically realistic parameters, with the closed model having a
slightly lower x* value (5) than the open model (15). The deviation of the open
structure is also seen clearly near the first minimum at g ~ 0.1 A%, These differences
in fits are small though, and it cannot be said with certainty that the closed model is

more likely than the open model.
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Figure 6.5 Four different models were tested. Each model was simultaneously fitted to the SAXS
and the SANS data. Top left: No flexible domains on the cytoplasmic side gave the worst fit.
Top right: A single flexible domain that included Loop D, and the C- & N-terminals gave a
much better fit. Bottom left & right: Modelling the C- & N-terminals separate from Loop D
gives us the ability to compare the open conformation with the closed conformation.
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Summary

In our models of SoPIP2;1 reconstituted into nanodiscs we discovered that flexible
regions, such as the N- and C-terminals of SoPIP2;1 contribute significantly to the
total scattering of the protein, and must be included in the models. Since SoPIP2;1 is

a gated protein we tried to distinguish between the open and the closed conformation

We got a slightly better fit with the closed model, but the difference compared to the
open model was not significant enough to warrant a definite conclusion in that matter.
The most likely scenario is that SoPIP2;1 exists in an equilibrium state between the
open and the closed structure at the conditions the experiment took place in (non-
phosphorylated, pH 7.5, no calcium). This is further discussed in Paper Il where we
studied SoPIP2;1 with WAXS to distinguish between the open and the closed
conformation using UV-triggered calcium release. If one were to measure SAS on
SoPIP2:1 in nanodiscs with calcium, to stabilize the closed conformation, the closed
model would most likely fit better. That is, the reason why this study could not
distinguish between the two forms is probably not because of limitations in the
technology, but rather because SoPIP2;1 was neither fully open nor closed.
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Table 6.1 Fitting parameters from the empty nanodiscs as well as the four different SoPIP2;1

models.

Empty NoTag OneTag Closed Open

v =457 =52 v =5.5 v'=49 v =14.6
Fitting parameters
€ 1.68 £ 0.026  1.28 £0.07 1.29£0.18 1.32+£9.98 1.38+0.09
hvitayerapolar 20,6 + 2.2 2557+£0.84 30+23 27.63+0.04 28.7+2.1
Niipids 209.41 + 0.54 150* 150%* 150%* 150*
Nuater 4.34 £0.98 4.3% 4.3% 4.3* 4.3%
ox 4.00 +0.23 3.73+0.45 3.6+1.2 3.93+0.57 3.57+0.60
N 2.00 +£0.27 - - - -
CVhelt 1.033 +£0.015 0.900+0.024 1.07£0.10 0.97+0.02 0.98+0.03
CViipia 1.014+£0.004 1.005+0.014 1.024+0.045 1.03+0.02 1.02+0.02
CVaq - 1.046 + 0.008 1.038 +0.019 1.028 +£0.02 1.029+0.016
Rendeap 6.6 1.6 0* 0* 0* 0*
IKuhntag - - 13+ 10 11.4+3.5 10.8 +4.9
Xiag - - 15+2164 - -
Yiag - - 27.2+£1193 - -
Deduced parameters
Rininor 61.9 59.6 57.1 59.2 59.5
Rininor 36.8 46.5 443 44.9 43.1
Ancadipia 00.8 76.1 69 70.5 73.8
Dhelt 8.7 7.2 8.8 7.9 8
Vipidhead  323.5 320.6 326.7 328.6 325.4
Viipidapolar 940 931.6 949.2 954.8 945.5
Velt 35.4-10° 30.9 - 10° 36.5-10° 33.2-10° 33.6 - 10°
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7. Future aspects and concluding remarks

7.1 SoPIP2;1 and plant aquaporins

Previous studies have shown that the closed conformation is destabilized by
phosphorylation at Serl15 and Ser274 with a third phosphorylation site hypothesized
at Ser188. We have demonstrated a mechanism for how SoPIP2;1 is closed by a
decrease in pH, or by Ca®" binding at two sites. The inhibition by calcium was proven
in functional assays, and initial WAXS studies. In addition to this, we have suggested

that membrane tension, or fluidity, can be employed by plants for regulation as well.

The mechanics behind SoPIP2;1 phosphorylation is an area where more insight is
needed. It's difficult to artificially phosphorylate proteins. Most studies done on
aquaporin phosphorylation are done in oocytes by, for example, adding kinase
inhibitors and studying the effects'®°. Many aquaporins are also trafficked into, or out
of, the plasma membrane in response to phosphorylation of their C-terminus'®*. The
complexity in vivo is truly amazing.

It has also become evident to me that studies of water permeability as a function of
lipid composition should be more commonplace. The study on AQP4 and AQPO
activity based on lipid composition shows a clear dependency on elasticity and
thickness®*®. We need to investigate this issue further, and establish better protocols
for measuring and reporting activity assays, but the biggest hurdle is that there is no
means of measuring water transport through a single aquaporin, something that is
possible for ions®®. If that issue was overcome, much more accurate measurements
would be possible.

The role of other heavy metals has not been evaluated here but heavy metal toxicity is
problem in nature so it is important to understand the mechanisms behind this?®®2%.
Aquaglyceroporins have less specificity and most likely transport more solutes than
those that have been proven in assays to date. This also implies that they can
transport solutes that have no evolutionary benefit to the organism, such as the

arsenic transport in rice NIP aquaporin5267.
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7.2 Commercialization of aquaporins

Many groups and organizations are already competing to build the first economically
feasible aquaporin filter. It could be used to purify water from bacteria, salt and other
unwanted things that make it undrinkable. However, the only commercially available
product that has gained somewhat public knowledge because of aquaporins is a skin
cream which is reported to increase the presence of aquaglyceroporins in skin cells*®.
The study is rudimentary at best and the article is recommended only as a teaching

exercise.

On a more serious note, in medicine many diseases are connected to aquaporins and
drugs that target these could be of great use. For example, diabetes insipidus, a
disorder characterized by copious volumes of unconcentrated urine, is caused by
improper trafficking of AQP2 to the kidney®®, and the malarial parasite P. falciparum,
that infects hundreds of millions each year, has an aquaporin that is essential for its

growth stage in human blood streams?’°.

There are also many opportunities in the farm industry where there is always a need to
increase harvest yields. In theory, modifying aquaporin regulation or expression in
crops could make them grow faster by essentially blocking their safety mechanisms
that otherwise protect them against drought, flooding, and other natural variables.
The emerging use of factory like indoor farming facilities that employs specialized led-
lights®"!

plant of its safety mechanisms in favor of growth.

, provides the type of controlled environments where we could safely relieve the

7.3 Membrane proteins and lipids
The current main method of studying membrane proteins in detergent micelles is
excluding a lot of the properties a lipid bilayer provides, and may give us the wrong
idea of how these proteins work and behave. A continuous expansion of the
biochemical toolkit is important for us to elucidate the finest details about the
membrane proteins. In the future a lot more will be discovered about the protein-
membrane relationship.

During this journey | have understood that the environment in which the membrane
protein is situated is of much greater importance than previously considered. The tools
which we use to study these proteins have to be carefully selected. Nanodiscs can be
one of these tools. An overview of the field reveals a quickly growing interest in the
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system (Figure 7.1) and been proven to be diverse, in variety of membrane proteins
reconstituted, but also in techniques that benefit from its use.

Although this thesis has not elucidated any lipid-protein dynamics, it has shed more
light on the relationship, both literally and figuratively. | have also glimpsed the future
of membrane protein research by exploring the tools that can be used to substitute the
lipid bilayer in a controlled lab environment, and | see that the future is as bright as
our 4" generation synchrotrons.

250

200

Total number of nanodisc papers

50

0
2000 2005 2010

Figure 7.1 The cumulative number of nanodisc papers in the literature from 2000 to 2014
shows a clear growing interest in the system that is expected to continue to grow.
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