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Dissertation Abstract 

Water transport in eukaryotic cells is a highly regulated and fine-tuned 
process. Water channel protein known as aquaporins (AQPs), constitute the 
main cellular water transport system, preserving water homeostasis by 
maintaining specific selectivity-mechanisms. Dysfunctional AQPs induce a 
wide variety of diseases in humans thereby enhancing the clinical 
significance of structural and functional knowledge. 

Macromolecular structural research requires large amounts of pure, stable 
protein to initiate crystallization trials. To achieve this, genetic engineering 
and overproduction systems such as the methylotrophic yeast Pichia 
pastoris (P. pastoris) are employed. The next step, crystallization, involves 
arrangement of the macromolecule in a repetitive fashion. Once crystals 
have been obtained, these are exposed by synchrotron radiation (X-rays), 
producing a diffraction pattern. This reciprocal representation of the 
arrangement of atoms in the unit cell is converted back to real space by a 
Fourier transform, which generates a atomic model of the protein.  

This thesis is based on a comparative study of the production levels of all 
human AQPs, an production and purification analysis of eukaryotic 
transhydrogenases, and a structural and functional investigation of the 
spinach AQP SoPIP2;1 with associated mutants.  

The human AQPs produced in the study displayed a considerable variety in 
production yield. Although the production yield seamed to depend on 
multiple factors, a correlation could be drawn between the extent of protein 
inserted into the membrane and phylogenetic relationship, providing 
further insight into eukaryotic membrane protein production. Furthermore, 
zebrafish transhydrogenase was successfully produced in P. pastoris, but 
although the production yield was sufficient, further optimisation of 
purification conditions is required in order to obtain sample suitable for 
crystallization. Finally, crystal structures and water transport assays of 
SoPIP2;1 phosphomimicking mutants as well as of SoPIP2;1 in complex 
with mercury have given novel insights into the mechanism of plant AQP 
gating.  

Keywords: aquaporins, transhydrogenase, membrane proteins, X-ray crystallography, 
structure, protein production, overproduction.  
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1. Introduction 

The immense diversity we all are part of today rose though evolutionary 
natural selection [1]. As much as living organisms them self diverse, their 
biochemical processes showcase a vast variation in both complexity and 
characteristics. Despite the variation, there is a universal analogous 
regularity which originates back to when life on earth first started to exist. 
Biogenetic carbon-based life is believed to have started as the first self-
replicating molecules became enclosed and thus separated from the 
surrounding environment [2]. Subsequently, the intracellular and 
extracellular differentiation drove the evolution selectively towards 
responsive molecular regulation mechanisms, acting both on the inside 
and across the membrane [3]. Accordingly, all living organisms share the 
same basic fundamental formula in order to store genetic information, 
metabolize and function.  

Numerous assorted biochemical mechanisms constantly oversee and 
adjust the living organism at a molecular level, to continually adapt to 
present conditions. These mechanisms are coupled directly or indirectly to 
each other, collectively constituting a complex molecular biologic system 
[4]. However, despite having mechanisms to correct early biochemical 
errors, aberrations happens, possibly leading to diseases, some of which 
modern medicine haven’t yet found a cure for. In spite of that, advances in 
structural biology may contribute to finding the answers to effectively cure 
and treat these diseases by providing deeper insight in effected 
biochemical mechanisms and explain how the biomolecular components 
function at an atomic resolution, ergo attain controllability. 

1.1 The Biological Membrane  

All eukaryotic cells, including most organelles, consist of a semi-
permeable plasma membrane acting as a stable differentiating shell to its 
outer environment. Nevertheless, cells are far more than apathetic 
“bubbles” floating around. In fact, cells are highly active in cell-to-cell 
communication [5]. In addition, the defined compartmentalization 
accommodated by the plasma and organelle membranes, grant specific 
chemical settings, required for given reactions to take place. Among other 
things, the compartmentalization grants prokaryotic and eukaryotic 
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biological systems to utilize membrane inserted proton-pumps to transfer 
protons (H+) against a gradient and across the membrane to establish a 
electrochemical proton gradient (∆ρ) and protonmotive force, ultimately 
the driving force of adenosine-5'-triphosphate (ATP) synthesis [6, 7].    

The fundamental matrix of the cell membrane is the lipid bilayer which is 
made-up by lipids organized in two layers with the acyl chains facing each 
other, forming a hydrophobic centre-core while the lipids hydrophilic 
head-groups face the surfaces. Along with various types of lipids, proteins 
and carbohydrates are inserted or anchored trough-out the lipid bilayer 
(Fig.1) [8]. 

 

Figure 1. Schematic drawing representing a section of a typical eukaryotic cell membrane bilayer [9]. 

Assorted ratios of specific lipids, proteins and carbohydrates jointly dictate 
the characteristics of the cell membrane and hence influence the chemical 
environment of the cells cytosol, depending on cell type and biological 
location [8, 10]. Cell membranes are highly dynamic and asymmetric, 
opposing the common misleading cartoons of a static plasma membrane 
found in the literature. The Fluidic Mosaic Model (FMM) describes the 
organization of cell membranes as such [11, 12]. Accordingly, the dynamic 
fluidity of the cell membrane smoothly allows rotational and lateral 
movements of constituents in the lipid bilayer, explaining how 
asymmetrical membrane regions such as lipid rafts and assemblies of 
proteins may emerge [13]. In addition, the FMM also state the more rare but 
viable transverse diffusion, commonly known as flip-flop movement, 
which is the transfer of molecules between the two layers of the lipid 
bilayer. 
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1.2 Membrane Proteins 

Membrane proteins constitute a class of proteins which are associated to 
the cell membrane either as integral (trans-membrane), peripheral or lipid-
anchored proteins [14, 15]. As key components to the cell, membrane 
proteins respond to biochemical changes in the local environment, 
accounting for cellular signal reception and regulation whilst acting as 
transporters, channels and receptors [16, 17]. 

In the highly dynamic and quickly responding biological system, 
molecules need to be passively or actively transported to the inside or 
outside of the cell. Molecules may in some cases penetrate the cell 
membrane by a diffusion process but more commonly react directly or 
indirectly with a substrate specific membrane protein receptor, activating a 
cascade reaction which results in a biological response [10, 14, 15]. 
Accordingly, the biological system cannot solely relay on concentration 
gradients as driving force as it will not be effective when a net equilibrium 
is reached. Moreover, the rate of diffusion is often not quick enough to 
respond to rapid biochemical changes without having an extremely high 
concentration on one side. Instead, literal substrate specific membrane 
protein channels and transporters enable gated openings through the lipid 
bilayer, allowing quick and precise transfers [18]. Often, membrane protein 
channels and transporters include gating mechanisms, activation sites 
and/or substrate selectivity features, enabling accurate regulation [14, 15, 19]. 

1.3 Structural Biology 

Structural biology incorporates biochemistry, biophysics and molecular 
biology (Fig.2) toward a better understanding in terms of biological 
macromolecular three-dimensional structure and function.    

 

 

 

 

 

 

Figure 2. Schematic drawing representing 
structural biology as an interdisciplinary field 
constituted by biophysics, biochemistry and 
molecular biology. 
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The value and usefulness by obtaining macromolecular models at high 
atomic resolution (≤ 3Å) stretches beyond the human inquisitive nature as 
it unveils the proteins function and mechanics [20, 21]. Biological 
macromolecules such as proteins influence most biochemical processes, 
consequently, most of our known diseases involves dysfunctional proteins 
in some way [22-24]. Generally, most drugs used today are used without 
knowledge of the targets and drugs pharmacodynamics, causing inferior 
drug utilization [25]. The advantages by knowing a drug targets molecular 
mechanism and atomic arrangement will not only grant efficient drug 
design but also provide useful information in the quest to extensively 
comprehend the whole complex biological machinery.  

1.3.1  Protein Structure and Function 

”If it looks like a chair, it is most likely that its main purpose is to function 
as a sitting device” (M. Ekvall). This structure/function relationship is 
something we interact with on a daily basis but it also stands true on a 
molecular level. The fact that a proteins biological function has direct 
correlation to its three-dimensional structure is one of the central dogmas 
of today’s structural biology [26, 27]. 

However, things may not be that easy as there are exceptions in the protein 
structure/function-dogma, just as well as our daily life (frequently or less 
frequently) contain abstractionism (Fig.3). 

 

Disordered proteins that folds only upon binding their target has been 
investigated and expand the concept of the biological machinery even 
further [28, 29]. To generalise and perhaps presuppose, the structure may at 
least gives an indication of the proteins molecular mechanism. The 
prevision may further be used to theorize and come up with functionality 
tests and sequential manipulations such as point mutations. Investigating 
and altering the function and conformation should give more pieces to the 
puzzle and open up for even further speculation.  

Figure 3. Illustration of
proteins structure/function-
dogma. (A) A chair. (B) An
unfolded chair. (C) The
painting “Reciprocal” by
Kandinsky (1935). 
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If practically, another interesting aspect of the structure/function 
relationship, involves the comparison of protein taken from patients with a 
medical disorder, confirmed to a specific protein, and compare with the 
healthy variant. Upon superposition, any deviations may extend the 
biochemical apprehension and reveal the reason and molecular mechanism 
to the pathological state, hopefully generating a medical counter. 

1.3.2 Membrane Protein Structural Biology 

The biological importance and hence the medical significance of 
membrane proteins cannot be over emphasized. Due to the fact that 
membrane proteins influence the majority of biochemical processes, they 
are considered to be critical in pharmaceutics, accounting for the major 
part of all known drug targets [22-24, 30]. Additionally, alterations in 
membrane proteins might result in acquired or inherited diseases such as 
haemophilia, cystic fibrosis, diabetes, Alzheimer's disease and various 
forms of cancer [31]. Yet, we know relatively little about them, having few 
high resolution structures and mechanisms fully determined. One of the 
main reasons of our lack of structural knowledge lay to a great extent to 
the challenging task of isolating adequate amounts of pure and stable 
membrane protein [32, 33]. Subsequently, the pure and stable membrane 
protein sample should then be used to perhaps an even more challenging 
task, the generation of well diffracting crystals. 

The growth of protein structures deposit in the PDB (Protein Data Bank) 
increase yearly and are close to a total of 90000. When examining how 
many of those determined structures are membrane proteins, an unequal 
distribution of soluble and membrane proteins is revealed, approximately 
at the ratio of 200/1 [34]. 

1.3.3 The Problematic Nature of Membrane Protein Purification and 
  Crystallization 

To generalise, it’s the fundamental duality of the hydrophobic/hydrophilic 
nature of membrane proteins which creates a challenging task upon 
purification and stabilisation. Commonly, the targeted membrane protein 
needs to be extracted from its native membrane bilayer in order to be 
adequately separated and purified. However, simply disrupting the native 
bilayer and unleash the membrane protein into solution will destabilise the 
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structural conformation and force a conformational change towards a more 
energetically favoured structure. Often, the new conformation will not be 
chemically active and have a tendency to aggregate. Instead, a detergent 
(surfactant) is used to initially disrupt the native bilayer and subsequently 
solubilise and stabilise the native conformation [35]. Importantly, it is 
crucial to use a well-suited detergent(s) as well as appropriate critical 
micelle concentration (CMC) to fit the necessities of the specific 
membrane protein. 

Growing crystals from a protein solution can be a very tough job 
compared to many inorganic substances which often only require an 
oversaturated solution to be heated and slowly cooled to generate crystals. 
However, using such approach on a protein solution will denature to 
protein into oblivion. So instead of using heat as a concentrator, producing 
protein crystals generally requires more delicate techniques which allow 
the protein sample to be supersaturated such as water diffusion, dialysis or 
gels and capillaries. 

Furthermore, there are some basic principles that need to be fulfilled 
before attempting crystallization. Firstly, the target membrane protein 
cannot be too shielded by detergent molecules as self-associated ordering 
into three-dimensional crystals requires some contact area [36]. However, 
the balance between “good” and “bad” contact areas is the balance of 
stable molecular interactions and nonspecific aggregation and precipitate 
formation. In addition to stability and self-association ability, the protein 
sample has to be as homogenous as possible. Paradoxically, the absence of 
a target specific detergent results in hundreds of other membrane proteins 
being solubilised, resulting in an extensively inhomogeneous sample. 
Therefore, it is essential to implement a proficient purification protocol 
which not only removes unwanted solubilised membrane proteins but also 
keep the designated membrane protein stable and able to self-assemble. 
Finally, to figure out optimal crystallization conditions often require 
several crystallization trials including various additives, detergents and 
solutions. The fact that protein crystallization has been regarded as an art 
has only displayed the lack of knowledge of the many subtle yet profound 
variables protein crystallization involves.     
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1.4  Aquaporins 

Water has always played a vital role in the chemistry of life. Animals, 
plants and bacteria all require intake of water to survive. The evolution of 
the first living life forms progressed from an abundance of water which 
became fundamentally integrated into their biochemical systems, acting as 
solvent, reagent and bulk reaction medium [2]. Additionally, the 
significance of water in the chemistry of life is reflected in the multiple 
biochemical mechanisms which constantly monitor and regulate water 
fluctuation [19]. It had been suspected since the 1920’s that water 
transportation across the plasma membrane couldn’t solely depend on 
passive diffusion alone [37]. But it was not until 1992, when Prof. Peter 
Agre reported the first aquaporin (AQP), resulting in the 2003 Nobel prize 
in chemistry [38, 39].  

AQPs are a group of highly conserved trans-membrane proteins 
functioning as selective channels, mainly for water but also other small 
solutes such as glycerol [24, 40]. Today, AQPs are well studied potential drug 
targets as well as molecular schoolbook examples of trans-membrane 
proteins. A main feature of the approximately 28kDa large AQPs, is the 
ability of preventing ions and other solutes to pass while still being able to 
efficiently pass trough water, facilitating normal secretory and absorptive 
functions. Different variations of AQPs are found in just about all living 
organisms such as unicellular bacteria and yeast to plants and mammals. 
The highly conserved sequences as well as the occurrence throughout the 
physiological system manifest the importance of these “plumbing system 
for cells," as Prof. Peter Agre once called them. 

AQPs are allocated to the group of membrane proteins known as major 
intrinsic proteins (MIPs) but are then further subdivided based on 
sequence similarity and substrate selectivity into - (i) classic or orthodox 
AQPs, selectively transporting water, (ii) Aquaglyceroporins (AQGPs), 
transporting small solutes but mainly water and glycerol and (iii) 
subcellular AQPs (scAQPs), acting on the inside of the cell [41]. 

1.4.1   Human Aquaporins 

13 human AQPs (hAQPs) have been identified, displaying a wide 
variation in physiological roles [42] (Tab.1). Multiple sequence alignment, 
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phylogenetic and functional analysis of the hAQP sequences, has divided 
these into the subfamilies of classical AQPs (hAQP0, 1, 2, 4, 5, 6 and 8) 
and AQGPs (hAQP3, 7, 9 and 10). 

Perhaps surprisingly, hAQPs are located not only in high fluidic content 
tissue such as the kidney, but are also encountered in the skin, fat-tissue 
and brain [43]. The largest amount of hAQP-homologues are found in the 
kidney which reabsorbs approximately 150L water from the blood/day [44]. 
The diversity of different AQPs in the human kidney can in fact 
compensate a defective urinary concentrating ability cause by hAQP1 
deficiency [45]. However, many tissues and organs in the human body does 
not showcase the homologous diversity of AQPs such as the kidney.  

Along with substantial significance, defective AQPs arise in substantial 
malfunction, resulting in a plenitude of medical conditions such as 
cerebral edema, diabetes insipidus and congenital cataracts [24, 31, 46]. 
Confirming the wide abundance of AQP-related diseases has resulted in an 
extensive research effort which in addition resulted in deeper insight and 
understandings of biological macromolecular structure and function in 
general.   

hAQP Permeability Major tissue expression 
   
hAQP0 Water Eye lens fiber cells 
hAQP1 Water Kidney tubules, endothelia, erythrocytes, choroid plex-

us,ciliary epithelium, intestinal lacteals, corneal endothe-
lium 

hAQP2 Water Kidney collecting duct 
hAQP3 Water, Glycerol, Urea Kidney collecting duct, epidermis, airway epithelium, 

conjunctiva, large airways, urinary bladder 
hAQP4 Water Astroglia in brain and spinal cord, kidney collecting duct, 

glandular epithelia, airways, skeletal muscle,  
stomach, retina 

hAQP5 Water Glandular epithelia, corneal epithelium, alveolar  
epithelium, gastrointestinal tract 

hAQP6 Water and Anions (Cl-, NO3
-) Kidney collecting duct and intercalated cells 

hAQP7 Water, Glycerol, Urea,Arsenite Adipose tissue, testis, kidney proximal tubule 
hAQP8 Water, Urea and NH3 Liver, pancreas, intestine, salivary gland, testis, heart 
hAQP9 Water, Glycerol, Urea,Arsenite Liver, white blood cells, testis, brain 
hAQP10 Water, Glycerol, Urea Small intestine 
hAQP11 ? Kidney, liver 
hAQP12 ? Pancreatic acinar cells 

Table 1. The table represents substrate specificity and organ localisation of all human AQP homologues 
[24, 40, 44].   
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1.4.2   Plant Aquaporins 

Osmosis plays a considerable role in plant physiology, creating the plants 
turgor-pressure which enables the plants rigidity and facilitates nutrition 
[47, 48]. The substantial role AQPs fulfil in plants is effectively illustrated by 
the extensive amount of isoforms present in the same species such as 36 
genes in maize (Zea mays) and 35 in Arabidopsis (Arabidopsis thaliana) 
while as previously mentioned, humans “only” has 13 [49, 50]. However, 
water intake and flow within the plant cells are mediated through AQPs 
which additionally to mammalian AQPs, include gating mechanisms to 
withstand rapid pH changes, drought and flooding [51].   

Particularly plants living on land are accustomed of having a high variance 
in water availability. Accordingly, when available, the water regulation 
through AQPs responds quickly. Defective or inhibited plant AQPs results 
in reduced plant growth or even death of the plant. Moreover, AQPs found 
in plants customarily get subdivided into four main groups, plasma 
membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), 
nodulin-26 like intrinsic proteins (NIPs) and small basic intrinsic proteins 
(SIPs) (Fig.4) [52]. However, recently another isoform-group to include to 
pAQPs is the x intrinsic proteins (XIPs) [53].  
 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Phylogenetic tree of the evolutionary relationship between mammalian AQPs (AQP0-12)
and plant AQPs [plasma membrane intrinsic proteins (PIP), tonoplast intrinsic proteins (TIP), nodulin
26-like intrinsic proteins (NIP) and small intrinsic proteins (SIP)] [52]. 
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1.4.3    Structural Features of Aquaporins 

Early topological and structural studies of hAQP1, predicted a right-
handed “hour-glass”-like structure i.e. narrow in the middle and wide at 
top and bottom [54]. The “hour-glass”-conformation has now been 
confirmed by several high-resolution structures deposit in the PDB [51,56, 92-

93].  

Inspecting the general structural composition of AQPs, reveals that six TM 
α-helices (1-6) and two half-helices (B and E), forms an approximately 
20Å narrow channel, functioning as a selective pore through the 
membrane (Fig.5A and B).  

 

Figure 5. (A) Structure of a hAQP1 monomer in side view, highlighting the NPA-motif containing two 
half-helixes B and E in green and red, respectively. (B) Top and bottom view of hAQP1. (C) Tetrameric 
assemble of A, B, C and D hAQP1-monomers viewed from the bottom. The O indicates the central pore. 
The red mesh in (A) and (B) illustrates the pore region. 

The diameter of the channel force accessible molecules such as water, to 
be lined up and transported in a single file (Fig.6A) [55]. Furthermore, half-
helixes B and E, meet in the middle of the bilayer and folds into a seventh 
α-helix. In addition, the half-helixes B and E contain the AQP NPA-
signature motif (N/Asparagine-P/Proline-A/Alanine), constituting the 
narrowest path of the channel. The NPA-motif is characteristic to all AQPs 
but some variation occur, mainly among the AQGPs. In addition to the 
NPA-motif, an Arginine (R/Arg) positioned in the proximity to the 
narrowest part of the channel, functions as a selectivity filter of larger 
molecules, protons and ions. Residues with mainly hydrophobic nature 
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covers the structures external interface whereas the channels inside 
contain both hydrophobic and hydrophilic residues i.e. an overall 
amphiphatic character [56]. 

Subsequently, the characteristics of the residues indicate that AQPs are 
well embedded in the membrane while still being able to maintain a 
selective channel. Moreover, MD-simulations suggest that the 
characteristics of the inside of the water channel forces water molecules to 
flip side. Importantly, rotating water molecules stacked in a single line 
prevents a chain of continuous hydrogen-bond to occur which potentially 
could conduct protons by the Grotthuss-mechanism [57]. In addition, the 
construction region is slightly wider in AQGPs compared to classic AQPs, 
3.4Å and 2.2Å respectively, suggesting that rejection of glycerol by classic 
AQPs is attributed to mere size [58]. 

However, the decreased potential of water transport by AQGPs compared 
to classic AQPs is caused by increased hydrophobicity inside the channel. 
Most likely, a dipole moment, created in the interface of the two half-
helixes B and E, prevents destructive proton passage through the channel, 
thus preserving the uttermost important electrochemical gradient, ∆ρ [57, 

59]. Further on, AQPs assume to cluster in stable tetrameric assemblies, 
where each monomer functions as a separate independent channel 
(Fig.5C). As a consequence, the tetrameric assembly creates an additional 
channel, a central pore, which presumably is permeable to non-polar gas 
molecules such as O2 

[60]. However, it is still debated whether or not this 
channel is of biological relevance or just an experimental artefact. 

1.4.4    Aquaporin Regulation and Gating 

A common central regulation strategy used by biological systems is the 
regulation of accessible molecules to the target(s) i.e. trafficking [8, 61]. 
Indeed, an effective regulatory method adopted by most biological 
systems is to store quantities of inactive molecules which are only 
transported and activated when needed for. For example, hAQP2s main 
function is to reabsorb water from the urine and is conveniently situated in 
the kidneys principal cells in the collecting duct [62].  Furthermore, a 
“reserve pool” of (inactive) hAQP2 is stored inside intracellular vesicles in 
the plasma membrane. Subsequently, when the body needs to retain water, 
the peptide hormone Vasopressin is released, which leads to 
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phosphorylation (activation) of hAQP2 (at Ser256) as well as triggering a 
fusion cascade reaction of intracellular vesicles containing hAQP2 to the 
membrane. Upon vesicle fusion, activated hAQP2s inserts to the 
membrane, resulting in an increased potential of water flux and water 
retainment. 

In addition, structural and molecular dynamic studies show that some 
AQPs can assume an open and a closed conformation (Fig.6B) [63]. This 
physical gating mechanism is commonly triggered by phosphorylation, 
pH, osmolarity changes and/or binding of a molecule, for example Ca2+. 

The plant AQP from spinach (Spinacia oleracea) SoPIP2;1, illustrates an 
ingenious closing mechanism which involves the cytoplasmic loop (loop 
D) to bend inward, inserting Leu197 as a “plug” in the channel [51, 64]. 
Contrarily, in the open conformation, loop D is displaced by up to 16Å, 
allowing a clear passage through the channel. During conditions normal to 
the plant, the two highly conserved residues Ser115 (conserved in all PIPs) 
and Ser274 (conserved in PIP2s) of SoPIP2;1, are phosphorylated and the 
channel is open. 

During drought, the channel closes due to a dephosphorylation of the two 
residues. However, if the plant is flooded, the channel will also be closed 
but due to the response to a protonation of His193. Both gating by 
phosphorylation and pH involve interactions with a Cd2+ ion (Ca2+ ion in 
vivo), bound at the N-terminus which stabilises the loop in the closed 
state, preventing the loop from open. On the contrary, when Cd2+ is absent 
the stabilizing interactions with the D-loop is not available, causing 
channel opening. 

 

 

 

 

 

 

Figure 6. (A) The inside 
channel region of hAQP1 
[55] illustrating the water 
molecules rotational 
action while transported 
on a single file. (B) 
Structure of  monomeric 
SoPIP2;1 viewed from the 
side illustrating the closed 
and open conformation 
superimposed in green 
and blue, respectively. 
Water molecules and a 
Cd-molecule are shown in 
red and pink, respectively. 
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1.5 Proton-Translocating Nicotinamide Transhydrogenase 

Located in the inner-membrane of eukaryotic mitochondria and the 
cytoplasmic membrane in various bacteria, the membrane bound proton-
translocating nicotinamide nucleotide transhydrogenase (TH), catalyzes 
the hydride transfer between NAD(H) (nicotinamide adenine dinucleotide) 
and NADP(H) (nicotinamide adenine dinucleotide phosphate) [65, 66]. 
Although TH has many similarities among species concerning gene 
sequence and functionality, the translation of prokaryotic and eukaryotic 
TH deviates [67]. That is, eukaryotic TH get translated as a single 
polypeptide whereas prokaryotic TH produces two or in some cases three 
polypeptides which get assembled first after translation [68]. Even though 
the translation processes differ, the enzymatic redox-reaction does not [69, 

70]:   

 NADP+ + NADH + nH+ out ↔ NADPH + NAD+ +nH+ 
in  

 [Eq.1] 

Where “out” and “in” refers to the matrix and to the intermembrane space 
of mitochondria, respectively [66, 71]. When addressing prokaryotes, the 
“out” and “in” refers to the periplasmic space and to the cytosol, 
respectively. In addition to the reversible redox-reaction between NADP+ 
and NAD+, TH features a proton-pump function as part of the 
mitochondrial respiratory chain [7]. The redox-reaction initiates a 
conformational change which permits proton transfer across the membrane 
that either generates or consumes the proton electrochemical gradient 
(∆ρ). Commonly, under normal physiological conditions in vivo, TH 
utilises the ∆ρ to produce NADPH (left to right in Eq.1). In addition, the 
produced NADPH is used in biosynthesis and in detoxification of free 
radicals as a defence against cellular oxidative stress i.e. reactive oxygen 
species (ROS) such as superoxide anions (O2

-) and hydrogen peroxide 
(H2O2) 

[72-75]. Moreover, studies indicate that the absence of fully 
functioning TH effect the potassium (K+) and calcium (Ca2+) channels in 
the insulin producing pancreatic β–cells, resulting in increased ROS 
production. The accumulation of ROS overtime, increases the non-
functional pancreatic β–cells, leading to glucose intolerance and reduced 
insulin secretion i.e. Diabetes Mellitus (type 2 diabetes) [72, 76].    
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1.5.1    Structural Features of TH  

TH (MW ~110kDa) features a general architectural composition of three 
domains comprised by two hydrophilic domains (dI and dIII) and one 
hydrophobic domain (dII). The dII is further divided in a dIIα and dIIβ 
subunit (Fig.7A) [68, 77].  

 
 
Figure 7. (A) Schematic drawing representing the three domains (I, II and III) of dimeric proton-
translocating transhydrogenase. (B) Illustration of the plausible binding-change mechanism of proton-
translocating transhydrogenase, showing the monomers in a dimer as alternating between an open and 
occluded state in red and blue, respectively [78]. 

However, TH functions as a dimer in vivo, consisting of two monomers, 
each containing a dI+dII+dIII unit [79]. Sequential comparison of 
nicotinamide nucleotide binding proteins reveals the characteristic 
NAD+/NADH binding-sequence of GXGXXG to be located in dI [80]. 
Logically, the characteristic binding-sequence of NADP+/NADPH binding 
proteins, GXGXXA, is localized in dIII. Although obscure, dII is mainly 
localized in the membrane and presumably contains the proton-
translocation mechanism [81].  

The proton-translocation mechanism remains uncertain as the structural 
determination of a full-length TH has yet to be done. However, several 
high resolution structures (2.3-3Å) of the hydrophilic domains (dI and dIII) 
in various combinations and complexes have been presented in the PDB [77, 

82-84]. The binding-change mechanism, originated from combining such 
structural knowledge to experimental data. Accordingly, the binding-
change mechanism of TH, define the redox-reaction as alternating between 
an occluded and an open state of the two monomers (Fig.7B) [85, 86].  

In the open state, the dihydro- and nicotinamide rings are facing away from 
each other which prevent bound nucleotides from any redox-reaction but 

A B
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permits dissociation of nucleotide products into the solution or 
alternatively binding new nucleotide substrates. Contrarily in the occluded 
state, the dihydro- and nicotinamide rings are facing each other and 
prevents solution interaction and substrate dissociation but permits redox-
reaction of bound nucleotides. It is speculated, that the conformational 
alternation of the open and occluded state of the two monomers, 
respectively, are imposed through dII’s proton-translocation mechanism.  
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1.6 Scope of the Thesis 

The aim of my research involved the task to ultimately reveal structures 
and molecular mechanisms. However, the very nature of that goal involves 
several obstacles to be solved first before even attempting to elucidate the 
main goal. In most cases, there are two major bottlenecks regularly 
encountered in membrane protein production; the generation of adequate 
yield and the implementation of an efficient purification procedure. Thus, 
the majority of time has been spent on the early stages of molecular 
biology i.e. cloning, mutagenesis, cultivation and purification. 
Nonetheless, in Paper V, the chance to structurally determine the open 
conformation of a plant AQP mutant appeared, thus completing all 
elements in the “gene to structure” process. 

In Paper I, the first bottleneck is addressed by a comparative production 
study of all 13 highly homologous hAQPs, seeking further insight into 
factors directing eukaryotic membrane protein overproduction. In Paper 
II and Paper III, several plant AQP mutants were produced, purified and 
tested for functionality. Consequently, further structural insight into plant 
AQP regulation and mechanism was achieved. Moreover, in Paper IV, 
two constructs of full-length eukaryotic proton-translocating 
transhydrogenase was designed, produced and purified. Activity could be 
detected but this was however inconsistently reproducible. 
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2. Methodology 

2.1 From Theory to Protein 

Firstly, the experimental strategy needs to be greatly considered in order to 
practically be able to produce a protein of interest in stabile and adequate 
quantities. Which cloning vectors, amplification and protein production 
organisms are chosen may vary depending on the projects goal, time plan, 
economy, and laboratorial capacity. 

2.1.1 Cloning Strategy 

The overall aim to produce a fully functional recombinant eukaryotic 
protein in sufficient amount may start with the choice of cloning vector 
and production host organism. Most eukaryotic proteins require post-
translational modifications, such as glycosylation, to assume correct fold 
and activity, an ability which prokaryotic organisms lack [87]. For that 
reason, prokaryotic hosts are usually only used to express and amplify the 
DNA-construct (cloning vector + target protein gene) whereas the actual 
production of the protein of interest is executed by a eukaryotic host. 
Concurrently follows the choice of a cloning vector. A cloning vector is a 
circular piece of DNA into which a foreign part of DNA may be inserted, 
i.e. the target proteins gene sequence. The cloning vector favourably 
contains a multiple cloning site (MCS), an origin of replication (ORI), an 
inducible promoter region and one or more selectable markers, gaining 
specific antibiotic resistance. Additional features may be added adjacent to 
the target protein gene sequence, such as affinity tags to aid purification.  

2.1.2 Protein Production Organisms 

Different protein production hosts provide different biochemical 
environments for any protein target and vary according to lipid 
composition, glycosylation patterns, chaperones and other post-
translational modifications [9]. When practically possible it may be 
advantageous to try several different production organisms, however, this 
is frequently beyond the capability of most research laboratories. 

Successesfully used eukaryotic protein production organisms include a 
wide range of choices including; the bacterial hosts Escherichia coli (E. 
coli) and Lactococcus lactis, the yeast systems Saccharomyces cerevisiae 
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and Pichia pastoris (P. pastoris), the insect cell/baculovirus system, and 
various mammalian cell lines [88]. 

2.1.3 Overproducing Proteins Using Pichia Pastoris 

Yeast provides a safe, cost effective, and easily manipulated host which is 
becoming common standard for producing eukaryotic proteins [89-91] as well 
as the most successful production host to date used for structural 
determination of eukaryotic membrane proteins [51, 92, 93]. In addition, 
protein to membrane insertion and membrane lipid composition in yeast 
seems to be a beneficial environment for newly produced eukaryotic 
membrane proteins [94, 95].  

The methylotrophic yeast P. pastoris, has shown to be a particularly 
powerful host for the production of recombinant proteins mainly due to 
two facts. Firstly, the capability to grow to high cell densities (~150g L–1 
dry weight cells) enables the use of relatively small cultivation volumes, 
compared to other production organisms such as E. coli [96]. Secondly, P. 
pastoris contains an inherent and very strong, methanol-inducible alcohol 
oxidase 1 (AOX1)-promoter [97, 98]. To explicate, P. pastoris can utilize 
methanol (MeOH) as its sole carbon source by producing the enzyme 
AOX1. However, AOX1 have a very poor affinity for oxygen which is a 
necessity for survival. Consequently, the P. pastoris system compensates 
the low oxygen affinity by a very high production (overproduction) of the 
AOX1 enzyme, by that achieving sufficient oxygen quantity.  

2.1.2 Cultivation of Pichia Pastoris 

Using the capability to grow to high cell densities, cultivation using 
enclosed 3L-bioreactors is advantageous versus conventional shaker flask 
cultivation (Fig.8A,B) [99, 100]. Several important parameters such as, pH, 
temperature, dissolved oxygen, air flow and biomass are easily controlled 
by bioreactor-cultivation. Furthermore, the requirements for sufficient 
aeration, agitation and pH adjustment can easily be fulfilled using a 
bioreactor contrarily conventional shaker flask cultivation. 

A typical P. pastoris bioreactor-cultivation contains three phases (Fig.8C); 
(1) a glycerol batch phase, where the yeast cells will utilize glycerol 
present in the basal salt media, focusing on increasing the biomass. (2)  the 
glycerol fed-batch phase were the yeast cells are fed with limiting glycerol, 
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forcing them to adapt and grow under limiting conditions thus preparing 
them to the MeOH induction and (3) the MeOH fed-batch phase which 
starts the production of the target protein [99]. 

 

Figure 8. (A) A 3L-bioreactor. (B) 25ml shaker flasks in an incubator. (C) A typical bioreactor diagram 
showing the oxygen “spiking” in blue over the three cultivation stages denoted phase1,2 and 3. 

In addition, when cultivating P. pastoris it is important not to add more 
MeOH than is consumed because accumulated MeOH is highly toxic for 
the yeast cells [101]. That is, the methanol addition should be precisely 
matched to the highest consumption rate, ensuring optimal production 
from the AOX1-promoter.  

2.1.4 Membrane Protein Purification  

In order to acquire a pure and uniform protein sample, protein purification 
involves multiple steps specifically target-protein customized. Indeed, 
establishing a universal membrane protein production protocol might only 
work regarding as a general approach, not as a definitive protocol (Fig.9). 
Specific materials such as affinity and gel filtration columns and various 
buffer solutions will vary depending on the target-proteins nature.   
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Figure 9. A general schematic illustration of the “gene to structure” process used in my studies. 

The following text describes a general protein purification guideline for 
membrane-bound proteins localized in the inner-membrane of whole cells 
[102]:  

Initially, the cells need to be broken enzymatically, chemically or 
mechanically in order to expose the organelles to the solution. Next step is 
to remove the cell debris and unbroken cells through centrifugation. The 
resulting supernatant is subjected to  ultracentrifugation resulting in a 
membrane pellet containing the protein of interest. The membrane pellet 
generally needs to be washed to remove as many proteins as possible 
without removing or harm the protein of interest. Choosing what to wash 
with varies depending of the nature of the protein of interest as well as the 
degree of its solution exposure. That is, a harsh washing-media, such as 
Urea and NaOH, may be used if the protein of interest is highly embedded 
in the inner-membrane, thus being greatly protected and less likely to get 
disrupted and washed away.  

In the next step the membrane-embedded proteins must be removed from 
the lipid bilayer without causing structural instability and aggregation. 
Since it is the exposure of the hydrophobic parts to the solution which 
mostly accounts for the instability, measures to stabilize the hydrophobic 
parts upon removal are best suited. Generally this is accomplished by 
adding a water-soluble surfactant (detergent) which will disrupt the native 
bilayer and stabilize the hydrophobic parts of the protein. As the 
purification continues en route, the following purification strategy will rely 
on the target-protein’s physical-chemical parameters such as charge, 
specific affinity and molecular size. The combination of affinity 
chromatography and/or ion-exchange followed by gel-filtration is a 
powerful purification strategy which in theory will separate all proteins 
since no protein have the same intrinsic values with respect to charge, 
affinity and molecular size. However, protein isoforms, aggregation, 
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interaction and degradation may prevent proper separation requiring 
revision of buffers, concentration and perhaps even altering prior 
purification strategy. 

2.2 X-ray Crystallography 

An experimental way of obtaining detailed and precise three-dimensional 
models of proteins, is to use high-intense light (X-rays) whose wavelength 
(λ) is slightly less than the length of the carbon-carbon bonds within the 
protein (≤ 1,5Å). Accordingly, incoming X-rays hitting a protein molecule 
will be diffracted by the atom’s electron cloud in a structure dependent 
pattern i.e. a diffraction pattern. In spite of that, a single protein molecule 
generates insufficient diffraction intensity inconceivable to differentiate 
from background signal noise. As a consequence, protein molecules are 
directed to arrange themselves in a well-ordered manner by forming 
protein crystals in order to amplify the diffracting X-rays.  

2.2.1 Protein Crystallization 

Growing crystals from a protein solution can be a very tough job compared 
to many inorganic substances which often only require an oversaturated 
solution to be heated and slowly cooled to generate crystals. However, 
using such approach on a protein solution will denature to protein into 
oblivion. So instead of using heat to concentrate the sample, producing 
protein crystals generally requires a more delicate technique such as 
vapour diffusion [103]. The vapour diffusion technique uses a sealed 
environment and an aqueous protein-solution, kept separated from an 
aqueous reservoir-solution containing a higher precipitant concentration 
(Fig.10A). 
  

 

 

 

Figure10.     
(A) The hanging drop vapour diffusion method [©Michael R. Sawaya]. (B) A protein crystallization 
phase diagram. The intention is to reach the nucleation phase from the offset of the metastable phase via 
water evaporation. The non-crystallized protein concentration decreases as crystals nucleus form which 
eventually progress and re-enters the metastable phase where the crystals may continue to grow.  

A B
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The enclosed system will pursue equilibration which is only possible by 
diluting the reservoir-solution. The only possible mobile substance in the 
enclosed system is water which by vapour diffusion moves from the 
protein-solution to the reservoir-solution. Consequently, both the 
precipitant and the protein concentration in the protein-solution increases 
as the enclosed system shift towards equilibrium.   

The general idea of the crystallization process is to first reach the initial 
nucleation phase from where additional protein molecules are allowed to 
be arranged in a systematic fashion, according to a crystallization phase-
diagram [104]. As the (free)-protein concentration decreases when crystals 
form and grow, the solution moves towards the metastable phase, the 
optimal condition for additional crystal growth (Fig.10B). Crystallization 
phase-diagrams vary somewhat depending on protein, concentrations, 
buffers and temperature. To figure out optimal crystallization conditions 
often require several crystallization trials including various additives, 
detergents and solutions.   

2.2.2 X-rays 

Discovered 1895 by Professor Wilhelm Röntgen [105], X-rays are 
electromagnetic radiation prepossessing the same physical factors as 
visible light such as intensity, frequency and polarisation. However, X-rays 
occur at a wavelength of ~10-8 to10-12m (1Å =10-10, Ångström) which is 
much shorter than visible light, occurring at 400 to 700Å. Although 
applying somewhat different parts of the X-ray wavelength spectra, the 
main uses of X-rays are for medical and structure determination purposes. 
For instance in medical radiography, X-ray wavelengths close to 0.3Å is 
used, as this type of higher energy radiation penetrates most biomaterial 
without considerable absorption. In crystallography, wavelengths around 1 
and up to 10Å are used with the intent to interact and get absorbed by the 
target sample. Thereby, conducting crystallographic experiments involves 
many safety regulations as the X-rays may inflict irreversible damage to 
human tissue and won’t distinguish between a crystal and a human body. 

Commonly, there are three ways to generate X-rays, by X-ray tubes, 
rotating anode tubes and particle storage rings (synchrotrons). The 
intensity of synchrotron X-rays can be at least 103 times higher than those 
obtained with a conventional X-ray tube as well as being better focused 
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[106]. While X-ray and rotating anode tubes are still used as in-house 
sources, most modern crystallographic experiments takes place at 
synchrotron radiation facilities such as the ESRF (European Synchrotron 
Radiation Facility) in Grenoble, France or the NSLS (National 
Synchrotron Light Source) in Brookhaven NY, USA.  

2.2.3 X-ray Crystal Diffraction 

X-rays targeting a well-ordered crystal generates a diffraction pattern 
exclusively related to the crystals atomic arrangement. However, it is only 
those diffracted X-rays who satisfy Bragg’s law which are amplified while 
the majority of diffraction cancels out (Fig.11).   

 

 

 

 

     

      nλ = 2d sinθ      (Eq.2) 

Bragg’s law is given in Eq.2 where n is an integer, λ is the wavelength, d is 
the distance between the crystals parallel planes and θ is the angle of the 
planes. The condition for constructive interference implies that the 
diffracting waves of separate planes are in phase only when Bragg’s law is 
fulfilled which is why a crystals repetitive unit cell arrangement amplifies 
diffraction signals above signal noise.  Intriguingly, X-rays does not 
directly interfere with the atoms in the crystal but rather with the electrons 
surrounding the atoms. Thereby the diffraction pattern is interrelated to the 
electron density of the unit cell.  

Furthermore, the diffraction pattern of waves satisfying Bragg’s law, does 
not directly depict an image of the unit cells electron density. Just as a 
focusing lens in a light microscope reconstructs a samples image, the 
diffracted X-rays from a crystal also need to be focused. Problematically, 
there are no lenses available that can focus X-rays directly. Furthermore, 
each generated reflection contain the unit cell arrangement in an inverted 
relationship, having the real space unit cell axes a, b and c appear 

Figure 11. Illustration of two diffracted waves 
satisfying Bragg’s law.  
[© Birkbeck,CollegeUniversity,London. 
P.Barnes T.Csoka S.Jacques] 
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reciprocally as 1/a, 1/b and 1/c, respectively. To keep on using a light 
microscope as an example, the light microscope lens performs an operation 
analogous to the mathematical Fourier transform function (FT), which 
describes the mathematical relationship of the object and the corresponding 
diffraction. In this mathematical manner, calculating (the reversible) 
Fourier transform function on diffraction data makes it possible to move 
back and forth between reciprocal (diffraction pattern) and real space 
(electron density) (Eq.3). 

    
 

   (Eq.3) 

In order to do this, every single reflection at a specific coordinate (ℎ ) is 
described as a complex wave containing information of the atomic 
arrangement in the crystals unit cell. Consequently, each appearing 
reflection is denoted a structure factor equation ( ) which summates all 
the unit cell atoms contributing diffraction. In essence, the main goal of X-
ray structure determination is to obtain and sum up the  of all detected 
reflections and apply a Fourier transform which calculates the electron 
density ( , , ) in the whole unit cell (Eq.4). 

    , , = ( ) ∑  ( ) ( )   (Eq. 4) 

Also, each reflection in a diffraction pattern has a unique phase which is 
required to solve the electron density equation. However, a typical 
macromolecular X-ray experiment detects only the reflection intensities ( ) and positions, ℎ , not the phases. This conundrum is referred to as 
the phase problem. 

2.2.4 The Phase Problem 

Several solutions has emerged to solve the phase problem, all having 
different advantages and disadvantages depending the nature of the 
diffraction pattern to be solved. Commonly, three main strategies are 
employed: direct methods, molecular replacement and heavy atom 
methods. The effort to directly measure the phases becomes increasingly 
more complex as the molecules size increase and is not used for structural 
determination of proteins. The direct methods are based on several 
assumptions, such as atoms being defined as still mathematical points 
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randomly distributed in a black box. In addition, the electron density never 
becomes negative. Also, the space group of the structure must be known. 

In a molecular replacement method, a protein of known structure and high 
similarity to the protein of interest is used as a template. The phase 
problem is solved by using rotational and translational movements to 
superimpose the diffracted data on the solved protein structure. 

The heavy atom method is very useful in cases when there are no similar 
structures available. In principle, a strong scatterer such as the heavy atoms 
Hg, Pb and Fe is dissolved into a crystal and allowed to interact with the 
protein. The distinctive signal from the heavy atom makes it possible to 
determine the position by the application of the Patterson function. Solving 
the Patterson function will make it possible to retrieve all phases and solve 
the structure. Different heavy-atom techniques involves MAD (multi-
wavelength anomalous diffraction), SAD (single-wavelength anomalous 
diffraction) and MIR (multiple isomorphous replacement). 

2.2.5 Twinning 

Twinning is a phenomenon that generates different crystal lattice 
symmetries within an existing crystal.  This is problematic because when a 
twinned crystal is subjected to X-rays, the diffraction pattern is a mixture 
of both crystal lattice orientations and one needs to sort out which spots 
belong to which. Seemingly, AQPs have a tendency to form twinned 
crystals, most likely due to the fact that the extracellular side is relatively 
similar to the cytoplasmic-side. During the crystallization process, one 
AQP molecule might flip which would be the starting point of the new 
growth direction as other AQP molecules would arrange thereafter, 
resulting in two growth directions within the same crystal.  

2.2.6 The Data Collection Experiment 

For X-ray data collection, the crystal sample is collected in a loop which is 
aligned to the incident X-ray beam (closed shutter). When ready, the X-ray 
beam shutter is shortly opened generating an X-ray pulse directed at the 
crystal which (hopefully) generates diffraction. A detector, such as a CCD 
(charged coupled device), detects the diffracted waves (reflections) and 
records respectively position and intensity.  The crystal sample is rotated 
(commonly 0.5º) until all reflections have been collected or until the 
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crystals diffraction ceases. Collecting diffraction images often generates a 
couple of hundred images which further may be processed.   

 

Figure 12. (A) The main storage ring at European Synchrotron Radiation Facility (ESRF) in Grenoble, 
France. (B) A protein crystal of SoPIP2;1-S188E. (C) An exceptional diffraction pattern (Sso6206, 
10.5kDa protein from Sulfolobus solfataricus). (D) Simplified setup of a typical macromolecular X-ray 
experiment. 

2.2.7 Data Processing, Refinement and Validation 

Having a collected high-resolution data in possession won’t do much good 
until properly processed. The data processing and refinement methods 
seems to become more and more automatic despite the underlying 
algorithms and formulas being quite complex (according to me). However, 
in order to achieve the best results, the processing sequence needs to be 
generally understood. Various software is available to use, iMosflm, the 
iCCP4 suite and Phoenix are commonly employed programs used to 
process, refine and validate crystallographic data and structures. 

At first, all reflections need to be indexed. That is, the reflections in the 
diffraction pattern are located and assigned hkl-indices.  The set of indexed 
reflection are the base of generating a space group and crystal orientation 
prediction. After choosing a probable space group, the cell parameters are 
refined. At this stage it is possible to make the program predict the 
diffraction pattern accordingly to chosen space group and compare the 
prediction to the reflections. Next is the integration step. That is, the 
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intensity of each reflection in every image is determined. This is done by 
optimizing the area of the reflection and thereafter determine the intensity 
peak in that area relatively to the background on that image. However, the 
different diffraction images backgrounds will most likely vary 
considerably depending on background noise. Therefore, the intensity 
peaks from different images cannot be compared without an adjustment. 
The scale and merge adjustment relates the intensity peaks from different 
images to each other and in addition merges intensities, such as partial 
reflections, coming from the same reflection but detected on multiple 
images. At this point, all the  have been determined which in 
combination with the phases would solve the electron density map. 

If available, MR is a convenient method to use solving of the phase 
problem. The sequential and thereby structurally similar protein is used as 
a template as the unknown model is superimposed on using rotational and 
translational functions. However, the acquired conformation needs further 
refinement by different modifications so that the structure factors of the 
modified model ( ) agree to the structure factors observed ( ). To 
assure the quality of the final model conformation, a percentage of the first 
collected unbiased-data ( ) is used to see if it is a comprehensive 

agreement to the modelled structure and the experimentally recorded data. 
Accordingly, the -value should decrease during the refinement 

procedure [107]. 

2.2.7.1  Calculating a Composite-Omit-Map  

When using Molecular Replacement, it is important to minimize model 
bias in order to correctly build the new structure. To aid in this process, a 
composite-omit maps is calculated in which parts of the model is 
systematically removed from the map calculation process, allowing for a 
less-biased map to be obtained.  

As previously stated, twinning is problematic and requires different 
algorithms and twin operators that separate and prepare a twinned 
diffraction data set for further processing. However, it is a great likelihood 
to include model bias when detwinning perfect twins as the detwinning 
process itself depend on a model. The SoPIP2;1-S188E open structure 
(Paper IV) is modelled from nearly perfectly twinned diffraction data by 
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using a method which allows calculation of a less biased composite-omit-
map adjusted for twinned data [108].  

At first, an empty three-dimensional space (3D- map) is defined and all 
atoms in one asymmetric unit are calculated. Thereafter, the asymmetric 
unit is divided into identical boxes (the number of boxes can be adjusted 
depending on the diffraction data quality). The atoms comprised in one of 
the boxes are removed, the data is detwinned (CNS [109]) and the resulting 
asymmetric unit is used to calculate an omit-map. The box contents that 
were excised are now filled out and the resulting omit-map is complete due 
to that diffraction data contains structural information from all scatterers. 
Lastly, the omit-maps structural information corresponding to the box 
which was excised is pasted in the empty three-dimensional map which is 
unbiased by the model. The cycle is repeated until every box covering the 
whole asymmetric unit has been excised, recalculated and pasted into the 
expanding new map, creating a composite-omit-map. 

2.3 Functional Assays 

A prerequisite for functionality of any given protein is the ability to assume 
an active conformation. Most methods to determine proteins functionality 
generally involves measuring the rate of the proteins specific enzymatic 
reaction or transport ability. It is also important to choose a suitable 
method which reflects the proteins natural environment as much as 
practically possible. Measuring directly in vivo would be ideal, however 
the complexity of a cell is far too great to fully comprehend all including 
variables. Therefore, it is practical to engineer and simulate a simplified 
membrane and determine membrane protein functionality in vitro. 

2.3.1 Liposome Assays   

In the study of AQPs, water transport-rate is of high interest as it indicates 
the functionality of the protein. Creating artificial lipidic vesicles 
(liposomes) in an aqueous environment is a fairly uncomplicated task. 
Accordingly, an aqueous solution containing phospholipids is subjected to 
sonication which organizes the lipids in unilaminar vesicles. Next, the use 
of a detergent-mediated reconstitution has shown to be successful for the 
insertion of membrane proteins [110]. That is, the protein of choice is added 
to the liposome mixture which upon detergent removal spontaneously 
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reconstitutes into the liposomes. However, finding concrete successful 
reconstitution conditions include several factors such as protein type, 
liposomes, the solute as well as detergent type and concentration [111]. It is 
advisable to analyse the size distribution of the proteoliposomes by 
dynamic light scattering (DLS) which determine the size distribution 
profile by the scattering intensities over time [112]. 

2.3.2 Spectroscopic Assays 

A stopped-flow experiment is an exquisite technique to test AQP-
functionallity (Paper II, III and IV). In a typical stopped-flow 
spectroscopy experiment, two separate solution chambers are rapidly 
mixed and the following absorbance or scattering variation is recorded. 
Specifically, the solution of proteoliposomes containing AQPs are rapidly 
mixed with a hyperosmotic non-permeable solute, such as sorbitol, which 
changes the osmotic gradient. The solute concentration on the outside of 
the proteoliposomes will thereby be higher than the inside which results in 
water being transported out of the proteoliposome in order to compensate 
the imbalance. Accordingly, as water flows out, the proteoliposomes 
shrinkage is recorded by a decrease in absorbed light at 400nm to 700nm. 
The resulting curves are plotted to an exponential function, describing the 
water transport rate and depicting the rate constant.  

However, not all membrane proteins require a simulated membrane to 
arbitrate functionality. Knowledge of the proteins enzymatic reaction can 
be used to directly measure an absorbance change at a specific wave-
length. The TH-activity (Paper IV) was determined by adding the NAD+ 
analogue AcPyAD+ (3-acetylpyridine adenine dinucleotide) and NADPH 
to the protein sample (Eq.5). 

 NADPH + AcPyAD+ ↔ NADP+ + AcPyADH375nm    (Eq.5) 

Typically, protein sample, AcPyAD+ and NADPH were mixed in a cuvette 
(1cm) at room temperature. Then the absorbance per minute at 375nm was 
monitored in a spectrophotometer. Thus, the enzyme activity becomes in-
directly measured by the increase in absorbance at 375nm which is the 
specific absorbance of AcPyADH. 
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3. Results and Discussion 

3.1 Membrane Protein Production in Pichia pastoris  

In order to generate a high yield of a recombinant eukaryotic membrane 
protein it is often important to have a full understanding of the dictating 
factors of the protein production process. Factors that may be of interest 
include nucleotide consensus sequence, phylogenetic relationship, folding 
pathways, polymeric stability and/or charged residues. 

In this thesis, the protein production task has been focused on one host, P. 
pastoris. In Paper I, the production levels of all 13 human AQPs are 
compared, given a deeper understanding of what influences membrane 
protein overproduction in this host. Likewise, P. pastoris was used to 
obtain samples of the SoPIP2;1 and additional mutants for structural and 
functional studies (Paper II, III and IV) as well as developing a 
production protocol of TH in P. pastoris (Paper V). 

3.1.1 Production of human AQPs (Paper I) 

All hAQPs were successfully cloned in the pPICZB-vector and 
transformed into P. pastoris in order to compare production levels. 
Furthermore, the hAQPs production levels were related to low and high 
production level by Fps1-N-terminus (+) and SoPIP2;1 (+++), respectively. 
Although, the production level of SoPIP2;1 was not reached, seven hAQPs 
gave higher yields than Fps1-N-terminus, suggesting that their production 
levels were sufficient in order to initiate protein purification. In addition, 
further conclusions concerning production yields and membrane 
localisation could be correlated to phylogenetic relationship and consensus 
sequences.  

3.1.1.1  Assessment of hAQP Production Level 

For quantification purposes and convenience, protein coding genes was 
inserted in the same vector, the pPICZB-vector (Invitrogen®), and 
transformed into E. coli for amplification. Thereafter, all constructs where 
linearized and transformed by electroporation into P. pastoris. The 
linearized constructs were integrated into the P. pastoris genome by 
homologous recombination. Selection by antibiotics was possible 
throughout the cloning process due to the pPICZB-vector’s inherent 
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Zeocin™-resistance gene. The 13 hAQPs provide an excellent comparative 
constitution due to the wide range of functionalities amongst and between 
the classic-hAQPs and the hAQGPs. Yet, the hAQPs showcase a high 
structural and sequential homology indicating that subtle variations 
generate substantial functional varsity. Judging whether or not a specific 
construct is well-produced comes down to comparison. As a benchmark 
reference, we were using the production levels of the well studied plant-
AQP SoPIP2;1, knowing that the yield of functional protein has proven 
adequate for upcoming purification, functional and structural experimental 
proceedings. 

Quantification was performed by comparing Western blot-signals of 
samples from each protein corresponding to total protein production and 
membrane localized fraction. Furthermore, the cultivation, purification as 
well as the Western blot quantification, was performed in sample 
triplicates, resulting in an average construct-specific signal showing 
relatively small variations between signal triplets. In addition, a sample of 
purified hAQP1 of known concentration was used as an internal protein 
standard, making it possible to compare different Western blots. 

Using the software Multi Gauge®, a precise determination of signal 
strength (pixel saturation) within a defined area was obtained. The average 
value of the triplicates of SoPIP2;1 was set to be 1.0. By scaling all other 
values to this, a relative signal (relatively to SoPIP2;1) was obtained for 
each hAQP. Additionally, SoPIP2;1 was used as a positive growth control 
at each cultivation. Later, comparing total production levels from SoPIP2;1 
cultivated at different time points provided additional support to the quality 
of the Western blot-signal quantification. 

3.1.1.2    High Variations in Production Level 

At first surprisingly, the production levels of the hAQPs showed 
considerable variation. In summery, seven of the 13 hAQPs (hAQP0, 
hAQP1, hAQP3, hAQP5, hAQP7, hAQP10 and hAQP12) were 
successfully produced in P. pastoris at sufficient levels for further 
experimental proceedings. Furthermore, two hAQPs (hAQP2 and hAQP8) 
generated moderate amounts, just at the verge of useful production level. 
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In addition, four hAQPs (hAQP4, hAQP6, hAQP9 and hAQP11) generated 
inconsiderable amounts of produced protein. Figure 13 shows the AQPs 
phylogenetic relationship as well as their production level from our study, 
where the high yielding AQPs are marked with green boxes, intermediate 
yield with yellow boxes and the low yielding with red boxes. A swift 
comparison of the production variation could not be related to 
phylogenetic relationship i.e. classic AQPs and AQGP, indicating a more 
intricate correlation.  

 

 

 

 

 

Figure 13. Phylogenetic tree representing all hAQPs. High, intermediate and low yielding protein

producers are indicated in green, yellow and red boxes, respectively. Sequences were aligned with

ClustalW. 
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3.1.1.3   High Variations in Membrane Localization 

Even though the production of a membrane protein works well, the 
pathway leading to membrane insertion may not. Ideally every produced 
membrane protein molecule gets correctly folded and transported and into 
the membrane. However, this might not always be the case. By using cell 
fractionation and isolating the membranes, we were able to evaluate the 
total production level as well as the membrane-localized fraction for each 
protein (Fig.14). Consequently, the ratio gives an indication of how well 
the produced protein incorporates into the membrane. Once again 
SoPIP2;1 was used as reference due to previous production and 
functionality studies indicating a well produced, localized and folded 
protein. The resulting total protein produced contra membrane-localized 
ratios of the nine hAQPs exhibiting useful production levels, displayed 
high individual variation. In contrast, the two hAQPs (hAQP2 and hAQP8) 
generating just detectable production level, were both inserted into the 
membrane to a high extent.  

  

Figure 14. (A) Total production level 

of the sufficient to moderate yielding 

hAQPS in the study relative to the 

total production level of SoPIP2;1. (B)

Membrane localized fracon of the 

sufficient to moderate yielding hAQPs 

relative to hAQP0. (C) Western blot 

(immunoblot) of hAQP12s triplicate 

samples originating from total protein 

production and membrane fraction as 

well as the internal scaling standard 

that were used in the study (hAQP1). 
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In addition, a functionality assay of purified hAQP2 verified functionality 
by proteoliposome shrinkage. Consequently, a moderate total protein 
production level may be compensated by a high level of membrane 
insertion, hence making it worthwhile to proceed further. In contrast, a 
high production level doesn’t necessarily generate a high membrane 
insertion, exhibited by hAQP5 and hAQP12. Thus, the decisive question 
will be if either high levels of total production or membrane insertion will 
compensate inadequate levels of their counterpart?    

3.1.1.4 Observed Correlation Factors to High Yield 

Interestingly, the extent of membrane insertion (but not total protein 
production) of the hAQPs could be correlated to the hAQPs subfamilies 
i.e. phylogenetic relationship. Comparing the hAQPs producing high to 
moderate yields, five of the classic hAQPs was inserted efficiently into the 
membrane, while among the hAQGPs only hAQP10 was inserted into the 
membrane efficiently. By speculation, this may depend on factors 
differentiating the classic hAQPs and hAQGPs apart, such as wider 
channel and higher monomeric stability of the hAQGPs but also in the lack 
of native AQGP’s in P. pastoris. Accordingly, P. pastoris might provide 
insufficient support for the produced hAQGPs, thus influence the 
membrane insertion negatively. In addition, it was noticed that the 
nucleotide sequence adjacent to the ATG start codon appears to effect the 
total protein production. 

The hAQPs resume too differ, particularly considering folding pathways. 
For instance, the hAQP4 folding pathway requires a co-translational 
translocation process in the endoplasmic reticulum (ER) to achieve final 
topology. This varies considerably compared to hAQP1 which folds via a 
four-TM helical spanning topology, stabilizing the tetramer which might 
impact the final yield. In our study, hAQP4 production level was not 
noticeable whereas hAQP1 belong to one of the best producing hAQPs. 
Sequential analysis of hAQP1 reveals 3 polar residues (Asn49, Lys51 in 
TMH2 and Asp185 in TMH5) responsible for directing and stabilizing the 
tetramer. In addition, corresponding residues in hAQP4 are hydrophobic 
(Met48, Leu50 and Asn184), argumentally responsible for the different 
folding pathway. This hypothesis were tested by constructing two 
constructs of hAQP4 (hAQP4-M48N-L50K and hAQP4-M48N-L50K-
N184D) mimicking hAQP1s folding pathway. 



3. RESULTS AND DISCUSSION 

35 

Indeed, the production levels were highly increased and high levels of 
membrane insertion of the triple-mutant were recorded (Fig.15). This 
verifies the significance of a stable folding pathway in membrane insertion. 
However, no correlation between tetramer stability and high total 
production yield could be drawn.  

 

 

 

 

 

 

 

 

3.1.2 Production of Zebrafish (Danio rerio) TH (Paper V) 

The TH-genes from five different eukaryotic species (human, bovine, 
zebrafish, mouse and rat) were transformed in P. pastoris and tested in a 
small-scale production screen. One zebrafish TH-transformant (ZTH-wt) 
was selected to proceed into protein purification based on comparative 
Western blots. Due to the high instability displayed by the ZT-wt, a TH-
construct (ZTH-cys) having all 13 native cysteines replaced by serines, 
were constructed and cloned in P. pastoris.  

3.1.2.1 Diversity in Purification, Stability and Activity  

The protein purfication profiles deviated between the two constructs. ZTH-
wt  displayed low binding of to the IMAC column. Subsequent gel-
filtration resulted in a small peak containing dimeric TH for which activity 
could be observed, although not in a reproducible manner. Moreover, a 
large peak at the void volume indicate high levels of aggregation. ZTH-cys 
displayed a stronger binding affinity which could suggest that the His-tag 
is more exposed. Surprisingly, a difference in binding affinity was also 
seen when protease inhibitors were included, resulting in elution at lower 
imidazole concentration. Alternatively the difference in affinity between 

Figure 15. Total produced protein 

originating from hAQP4 wild-type, the 

hAQP4-M48N, L50K dubbel-mutant and 

the hAQP4-M48N,L50K,N184D trippel-

mutant, related to hAQP4 yield. 
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the two constructs could be explained by the ZTH-cys construct containing 
a N-terminal 8xHis-tag whereas the ZTH-wt construct contains an C-
terminal 6xHis-tag which might influence the binding capability (Fig.16A 
and B).  

 

 

 

The ZTH-cys IMAC chromatogram resulted in two peaks, indicating a 
polydisperse population (Fig.17A). Furthermore, the two IMAC peaks 
resulted in different gel-filtration profiles when loaded separately (Fig.17C 
and D). 

Peak 1 generated consistently less aggregate in the gel-filtration void-
volume eluting mainly as a dimer (Fig.17B, lane 1) at a similar elution 
volume as the active form of ZTH-wt. However, the sample was not pure. 
On the contrary, the ZTH-cys population from peak 2 generated both 
monomers and dimers (Fig17B, lane 2) for which the monomers were 
inclined to aggregate. It is therefore possible that cysteines play an 
important role in intramolecular interactions which keep TH in an dimeric 
conformation. Moreover, as we failed to observe activity at any point of 
the ZTH-cys purification, the cysteines seem to be important for 
functionality as well.  

 

 

Figure 16. (A) Schematic illustration of the plasmid constructs ZTH-wt and (B) ZTH-cys. The ZTH-wt 
construct has a C-terminal 6xHis-tag whereas the ZTH-cys construct has N-terminal 8xHis-tag as well as 
a TEV protease site which enables removal of the His-tag.  

A B
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Figure 17. (A) ZTH-cys IMAC-chromatogram indicating two distinctive peaks. (B) Western blot 
(immunoblot) of IMAC and gelfiltration samples originating both from peak 1 and 2. (C) Gelfiltration 
chromatogram using fractions originating from IMAC peak 1. (D) Gelfiltration chromatogram using 
fractions originating from IMAC peak 2.  

3.1.3 Comparative Aspects of hAQPs and TH Production  

Comparing the purification stability of the hAQPs and ZTH-constructs 
used in my research, couldn’t be more diverse. Although the constructs 
share the same cloning vector and production host as well as the fact that 
they are both membrane proteins, illustrates the many considerations that 
must been taking into account in membrane protein production. However, 
viewing retrospectively on the results and consider the characteristics of 
the proteins might provide some insight especially towards improving the 
ZTH purification protocol. 

On of the most noticeable differences during the membrane purification 
process is that the hAQPs are able to withstand Urea and NaOH-washes 
whereas the ZTH washes away when using such harsh washes. This is 
most likely due to the fact that AQPs in general are more embedded into 
the membrane than THs which are anchored to the membrane only by dII, 
corresponding approximately to1/3 of THs molecular weight. Thereby, the 
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hAQP-membrane washes gave the succeeding purification steps a better 
starting position due to the fact that it was possible to remove loosely 
attached membrane proteins to a greater extent, having less amount of 
contaminating proteins in the membrane. 

Furthermore, the production host P. pastoris, includes native AQP but not 
native TH. Therefore, it is possible to reason that recombinantly produced 
hAQPs experience comparable trafficing pathways and folding machinery 
as in a native human cell, upholding stability for newly produced hAQPs. 
In addition, the lipidic composition of P. pastoris cellular membranes 
might likewise be in favor for hAQPs. 

In vivo, AQPs functions as tetramers which clearly is a preferable 
conformation as been observed on SDS-PAGE and Western blots. In the 
case of ZTH protein purification, there is a tendency for the in vivo-
preferred dimer to break down into monomers and aggregate, implying that 
the dimeric interactions not sufficiently uphold conformation upon 
solubilization, as both the dimeric and tetrameric hAQP conformations 
possess. It has thus become clear that further optimization of the ZTH 
purification conditions are needed before structural studies can be 
initialized. 

 3.1.4 Production of SoPIP2;1 

The SoPIP2;1 construct in P. pastoris (formerly PM28A), has proven to be 
an exceptional membrane protein producer, yielding up to 25mg of 
purified protein/ liter [113]. P. pastoris native trafficing pathways and 
folding mechanics seem to be a peculiarly well-matched combination in 
every production aspect. In addition, it is likely that multiple copies of the 
construct were inserted during the homologous recombination process, 
generating a “jackpot-clone” during the transformation. Consequently, the 
SoPIP2;1 construct and associated mutants produced in P. pastoris, has 
given rise to several high-resolution structures [19, 51, 64].  

3.2 Structural and Functional Analysis of SoPIP2;1   
 (Paper II, III and IV) 

The plant AQP SoPIP2;1 present a complex channel gating mechanism, 
indicating that the open and closed states involve an increased or decreased 
probability of channel opening.  Earlier studies as well as MD (molecular 
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dynamics) simulations have suggested that phosphorylation of residues 
involved in stabilisation of the closed state could cause channel opening. 
The details of SoPIP2;1s molecular gating mechanism could therefore be 
investigated by mimicking phosphorylation of these residues and studying 
the structural effect as well the water transport ability.  

3.2.1 Gating of SoPIP2;1 by Phosphorylation 

Previously, biochemical as well as structural studies of SoPIP2;1 have 
indicated two highly interesting residues located at central interaction 
positions; S115 and S274 [64]. The S115 residue on loop B interacts with an 
N-terminal cation (Ca2+, Cd2+) binding site which, when occupied, stabilise 
the capping D-loop by hydrogen bond (H-bond) interactions between 
multiple residues and water molecules. In addition, Ca2+ and Cd2+ have 
shown to have an inhibitory effect in functional assays indicating a 
decreased channel opening probability. The residue S274 is situated at the 
C-terminus and mediates D-loop stabilisation through interactions with 
residues at the end of loop D in the neighbouring monomer in the tetramer. 
Molecular dynamics (MD) simulations of SoPIP2;1 of phosphorylated at 
both S115 and S274 revealed a considerable D-loop destabilisation by 
disrupting D-loop stabilising interactions, thereby increasing the 
probability of channel opening.  

In addition, new potential sites were identified as able to inflict D-loop 
destabilisation upon phosphorylation. In particular, the central key residue 
S188 enforced an internal H-bond network which stabilised the D-loop. 
Although not seen to be phosphorylated in vivo, S188 sits in a 
phosphorylation consensus sequence for the same kinase known to 
phosphorylate S274.  

Furthermore, in the closed structure of wild-type SoPIP2;1, S188 
(positioned on the D-loop) interacts with a water molecule (W133) and 
residues D184 and R187, generating H-bond interactions stabilising the 
internal structure of loop D. (Fig.18). Phosphorylation of S188 would most 
likely disrupt these interactions, causing a destabilisation of the closed 
conformation of loop D. This was supported by MD-simulations of 
SoPIP2;1 phosphorylated on S188, in which an interaction was seen 
between this residue and the C-terminus, causing channel opening.  
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Figure 18. Stereo view of wild-type SoPIP2;1-closed structure. Hydrogen bond network and loob B 
interactions are shown with dotted lines,water molecules are shown in red and S188 is highlighted in 
green. 

3.2.2 Mimicking the Biological On/Off Switch 

Many biological molecules have phosphorylation sites which function as 
an activator, altering its function. The phosphorylation involves the 
addition of a phosphate group (PO4

3-) often added to a serine (S), threonine 
(T), tyrosine (Y) or histidine (H) residue in eukaryotic proteins. The 
addition of a phosphate group disrupts stable molecular binding networks, 
resulting in conformational changes. 

The residues aspartate (D, Asp) and glutamate (E, Glu), resembles a 
phosphate group by being relatively bulky and negatively charged which is 
the main reason to use these in a protein to mimic a phosphorylated state. 
There are several reported studies where D or E point mutations generated 
activated proteins [114-116]. However, even if D and E resemble the addition 
of a phosphate group, it doesn’t necessarily mean they are equivalents. 
Consequently, a “real” phosphorylated side chain will possess a larger 
negative charge (-2 at physiological pH) as well as it will be occupying a 
larger space.    

To mimic phosphorylation of SoPIP2;1 and study its effect, we made four 
constructs;  three single mutants (S115E, S188E and S274E) and one 
double mutant (S115E:S274E). The constructs were successfully 
transformed into P. pastoris, produced, purified, crystallized and assayed 
for water transport in proteoliposomes. Structural data from X-ray 
diffraction was collected and structures were solved by molecular 
replacement using the wild-type structure of SoPIP2;1, PDB code 1Z98 as 
the search model [51, 64],  (Table 2). 
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Protein 
structure 

So-
PIP2;1-
wt 

So-
PIP2;1-
wt 

S115E S115ES274E S274E So-
PIP2;1-
Hg 

S188E 

PDB code 1Z98 2B5F 3CLL 3CN5 3CN6 4JC6 
Conformation Closed Open Closed Closed Closed Closed Open 
Space group I4 P21212 I4 I4 I4 P212121 P21212 
Resolution 2.1Å 3.9Å 2.3Å 2.05Å 2.95Å 2.15Å 3.0Å 

Table 2. Comparison of the SoPIP2;1 structures.  

 

3.2.3 Mimicking Phosphorylation of Ser115 and Ser274 Does Not 
  Cause  Channel Opening 

Surprisingly, even though the effort was to induce an open conformation, 
the single mutants S115E and S274E as well as the double mutant 
S115E:S274E crystallized in closed conformations. Superimposing the 
structures displays close similarities to the closed structure of wild-type 
SoPIP2;1 but with some structural deviations.  

The S115E and S115E:S274E mutants presented the N-terminus 
protruding into the cytoplasm through an extension of TM helix 1 (Fig.19). 
This result differ from closed wild-type SoPIP2;1 in which a small helix is 
formed, harbouring the cation binding site which is involved in stabilising 
the closed conformation.  

Figure 19. Stereo 
images of superimposed 
wild-type SoPIP2;1 
(grey) and S115E 
mutant (green). The 
electron density belongs 
to the S115E mutant. 
(A) View of the S115 
mutation site showing 
the prolonged residue of 
S115E. (B) Illustration 
of the effect of the 
S115E mutant resulting 
in a disruption of the 
divalent cation binding 
site and extension of 
TM helix 1. The cation 
is illustrated as a black 
ball. 
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The extended N-terminus of S115E and S115E:S274E completely disrupts 
the cation binding site. Specifically, the added Glu115 interrupts the former 
Ser115-Glu31 H-bond interaction by repelling the negatively charged 
Glu31. Consequently, Glu31 Cα is replaced 10Å, compared to wild-type 
closed SoPIP2;1. Nevertheless, the D-loop remains closed creating other 
connections to the B-loop by H-bond interaction via two water molecules.  
The structures of single mutant S274E and S115E:S274E double mutant, 
shows a disordered C-terminus, suggesting that when S274 is 
phosphorylated, the stabilising interaction between this residue and loop D 
in the neighbouring monomer seen in the closed wild-type structure of 
SoPIP2;1 is lost. 

It is possible that the crystallization progress itself induces D-loop 
stabilisation of the phosphomimicking mutants. Protein molecules who 
rearrange in a well-ordered pattern may give rise to new interaction 
possibilities and decreased freedom which could in our case stabilise the 
closed conformation. To reject crystallization effects, the phospho-
mimicking mutants were further investigated by a functionality assay 
(stopped-flow) measuring water transport rate (water permeability) in 
proteoliposomes. Indeed, the proteoliposome stopped-flow assay showed 
that S115E, S274E and S115E:S274E were in a closed state also in 
liposomes as their water permeability coefficient (Pf) was comparable to 
that of wild-type SoPIP2;1 (Fig.20A). 

The inability of the S115E and S274E mutations to generate channel 
opening could be due to these mutations not fully mimicking the 
phosphorylated state. Analysis of electrostatic potential maps showed that 
the phosphorylated serine created significantly more negative potential 
around the serine than did the phosphomimicking mutation. This additional 
negative potential could provide the driving force needed to cause a full 
rearrangement of loop D. 

3.2.4 Significant Increase in Water Flux by the S188E  mutant 

In contrast to the other phosphomimicking mutants of SoPIP2;1, S188E 
showed a significant increase in water transport indicating that the channel 
could be in an open conformation (Fig.20A). This could explain why this 
construct was reluctant to rearrange in an ordered manner (crystallize). It is 
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likely that a flexible D-loop hinders formation of well-ordered crystals as 
only low resolution data has been obtained for SoPIP2;1 in an open 
conformation.  

Quantitative Western blots indicated similar liposome insertions (Fig.20B). 
In addition, the relative Pf to empty liposomes (Fig.21C, gray bar) as well 
as the specific Pf, relating water permeability to the liposome incorporation 
(Fig.20C, purple bar) was calculated, indicating that the Pf of the S188E 
mutant does not depend on excessively liposome incorporation relative to 
the other constructs.  

 

Figure 20. (A) Results of the water transport assay (stopped-flow spectroscopy) showing that the water 
transport rate of S188E (orange) clearly was higher than S115E (green), S274E (dark blue) and 
S115E:S274E (light blue) which was similar to wild-type SoPIP2;1 (black). (B) Quantitative Western 
blot-signals (immunoblot) of incorporated protein in the proteoliposomes relative to SoPIP2;1 wt. (C) 
Bars indicating water permeability (light gray) which was calculated by relating measured permeability 
to empty liposomes. The bars indicating specific water permeability (purple) was calculated by relate 
water permeability to the degree of proteoliposomes incorporation.  

The increased Pf of the S188E mutant argue that this single point mutation 
in fact increase the probability of channel opening. Apparently the H-bond 
interactions made by the residues S188, D184 and R187 along with the 
water molecule W133, is essential in stabilising the D-loop (Fig.18). 
Consequently, upon phosphorylation the residue S188 gets displaced away 
from the W133 resulting in disconnection of the former H-bond interaction 
network. In addition, this destabilisation would also effect the interactions 
between the D-loop and B-loop (G94, R118 and R190) and disconnect the 
capping D-loop, increasing the probability of channel opening.   

A B 

C
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3.2.5 Structure of S188E mutant is Open 

In contrast to the other phosphomimicking mutants, the S188E mutant 
turned out to be quite difficult to crystallize. However, after several 
crystallization trials (producing >200 crystals at 4°C), one crystal condition 
(Paper IV) generated a well defined diffraction pattern and data to 2.7Å 
was collected. The data was processed and scaled using iMosflm [117] and 
Scala [118]. Unfortunately, the data was highly twinned (perfect 
pseudomerohedrally twinned), making structural interpretations quite 
difficult. Despite of that, the structure could be solved at 3Å by MR, using 
the closed SoPIP2;1 tetramer, PDB code 1Z98 as the model, (section 3.2.2, 
table 2)  and by the use of special composite-omit-maps (Methodology-
section: 2.2.7.1). New appearing electron density arose from consecutive 
composite-omit-map calculations, each with added residues, resulting in 
gradually improved electron density along a growing D-loop (Fig.21).  

 

Figure 21. Stereo view of the electron density generated from the initial SoPIP2;1 S188E composite-
omit-map (at 0.6σ), indicating where along the D-loop (monomer A) the next amino acids will be add-
ed.  

Residues continued to be added to the point were no new electron density 
were appearing from the latest composite-omit-map. Noticeable, one of the 
monomers (monomer A) seemed to have a more ordered D-loop by 
displaying clearer electron density after each successive composite-omit-
map. Accordingly, the A monomers D-loop was the only one that could be 
successfully completed whereas only partial electron density could be 
observed by the other monomers, hinting that the great disorder could 
result from open D-loops.  
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Figure 22. (A) Superimposed monomeric structures of wild-type SoPIP2;1in closed conformation 
(green), wild-type SoPIP2;1 in open conformation (purple) and the SoPIP2;1 S188E mutant in 
open conformation (gold) showing three apparent positions of the D-loop. (B) Structure of S188E 
and calculated channel (blue) (HOLE [120]). (C) Channel radius of wild-type SoPIP2;1in closed 
conformation (green), wild-type SoPIP2;1 in open conformation (purple) and the S188E mutant in 
open conformation (orange). The y-axis = 0, at the centre of the NPA motif. Location of the NPA 
motif and ar/R selectivity filter is pointed out by arrows . 

Structural comparison between the SoPIP2;1 closed and open structure and 
the S188E mutant, confirms the D-loops flexibility. In the SoPIP2;1 closed 
structure (Fig.22A, green), the D-loop caps the channel and prevents water 
transport which on the other hand is accessible in the SoPIP2;1 open 
conformation (Fig.22A, purple).   

  

 

 

 

However, in the S188E mutant, the D-loop extends further away from the 
channel opening (Fig.22A, gold), reaching towards the tetrameric centre.  

Furthermore, the S188E channel dimensions was calculated (HOLE [119]) 
and compared to wild-type SoPIP2;1 open and closed conformation 
(Fig.22C). Channel positions (Fig.22C, y-axis) were related to the centre of 
the NPA-motif (Asn222) of the SoPIP2;1 closed structure. Reasonably, 
both the SoPIP2;1 open and the S188E conformation showcase comparable 

B 
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ar/R 
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channel dimensions whereas the SoPIP2;1 closed conformation showed 
significant constriction at the D-loop region (Fig.22C, at the relative 
position -10). These results fit well with the stooped-flow assay (Fig.20A), 
indicating that mimicking phosphorylation of S188 causes the D-loop 
interactions to destabilise and open the channel. However, due to quality 
restrictions, no side-chains could be modelled to the S188E structure which 
could have given further insight into conceivable D-loop stabilizing 
interactions. 

Further on, comparing the crystal packing of closed SoPIP2;1 in and 
S188E display similar arrangements having the cytoplasmic interfaces of 
two tetramers directed to each other (Fig.23). 

 

Figure 23. (A) Crystal packing of SoPIP2;1 in closed conformation. (B) Crystal packing of S188E in 
open conformation. The tetramers cytoplasmic interfaces are highlighted in blue.  

However, in the S188E crystal packing (Fig.23.B), the D-loop causes the 
interface of the two tetramers to tilt towards one side when in fact the 
interface is straight in the closed SoPIP2;1 crystal packing (Fig.23A). It is 
highly probable that the D-loop causes the tilt in the S188E crystal 
packing, indicating that the D-loop is unchained and in an open 
conformation.   

3.2.6 The Effect of Cations on SoPIP2;1 

Divalent cations have been shown to have an effect on water transport 
through plant AQPs in several studies. In particular Cd2+ and Ca2+ are 
known to inhibit water transport through plant plasma membrane AQPs 
such as SoPIP2;1. For AQPs in general, mercury (Hg2+) is often seen to 
have an inhibitory effect [120-123]. In fact, the ability of Hg2+ to inhibit water 
transport across the membrane of red blood cells was a key experiment in 

A B
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identifiying the very first AQP, AQP1 [18, 124]. The residue responsible for 
Hg2+ inhibition of AQP1 was later identified as Cys189 in the water-
conducting pore [125]. While many AQPs are indeed inhibited by Hg2+, 
others are in fact insensitive [126, 127]. 

Surprisingly, adding Hg2+ to SoPIP2;1 increased the Pf  (+99.5%) 
compared to when no Hg2+ was present. Increased water permeability after 
Hg2+-treatment has only previously reported for AQP6 [128]. Furthermore, 
adding Hg2+ to liposomes containing S188E, results only in a mediocre 
increase in Pf (+21.2%). Presumably, adding Hg2+ to S188E effects Pf 
relatively little since this is already situated in a open conformation, 
supporting that Hg2+ affects the conformational state of SoPIP2;1. To study 
this structural effect, we solved the structure of SoPIP2;1 in complex with 
Hg2+ at 2.15Å (table 2). Contrary to what was expected the structure 
showed significant similarities to closed SoPIP2;1 also having the D-loop 
capping the channel. 

In the structure of the SoPIP2;1- Hg2+ complex, Hg2+  was seen to bind to 3 
out of 4 cysteines. To investigate which one of these were responsible for 
the mercury activation, we constructed mutants in which the cysteines 
were replaced with seines and investigated their water transport ability 
using proteoliposomes. None of the mutants displayed a water 
permeability significantly different from wild-type, suggesting Hg2+ 
activation of SoPIP2;1 is not dependent on cysteines. However, an 
alternative could be that Hg2+ affects the liposome membrane which induce 
a conformational change of SoPIP2;1. In fact, Hg2+ is known to be able to 
react with the polar head groups of the liposome lipids which thereby 
change the membrane properties, resulting in increased membrane fluidity 
[129].  

Changes effecting membrane properties such as lipidic composition and 
outer mechanical forces has been suggested to have a physiological role in 
vivo in plant AQP gating [130]. The indications that plant AQPs may be 
regulated mechanosensitively is quite reasonable because plants generally 
needs a direct responsive reaction upon mechanical stimuli. 
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4. Conclusions 

This thesis is based on the results which have emerged from various 
protein production experiments intended for X-ray crystallography 
structural studies. A general cloning and production methodology has been 
utilized, allowing for comparison of the data throughout the process. 
Although not every project developed into a new structure, important 
aspects and considerations have been made regarding high-yield 
production of pure and stable membrane protein. 

To kinds of eukaryotic membrane protein have been in focus, the AQPs 
and THs. The hAQPs displayed a considerable variance concerning 
production yield and membrane localisation in spite of the sequential 
similarity (Paper I). However, the outcome from the hAQP production 
resulted in the conclusion that an effective trafficking pathway, leading to 
proper membrane insertion, might surpass a higher production yield, thus 
still providing adequate yields for structural studies. Importantly, an 
ineffective trafficking pathway may be improved by mimicking a more 
effective transporting and membrane insertion process.  

However, producing well membrane-inserted proteins is far from enough. 
Solubilized TH (Paper V) turned out to be highly unstable. Removing all 
cysteines resulted in higher stability but on the other hand the cysteine-free 
TH became inactive. Further protocol optimization would most likely 
uncover a better suited purification environment. Nevertheless, it was 
concluded that full-length eukaryotic TH can be successfully produced in 
P. pastoris at sufficient yields. In addition, the importance of cysteines in 
eukaryotic TH dimerization and activity was established. 

Further on, the very nature of plants and their habitat suggests differences 
in their AQP molecular mechanisms compared to hAQPs. For instance, a 
human can just walk away if realizing its standing in a lake while a plant 
has to adapt to its surroundings, one method of which is AQP gating. 
Phosphomimicking mutants of the gated spinach AQP SoPIP2;1, were 
tested in functionality assays as well as structurally determined (Papers II, 
IV). The proposed gating mechanism in which phosphorylation of the 
residues S115 and S274 result in channel opening appeared reasonable 
from examining MD simulations. Yet the crystal structures and functional 
data of the S115E and S274E single and double mutants, respectively, 



4. CONCLUSIONS 

49 

indicate the channel being closed, most likely due not these not fully 
mimicking the phosphorylated state.  

Although phosphorylation of S188 in vivo has yet to be shown, the model 
of S188E is the first structural evidence of a phosphomimicking mutant 
causing channel opening (Paper IV). However, the 3Å diffraction data 
from S188E proved to be highly twinned which as first was a big 
disappointment. But, the use of a special composite-omit-map designed for 
twinning, provided modelling without inducing additional model bias into 
the emerging D-loop. In the end, only one of the tetramers D-loop could be 
completely modelled, revealing an novel conformation of the D-loop 
where it extends away from the channel opening towards the tetrameric 
centre. The fact that S188E is in an open conformation is further reinforced 
by functionality assays, crystal packing arrangement, the crystallization 
unwillingness and the D-loop disorder seen in the monomers B,C and D’s 
electron density.    

Finally, the S188E structure constituted the last component in the “gene to 
structure” process, which gave me the possibility to have a highly diverse 
and fulfilling graduate period. 
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