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1.1: Aquaporins 
All living organisms must be able to deal with osmotic and hydrostatic pressure changes in 
their environment. Therefore, maintaining water homeostasis plays a central role in all living 
organisms. Although water can pass through pure lipid bilayers by diffusion, this process is 
too slow to allow cells to react to environmental changes in time. Aquaporins (AQPs) 
represent a large, ancient, family of integral membrane proteins that form selective water 
pores in the membrane (1). AQPs lower the activation energy of a lipid bilayer for water 
permeation from 10-20 kcal/mol to less than 5 kcal/mol (2).  
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Figure 1.1: The aquaporin fold and its tertiary structure. (A) Bovine AQP1 monomer (PDB entry: 
1J4N). The color-codes reveal the typical AQP fold. H1, H2, HB and H3 form the first half of the 
protein, H4, H5, HE and H6 form the second half. Helices HE and HB emanate outward from the 
platform formed by the prolines of the NPA motifs in the centre of the pore. (B) Aquaporins and 
aquaglyceroporins both exist as tetramers, forming four independent pores. Two of the four pores are 
marked by an asterisk. The tight packaging of the monomers into a tetramer is indicated for two 
monomers rendered by spheres in Chimera (3). (C) The surface of an AQP monomer consists of mainly 
hydrophobic (yellow) and aromatic (green) residues. However, polar residues (white/grey) are located 
between hydrophobic residues as well (indicated by an asterisk) and must be buried in the interfaces 
between protomers. 
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Figure 1.3: Phylogentic analysis of the aquaporin (AQP) family suggests a classification into two 
clusters (AQP and glycerol facilitator-like protein (GLP)), 16 subfamilies, and 46 types. The types are 
considered to be representative of the whole family of 160 sequences obtained from Genbank, SWISS-
PROT, EMBL, and the genome databases (18). 
 
The kidney filters 180 liters of plasma per day (19). 90% of water is reabsorbed by AQP1 
residing in the proximal tubule and the descending thin limb of Henle (12)(Figure 1.4). No 
AQPs have been identified in the water-impermeable thin and thick ascending loop of Henle, 
where the solute transporters are located (15). The terminal part of the renal tubule, the 
connecting tubules and collecting ducts have variable water permeability, which is controlled 
by the peptide hormone arginine-vasopressin (AVP) (20). Within the renal tubule segment, 
three AQPs are expressed: AQP2 (in the apical membrane (21)), AQP3 and AQP4 (in the 
basolateral membrane (22,23).  
AQP6 is an intracellular water channel located in intracellular vesicles of the acid secreting 
type-A intercalated cells of the collecting duct and is both a water as well as a chloride 
channel (24). AQP7 is a GLP and is expressed in the apical membrane of proximal tubules 
(25,26) and is thought to prevent the excretion of glycerol into urine (27). AQP8 is located 
in the inner mitochondrial membrane in the proximal tubules (28,29). AQP8 is able to 
facilitate the diffusional transport of ammonia (NH3) and is thought to play a role in the 
adaptive response to metabolic acidosis (30,31). AQP11 is expressed in the proximal tubule 
as well and is localized in intracellular organelles (32). The exact role AQP11 plays in the 
kidneys is unknown. 
 
1.2: Aquaporin-2 
Aquaporin-2 (AQP2) is expressed in principal epithelium cells of the collecting duct and 
resides both in cellular vesicles and the apical membrane. AQP2 bearing vesicles traffic  
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Figure 1.4: Distribution of aquaporins (AQPs) in the nephron. The nephron consists of the glomerulus 
and two tubular networks. In the first, the blood plasma is filtered. In the second, the blood stream 
accepts reabsorbed water and specific molecules. At the glomerulus the serum portion of the blood is 
forced out of the blood vessel and into the renal tubules. 90% of the serum is transported back to the 
bloodstream by AQP1 (brown) residing in the proximal tubule and the descending limb of the loop of 
Henle. AQP7 (red), AQP8 (light blue) and AQP11 (grey) also reside in the proximal tubule. In the loop 
of Henle water and sodium chloride are reabsorbed. The descending limb of the loop of Henle is 
permeable to water induced by the expression of AQP1. The ascending limb of the loop of Henle is 
impermeable to water, due to the absence of AQPs, but is permeable for sodium chloride. The sodium 
chloride passes out of the tubule, into the medullary tissue, the innermost part of the kidney located 
near the collecting ducts. The high salt concentration causes a concentration gradient between the 
collecting duct and the medulla, making passive water reabsorption from the collecting duct to the 
medulla possible (33). AQP2 (green) resides in both internal vesicles and in the apical membrane of 
collecting duct principal cells. Water permeability in the collecting duct is variable and controlled by 
vasopressin (AVP). The water permeability of the collecting duct can be enhanced by binding of AVP 
to the V2 receptor (V2R), leading to AQP2 vesicle transport towards the apical membrane. AQP3 
(yellow) and AQP4 (dark blue) reside in the basolateral membrane of the collecting duct principal cell, 
while AQP6 (orange) resides in internal vesicles in the intercalated cells of the collecting duct. 
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towards the apical membrane via exocytosis, while exocytosis and endocytosis of AQP2 is 
in equilibrium. Binding of the peptide hormone (arginine) vasopressin (AVP) to the 
vasopressin type 2 receptor (V2R) induces expression and exocytosis of AQP2. This results 
in an increase of water permeability in the collecting duct (34). Release of AVP from the 
V2R recovers the initial equilibrium between exocytosis and endocytosis of AQP2, leading 
to a decrease in water permeability. 
 
1.2.1: Aquaporin-2 structure and trafficking regulation 
AQP2 has the AQP-fold as discussed in chapter 1.1 and visualized in figure 1.1. However, it 
exhibits an unusually long C-terminal helix, which plays an important role in trafficking 
regulation. The end of this helix carries four conserved phosphorylation sites, the state of 
which is linked to numerous AQP2 trafficking processes (35-39).  
Binding of AVP to the V2R induces a hierarchical change of the phosphorylation sites, 
leading to a controlled displacement of AQP2 bearing vesicles (35,40). Mutations in the C-
terminus lead to dominant nephrogenic diabetes insipidus (NDI), a disease characterized by 
a massive loss of water through the kidney caused by a dysregulation of AQP2 trafficking 
(12,41,42). 
The exact role of these phosphorylation sites in AQP2 trafficking is still under investigation. 
AQP2 can be phosphorylated on residues Serine-256 (Ser256), Ser261, Ser264 and 
Threonine-269 (Thr269; Ser269 in rodents), of which Ser256 phosphorylation was found to 
be the first in the cascade (35,39,43). Furthermore, Ser256 needs to be phosphorylated before 
the other residues can change their phosphorylated state. Mimicking the phosphorylated state 
of Ser256, by a S256D mutation, lead to enhanced expression of AQP2-S256D in the apical 
membrane, while the AQP2-S256A mutant, mimicking the unphosphorylated state of 
Ser256, resided in intracellular vesicles (44). This documents that phosphorylation of Ser256 
is the master switch for the initiation of AQP2 transport.  
The function of the other phosphorylation sites have been studied as well, but no clear 
answers on the exact role of these sites in AQP2 trafficking regulation were obtained (35-
39,45). Furthermore, many AQP2 interacting proteins have been identified and studied as 
well (46). However, the complete protein interaction network, and therefore the complete 
understanding of NDI, has yet to be resolved. In chapter 2 the structure of AQP2, 
phosphorylation of the AQP2 C-terminus and proteins regulating AQP2 trafficking will be 
discussed in more detail. 
 
1.2.2: Challenges of studying AQP2 in the cellular context 
Although standard cell research techniques could be used to understand the AQP2 trafficking 
mechanism, they are also limited. To further enhance our understanding of cellular 
mechanisms, like the AQP2 transport regulation, at the molecular level, new techniques need 
to be developed. It is difficult to visualize AQP2 trafficking in real life. To observe exocytosis 
of AQP2 bearing vesicles to the apical membrane, AQP2 need to be either fluorescently 
labelled for light microscopy, or identified by immunogold labelling in an electron 
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microscope (EM). Labelling of AQP2 can either be done directly by adding a green 
fluorescence protein tag (GFP-tag) to the protein, or indirectly by using immunofluorescence 
assays. Adding a tag to a protein can alter the structure of the protein or can inhibit the 
possibility of protein-protein interactions, which may change the function of the protein 
studied. Immunofluorescence assays and immunogold labelling for EM are only possible 
with fixated samples, making it impossible to monitor trafficking in real life. Furthermore, 
although EM can provide us high resolution images, sample preparation is laborious and time 
consuming. 
Other challenges in cell research concern the complexity of living cells. Proteins are able to 
interact with multiple targets and cellular functions are executed by a complex protein 
network. In vivo studies could give more information on complex protein networks. 
However, it is difficult to distinguish between direct protein-protein contacts and indirect 
interactions within this network. In vitro studies could make direct interactions clearer. 
However, because they do not provide the environment of the cell, these studies are limited. 
Pull down experiments allow AQP2 interaction partners to be identified by mass 
spectroscopy. However, although pull down experiments could be used to find AQP2-protein 
interactions, further research is then necessary to unravel the function of these interactions. 
Injection of labelled AQP2 bearing vesicles may allow observing AQP2 trafficking in real 
life. The regulatory role of the AQP2 phosphorylation sites in trafficking regulation could be 
deciphered by the injection of AQP2 phospho-mimics. Furthermore, faster and easier 
methods to prepare Cryo-EM samples should make it possible to quickly visualize AQP2-
protein complexes in high resolution. Developing and optimizing such methods will help us 
to understand the AQP2 trafficking system at a molecular level. 
 
1.3: Microinjection and a hollow cantilever AFM 
To study cells and cell systems it is often necessary to load specific exogenous substances, 
such as proteins, peptides, cDNA constructs or drugs, into a cell. By introducing these 
compounds, protein expression can be down- or upregulated, protein mutants can be 
expressed, specific protein-protein interactions can be inhibited or the effect of certain drugs 
on cell mechanisms can be tested. Over time many methods have been developed to transfer 
such compounds into cells and are now widely used. A limiting factor is that such methods 
cannot be used to address specific cells.   
The development of microinjection made it possible to specifically inject certain compounds 
into individual cells (47). A well known example is the expression of membrane proteins in 
Xenopus oocytes by microinjection of cRNA (reviewed in Dascal et al. (48)), used for 
functional studies of these proteins (1). With the help of micromanipulators the cell 
membrane can be penetrated by an injection needle and substances can be delivered into 
desired locations. The advantage of this method is that compounds can be delivered into the 
nucleus, which is difficult to reach by other methods (49). However, forty years after the 
development of the first microinjections, the potential of the method has not been completely 
exploited. Microinjection systems are limited by the delicate manipulation, the relatively 
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large size of the microneedle, and lack of feedback to monitor the probe insertion. The large 
size of the needle makes it difficult to inject femtoliter volumes into a cell, to address small 
cells and cell deaths often occur. 
 
1.3.1: Atomic Force Microscopy 
Atomic Force Microscopy (AFM) revolutionized surface science at the nanoscale in the last 
three decades. By raster-scanning a small probe, namely the tip attached to the end of a 
cantilever, over a surface, a 3D representation of this surface can be constructed (reviewed 
in Jalili et al. (50)). By precisely measuring the x-, y- and z-movement of the tip and a force 
feedback control, this method has been used to study membrane morphology, cell division 
mechanisms, voltage-induced deformation as well as DNA- and protein structures (50,51). 
Furthermore, the possibility to contour surfaces with sharp tips in buffer solution makes it 
possible to observe biomolecules at work with sub-nanometer resolution (52).  
 
1.3.2: Hollow cantilevers for AFM 
Recently, by exploiting hollow cantilevers and the sensitive force feedback, the AFM was 
used for intracellular injections (53). This technology and the small tip dimensions made it 
possible to transfer substances into a cell with minimal damage (53). This, combined with 
the accurate spatial control, made it possible to insert the AFM cantilever at a certain position 
into a cell with sub-micrometer accuracy. This method, called Fluid-FM, has been used to 
inject femtoliters of GFP or DNA specifically into the cytosol or the cell nucleus respectively 
(54). Therefore, hollow cantilevers are most suitable to inject AQP2 bearing vesicles into 
principal epithelial cells, to study AQP2 trafficking. 
 
1.4: Cryo Electron Microscopy 
The invention of the first microscope by Antoni van Leeuwenhoek (55), made it possible to 
visualize cells for the first time. Although light can be used as a source to magnify samples, 
the resolution is limited to half of the wavelength of visible light, typically to 0.2 µm. 
Studying cells by light microscopy reveals the morphology of the cell and the cell nucleus, 
but details of the cell structure remain therefore unexplored by light microscopy. Although 
modern techniques make it possible to visualize single molecules by light microscopy, the 
complexity of a cell can only be depicted by an electron microscope (EM).  
Electron microscopes use electrons as a source to magnify samples. The wavelength of 
electrons accelerated to 100 keV is 0.037Å, which is much smaller than an atom, makes it 
possible to visualize samples at the atomic level (56). Since the introduction of the EM, in 
the last century, progress has made it possible to look at single atoms. However, biological 
samples, unfortunately, are so beam sensitive that many other developments were necessary 
to record atomic scale images and reconstruct their atomic structure (57,58). Importantly the 
invention of vitrifying biological samples and observing them at low temperatures, made it 
possible to visualize the complete interior of the cell at nm resolution (59). The development 
of fast direct electron detectors allows all scattered electrons to be measured and movies to 
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be recorded (60-62). These advances make it possible to image beam sensitive biological 
supramolecular structures at atomic resolution (63). 
While electron optics and camera technology are now mature, the major hurdle in cryo-EM 
is still the sample preparation. The sample size is the limiting factor. Freezing of samples 
leads to ice-crystal formation, which destroys the sample. For thin samples the cooling rate 
to prevent ice-crystal formation is achieved by plunging the grid into liquid ethane. Such 
samples are in a glassy state and thus vitrified (59). For thicker samples, the cooling rate is 
too small to prevent ice-crystal formation. Even cells can be too thick to be vitrified in a 
simple manner. To circumvent ice formation, high pressure and fast freezing are necessary 
(reviewed in Thompson et al. (64)).  
The next challenge is that electrons have a mean free path of 100-200 nm in biological matter, 
meaning that electrons only travel this distance without being scattered. The thicker the 
sample is the more scattering occurs. This leads to an increase in noise and a decrease in 
image signal and resolution. Normally, samples between 40 and 200 nm are used in cryo-
EM, while an average mammalian cell has a diameter of 20 µm. Therefore, to prepare cells 
for cryo-EM, they need to be sectioned by either using a focussed ion beam (FIB) or an 
ultramicrotome, while keeping the vitrified sample below -140°C (reviewed in Thompson et 
al. (64)). Both high pressure freezing and cell sectioning are laborious methods, executed by 
trained professionals, which also limits the utilization of cryo-EM in research. 
Limitations related to sample size can be circumvented by using in vitro samples. However, 
these samples lack the environment and complexity of the cell. Recently different preparation 
methods have been developed to circumvent the laborious preparation steps mentioned 
above. By unroofing the cells, the actin cortex, a dense network of actin filaments underneath 
the cell membrane could be studied in great detail (65). Furthermore, easy to prepare single 
cell cryo-EM samples were produced by lysing specifically targeted cells and dispensing the 
cell lysate on grids (66). Even cytosol contents extracted by Fluid-FM could be dispensed on 
EM-grids (67). These techniques make it easier to visualize in vivo prepared samples in great 
detail and will help to resolve biological questions which could not be resolved so far. 
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1.5: Aim of this thesis 
Although AQP2 and AQP2 transport have been extensively studied, the molecular 
mechanisms behind AQP2 trafficking regulation need yet to be unraveled. Many interacting 
proteins have been identified and the importance of the C-terminal phosphorylation sites has 
been acknowledged. However, the exact role of each individual phosphorylation site in AQP2 
trafficking regulation and the exact binding partners of AQP2 controlling this mechanism 
have not been described yet. To understand this process and to unravel the disease called 
Nephrogenic Diabetes Insipidus, new techniques need to be developed. Therefore, the 
research question of this thesis is: 
 

How can the use of a hollow cantilever AFM (in combination with cryo-EM sample 
preparation) resolve the AQP2 trafficking mechanism? 

 
To understand the mechanism underlying the control of AQP2 trafficking and to test this new 
method, different research questions need to be addressed. First of all, what is already known 
about AQP2 trafficking? For this, an extensive literature study is summarized in chapter 2. 
Chapter 3 reports a new analysis of AQP2-actin interactions by using biophysical and 
biochemical methods. Chapter 4 describes the purification of AQP2 from different cell types 
with different solubilization methods, including a novel approach to monitor the 
reconstitution of AQP2 into proteoliposomes. 
The second part of this thesis will focus on the AFM hollow cantilevers and its use in cryo-
EM sample preparation. Chapter 5 will discuss current cryo-EM sample preparation 
techniques and the developed cryo-EM sample preparation set-up, in chapter 6 the use of 
hollow cantilevers for Transmission Electron Microscopy (TEM) and cell manipulation will 
be discussed. A schematic overview of this thesis is visualized in Figure 1.5. 
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Figure 2.1: (A) Topological overview of AQP2. AQP2 contains 6 membrane spanning helices (helix 
1-6) and two half membrane spanning helices (loop B and loop E) which, upon folding, overlap forming 
a seventh pseudo transmembrane segment leading to the formation of the hour-glass shape. Loop B and 
E carry the NPA motif (blue) which overlap upon folding. These NPA motifs, together with the residues 
forming the selectivity filter (grey) determine the water specificity of the AQP. Both the AQP2 N-
terminus and C-terminus are located in the cytoplasm. The C-terminus of AQP2 contains four 
phosphorylation sites (Ser256, Ser261, Ser264 and Thr269 in humans; red), which change their 
phosphorylation state upon AVP stimulation (chapter 2.3). The flexibility of the AQP2 C-terminus is 
thought to be caused by two proline residues located at the base of the C-terminus (P225 and P226; 
orange), while P242 (orange) forms a putative hinge in the 38Å long C-terminal helix (E232-V257). 
The four C-terminal Leucine residues (L230, L234, L237 and L240; pink) are able to interact with 
LIP5, guiding lysosomal degradation of AQP2. Residue E3 in the N-terminus of AQP2 is thought to 
interact with residues S82 and R85 from loop B in one of its conformations (white residues), while 
AQP2 residues linked to autosomal NDI are indicated by a purple color. (B) Topological overview of 
AQP2 based on residue numbers. 

Feature Key Residues Description 
Topological 1-16 N-terminus, cytoplasmic domain 

Transmembrane 17-34 Helix 1, transmembrane domain 
Topological 35-40 Loop A, extracellular domain 

Transmembrane 41-59 Helix 2, transmembrane domain 
Topological 60-85 Loop B, cytoplasmic, half membrane 

spanning helix 
Transmembrane 86-107 Helix 3, transmembrane domain 

Topological 108-127 Loop C, extracellular domain 
Transmembrane 128-148 Helix 4, transmembrane domain 

Topological 149-156 Loop D, cytoplasmic domain 
Transmembrane 157-176 Helix 5, transmembrane domain 

Topological 177-202 Loop E, cytoplasmic, half membrane 
spanning helix 

Transmembrane 203-224 Helix 6, transmembrane domain 
Topological 225-271 C-terminus, cytoplasmic domain 

A 

B 
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Besides these phosphorylation sites, the C-terminus of AQP2 contains four hydrophobic 
leucine residues, located at positions 230, 234, 237 and 240 (Figure 2.1), which are able to 
interact with lysosomal trafficking regulator interacting protein 5 (LIP5). LIP5 is able to 
facilitate the lysosomal degradation of AQP2 (30). The presence of the phosphorylation sites 
and the LIP5 interacting leucines in the C-terminus of AQP2 underlines the importance of 
the AQP2 C-terminus for transport regulation. 
The N-terminus of AQP2 is an undecapeptide (Figure 2.1). Its structure has been resolved by 
X-ray crystallography and exists in two conformations (7,8). The first conformation 
compares to a conformation found in human AQP5, where E3 from the AQP2 N-terminus 
interacts with S82 and R85 from loop B, while the second conformation of the AQP2 N-
terminus is similar to the N-terminus of AQP1 (7,11). In the latter conformation, helix 1 
extends into the cytoplasm for a full additional turn (12). These two distinct conformations 
suggest that the N-terminus may play a regulatory role in AQP2 trafficking as well. Indeed, 
replacing both the N-terminus and the C-terminus of AQP1 with the two termini from AQP2 
lead to intracellular localization of AQP1 in MDCK cells, while translocation to the apical 
membrane could be induced after addition of forskolin. However, replacing just the N-
terminus lead to AQP1 localization in both the apical and basolateral membrane, no 
intracellular AQP1 could be found. Finally, replacement of only the C-terminus lead to 
expression of AQP1 in the apical membrane, without intracellular localization of AQP1 (15). 
It is clear that both the C-terminus and N-terminus of AQP2 are important in AQP2 
trafficking regulation, but the exact role that both termini may play in this process has yet to 
be fully understood. Yeast two hybrid assays did not show interactions between both termini,  
suggesting that AQP2 trafficking regulation by these termini is regulated independently from 
each other (23). 
 
2.3: Phosphorylation of aquaporin-2 
As discussed in chapter 2.2.3, the C-terminal tail of AQP2 plays an important role in AQP2 
trafficking regulation. Research showed that just the C-terminal end (S256-A271) of AQP2 
is necessary to traffic AQPs specifically to the apical membrane (23), while mutations in the 
C-terminal helix lead to an autosomal dominant form of NDI (26)(discussed in chapter 2.5.3 
and summarized in table 2.4). The four phosphorylation sites (Ser256, Ser261, Ser264 and 
Thr269 in humans) related to AQP2 trafficking regulation change their phosphorylation state 
after binding of AVP to the V2R (27). An increase in phosphorylation was measured for 
Ser256, Ser264 and Thr269 after AVP stimulation, while phosphorylation of Ser261 
decreased (27,31-34). The effect of AVP stimulation on the phosphorylative state of these 
residues is summarized in Table 2.1. 
Although the C-terminal tail of AQP2 contains further phosphorylation sites (Ser148, Ser229, 
Ser231 and Thr244; Figure 2.1A), only the four residues mentioned above are linked to AQP2 
trafficking regulation (23).  
 







29 
 

apical membrane. Indeed, phosphomimetic studies showed that AQP2-T269E, glutamic acid 
is used to mimic the phosphorylated state of threonine by charge, was predominately present 
in the apical membrane, even without AVP stimulation, while AQP2-T269A was located 
intracellularly in the absence of AVP (27). However, after AVP stimulation, AQP2-T269A 
was partially redistributed to the apical membrane, showing that phosphorylation at this 
residue is not necessary to initiate AQP2 exocytosis (27). 
Although Thr269 does not seem to enhance the rate of exocytosis, it could play a role in 
endocytosis inhibition. Indeed, biotin internalization studies in MDCK cells showed that the 
internalization rate of AQP2-T269E was remarkably slower as compared to wildtype AQP2 
(AQP2-WT), while internalization rates of AQP2-T269A were comparable to AQP2-WT 
(36). Furthermore, by using cold block studies, it was found that a significant amount of 
AQP2-T269E was not internalized until 150 min. of cold block (29) and that protein 
interactions between AQP2-T269E and endocytosis associated proteins was reduced (29,36). 
Although Thr269 phosphorylation seems important to retain AQP2 in the apical membrane, 
similar results were achieved for AQP2-S256D as well. While AQP2-T269E was eventually 
internalized during cold block experiments, the majority of AQP2-S256D remained located 
in the cell membrane during the course of this experiment (29). Furthermore, biotin 
internalization studies in MDCK cells showed AQP2-S256D to exhibit a slightly higher 
internalization inhibition as compared to AQP2-T269E (36). The half-life of AQP2-S256D 
was also slightly higher as compared to AQP2-T269E (t1/2=5.1h. and t1/2=4.4h., 
respectively)(Table 2.1)(36). This shows that although Thr269 phosphorylation is important 
to inhibit endocytosis of AQP2, Ser256 phosphorylation is important as well. 

2.3.3: Phosphorylation of Ser264 
Shortly after Thr269 phosphorylation, Ser264 is phosphorylated (t1/2=4.2 min; Table 
2.1)(27). Just like phosphorylation of Thr269, phosphorylation of Ser264 is controlled by the 
phosphorylated state of Ser256 (27). After AVP stimulation, a four-fold increase in 
phosphorylated Ser264 could be measured (32)(Table 2.1). However, immunolabeling of 
normal rat kidney sections showed only a weak labeling of Ser264 phosphorylated AQP2 
(32). Indeed, a quantitative analysis of Ser264 phosphorylation showed that only a small 
percentage of Ser264 is phosphorylated after AVP stimulation (1.9% of total AQP2 before 
AVP stimulation, 3.4% of total AQP2 after AVP stimulation; Table 2.1))(35). 
Although Ser264 phosphorylation is regulated by AVP stimulation, its exact role in AQP2 
trafficking regulation remains unclear. There is no apparent link between phosphorylated 
Ser264 and AQP2 apical membrane retention. In fact, internalization assays did not show a 
difference in internalization rates between AQP2-WT, AQP2-S264A and AQP2-S264D (36), 
while Ser264 phosphorylated AQP2 could be found in both the apical membrane and early 
endosomes after AVP stimulation (32). A regulatory role in enhanced exocytosis of AQP2 
seems unlikely, for Ser264 is phosphorylated at a relatively late time point (as compared to 
Ser256 and Thr269)(27) and the change in the ratio of phosphorylated to unphosphorylated  
state is relatively small (35). 
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Ser264 phosphorylation does not seem to influence AQP2 accumulation in the apical 
membrane. Nevertheless, phosphorylation of this residue is linked to AQP2 trafficking 
regulation. Before AVP stimulation, a weak signal for Ser264 phosphorylated AQP2 could 
be found in the intracellular region. Shortly after addition of AVP, Ser264 phosphorylated 
AQP2 could be found in both the basolateral and apical membrane, while 60 min after AVP 
stimulation phosphorylated AQP2 was predominantly found in the apical membrane and the 
signal of phosphorylated Ser264 was increased 4-fold (32). Although Ser264 phosphorylated 
AQP2 could be found in the apical membrane, small quantities of Ser264 phosphorylated 
AQP2 colocalized with clathrin-coated vesicle markers (after 15 min), early endosome 
markers and recycling endosome markers (after 60 min)(32). These findings suggest that 
Ser264 phosphorylation could play a regulatory role in AQP2 endocytosis, however needs to 
be studied further.  
After AQP2 endocytosis, the protein is either degraded or recycled. Protein degradation is 
executed in lysosomes. Although Ser264 phosphorylation is linked to AQP2 endocytosis, no 
colocalization of Ser264 phosphorylated AQP2 and lysosomes could be found at any time 
point, suggesting that phosphorylation of this residue could play a role in AQP2 recycling 
(32). Indeed the half-life of AQP2-S264D is slightly higher as compared to AQP2-WT (3.8h. 
and 2.9h., respectively; Table 2.1), but substantially lower than the half-life of AQP2-S256D 
and AQP2-T269E (5.1h. and 4.4h., respectively; Table 2.1)(36). Further research should shed 
more light on the role of Ser264 phosphorylation on AQP2 recycling.  
 
2.3.4: (De)Phosphorylation of Ser261 
Ser261, as a phosphorylation site, differs strikingly from the other phosphorylation sites 
(Ser256, Ser264 and Thr269), for it is dephosphorylated as a response to AVP stimulation 
(34). Quantitative analysis on inner medullas of Sprague-Dawley rats showed an initial 
Ser261 phosphorylation of 17.7%, as compared to total AQP2, before AVP treatment, this 
value decreased to 1.8% after AVP stimulation (Table 2.1)(35). Dephosphorylation of Ser261 
is relatively slow with a t1/2 of 10.6 min (Table 2.1)(34), while phosphorylation of the other 
residues as a reaction to AVP stimulation is much faster (27). Indeed, mass spectrometry 
experiments showed that Ser261 phosphorylated AQP2 co-existed with double 
phosphorylated AQP2, phosphorylated at Ser256 and Ser261 (28), and triple phosphorylated 
AQP2, phosphorylated at Ser256, Ser261 and Ser264 (55) or Ser261, Ser264 and Thr269 
(27). Mass spectrometry data measuring the phosphorylation of all four phosphorylation sites 
together were not quantifiable (27). However, phosphorylated Ser261 was found in Ser256-
Thr269 phosphorylated AQP2 as well (56). 
Although the dephosphorylation of Ser261 upon AVP stimulation has been well established, 
the exact function of this dephosphorylation in AQP2 trafficking regulation is still under 
debate. Research shows no link with this residue and AQP2 apical membrane accumulation, 
which is thought to be induced by an increase in exocytosis and an inhibition of endocytosis 
of AQP2 (1,53). The relatively slow dephosphorylation of Ser261 (a significant decrease 
could only be measured 30 min after AVP exposure (34)), and the presence of phosphorylated 



31 
 

Ser261 in multiple phosphorylated AQP2 (27,28,55,56) suggests that this residue does not 
control the enhancement of exocytosis. Indeed, it was shown that phosphorylation of Ser256 
was dominant over Ser261 phosphorylation, resulting in the accumulation of AQP2-S256D-
S261D in the apical membrane (37,39). This documents that Ser261 dephosphorylation is not 
necessary to induce AQP2 exocytosis. Furthermore, internalization rates did not differ 
between AQP2-WT, AQP-S261A and AQP2-S261D, illustrating that the phosphorylation 
state of this residue does not influence endocytosis of AQP2 either (36,37) eliminating the 
role of Ser261 dephosphorylation in AQP2 apical membrane accumulation.  
Despite a lack in AQP2 apical membrane accumulation control, Ser261 phosphorylation 
could play a role in other AQP2 trafficking regulation pathways. Colocalization studies did 
not show a presence of Ser261 phosphorylated AQP2 in the plasma membrane, the 
endoplasmic reticulum (ER), the Golgi or lysosomes, suggesting that AQP2 resides in 
vesicles independent of big membrane structures of the cell (34). The lack in lysosome 
colocalization suggests that Ser261 plays a role in AQP2 recycling. However, the half-lives 
of AQP2-S261A and AQP2-S261D are comparable to AQP2-WT (2.6h., 2.4h. and 2.9h., 
respectively; Table 2.1)(36) contradicting the proposed role of Ser261 in AQP2 recycling.  
Another control mechanism for Ser261 phosphorylation could still rely in AQP2 exocytosis. 
Although AQP2 exocytosis can be initiated despite the phosphorylative state of Ser261 
(37,39), this residue does play an indirect role in exocytosis regulation. Phosphomimetic 
studies in madin darby canine kidney (MDCK) cells showed that AQP2-S261A and AQP2-
S261D resided in intracellular vesicles, even after AVP stimulation in combination with 12-
O-Tetradecanoylphorbol-13-acetate (TPA) (39). Both AQP2-S261A and AQP2-S261D 
showed an increase in ubiquitinated K270 as compared to AQP2-WT (39). Ubiquitination of 
K270 is thought to be the initiator of AQP2 endocytosis (57) as will be discussed in chapter 
2.4.3. Indeed, a K270R mutation inhibited the ubiquitination of this residue (57) and both 
AQP2-S261A-K270R and AQP2-S261D-K270R were transported to the apical membrane 
after AVP stimulation (39). However, AQP2-S261A exocytosis inhibition could not be 
reproduced in mouse polarized kidney cortical collecting duct (mpkCCD) cells (40), 
contradicting previous results (39). Further evidence in Ser261 exocytosis control was found 
in MDCK cells expressing AQP2-S261D. Although AQP2-S261D showed an increase in 
S256 phosphorylation after AVP treatment, the phosphorylation of Ser256 decreased over 
time. In AQP2-WT the level of phosphorylated Ser256 stays constant after AVP stimulation 
(39). Furthermore, an increase in Ser261 phosphorylation after AVP stimulation was found 
in MDCK cells expressing AQP2-P262L, a mutation carrying the traits of dominant NDI 
with an impaired reaction on AVP stimulation  (58), suggesting that AQP2 translocation is 
inhibited by the enhanced phosphorylation of Ser261. However, AQP2 exocytosis could not 
be restored by expression of either AQP2-S261A-P262L or AQP2-S256D-S261A-P262L-
S264D-T269E (40). Despite extensive research on Ser261 phosphorylation and the finding 
of an apparent link between the phosphorylation state of this residue and AQP2 exocytosis 
regulation, further research is necessary to unravel the exact role of Ser261 in AQP2 
trafficking control. 
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proteins (76). These findings indicate that AQP2 is located in recycling endosomes, while 
the colocalization with ER-markers and TGN-markers point towards the translation and 
maturation pathway of freshly produced AQP2 (76). 
After exocytotic transport, AQP2 bearing vesicles need to fuse with the apical membrane. 
Vesicle fusion is guided by the soluble N-ethylmaleimide-sensitive factor attachment protein 
(SNAP) receptor (SNARE) family of proteins, which consists of membrane proteins on both 
the vesicle (v-SNARE) as well as the target membrane (t-SNARE)(186,187). Multiple v-
SNARE proteins have been identified in AQP2 bearing vesicles, like syntaxin-7, -12 and -
13, Vti1a, VAMP2 and VAMP3 (76,116), while Syntaxin-3 (Stx3) and SNAP23 were 
identified as t-SNARE proteins located in the apical membrane (116,188). Co-immuno 
precipitations showed a clear interaction between VAMP2, VAMP3, SNAP23 and Stx3 (75), 
suggesting that these proteins play a key role in AQP2 apical membrane fusion. Knockdown 
of either VAMP2 or VAMP3 in MCD4 cells reduced the amount of AQP2 in the apical 
membrane (75,189), while silencing of VAMP2 or VAMP3 had the same effect (75). 
Furthermore, RNA interference experiments, inhibiting Stx3 expression, resulted in a 
dramatic decrease of AQP2 bearing vesicle fusion (75). Co-immuno precipitation 
experiments showed an enhanced formation of Stx3-SNAP23 complexes after forskolin 
stimulation, linking all these SNARE proteins to AQP2 apical membrane fusion (75).  
A regulatory role in membrane fusion was proposed for Munc18b interacting with Stx3. The 
exact role Munc18b plays in AQP2 apical membrane accumulation is still unclear. However, 
a decrease in Stx3-Munc18b association was found after forskolin stimulation, while the 
association between SNAP23 and Stx3 increased. This suggests that Munc18b plays in 
inhibitory role in the formation of the SNAP23-Stx3 complex, hence regulating the fusion of 
AQP2 bearing vesicles with the apical membrane (75).  
The scaffolding molecule Snapin, reacting as an intermediate protein linking the transported 
proteins to their specific SNARE machinery, was found to be linked to AQP2 and Stx3 as 
well, suggesting that this protein plays a role in the apical membrane specificity of AQP2 
(122). A direct interaction between AQP2 and Snapin was found by pull down experiments, 
as well as a direct interaction between Snapin and Stx3. AQP2 pulled down Stx3 in the 
presence of Snapin, while this interaction was not observed in the absence of Snapin. 
Furthermore, expression of AQP2, Stx3, SNAP23 and Snapin in oocytes increased the 
waterflux 4-fold as compared the oocytes only expressing AQP2, Stx3 and SNAP23 (122), 
suggesting that Snapin plays a key regulatory role in the specific fusion of AQP2 to the apical 
membrane.  
Although AQP2 exocytosis and membrane fusion have been extensively studied, a 
significant fraction still remains unknown. Rab11 is found in AQP2 bearing vesicles and 
linked to AQP2 exocytosis, but some results are contradictory and other proteins are 
suggested to be involved in AQP2 exocytosis as well. Furthermore, VAMP2, VAMP3, Stx3 
and SNAP23 are linked to AQP2 vesicle fusion to the apical membrane. However, the exact 
role Munc18b and Snapin play in apical membrane targeting and fusion is still unclear. 
Additionally, a potential role for VAMP8 in AQP2 apical membrane fusion was found in 
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mice, while deletion of VAMP3 in mice did not affect their urine-concentrating ability (127). 
Further research is necessary to discover how the known proteins are involved in AQP2 
exocytosis and apical membrane fusion and to decipher the role that other proteins play in 
this process. 
 
2.4.4: Clathrin mediated Aquaporin-2 endocytosis and ubiquitination 
After AQP2 is accumulated in the apical membrane and AVP is washed away, AQP2 needs 
to be internalized via endocytosis. Although cargo can be internalized into the cell via 
different pathways, it was demonstrated that AQP2 is endocytosed via clathrin-coated pits. 
Sun et al. (2002) revealed that AQP2 accumulates into clathrin coated pits in GTPase-
deficient dynamin expressing cells, inhibiting the release of these pits from the plasma 
membrane (133). Furthermore, Lu et al. (2007) showed that AQP2 directly interacts with 
clathrin, dynamin, adaptor protein AP2 and Hsc70 (78).  
Hsc70 is a clathrin-decoating ATPase and its interaction with AQP2 was found to be crucial 
for AQP2 endocytosis (78). 30 min. after AVP treatment of Lilly Laboratories Cell Porcine 
Kidney (LLC-PK1) cells stably expressing AQP2, Hsc70 colocalizes with AQP2 and 
functional knockdown of Hsc70 activity leads to AQP2 apical membrane retention. AQP2-
Hsc70 interactions rely on the dephosphorylated state of Ser256, for it was shown that this 
interaction was greatly reduced in cells chronically treated with AVP and in cells expressing 
AQP2-S256D (78). This suggests that endocytosis of AQP2 depends on its phosphorylation 
state as well. 
Besides Hsc70, AQP2 endocytosis is also regulated by the ubiquitinated state of AQP2. 
Ubiquitin is a highly conserved protein and can be covalently attached to one or more lysine 
residues of cellular proteins. Ubiquitination of protein can function as a signal for protein 
degradation or protein localization. Furthermore, it can promote protein interactions and 
protein activity (190-192). AQP2 can be ubiquitinated on Lysine270 (K270), via K63 
linkage, and ubiquitination of AQP2 regulates its endocytosis (57). AQP2 is ubiquitinated 
while it resides in the apical membrane, suggesting that ubiquitination is a key regulator of 
AQP2 endocytosis. AQP2-K270R, unable to be ubiquitinated, internalized at a significantly 
slower rate than AQP2-WT (57). However, AQP2-K270R could still be internalized, 
suggesting that either K270 is not the only ubiquitination site of AQP2 or ubiquitination is 
not the only signal for endocytosis. 
As discussed previously, the phosphorylated state of AQP2 is thought to play a regulatory 
role in its endocytosis. Accordingly, AQP2-S256D and AQP2-T269E have a reduced 
interaction with proteins involved in endocytosis, like clathrin, dynamin and Hsc70, as 
compared to AQP2-WT (36) and a decreased internalization rate (29,36). Furthermore, 
endocytosis of ubiquitinated AQP2 can be inhibited by Thr269 phosphorylation of AQP2 
even though Thr269 phosphorylation leads to increased ubiquitination of AQP2 (178). 
However, ubiquitinated AQP2-S256D resided in internal vesicles even after forskolin 
stimulation in MDCK cells (39), suggesting that, although AQP2-phosphorylation is 
important in its trafficking regulation, other factors in the cell play an important role as well. 
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Similar results were obtained with dopamine and PGE2, showing that both dopamine and 
PGE2 can induce AQP2 endocytosis independent of the phosphorylative state of AQP2 (193). 
Dopamine has a marked diuretic action in humans, rats and other species, while abnormalities 
in the renal response to dopamine have been associated with certain forms of genetic 
hypertension in rats (194). Prostaglandins (like PGE2) inhibit maximal urine concentration in 
mammalian kidneys and the effect of PGE2 on AQP2 endocytosis is linked to cellular cAMP 
levels (193,195,196). 
The importance of AQP2 phosphorylation in AQP2 endocytosis regulation, while AQP2 can 
be endocytosed independent of its phosphorylated state suggests that AQP2 endocytosis 
requires a tight interplay between its phosphorylation state and the proteins guiding AQP2 
endocytosis. 
 
2.5: AQP2 and Nephrogenic Diabetes Insipidus 
Diabetes Insipidus (DI) is a disease characterized by an increased urine production (typically 
12 L/day) and an increased thirst (water uptake of up to 20 L/day), caused by a disruption in 
the body water balance (197). This disease affects roughly 1 in 25,000 people (198). The 
importance of AQP2 in maintaining water homeostasis was discussed in chapter 1. A 
disruption of the regulated AQP2 translocation mechanism is the leading cause of this 
disease. DI is either caused by an impaired production or release of AVP, or an impaired 
effect of AVP in the kidney (199,200). The latter type of this disease is called Nephrogenic 
Diabetes Insipidus (NDI) and is caused by a decreased or defective action of AVP on the 
principal cells of the collecting duct.  
NDI can either be acquired or hereditary, where hereditary NDI accounts for less than 10% 
of all cases of DI (201,202). Hereditary NDI is caused by mutations in either the avpr2 gene 
(coding for the V2R; X-linked NDI) or the aqp2 gene (Autosomal NDI)(203). This thesis 
focuses on AQP2 and its trafficking regulation, therefore the underlying mechanism of X-
linked and Autosomal NDI will be discussed. 
 
2.5.1: X-linked NDI: mutations in the avpr2 gene 
X-linked NDI is the most prevalent form of hereditary NDI, accounting for 90% of the cases 
(204). The avpr2 gene is located in chromosome region Xq28 and mutations in this gene lead 
to a recessive X-linked disease (205). Therefore, X-linked NDI mostly affects males, while 
females are often carriers or suffer from partial NDI caused by skewed X-chromosome 
inactivation (206-208).  
The V2R contains seven membrane-spanning helices and AVP binds within the 
transmembrane helices II-IV causing allosteric structural rearrangements as discussed above 
(209-211). More than 200 mutants resulting in X-linked NDI have been identified and the 
effect these mutations have on V2R expression and functionality can be divided into five 
classes (212-214). (i) Mutations leading to improperly processed or unstable mRNA, (ii) 
mutations resulting in the misfolding of the receptor and retention in the ER, (iii) mutations 
causing an impaired interaction between the V2R and G proteins leading to impaired cAMP  
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Table 2.3: An overview of the known mutations, causing the autosomal recessive form of NDI and 
their location in the AQP2 protein. If tested, the functionality of the protein is added. 
 

Mutation Functionality Location 
M1I (215) Unknown, absence of start codon N-terminus 
A19V (216) Unknown Transmembrane domain 1 
L22V (217,218) Partial (60%) Transmembrane domain 1 
V24A (219) Functional Transmembrane domain 1 
L28P (220) Not functional Transmembrane domain 1 
G29S (215) Unknown Transmembrane domain 1 
A47V (220) Partial (40%) Transmembrane domain 2 
Q57P (25) Not functional Transmembrane domain 2 
G64R (221-223) Partial (20%) Loop B 
N68S (24,223) Not functional Loop B, NPA motif 
A70D (224) Unknown Loop B, NPA motif 
V71M (220) Partial Loop B 
R85-terminated (225)  Loop B 
G96E (226) Unknown Transmembrane domain 3 
G100-terminated (227)  Transmembrane domain 3 
G100R (228) Unknown, probably not functional Transmembrane domain 3 
G100V (25) Not functional Transmembrane domain 3 
T108M (229) Unknown Loop C 
369delC / Frameshift, terminated after 
amino acid 131 (221) 

Not functional  

T125M (230-232) Partial (25%) Loop C 
T126M (24,223,230) Partial (20%) Loop C 
L137P (233) Unknown Transmembrane domain 4 
A147T (24,223) Functional Transmembrane domain 4 
D150E (234) Not functional Loop D 
V168M (225,235) Partial (60%) Transmembrane domain 5 
G175R (220,230,231) Not functional Transmembrane domain 5 
G180S (228) Unknown Loop E 
C181W (217,218,236) Not functional Loop E 
P185A (220) Not functional Loop E 
R187C (2,221,223) Not functional Loop E 
R187H (224) Unknown Loop E 
A190T (58,231) Not functional Loop E 
V194I (220) Functional Loop E 
G196D (237) Not functional Loop E 
H201Y (238) Unknown Loop E 
W202C / splice variant (239)   Loop E 
C606+1G>A / Splice variant (220)   
G211R (238) Unknown Transmembrane domain 6 
G215C (234) Not functional Transmembrane domain 6 
S216P (2,222) Not functional Transmembrane domain 6 
S216F (240) Unknown Transmembrane domain 6 
652delC / Frameshift (220)  Transmembrane domain 6 
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production, (iv) mutations leading to improper interactions between the V2R and AVP, (v) 
mutations leading to miss-sorting of the V2R to incorrect cellular compartments (212). Class 
(ii) is the most prevalent type of X-linked NDI (212).  
At the moment, there are no cures for X-linked NDI. In some cases, fluid deprivation or AVP 
administration can release some of the symptoms (199), while pharmacologic chaperones to 
inhibit ER retention have been proposed as well (241-243). However, the existing methods 
do not provide a complete cure for X-linked NDI and further research is necessary to develop 
new drugs for this disease. 
 
2.5.2: Autosomal recessive NDI: AQP2 misfolding 
Autosomal recessive NDI accounts for 9% of the hereditary forms of NDI and is mostly 
caused by a mutation in the pore-forming region. Two C-terminal modifications are linked 
to autosomal recessive NDI (AQP2-P262L and AQP2-K228E), however, this is due to a 
compound heterozygote mutation, AQP2-P262L and AQP2-K228E on themselves show the 
typical characteristics of dominant NDI (58,219).  Mutations causing autosomal recessive 
NDI result in misfolding of AQP2, leading to ER retention and degradation (212). This 
hereditary form of NDI is a recessive trait, meaning that patients are either homozygous or 
compound heterozygous for the AQP2 mutations. Therefore, this type of NDI affects males 
and females equally (199). An overview of the known mutations found in the patients 
suffering from the autosomal recessive form of NDI is visualized in Table 2.3. 
Up till now, more than 40 mutations causing autosomal recessive NDI are known (212). 
Although these mutations lead to AQP2 misfolding, for some mutations the water 
permeability of AQP2 is preserved. AQP2-L22V, -A47V, -T125M, -T126M, -A147T all 
conferred a reduced water permeability as compared to AQP2-WT, which was more likely 
caused by ER retardation of these mutants, instead of an impaired water channel 
(217,220,223). The same was found for AQP2-K228E and AQP2-V24A (219). Possible 
therapies, to recover the water homeostasis misbalance caused by autosomal recessive NDI, 
could therefore rely on ER retention inhibition or the use of chemical chaperones able to 
restore the plasma membrane routing (220). However, these therapies are not trivial, for the 
misfolding of AQP2 often result in impaired tetramerization of AQP2 (244), although 
tetramerization of AQP2-L22V, -V24A, -A47V, -T126M and -D150E could be restored once 
expressed in combination with AQP2-WT (245). 
 
2.5.3: Autosomal dominant NDI: AQP2 misrouting 
C-terminal mutations shed light on the effect of phosphorylation or ubiquitination on AQP2 
endocytosis and exocytosis. Mutations in the C-terminus of AQP2 lead to a disruption of 
AQP2 trafficking and apical membrane targeting. All autosomal dominant forms of NDI are 
caused by mutations in the C-terminus of AQP2 (26). Up till now 9 mutations causing 
autosomal dominant NDI have been found (Table 2.4) (246). Furthermore, two mutations in 
the C-terminal tail of AQP2 were found showing the cellular phenotype of dominant NDI 
when expressed alone (AQP2-P262L, AQP2-K228E, Table 2.4 asterisk). These mutations  
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are found in patients suffering from heterozygote recessive NDI and are therefore not, 
directly, linked to patients suffering from the dominant form of NDI (58,219). 
In autosomal dominant NDI, heterotetramers of both AQP2-WT and mutants are formed. 
Both the WT AQP2 and the mutants form functional water channels and are released from 
the ER. However, the C-terminal mutations lead to misrouting of AQP2, sorting to late 
endosomes, lysosomes, the basolateral plasma membrane or retention in the Golgi apparatus 
(252,253). The importance of functional AQP2 C-termini in the AQP2 tetramer was shown 
by Kamsteeg et al. (2000) in Xenopus oocytes, where he found that at least three out of four 
AQP2 monomers need to be phosphorylated at Ser256 to induce AQP2 exocytosis (44). 
Indeed, mutations found in residue Arg254 were found to cause autosomal dominant NDI, 
probably caused by the disruption of the PKA consensus site, inhibiting Ser256 
phosphorylation (249-251).  
Although this type of NDI is a dominant form, the condition is only partial due to expression 
of functional AQP2-WT besides the mutated AQP2, meaning that functional AQP2 tetramers 
are formed as well (247-250). Therefore, fluid restriction or AVP treatment often releases the 
symptoms to some extent.  
 
2.6: Conclusion and Discussion 
The disease NDI underlines the importance of AQP2 in maintaining body water homeostasis 
in humans. Mutations in either the aqp2 gene or the avpr2 gene lead to a miss-regulation of 
AQP2 trafficking, causing severe dehydration and excess secretion of urine (197,199,200). 
Hereditary NDI is either caused by mutations in the V2R (impairing the AVP response), 
mutations in the water pore (leading to AQP2 degradation) or mutations in the AQP2 C-
terminal tail (leading to misrouting of AQP2)(212,252,253).  
AQP2 trafficking regulation is a complex mechanism controlled by the structure of AQP2 
(chapter 2.2), post translational modifications of AQP2 (phosphorylation; chapter 2.3) and a 
complex network of different proteins interacting with AQP2 and controlling AQP2 
trafficking (chapter 2.4; Table 2.2). Since the discovery of AQP2 in 1993 (41), AQP2 and its 
transport mechanism have been extensively studied. This research led to new insights in the 
understanding of NDI and the mechanism controlling AQP2 trafficking. A summary of the 
AQP2 trafficking pathway and its controlling proteins is visualized in Figure 2.3.   
Although AQP2 trafficking regulation has been extensively studied, the machinery is very 
complex and not all facets of this system are thoroughly understood. The importance of 
AQP2-phosphorylation was discussed in chapter 2.3. Here it was shown that Ser256 is the 
first residue to be phosphorylated after AVP stimulation (27,31) and that this phosphorylation 
is both necessary to transport AQP2 towards the apical membrane (23) and to induce 
phosphorylation of downstream residues (Ser264 and Thr269) (27). Phosphorylation of 
Ser256 is directly linked to AVP stimulation, for AVP binding to the V2R leads to an increase 
in cellular cAMP levels followed by the activation of PKA and subsequent phosphorylation 
of Ser256 (42). Furthermore, the importance of Ser256 phosphorylation in AQP2 apical 
membrane accumulation was confirmed in Xenopus oocytes, for at least three out of four  
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and the apparent link between Thr269 phosphorylation and AQP2 apical membrane retention 
suggests that Ser264 phosphorylation plays a role in AQP2 internalization and perhaps 
recycling. Furthermore, research done in Xenopus oocytes showed that 3 out of 4 Ser256 
residues need to be phosphorylated to induce AQP2 exocytosis (44), meaning that relatively 
large quantities of phosphorylated AQP2 are necessary to induce apical membrane 
accumulation. The relative low percentage of Ser264 phosphorylated AQP2 after AVP 
stimulation (3.4% of total AQP2 as compared to 25.6% of total AQP2 for Ser256 
phosphorylation; Table 2.1) (35), suggests that Ser264 phosphorylation does not play a role 
in apical membrane retention. Indeed, Ser264 phosphorylated AQP2 was found to colocalize 
with clathrin coated pits, which are linked to AQP2 endocytosis as discussed in chapter 2.4.4, 
early endosomes and recycling endosomes (32), where recycled AQP2 resides (chapter 
2.4.3). This suggests that Ser264 phosphorylation functions as an AQP2 recycling signal. 
The apparent low phosphorylation rate suggests that either only a small portion of AQP2 is 
recycled after endocytosis, or that only a small fraction of Ser264 phosphorylation is 
necessary to induce AQP2 recycling. Perhaps phosphorylation of only one AQP2 monomer 
is enough to recycle the complete tetramer. Indeed AQP2-S264D showed an increased half-
life as compared to AQP2-WT (3.8 hrs and 2.9 hrs respectively; Table 2.1) (36). Although 
both AQP2-S256D and AQP2-T269E show even higher half-lives (5.1 hrs and 4.4 hrs 
respectively; Table 2.1) (36), the increased half-lives of these mutants could be caused by the 
decreased internalization rate, while the internalization rate for AQP2-S264D was 
comparable to AQP2-WT (36).  
Ser261 dephosphorylation is relatively slow, with a t1/2 of 10.6 min (Table 2.1) (27), as 
compared to the phosphorylation of the other residues. The relatively late response on AVP 
stimulation suggests that the phosphorylation state of this residue is linked to one of the late 
stages of the AQP2 trafficking cycle. Indeed, Ser261 phosphorylation was found in 
combination with all other phosphorylated residues (27,28,55,56). A controlling role in 
exocytosis and AQP2 recycling seems unlikely, for AQP2-S261D and AQP2-S261A both 
show equal internalization rates as compared to AQP2-WT and the half-lives of these mutants 
were equal to AQP2-WT as well (36). However, although AQP2-S256D-S261D accumulated 
in the apical membrane (37,39), showing that Ser256 phosphorylation is dominant over 
Ser261 phosphorylation, prolonged forskolin stimulation of AQP2-S261D expressing 
MDCK cells showed an initial increase in Ser256 phosphorylation followed by a decrease in 
phosphorylation of Ser256 (39). This suggests that Ser261 phosphorylation, indirectly, 
controls the phosphorylated state of Ser256. Indeed, MDCK cells expressing AQP2-WT 
showed an increase in Ser256 phosphorylated AQP2, while this signal stayed constant over 
time (39). Without AVP stimulation, AQP2 exocytosis and endocytosis are in equilibrium. 
This means that AQP2 should be phosphorylated at Ser256 to reach the apical membrane, 
but AQP2 should not accumulate in the apical membrane. Therefore, relatively low quantities 
of Ser256 phosphorylated AQP2 are necessary at this state. As discussed, different kinases 
can phosphorylate AQP2, even in the absence of AVP, meaning that Ser256 phosphorylation 
needs to be controlled in the equilibrium state. The above mentioned results therefore suggest 
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that phosphorylated Ser261 controls the quantity of Ser256 phosphorylated AQP2 at 
equilibrium. Once cells are stimulated by AVP, AQP2 should accumulate in the apical 
membrane, meaning that Ser256 phosphorylation inhibition is not necessary. By 
dephosphorylating Ser261, the Ser256 phosphorylation control is released and AQP2 can 
continuously be transported towards the apical membrane. 
Although key parts in the AQP2 trafficking mechanism have been unraveled, results can 
differ while using different model organisms. Changes in phosphorylation state of AQP2 
after AVP stimulation differed per organism, where in Brattleboro rats a 2-fold increase in 
Ser256 phosphorylation was measured after AVP stimulation (34), the Ser256 
phosphorylation only marginally increased in Sprague-Dawley rats (35). Although these 
differences can be explained by the absence of AVP production in Brattleboro rats, one must 
be careful which model-organism is used during AQP2 trafficking experiments. Indeed, 
expression of recessive NDI AQP2 mutants in Oocytes, showed that some mutants still retain 
their water transport capabilities (217,219,220,223), while these results could not be repeated 
when these mutants are expressed in kidney cells. Furthermore, VAMP3 plays an important 
role in AQP2 membrane fusion in MDCK cells (75,116,189), while a VAMP3 deletion in 
mice did not seem to influence their urine-concentrating abilities (127). Moreover, one should 
be careful when using phospho-mimics in AQP2 trafficking regulation research. Although 
these mutants unraveled the role of AQP2 phosphorylation in transport control to a great 
extent, these mutants differ from native AQP2. By using these mutants, the always 
phosphorylated state of these residues is mimicked, while in the native conditions, the change 
in phosphorylation state plays a rudimental role in AQP2 trafficking regulation. Furthermore, 
mutating Ser261 from AQP2 into an alanine or aspartic acid increased the ubiquitination of 
AQP2 at K270 after AVP stimulation leading to AQP2 exocytosis inhibition (56). These 
results indicate that the serine itself, at position 261, plays an important role in ubiquitination 
inhibition, and residue mutations could therefore induce cellular processes independent of 
the intended phosphomimetic purpose. 
In Figure 2.3 a proposed overview of AQP2 trafficking is visualized. Although this overview 
is quite comprehensive, showing the main components of the AQP2 trafficking pathway, a 
lot of aspects remain unknown. The controlling mechanism behind AQP2 recycling still 
needs to be deciphered, while the exact role of Ser261 phosphorylation in Ser256 
phosphorylation regulation is still unclear as well. Determining the exact kinases and 
phosphatases controlling AQP2 phosphorylation could shed more light on this mechanism, 
while structural studies could aid in the determination of C-terminal positioning depending 
on its phosphorylation state. The flexibility of the AQP2 C-terminus (8), hindering the 
formation of well diffracting 3D crystals (7), suggest a regulatory role for the C-terminus 
depending on its conformation, which could be controlled by the phosphorylation state of 
AQP2. Indeed, the importance of the AQP2 C-terminal conformational freedom was 
confirmed by mutating the proline at residue 226, in the hinge region of the AQP2 C-
terminus, to an alanine, leading to AQP2 ER retention (15). Further research on the flexibility 
of the C-terminus could therefore shed more light on AQP2 trafficking regulation. The same 
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3.2: Introduction 
Maintaining water homeostasis is critical in all mammals. Although water can pass through 
pure lipid bilayers by diffusion, the process is too slow to ensure water homeostasis. 
Enhanced water permeability is achieved by aquaporins (AQPs), a large family of integral 
membrane proteins that facilitate water permeation across biological membranes (1-3,4 ,5-
7). In mammals, water homeostasis is mainly maintained by the kidneys, which expresses 
eight of the thirteen mammalian AQPs (8,9). 
Glomeruli in human kidneys filter 180 litres of plasma per day (10). 90% of the filtered water 
is reabsorbed by AQP1 residing in the proximal tubule and descending thin limb of Henle 
(8). A large fraction of the remaining water is reabsorbed in the collecting tubule and 
collecting duct, where the water permeability is variable and controlled by the peptide 
hormone arginine-vasopressin (AVP) (11). Three AQPs are expressed in tubules 
and ducts that connect the nephrons to the ureter: AQP2, located in internal vesicles and the 
apical membrane (12), and AQP3 and AQP4, both located in the basolateral membrane of 
collecting duct principal cells (13,14). 
 
3.2.1: AQP2 
AQP2 consists of 271 residues and exhibits the characteristic aquaporin fold (15). However, 
AQP2 carries a unique hydrophilic C-terminal helix (16), which contains four 
phosphorylation sites (Ser256, Ser261, Ser264, Thr269 (Ser269 in rodents)). AVP binding to 
the AVP receptor (V2R) leads to activation of cAMP-dependent protein kinases, including 
protein kinase-A (PKA). PKA phosphorylates AQP2 at residue Ser256, inducing transport 
of AQP2 to the apical membrane (17,18). Phosphorylation of Ser256 is thought to be the 
master switch regulating AQP2, because it is the first residue to be phosphorylated after AVP 
stimulation and downstream phosphorylation is limited in the absence of Ser256 (18). 
Furthermore, AQP2-S256D, mimicking the phosphorylated state of Ser256, accumulated in 
the apical membrane (19,20), while AQP2-S256A, where no Ser256 phosphorylation is 
possible, resided in intracellular vesicles (19,20). Co-expression experiments in Xenopus 
oocytes showed that at least 75% of AQP2-S256D was necessary to induce AQP2 apical 
accumulation (21). 
 
3.2.2: The actin cortical network 
Near the apical membrane, a dynamic network of actin filaments, the actin cortical network, 
is located, providing mechanical stability to the cell but also acting as a barrier to vesicle 
fusion (22,23). For AQP2 to fuse with the apical membrane, the actin cortex needs to be 
broken. Indeed, a reduction of cellular f-actin was found to be synchronized with binding of 
AVP to its receptor in toad bladder epithelial cells (24), rat inner medullary collecting duct 
cells (25) and murine cortical collecting duct cells (26). Furthermore, actin depolymerization 
was linked to the fluid sheer stress (FSS) in the collecting duct (27) and the activation of PKA 
by AVP, leading to an inactivation of RhoA (28). Direct interactions between actin and AQP2 
were found by surface plasmon resonance experiments, showing that AQP2, reconstituted in 
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Table 3.4. Statistical analysis of pyrene actin polymerization assays in the presence of AQP2-WT, 
AQP2-R253A and AQP2-R253A-R254A. Values listed are means ± S.E., the number of independent 
experiments are in brackets. For the statistical analysis a 2-tailed, unpaired t-test with Welch correction 
was used.  
 

Peptide Relative 
fluorescence 
(t=60 min.)a 

p Slope 
at t=0 minb 

p Peptide Slope 
at t=60 

minf 

p 

Actin 
 

1.00 ±0.02 
(N=5, S.E.) 

 0.049 
±0.004 

(N=5, S.E.) 

 Actin 0.0003 
±0.0003 
(N=3, 
S.E.) 

0.0002g 

AQP2-WT 0.67 ±0.03 
(N=9, S.E.) 

0.04c 
 

0.040 
±0.002 

(N=9, S.E.) 

0.08e AQP2-
S256D 

-0.0022 
±0.0004 
(N=3, 
S.E.) 

0.0006g 

AQP2-
R253A 

0.82 ±0.03 
(N=8, S.E.) 

0.002d 

0.54c 
0.041 

±0.006 
(N=8, S.E.) 

0.91d 

0.23c 
AQP2-
R253A 

0.0055 
±0.0010 
(N=3, 
S.E.) 

0.95g 

AQP2-
R253A-
R254A 

0.91 ±0.02 
(N=9, S.E.) 

<0.0001d 

0.67c 
0.042 

±0.005 
(N=9, S.E.) 

0.71d 

0.15c 
AQP2-
R253A-
R256D 

0.0051 
±0.0006 
(N=3, 
S.E.) 

0.51g 

Sermorelin 0.88 ±0.08 
(N=6, S.E.) 

 0.032 
±0.005 

(N=6, S.E.) 

0.17d 
0.02e 

AQP2-
R254A-
R256D 

0.0058 
±0.0007 
(N=3, 
S.E.) 

0.71g 

a Actin polymerization was monitored by the fluorescence of pyrene-labelled actin. For each 
experiment actin alone and actin in the presence of peptide were measured and compared. 
Normalized fluorescence values after 60 min are listed (Figure 9A, -B)(Figure 4C, -E). All values 
are determined in a molar ratio of 2 (peptide:actin). 

b Initial polymerization rates were determined by linear regression of averaged normalized 
fluorescence signal between t=0 min and t=5 min (Figure 9A, -B)(Figure 4C, -E). 

c Compared to sermorelin 
d Compared to AQP2-WT  
e Compared to actin alone  
f  Polymerization rates were determined by linear regression of averaged normalized fluorescence 

signal after addition of peptides (or buffer) to actin (molar ratio of 2; peptide:actin) polymerized 
in the presence of tropomyosin-5b between t=60 min and t=90 min (Figure 9C), linear regression 
of actin in the presence of Tm5b was 0.0055±0.0003 (N=3, S.E.). 

g Compared to Actin+Tm5b 
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terminal peptides. After t=60 min. either GAB or one of the AQP2 C-terminal peptides 
dissolved in GAB was added, and the pyrene-actin fluorescence was monitored (Figure 
3.9C). As observed before, actin in the presence of Tm5b does not reach complete 
equilibrium within 60 min. and the fluorescence increases after the addition of GAB at t=60 
min. following the extrapolated trend indicated by the dotted line (Figure 3.9C, black open 
triangles). Actin alone and actin in the presence of Tm5b exhibited similar pyrene 
fluorescence as before (Figure 3.6; Figure 3.9C, grey triangles and black open triangles, 
respectively). Addition of AQP2-R253A did not lead to a statistically significant deviation 
from the proposed trend (Figure 3.9C, purple crosses, Table 3.4), similar to that previously 
observed AQP2-S256D (Figure 3.6, red squares); indicating that mutation R253A diminishes 
the propensity of AQP2 to interact with Tm5b. These interactions could not be saved by S256 
phosphorylation, since both AQP2-R253A-S256D and AQP2-R254A-S256D showed the 
same trend as for actin thin filaments in the absence of AQP2 C-terminal peptides (Figure 
3.9C, blue crosses and orange diamonds, respectively, Table 3.4).  
 
3.3.9: Arginine mutants inhibit AQP2 exocytosis in vivo 
Mutations in AQP2 Arg253 and Arg254 may diminish the propensity of AQP2 to open up 
the actin cortex by destabilizing actin thin filaments.  Opening the actin cortex is an important 
step in AQP2 apical membrane fusion and a loss in this function should lead to retention of 
AQP2 in internal vesicles. We tested the effect of Arg253 and Arg254 mutations on AQP2 
exocytosis in vivo. AQP2 fusion to the apical membrane was measured in polarized MDCK 
cells transfected with either an aqp2-wt gene or an aqp2-R253A-R254A gene. AQP2 
exocytosis was initiated by addition of forskolin to the basolateral membrane, a selective 
activator of adenylate cyclases. AQP2 apical membrane expression was measured by 
biotinylation of accumulated AQP2 and compared to the total AQP2 in the cell. Forskolin 
stimulation of the MDCK cells lead to a significant increase in biotinylated AQP2 (relative 
to total AQP2) in AQP2-WT cells. However, forskolin had no significant effect on 
biotinylated AQP2 levels in AQP2-R253A-R254A expressing cells (Figure 3.10A, -B). 
These observations were confirmed using immunofluorescence, with forskolin stimulation 
resulting in accumulation of AQP2 in the apical membrane in cells expressing AQP2-WT, 
whereas a more subapical, diffuse staining is visible in the cells expressing AQP2-R253A-
R254A (Figure 3.10C). These results confirm an important role of these arginine residues in 
AQP2 apical membrane accumulation. 
 
3.3.10: Arginine mutants can be phosphorylated by PKA 
PKA can phosphorylate AQP2 at residue Ser256, inducing transport of AQP2 to the apical 
membrane (17,18). However, the potential PKA consensus sequence (XRRXSX or 
XKKXSX) may be disrupted by mutations at residue 253 and 254, suggesting that AQP2-
R253A-R254A subapical retention after forskolin stimulation is caused by a lack of Ser256 
phosphorylation instead of the reduced effect on actin cortex remodelling. To assess whether 
AQP2 arginine mutants can be phosphorylated by PKA, different AQP2 peptides were  
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Figure 3.10. Effect of arginine mutations on membrane accumulation of AQP2. AQP2-WT and AQP2-
R253A-R254A are both stably expressed in MDCK cells. (A, B) Biotinylation assay of AQP2 
accumulated in the apical membrane. (A) Westernblot analysis of biotinylated AQP2 compared to total 
AQP2 in the cell without (control) and with forskolin stimulation. Forskolin stimulation lead to a strong 
increase in biotinylated AQP2-WT as compared to the control cells, while total levels of AQP2 stayed 
relatively constant. Forskolin stimulation did not induce a strong increase in biotinylated AQP2-
R253A-R254A as compared to control cells. (B) Quantification of the biotinylation assays. (C) Immuno 
fluorescence assay of MDCK cells stably expressing AQP2-WT or AQP2-R253A-R254A, with or 
without forskolin stimulation. Forskolin stimulation led to an accumulation of AQP2-WT in the plasma 
membrane, while AQP2-R253A-R254A locates predominantly intracellular. 
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is at the same location as Glu474 of the RPEL domain in 4B1X (Figure 3.8). Glu474 has 
been identified as one of the two ledge helix residues that form secondary actin contacts (52). 
The third residue of the secondary actin interface is Gln468 located in the linker region 
between the cleft and the ledge helix, which corresponds to Arg252 in AQP2 (Figure 3.7A). 
Taken together, we hypothesize that this interface formed by bound AQP2 C-terminal peptide 
promotes f-actin seed formation upon addition of polymerization buffer.  
Noda et al (30) suggested that the destabilizing effect of AQP2 on actin thin filaments is 
regulated by the phosphorylation state of the AQP2 C-terminus.  We observed that AQP2 is 
able to inhibit actin polymerization, but that addition of C-terminal AQP2 to f-actin does not 
lead to actin depolymerization (Figure 3.5), documenting that AQP2 is not able to remodel 
the actin cortex in a direct manner. As previously demonstrated, AQP2-S256p is able to 
interact with Tm5b, destabilising actin filaments (30,32). Addition of the C-terminal peptide 
AQP2-S256D to Tm5b stabilized pyrene-actin filaments did lead to a decrease in relative 
fluorescence (Figure 3.6), confirming that the C-terminus of AQP2 is able to destabilize actin 
thin filaments once residue 256 is phosphorylated.   
AQP2 residue Arg254 has been linked to the dominant form of nephrogenic diabetes 
insipidus (NDI) (65-67), a disease resulting in production of excessive volumes of dilute 
urine. Mutations R254L, R254Q, and R254W have all been found in patients suffering from 
this disease, and in vitro expression of these mutants resulted in AQP2 remaining in 
intracellular vesicles even after forskolin stimulation (65-67). These mutations disrupt the 
PKA consensus sequence (XRRXSX or XKKXSX) in the AQP2 C-terminal tail, leading to 
decreased Ser256 phosphorylation, thus originally providing a straightforward interpretation 
of these phenotypes. Early oocyte experiments showed that AQP2-S256D alone induced an 
osmotic water permeability (Pf) of 60 µm/s compared to AQP2-S256A alone (7 µm/s), 
because AQP2-S256A mainly remained in internal membranes. At least a 3:1 ratio of AQP2-
S256D/AQP2-S256A was necessary for a prominent localization of AQP2 in the plasma 
membrane (21). The dominant nature of mutations that inhibit phosphorylation of Ser256 is 
therefore explained by hetero-oligomerization of AQP2-WT with AQP2 mutants, and the 
stringent requirement of four phosphorylated Ser256 for transportation to the plasma 
membrane. Results from similar experiments with AQP2-R254L showed AQP2-WT to reach 
Pf=130 µm/s compared to AQP2-R254L with Pf=60 µm/s under identical conditions (65), 
whereas AQP2-R254Q unexpectedly induced only a low Pf comparable to AQP2-256A (66). 
A base signal of phosphorylated Ser256 was measured for all three mutants expressed in 
MDCK cells, but this signal did not increase after forskolin stimulation (65-67). Accordingly, 
trafficking of AQP2 was impaired: R254L and R254Q were mainly found in early endosomes 
(65,66), while Dollerup et al (67) showed that AQP2-R254W is not in late endosomes. 
Trafficking could be induced by introducing S256D: both the AQP2-R254L-256D and 
AQP2-R254Q-256D were found in apical membranes of MDCK cells (65,66). This strongly 
suggests that the interaction with the subapical actin cortex is not impaired and supports our 
model in which R253 binds to the actin carboxy-terminus buried in the cleft between the 
actin domains one and three (Figure 3.8). 
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4.1: Introduction 
To understand the underlying mechanism regulating AQP2 trafficking, AQP2 needs to be 
purified. Purified AQP2 can then be used for in vitro studies, as discussed in the previous 
chapters, or can be labelled and injected into cells to use for in vivo studies, as shortly 
discussed in chapter 1. The in vivo studies discussed in chapter 2 are now limited to the fact 
that AQP2 needs to be labelled by either fusing it to a fluorescent protein, which can lead to 
hindrance in AQP2 folding or function, or by fixing the cells and labelling AQP2 by using 
immuno fluorescence assays (IFA). Fixation, however, can only be used to visualize the cell 
at predetermined fixed time points, losing information induced by the mobility of the cell. 
AQP2 reconstituted in fluorescently labelled liposomes can be used to circumvent these 
limitations, by injecting these proteoliposomes into cells (as discussed in chapter 1). The 
fluorescent lipids can be used to visualize and localize AQP2 inside the cell in real life, while 
the fluorescent label does not comprehend the function of AQP2. 
This chapter will discuss the production, purification and reconstitution of AQP2 in 
proteoliposomes. In section 4.2 different methods to produce AQP2 are discussed, using 
different cell types. Purification of AQP2 can be executed by either using detergents or by 
the formation of nanodiscs, both methods are discussed in section 4.3. Section 4.4 will focus 
on the reconstitution of purified AQP2 in fluorescently labelled liposomes. In the end the 
water permeability of these liposomes is tested, showing that AQP2 is still functional after 
purification and reconstitution. 
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Table 4.1: Aquaporin-2 phosphorylation mutants expressed in Sf9 cells. Each AQP2 protein contains 
a 10 histidine tag and a prescission protease cleavage site at the N-terminus. Wildtype residues are 
coloured green. Mutant residues mimicking the dephosphorylated state (alanine) are coloured red. 
Mutant residues mimicking the phosphorylated state (aspartic acid for serine, glutamic acid for 
threonine) are coloured blue. 
 

AQP2 Residue # Purpose 
256 261 264 269 

Wildtype S S S T Monitor AQP2 trafficking 
Mutant-1 A A S T Does S261A drive exocytosis? 
Mutant-2 A D S T Strong inhibition of exocytosis 
Mutant-3 D A S T Strong activation of exocytosis 
Mutant-4 D D S T Does S256D overrule S261D? 
Mutant-5 D A D A What is the T269 kinase? 
Mutant-6 D A D E Strongest activation of exocytosis 
Mutant-7 A D A A Strongest inhibition of exocytosis 
Mutant-8 A A A A State ready for endocytosis 

 
4.2: Aquaporin-2 production 
To obtain high yields of purified AQP2, large quantities of this protein needs to be produced. 
In native tissues, AQP2 is only present at low concentrations and recombinant systems are 
required to reach high expression levels. Although prokaryotic expression systems have been 
used to produce mammalian proteins, such as AQP2 (1), prokaryotes lack post-translational 
modification machineries critical for eukaryotic membrane protein expression. The use of 
eukaryotic expressions systems, such as yeast, insect cells (Sf9) infected with baculovirus 
and mammalian cells infected with Semliki Forest Virus (SFV), have been more successful 
methods to over-express functional eukaryotic proteins. In our research we focussed on 
AQP2 expression in both insect cells (Sf9) and yeast cells (P. pastoris). Both methods have 
their own advantages and limitations.  
 
4.2.1: Aquaporin-2 expression in Sf9 cells by baculovirus expression systems 
Sf9 cells are clonal isolates derived from the Spodoptera frugiperda pupal ovarian tissue (2). 
Baculoviruses carrying an aqp2 gene are used to infect Sf9 cells, leading to the production of 
AQP2. Baculovirus expression systems in Sf9 cells have been used successfully to produce 
recombinant glycoproteins or membrane proteins (3-5), and functional AQP2 was purified 
from baculovirus infected Sf9 cells (6).  
In chapter 2 the importance of the AQP2 phosphorylation sites in AQP2 trafficking regulation 
was discussed. Therefore, we focussed on the production of different AQP2 phospho-
mutants, summarized in table 4.1. By mutating a serine (S) into an aspartic acid (D), the 
phosphorylation state of this residue can be mimicked by charge. While a serine (S) to alanine 
(A) mutation prevents the phosphorylation of this residue, thus leading to a 
dephosphorylation mimic. In humans, residue 269 is a threonine (T) while in rodents this is 
a serine; the phosphorylated state of a threonine can be mimicked with glutamic acid (E).  
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Figure 4.2: Transfection of baculovirus DNA carrying a gfp gene into Sf9 cells. Left, a bright field 
image overview of the Sf9 cells. Middle, production of GFP is monitored by fluorescence microscopy. 
Right, an overlay of the GFP signal with the bright field microscopy image, showing the transfected 
Sf9 cells. Magnification was 40x. 
 
typical culture plate after transformation of DH10bac cells, where both blue and white 
colonies are visible. The white colonies are then picked to purify the baculovirus DNA 
carrying the aqp2 gene. Aqp2 incorporation into the Bacmid DNA can be checked via PCR 
(Figure 4.1B) by using primers flanking the incorporation sites. No aqp2 incorporation leads 
to a band of ~300bp (Figure 4.1B, blue colony lane) while aqp2 incorporation yields a band 
of ~3500bp (Figure 4.1B, wildtype and mutants). 
After the baculovirus DNA is purified from the DH10bac cells and correct incorporation of 
aqp2 is confirmed by PCR, the baculovirus can be transfected into the Sf9 cells. Transfection 
of baculovirus DNA into Sf9 cells leads to the expression of baculovirus proteins, the 
expression of AQP2 and the production of new baculoviruses. The optimal transfection 
conditions were found by transfecting baculovirus DNA carrying a gfp gene into Sf9 cells. 
GFP production could be monitored by using fluorescence microscopy, while brightfield 
microscopy visualized all the cells available in the field of view (Figure 4.2). Optimal 
transfection mixtures contained 5 µL of baculovirus DNA (3 mg/ml) and 8µL of cellfectin®. 
The produced baculoviruses can be used to infect new Sf9 cells and to produce AQP2. 
Multiple infection rounds are necessary to produce large quantities of the virus and a high 
viral titer. High viral titers are determined by an increased infection rate and increased AQP2 
production, which can be visualized via westernblot analysis. 
After a high viral titer was reached, the optimal multiplicity of infection and infection time 
was determined. To this end, 50 mL cultures of Sf9 cells (2x106 cells/mL) were infected with 
different amounts of virus. Samples were obtained at different time points past infection and 
AQP2 production was analysed by dot-blot (Figure 4.3). Detectable AQP2 production started 
~40 hours past infection (hpi), depending on the amount of virus added. Optimal AQP2 
production was reached between 64 and 72 hpi. Longer incubation times (>72 hrs.) lead to a 
decrease in detectable AQP2, mostly noticeable after addition of 500 µL or 1,000 µL of virus 
(Figure 4.3). During infection, cell viability was measured by determining the cell life and 
death count (Table 4.2). Long infection times lead to increased cell death, which explains the 
AQP2 degradation after 72 hpi. Even when low amounts of virus are added,  

Bright Field GFP Overlay 
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Figure 4.3: Dot-blot of AQP2 production in baculovirus-AQP2 infected Sf9 cells. 50 ml Sf9 cell 
cultures containing ~2x106 life cells/mL were infected with different volumes of virus. Samples were 
taken at different time points after infection (hours past infection; hpi), lysed and loaded on PVDF 
membranes. AQP2 was detected by using a rabbit-anti-AQP2 antibody targeting the C-terminus of 
AQP2. Secondary antibody used was a goat-anti-rabbit antibody carrying a horse-radish peroxidase. 
As negative control, uninfected cells were lysed and loaded on the PVDF membrane. As a positive 
control, pure AQP2 was loaded on the PVDF membrane. Depending on the amount of virus added, 
detectable AQP2 production starts ~40 hours past infection (hpi), optimum is reached between 64 and 
72 hpi. 
 
roughly half of the cells are dead at 96 hpi (20 µL virus added), whereas addition of 1,000 
µL virus to a 50 mL culture of Sf9 cells lead to 90% dead cells at 96 hpi (Table 4.2). AQP2 
production in Sf9 cells can be visualized by using immuno fluorescence assays (Figure 4.4). 
Spreading of the virus is visualized by the increase in cells producing AQP2, while the effect 
of a viral infection on Sf9 cells is evident due to the increased cell and nucleus size. The 
optimal amount of virus to use for AQP2 production was 4 mL virus/1,000 mL Sf9 cells 
(2x106 cells/mL) when an infection time of 72 hrs was used.  
 
4.2.2: Aquaporin-2 expression in P. Pastoris 
Although AQP2 can be successfully expressed in Sf9 cells, the expression system is not 
robust. AQP2 expression depends on the viability of the cells at the time of infection, the 
quality of the virus used and the success of viral infections. Therefore, a different expression 
method was tested as well, which should lead to a more robust expression of AQP2.  
Pichia pastoris (P. pastoris) is a methanoltrophic yeast strain, meaning it can utilize methanol 
as a carbon-source in the absence of glucose, and has been used to over-express a broad range 
of different eukaryotic proteins (reviewed in (8-11)). P. pastoris is an easy to handle micro-
organism and grows on inexpensive, easy to prepare culture media. Furthermore, being an 
eukaryote, P. pastoris is able to perform many of the post-translational modifications found 
in higher eukaryotic cells (12).  
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Figure 4.4: Immunofluorescence images of Sf9 cells, infected with baculoviruses carrying an aqp2 
gene, producing AQP2 at various hours past infection (hpi). Cells were fixed by using 4% PFA. AQP2 
was labelled by using a Rabbi-anti-AQP2 primary antibody and an alexa fluor conjugated Goat-anti-
Rabbit secondary antibody (green). Nuclei were stained by using Hoechst (blue). Baculovirus infection 
leads to enlarged nuclei and the production of AQP2. Over time more cells are infected and able to 
produce AQP2. Magnification was 60x. 
 
of detergents undesirable. A different method to solubilise membrane proteins is by 
producing nanodiscs (17,18). Nanodiscs are membrane patches held together by an 
amphipathic co-polymer, containing both a hydrophobic and a hydrophilic part. The 
hydrophobic part interacts with the hydrophobic tails of the lipids, while the hydrophilic 
surface interacts with the aqueous environment. Addition of these co-polymers to cellular 
membranes, carrying membrane proteins, leads to the formation of nanodiscs and the 
entrapment of the membrane proteins in the nanodiscs. With this method, the membrane 
protein is kept in its native lipid environment and is therefore more stable. The membrane 
protein carrying nanodiscs can then be purified in the same manner as detergent solubilised 
proteins. Possible co-polymers to use are either membrane scaffold proteins (MSPs) or 
Styrene Maleic Acid (SMA)(17,19-25).  
In this thesis, AQP2 is purified from both Sf9 cells and P. Pastoris, purifying both detergent 
(OG) solubilised AQP2 and AQP2 carrying SMA nanodiscs.  
 
4.3.1: Aquaporin-2 purification from Sf9 and P. Pastoris 
After overexpression of AQP2, the protein is purified. This is executed by lysing the cells, 
separating the membranes from the soluble proteins, solubilisation of the cell membranes and 
protein purification by Nickel affinity chromatography. Depending on the cell type, different 
cell lysis methods are necessary.  
Sf9 cells have a cell membrane to protect its cellular components, which can easily be 
disrupted by sonication that leads to cell lysis. However, P. pastoris carries both a cell 
membrane and a cell wall, making cell lysis challenging. Different methods, such as French 
press, sonication, enzymatic cell wall degradation or cryomilling, can be utilized to lyse P. 
pastoris cells. During our research we both tested the French press and enzymatic cell wall 
degradation, both in combination with sonication. P. pastoris lysis with the French press did 
not lead to adequate cell breaking and no pure AQP2 could be obtained from cells lysed with  

24 hpi 48 hpi 72 hpi 
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Figure 4.5: Production of AQP2 in P. pastoris. 0.5% methanol was added every 24 hrs to compensate 
for methanol metabolism. Samples were taken every 12 hrs and analysed via dot-blot (top) for AQP2 
production or used for OD600 measurements to track P. pastoris growth. Clear AQP2 production was 
detected ~48 hrs after incubation. A strong AQP2 signal was measured 72 hrs after incubation, while 
the OD600 reached 12.2. Cells were harvested after 72 hrs. 
 
this method. However, enzymatic cell wall degradation allowed adequate cell lysis to be 
achieved and AQP2 could be purified in high quantities, as will be discussed below. Besides 
cell lysis, the AQP2 purification protocol is identical for both Sf9 produced AQP2 and P. 
pastoris produced AQP2. 
The different purification steps are summarized in Figure 4.6. After cell lysis, the cellular 
membranes are separated from the cytosol by ultracentrifugation and are stripped from 
loosely bound membrane proteins by incubation in Urea (Figure 4.6, lanes 4 and 5) and 
NaOH (Figure 4.6, lanes 6 and 7). The cellular membranes are then solubilised in OG. For 
this the mass of the membrane fraction was determined and 1 gram of OG was used for every 
2 grams of membranes. After solubilisation the insolubilized fraction was separated from the 
solubilised fraction by using ultracentrifugation (Figure 4.6, lanes 8 and 9). The mass of the 
insolubilized fraction was measured and was roughly half of the total membrane weight 
before solubilisation. Solubilisation efficiency could not be enhanced by increasing the 
amount of OG used or by longer incubation times.  
The solubilised fraction was incubated overnight in the presence of nickel agarose beads at 
4°C. Histidine has an affinity for nickel; therefore, the His10 tag at the N-terminus of AQP2 
strongly interacts with the nickel on the agarose beads. The agarose beads, with bound AQP2, 
can then be collected from the solution and separated from the unbound proteins (Figure 4.6, 
lane 10). 
Besides AQP2, other proteins carrying one or more accessible histidine residues can bind to 
the nickel agarose beads as well. However, these proteins have a weaker interaction with the 
nickel beads as compared to AQP2 and can be easily removed by washing the beads with a 
low concentration of imidazole. Imidazole is structurally comparable to histidine and has an 
equal affinity to nickel. Addition of imidazole to the nickel beads leads to an affinity 
competition between histidine carrying proteins and imidazole. Weakly bound proteins can 
easily be released from the nickel beads, while strongly bound proteins need higher imidazole 
concentrations to be eluted. After the weakly bound, impurities are washed from the nickel 
beads (Figure 4.6, lane 11-13), AQP2 can be eluted by incubating the beads in a high 
imidazole concentration (250 mM). For this, 1 mL of elution buffer was added to the nickel 
agarose beads and incubated for 10 min. After incubation, the elution buffer is collected from 
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Figure 4.6: SDS-gel and westernblot visualizing the purification of AQP2. Lysed Sf9 cells (1) were 
separated in the soluble (2) and membrane fraction (3). Loosely bound membrane proteins are stripped 
from the membrane by using a urea (4,5) and alkali (6,7) strip. The stripped membranes are solubilized 
in OG and the solubilized (8) and insolubilized fraction (9) were separated by ultracentrifigation. The 
solubilized fraction was incubated with nickel beads to bind AQP2. Unbound AQP2 was collected in 
the flowthrough (10). Washing the nickel beads with increasing concentrations of imidazole leads to 
loss of small quantities of AQP2 (11,12,13). However, pure AQP2 could be eluted from the nickel 
beads. The top shows the SDS-gel summarizing the purification step, bottom shows the corresponding 
westernblot. The relative low AQP2 signal in lanes 1 and 14 can be caused due to insufficient protein 
transfer to the PVDF membrane around the edges of the SDS-gel 
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Figure 4.7: (A) Typical elution profile of AQP2 purified from Sf9 cells. Points visualized are the 
average protein concentration of eluted AQP2 (N=6, S.E.). Optimal elution is reached with fractions 3-
7.  (B) NiNTA elution fractions loaded on an SDS-gel. AQP2 is a 28 kDa protein. AQP2 forms two 
bands around 25 kDa, which is thought to be the glycosylated and unglycosylated form of AQP2. The 
eluted fractions follow the elution profile visualized in (A) with optimal elution reached between 
fractions 3 and 7. (C) Negative stain TEM image of pure AQP2. 3 µl of AQP2 (500 µg/ml) was loaded 
on a glow discharged EM-grid and stained by using 2% Uranyl Acetate. The hydrodynamic radius of 
AQP2 was ~5 nm. Magnification was 57,000x (D) Elution profile of AQP2 produced in P. pastoris. A 
total of 16 fractions were collected and loaded on two SDS-gels. SDS-gels were aligned. More AQP2 
was purified from P. pastoris as compared to Sf9 cells. 
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Figure 4.8: Size exclusion chromatography elution profile of AQP2 after nickel elution. AQP2 eluted 
around 15 ml, corresponding to a protein with a molecular mass of 300 kDa and a hydrodynamic radius 
of 5.7 nm. The first peak in the elution profile contains protein aggregates.  
 
the nickel beads and again 1 mL of elution buffer was added and incubated for 10 min. During 
incubation the protein concentration of the eluted sample was measured by using nanodrop. 
With this method the protein elution can be monitored. A typical elution profile is displayed 
in Figure 4.7A, where maximum elution was reached between fractions 3-7 for Sf9 cells. The 
purity of the eluted fractions was determined by using SDS PAGE-gels (Figure 4.7B) and 
negative stain TEM (Figure 4.7C). Purification of AQP2 from P. pastoris yielded higher 
quantities of AQP2 and the elution profile was extended as compared to Sf9 cells (Figure 
4.7D). Size exclusion chromatography (SEC) resulted in elution of AQP2 after ~15 ml, 
corresponding to a molecular weight of 300 kDa and a hydrodynamic radius (Rs) of 5.7 nm 
(Figure 4.8). Although SEC can be used for molecular weight determination of the purified 
protein, the determined molecular weight can differ from the actual molecular weight due to 
residual lipids, detergent binding and protein folding (26). The determined Rs corresponds to 
the radius determined from negative stain TEM (Figure 4.7D).  Pure fractions were pooled 
together, concentrated and stored for further experiments. Typically, 0.5-1 mg of AQP2 was 
purified from ~15 grams of Sf9 cellular membranes obtained from 4 L of cell culture, while 
10-15 mg of AQP2 was purified from equal amounts of P. pastoris cellular membranes. 
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Figure 4.9: Insolubilised membrane fractions after (A) solubilisation in the presence of OG or (B) 
solubilisation in the presence of SMA. (A) The insolubilised membrane fraction forms a large yellow 
pellet with a small transparent halo. (B) The insolubilised membrane fraction forms a relative small 
yellow pellet with a relatively large white/transparent halo. Both unsolibilised membrane fractions were 
equal in weight. 
 
4.3.2: Aquaporin-2 purification with Styrene Maleic Acid from Sf9 cells 
Although AQP2 purification with OG yields structurally and functionally stable pure AQP2 
(6), AQP2 is not stable for long periods of time in detergents. AQP2 requires its native lipid 
environment to yield long lasting stable proteins. For that, AQP2 was purified while 
incorporated in SMA prepared nanodiscs. Besides the use of SMA, to solubilise the 
membranes and prepare AQP2 bearing nanodiscs, the purification method did not differ from 
the above described method.  
AQP2 bearing membranes were solubilised in 2.5% SMA, leading to the formation of 
nanodiscs. With this method, half of the total membrane weight was not solublised, 
independent of the incubation time or SMA concentration used. This yield is comparable to 
OG solubilisation. However, the insolubilized fraction, resulting after SMA solubilsation, 
differed in texture as compared to the insolubilized fraction obtained after OG solubilisation 
(Figure 4.9).  
AQP2 purification was monitored via dot blot analysis (Figure 4.10A). Figure 4.10B shows 
the affinity of AQP2 bearing nanodiscs to nickel agarose beads as compared to OG 
solubilised AQP2. A relatively strong AQP2 signal can be measured in the flow-through, 
unbound fraction, after nickel incubation for AQP2 bearing nanodiscs, although some AQP2 
was lost in the flow-through of OG solubilised AQP2 as well. The washing steps did not 
show any loss of OG solubilised AQP2, while AQP2 bearing nanodiscs were lost during the 
first two washing steps (no imidazole and 20 mM imidazole). Small quantities of AQP2 
bearing nanodiscs could be eluted from the nickel beads (Figure 4.10B right, eluted AQP2). 
However, higher yields where obtained with OG solubilised AQP2 (Figure 4.10B left, eluted  

A B 



120 
 

 
Figure 4.10: (A) Dot blot visualizing AQP2 during different purification steps. Sf9 cells where lysed 
by using sonication. The soluble proteins (Lysed Sf9 cells sup.) where separated from the membrane 
fractions (Lysed Sf9 cells pel.) by ultracentrifucation, although some AQP2 could be measured in the 
soluble fraction. Membranes were solubilized in 2.5% SMA for 4 hrs. at RT and the solubilised 
membranes where separated from the insolubilised membranes by ultracentrifugation. The solubilised 
fraction was incubated with NiNTA agarose beads O/N at 4°C and beads where collected. The flow 
through shows the unbound AQP2. Next the beads where washed with increasing concentrations of 
imidazole. AQP2 was eluted by 1 hr. incubation in elution buffer (250 mM imidazole). (B) AQP2 
affinity to NiNTA. Equal amounts of membranes were solubilized, the membranes originated from the 
same infected Sf9 batch. Left: AQP2 was solubilised in OG. Right: AQP2 bearing membranes where 
solubilised with SMA leading to the formation of nanodiscs. Both dotblots show a strong signal for 
AQP2 in the flowthrough, showing that some AQP2 was lost due to insufficient binding to NiNTA. 
Left: AQP2 did not elute during washing of the NiNTA beads, only a weak AQP2 signal was measured 
during the 70 mM imidazole wash. A strong signal of AQP2 was measured in the eluted fraction. Right: 
AQP2 was lost during the washing steps, some AQP2 eluted after 1 hr. incubation in elution buffer 
(250 mM), but the signal is weaker as compared to OG purification. 
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AQP2). The nickel affinity of AQP2 was increased by using NaPO4 (pH 8) in the nickel 
affinity buffer instead of Tris-HCl (pH 8), but did not lead to comparable purification yields 
as compared to OG solubilised AQP2. Increasing salt concentrations (500 mM NaCl) did not 
enhance the nickel affinity of AQP2. 
Purified AQP2 bearing nanodiscs were analysed by negative stain TEM (Figure 4.11A) and 
the size distribution was analysed with DLS, yielding nanodiscs with an average diameter of 
16.47±6.021 nm (Figure 4.11B). AQP2 incorporation was monitored by immune-
fluorescence (Figure 4.11C) and immuno-gold labelling (Figure 4.11D). Gold nanoparticles 
co-localized with SMA nanodiscs, although unlabelled nanodiscs were found as well. The 
presence of unlabelled nanodiscs is either caused by insufficient labelling of AQP2 or the 
presence of empty nanodiscs in the sample. This presence suggests that SMA can interact 
with the nickel beads and is eluted from this resin after addition of imidazole. Indeed, it was 
found that SMA can bind to nickel resin due to its negative charge (27). The relative low 
nickel binding yield of AQP2 bearing nanodiscs, visualized in Figure 4.10B, could be 
explained, in part, by a-specific binding of empty SMA-nanodiscs to the nickel beads, leading 
to saturation of these beads.  
The above discussed results show that AQP2 can successfully be incorporated into SMA-
nanodiscs. By preserving the native lipid environment around AQP2, the stability of the 
protein can be enhanced. AQP2 bearing nanodiscs can further be used for AQP2-protein 
interaction studies or structural studies. However, AQP2 activity can not be determined once 
AQP2 is incorporated into nanodiscs, making it difficult to study the stability of AQP2 in 
nanodiscs. Furthermore, AQP2 bearing SMA-nanodiscs have a relatively low nickel binding 
yield leading to a relatively low purification yield. The use of higher salt concentrations in 
the affinity buffer (up to 1 M NaCl (27)) could limit a-specific SMA-nickel interactions, 
which could increase the AQP2-nickel binding yield. However, the effect of high salt 
concentrations on AQP2 stability should be tested. Moreover, the accessibility of the N-
terminal his-tag of AQP2 needs to be tested as well. The presence of the native lipid 
environment surrounding AQP2 or the presence of SMA could hinder interactions between 
the his-tag and the nickel resin, hindering AQP2-nickel affinity. In chapter 2, the two 
conformations of the AQP2 N-terminus were discussed (28,29), it could be that, due to the 
presence of the native lipid environment, the N-terminus is positioned in a less accessible 
conformation as compared to the OG solubilised AQP2. Further research is necessary to 
improve AQP2 bearing SMA-nanodisc purification yields. 
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Table 4.3: Lipid composition used during AQP2 reconstitution. Detergent solubilised AQP2 was mixed 
with the detergent solubilised lipid mixture. Detergent was removed via dialysis, leading to the 
reconstitution of AQP2 in the lipid bilayer. 
 

Lipid Concentration 
POPC 25% 
POPE 30% 
POPS 10% 
SM 5% 

Cholesterol 30% 
Fluorescent lipid 1% 

  
4.4: Aquaporin-2 reconstitution 
As discussed in chapter 4.3, AQP2 solubilised in OG is not stable over long periods of time. 
Stability could be enhanced by AQP2 incorporation in nanodiscs, as discussed in chapter 
4.3.2. However, our research is focussed on the injection of AQP2 in mpkCCD cells to 
monitor AQP2 trafficking regulation. For this AQP2 needs to be in an as native state as 
possible, i.e. AQP2 bearing proteoliposomes. Furthermore, the functionality of the purified 
AQP2 needs to be tested, which is only possible when AQP2 is incorporated in a closed 
vesicle. By using AQP2 bearing proteoliposomes, water transport from the proteoliposomes 
to the environment can be monitored, which is not possible with AQP2 bearing nanodiscs. 
Therefore, detergent solubilised purified AQP2 was reconstituted in proteoliposomes.  
For protein reconstitution, the detergent solubilised protein is mixed with detergent 
solubilised lipids, after which the detergent is removed, leading to the incorporation of the 
protein in the lipid bilayer. The protein reconstitution method depends on the detergent used 
during solubilisation. Detergents with a high critical micelle concentration (CMC) can easily 
be removed from solution via dialysis or dilution, while detergents with lower CMCs need 
alternative methods for removal, like biobeads (reviewed in (30) and (31)). OG has a relative 
high CMC (23-25 mmol/L (32)) and can therefore be removed via dialysis.  
As described above, our research is focussed on AQP2 injection in mpkCCD cells and, 
therefore, an as native reconstituted AQP2 as possible is required. Literature does not provide 
the exact lipid composition of AQP2 bearing vesicles. Therefore, an estimation was made 
based on the limited literature available describing AQP2 bearing membranes (33-35) and 
the lipid composition from well-studied vesicle transport mechanisms (36-38). From this, a 
lipid composition was determined as shown in Table 4.3, with the addition of a fluorescent 
lipid (DHPE-TRITC) to monitor the proteoliposome trafficking after injection in mpkCCD 
cells.  
Here AQP2 reconstitution in proteoliposomes will be discussed. AQP2 incorporation was 
measured via fluorescence microscopy, while the proteoliposome size distribution was 
determined by DLS and negative stain TEM. Furthermore, AQP2 activity was measured with 
a home-made rapid mixing device. 
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Figure 4.12: (A) Negative stain TEM image of AQP2 bearing proteoliposomes. OG-purified AQP2 
was mixed with an OG solubilized lipid mixture with an LPR of 50. The OG was removed via dialysis. 
Dialysis buffer was refreshed every 48 hrs. Proteoliposomes were extruded through a 100 nm filter, 
loaded on a carbon-coated copper EM-grid and stained with 2% Uranyl acetate. Magnification was 
13,000x. (B) Size distribution of AQP2 bearing proteoliposomes. Size distribution was determined via 
DLS from three different measurements (blue, red and green). All measurements show comparable 
results. Proteoliposomes had a mean diameter of 105±49 nm. 
 
4.4.1: Aquaporin-2 bearing proteoliposomes 
After purification AQP2 was reconstituted in proteoliposomes, containing the lipid 
composition given in Table 4.3, via dialysis. For this, OG solubilised AQP2 was mixed with 
the OG solubilised lipid mixture and the solution was dialysed for 1 week at room 
temperature. Sufficient detergent removal was determined by eye by pipetting a 50µL sample 
on a hydrophobic surface, leading to a compact droplet on this surface. Proteoliposomes were 
then extruded through a 100 nm filter to obtain unilamellar vesicles and a relatively 
homogeneous size distribution. The average liposome diameter, determined by DLS, was 
~105±49 nm after extrusion, where the vesicle diameter ranged between 50 and 300 nm 
(Figure 4.12A). AQP2 bearing proteoliposomes were visualized by using negative stain 
TEM, showing that spherical proteoliposomes were formed (Figure 4.12B).  
Although both TEM and DLS show the formation of liposomes after dialysis and extrusion, 
correct incorporation of AQP2 in the proteoliposomes is not visualized with these methods. 
For this, immuno fluorescence assays were used, where AQP2 was fluorescently labelled by 
using a Rabbit-anti-AQP2 antibody as primary antibody and an Alexa Fluor conjugated Goat-
anti-Rabbit antibody as secondary antibody. The liposomes were visualized by using the 
fluorescently labelled lipid during AQP2 reconstitution. Fluorescence microscopy showed 
correct incorporation of AQP2 in the liposomes (Figure 4.13 top), although some liposomes 
did not show any AQP2 signal. This could either mean that AQP2 was not reconstituted in 
all liposomes, or that the fluorescent signal was too weak to measure. Empty liposomes did 
not show any AQP2 signal after immuno fluorescence labelling (Figure 4.13 bottom), 
showing that the measured green fluorescence found in proteoliposomes is indeed 
reconstituted AQP2. 
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Figure 4.13: AQP2 reconstituted in proteoliposomes. Reconstitution of AQP2 in proteoliposomes was 
monitored by using fluorescence microscopy. Top: AQP2 bearing proteoliposomes, bottom: empty 
liposomes. Left, (proteo)liposomes were fluorescently labelled by incorporating 1% Tritc-DHPE in the 
lipid bilayer (red). Middle, AQP2 was fluorescently labelled by using a rabbit-anti-AQP2 antibody, 
recognizing the C-terminus of AQP2, and a goat-anti-rabbit antibody Alexa Fluor conjugated (green). 
Right, overlay of the AQP2 signal and the (proteo)liposome signal. For AQP2 bearing proteoliposomes 
(top) green and red fluorescence overlap, showing correct incorporation of AQP2 in the lipid bilayer. 
Liposomes (bottom) do not show any green fluorescence signal, showing the absence of AQP2 in these 
bilayers.  
 
4.4.2: Aquaporin-2 activity measurements 
Although Figure 4.13 shows that AQP2 is correctly incorporated in the proteoliposomes, the 
activity of AQP2 after purification is not shown. Werten et al. used a stopped-flow apparatus 
to measure water transport of AQP2 reconstituted in proteoliposomes (6). Water transport 
was activated by rapidly mixing AQP2 bearing liposomes with a high concentration of 
sucrose, leading to a large osmotic difference between the interior of the liposomes and the 
outside environment. This osmotic difference induces water to permeate through AQP2 from 
the liposomes towards the high sucrose environment, leading to shrinkage of the 
proteoliposomes. This shrinkage can then be measured by monitoring the scattering of the 
incoming laser beam at an angle of 90°. When using AQP2 bearing proteoliposomes with an 
LPR of 60, equilibrium is reached within 0.1 sec. This shows the necessity of a rapid mixing 
machinery. Even when AQP2 is absent, equilibrium is reached within 0.6 sec. caused by 
water transport over the lipid bilayer. 

Liposomes AQP2 

Liposomes AQP2 

Overlay 

Overlay 

Empty liposomes 

AQP2-bearing proteoliposomes 
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Stopped-flow machines have been used extensively to study AQP water transportation. 
However, these machines are relatively expensive and were not available at our department. 
Therefore, we developed our own machinery capable of both mixing proteoliposomes with 
high concentration sucrose buffer in a rapid manner and measuring the light scattering at a 
90° angle (Figure 4.14). Our machine carries two vials, one containing proteoliposomes, the 
other containing sucrose buffer, which are kept under pressure (2 bar). The pressure pushes 
both liquids towards a mixing cuvette where they are mixed. This cuvette holds ~4µL of 
volume. The cuvette is kept closed by using a computer-controlled pressure valve connected 
to the outlet (~45µL volume between the mixing cuvette and the pressure valve). A laser is 
directed through the bottom of the cuvette, while a detector measures the light scattering at a 
90° angle. For experiments, the pressure valve is opened for 30 msec., leading to the injection 
of proteoliposomes and sucrose buffer into the mixing cuvette and the release of the old 
mixture into the outlet. After the valve is closed, the light scattering is measured by the 
detector. Light scattering was measured for 3 sec. after that a new measurement can be started 
by opening the pressure valve.  
Proteoliposomes (LPR 60 and LPR120) and control liposomes where mixed with sucrose 
buffer (420 mM) to induce an inwardly directed osmotic gradient. The shrinkage of the 
liposomes was measured over time by monitoring the change in intensity of the scattered 
light. AQP2 activity was inhibited by incubating AQP2 bearing proteoliposomes for 15 min 
in the presence of 1 mM HgCl2. Liposomes reached saturation ~1400 msec after mixing with 
sucrose, comparable results were obtained with proteoliposomes (LPR60 and LPR120) 
incubated in 1 mM HgCl2 (Figure 4.15; green, purple (A) and orange (B) curve respectively). 
Proteoliposomes with LPR60 reached saturation ~400 msec after mixing was initiated 
(Figure 4.15A, red curve), while proteoliposomes with LPR120 reached saturation ~700 
msec after mixing (Figure 4.15B, blue curve). The light scattering traces were averaged, 
normalized and fitted to a single exponential function to obtain rate constant K (chapter 4.6 
eq. 1). K was used to calculate the osmotic permeability coefficient (Pf) as discussed in 
chapter 4.6 eq. 2. The determined Pf for liposomes was 7.8 µm/s, while proteoliposomes 
incubated in 1 mM HgCl2 had a Pf of 8.8 µm/s (LPR60) and 7.2 µm/s (LPR120)(Table 4.4). 
The determined Pf of AQP2 bearing proteoliposomes was corrected for the corresponding Pf 
of proteoliposomes incubated in 1 mM HgCl2 and resulted in a corrected Pf of 17.4 µm/s for 
proteoliposomes with LPR60 and a corrected Pf of 6.2 µm/s for proteoliposomes with 
LPR120 (Table 4.4). The water permeability of a single AQP2 monomer can be determined 
by dividing the Pf of proteoliposomes by the single channel density (SuD), which can be 
calculated by using Eq. 5 from chapter 4.6. The amount of AQP2 monomers per 
proteoliposome can be estimated by using Eq. 3 and 4 from chapter 4.6. On average one 
proteoliposome with LPR60 carries 23 monomers, while a proteoliposome with LPR120 
carries 7 monomers of AQP2 on average. These estimates result in a single water 
permeability (pf) of 1.4x10-2 µm3/s for LPR60 and a pf of 1.0x10-2 µm3/s for LPR120 (Table 
4.4). Although the determined pf from LPR60 and LPR120 are comparable, these values 
differ from the pf determined by Werten et al. (6). 
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Table 4.4: Quantification of AQP2 activity based on the curves of Figure 4.15. Empty liposomes do 
not carry AQP2 tetramers, while proteoliposomes incubated with HgCl2 carry inactive AQP2. 
Therefore, the SuD and pf cannot be determined for these samples. 
 

 AQP2-proteoliposomes Liposomes 
 -HgCl2 +HgCl2 

 LPR60 LPR120 LPR60 LPR120 
Liposome diameter (nm) 76 58.8 76 58.8 69 

K (s-1) 7.83 5.15 2.63 2.77 2.58 
Pf (µm/s) 17.4* 6.2* 8.8 7.2 7.8 

SuD (µm-2) 1263.37 612.46    
pf (µm3/s) 0.014 0.010    

 
*Pf of AQP2 bearing proteoliposomes was determined by substracting the Pf of HgCl2 incubated 
proteoliposomes from the Pf value derived from Eq 2. 
 
4.5: Conclusion 
Production and purification of membrane proteins requires overexpression of the protein of 
interest, for protein concentrations are too low to obtain high yields of pure protein from 
native tissue. To reach this, dedicated expression systems are necessary. AQP2 is a 
mammalian, human, protein and undergoes posttranslational modifications. Although 
functional AQP2 was successfully purified from E. coli cells previously (1), our research is 
focussed on producing an as native AQP2 as possible. Therefore, AQP2 was expressed in, 
and purified from eukaryotic expression systems, i.e. P. pastoris and baculovirus infected Sf9 
cells. Both Sf9 cells and P. pastoris are relatively easy to handle, they grow relatively fast 
and do not need elaborate requirements in their growing medium.  
Although AQP2 can be produced in Sf9 cells, the method is not robust and over-expression 
depends on a range of different variables, like cell viability at the start of infection, the 
passage number of the Sf9 cells, baculovirus stability in solution and the infection rate of Sf9 
cells. Furthermore, optimal AQP2 over-expression depends on the duration of the viral 
infection and the viral titer, which both must be determined experimentally. Too low viral 
titers or too short viral infections lead to sup-optimal expression of AQP2 (Figure 4.3), while 
too much baculovirus or too long viral infections lead to AQP2 degradation caused by cell 
death (Figure 4.3, Table 4.2). AQP2 over-expression in P. pastoris is a more reproducible 
method. However, the optimal expressing yeast strain needs to be determined experimentally 
and different P. pastoris strains need to be explored and optimized for each mutant of AQP2. 
With Sf9 cells, the same cell strain can be used to produce a wide variety of different AQP2 
mutants, depending on the virus stocks available (Table 4.1).  
Higher yields of purified AQP2 could be obtained from P. pastoris cells as compared to Sf9 
cells. From Sf9 cells ~0.5-1 mg of pure AQP2 was obtained from ~15 gr of membranes (4 L 
of Sf9 cell culture), while ~10-15 mg of pure AQP2 was obtained from an equal amount of 
P. pastoris membranes. However, lysis of P. pastoris is challenging due to the cell wall of 
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this yeast strain. Sf9 cells can easily be lysed by using a douncer homogenizer, a sonicator or 
a combination of these methods, while lysis of P. pastoris needs more dedicated methods and 
often a combination of different methods is used. In our hands, the optimal method to lyse P. 
pastoris was by using a combination of enzymatic cell wall degradation and sonication, while 
others achieved good cell lysis by either using a French press, a bead beater or Cryo-milling. 
All methods have their advantages and limitations and each method needs to be optimized to 
obtain sufficient cell lysis. After the cells are lysed, AQP2 is purified in the same manner 
from both Sf9 cells as well as P. pastoris.  
The best eukaryotic expression system to use depends on the desired yield, the resources 
available and the variety of desired protein mutants. In our research, a broad range of different 
AQP2 mutants needs to be produced and purified (Table 4.1). Although a broad range of 
different P. pastoris strands can be prepared and optimized to produce different AQP2 
mutants, the use of Sf9 cells is slightly more flexible and production of different AQP2 
mutants is therefore easier to achieve. Furthermore, yeast cell lysis needs dedicated 
techniques or expensive materials while Sf9 cells are relatively easy to lyse, making it easier 
to purify eukaryotic proteins from Sf9 cells. However, if a high yield is the main goal, it is 
best to use P. pastoris as the expression system. 
Membrane protein purification is not trivial. During purification, the hydrophobic domains 
of the protein need to be protected. This protection can be achieved by either solubilising the 
protein in detergent or by the formation of nanodiscs, capturing the membrane protein in a 
small, native, lipid domain. Although detergents protect the hydrophobic domains of the 
protein, the stability of the protein is affected by the removal of the native lipid environment. 
The stability of the membrane protein depends on the detergent used and needs to be 
determined experimentally. Furthermore, the detergent used should be compatible with the 
downstream processes after purification, like the desired method for reconstitution. Even if 
the optimal detergent is found, the membrane protein is not stable in detergent for a long 
period of time and to enhance the stability of the protein, the protein needs to be reconstituted 
in a lipid bilayer. Membrane proteins recruit dedicated lipids to enhance their stability in the 
membrane (13-16), therefore protein reconstitution does not always ensure proper protein 
stability. To retain AQP2 in its native lipid environment, AQP2 could be purified by forming 
nanodiscs. For this the co-polymer styrene-maleic acid (SMA) was used. Although AQP2 
incorporation in nanodiscs did decrease the nickel binding affinity of AQP2 (Figure 4.10), 
AQP2 bearing nanodiscs could be purified from Sf9 cells (Figure 4.10 and -11). However, 
the activity of AQP2 can only be measured in an environment containing different 
compartments, separated by a lipid bilayer. Nanodiscs do not provide such a separation and 
therefore the activity of AQP2 cannot be measured once incorporated into a nanodisc. 
Furthermore, for our purpose, AQP2 needs to be reconstituted in a proteoliposomes, for 
proteoliposomes mimic the native AQP2 bearing vesicles of the cell, and these 
proteoliposomes need to be fluorescently labelled so that they can be tracked after injection 
in the cell. To achieve maximum AQP2 stability and to mimic the native AQP2 bearing 
vesicles as much as possible, the native lipid composition was estimated from literature and 
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used for AQP2 reconstitution (Table 4.3). AQP2 was successfully reconstituted into 
proteoliposomes (Figure 4.12 and -13) and had an average diameter of 105 nm after 
extrusion.  
Although Figure 4.13 shows AQP2 incorporation in the lipid bilayer, the number of 
reconstituted AQP2 tetramers per liposomes cannot be determined from these experiments. 
Furthermore, although some proteoliposomes do not show any signal for AQP2, it does not 
mean that they do not carry any AQP2 tetramers. The antibody used binds to the C-terminus 
of AQP2. During reconstitution, the incorporation of AQP2 in the lipid bilayer cannot be 
controlled, meaning that the C-terminus can be positioned towards the aqueous environment, 
as it is in vivo, or positioned in the interior of the proteoliposome. Once this is the case, the 
antibody cannot bind to AQP2 and no fluorescent signal can be measured for this AQP2. 
Furthermore, AQP2 tetramers are not evenly divided amongst all proteoliposomes, meaning 
that some proteoliposomes carry many AQP2 tetramers, while others carry only one tetramer 
or none. The fluorescent signal for just one tetramer in a proteoliposome could be too low to 
measure.  
By using Eq. 3 and Eq. 4, it was estimated that a proteoliposome reconstituted with an LPR 
of 60 and an average diameter of 76 nm, carried on average 23 AQP2 monomers. However, 
this estimation does not take into account possible aggregation of the protein or incomplete 
reconstitution, leading to a possible higher estimation as compared to reality. A better 
estimation could be obtained from Freeze fracture EM (39-42), where the proteoliposomes 
are frozen, fractured, etched and platinum shadowed, making it possible to count the AQP2 
tetramers. Reconstitution of SoPiP2;1, an aquaporin expressed in spinach leaf plasma 
membranes, at an LPR of 100 leads to an average of 5 tetramers per proteoliposome and 13 
AQP2 tetramers per liposome at LPR 50 (43). The results obtained from freeze fracture EM 
suggest that the initial estimation of 23 AQP2 monomers per proteoliposome (LPR60) is 
reasonable. However, the calculated pf for AQP2 was lower as compared to previous 
measurements (6), suggesting that reconstitution was suboptimal and possibly the estimate 
of 23 AQP2 monomers per proteoliposome (LPR60) was too high. Although incorrect 
liposome size determination or insufficient mixing with sucrose could not be excluded either. 
The pf value found for AQP2 bearing proteoliposomes with LPR120 was in good agreement 
with the pf value found for LPR60 proteoliposomes (Table 4.3). Furthermore, AQP2 activity 
was successfully inhibited by incubation in HgCl2, showing now difference with empty 
liposomes (Figure 4.15, Table 4.3). These results show that this set-up provides a reliable 
method to determine AQP2 activity after reconstitution.  
The produced AQP2 bearing proteoliposomes can be monitored by fluorescence microscopy, 
while they carry active AQP2. The next step will be to inject these proteoliposomes into 
mpkCCD cells to monitor AQP2 trafficking depending on its phosphorylative state. To 
perform this task, the hollow cantilever set-up needs to be tested and optimized. The set-up 
will be discussed into more detail in chapter 5 and chapter 6. 
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5.1: Introduction 
As discussed in chapter 1, studies on AQP2 trafficking are mostly limited by the techniques 
available at the moment. A new technique needs to be developed that can study cellular 
mechanisms which are impossible to study now. Recent progress in dispensing and aspirating 
extremely small volumes of samples using a hollow microcantilever in a standard atomic 
force microscope (AFM) setup has made it possible to manipulate compounds from target 
cells in a controlled manner. Progresses in cryo-EM imaging, like direct electron detectors 
and improved image analysis software, made it possible to visualize cells and cell-
components in great detail. However, sample preparation for cryo-EM is still challenging, 
mainly due to laborious and time-consuming preparation steps (discussed in chapter 1). 
Combining controlled sample fluid pipetting using hollow microcantilevers with cryo-EM 
sample preparation should make cryo-EM more efficient, faster, easy to use and hence reduce 
the cryo-EM costs making it accessible for more researchers than now. 
In this chapter the design of the set-up, combining hollow microcantilever AFM and cryo-
EM sample preparation, is presented. Current methods to prepare cryo-EM samples and the 
use of micro-injection are discussed in section 5.2. Section 5.3 presents the proposed set-up 
and its corresponding work-flow and control software. Section 5.4 discusses the need of 
humidity control to prevent sample evaporation, while the sample stage and gridholder are 
discussed in section 5.5. In the end (section 5.6) the use of this system for cryo-EM sample 
preparation is tested. 
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single cell was targeted, lysed by electroporation and aspirated by a microcapillary. The 
aspirated volume was then dispensed on an EM-grid and plunge frozen into liquid ethane. 
By using cell lysate, the complete cellular components can be studied, while the sample is 
thin enough to eliminate the necessity of HPF and cell sectioning. Furthermore, working with 
small volumes (in the nanolitre range) eliminates the blotting step necessary for traditional 
cryo-EM sample preparation, meaning that samples can be plunge frozen without 
optimization of blotting time, pressure and used blotting paper (31,33). However, the 
aspirated volume is two orders larger (200-400 nL) as compared to the total cell volume (in 
the picolitre range), leading to a significant dilution of the cell lysate. The region of interest 
needs to be localized among the total cell lysate, while the search area is enlarged due to 
dilution, making it difficult to find the desired region of interest. Furthermore, although the 
electroporation pulse is relatively short (50 µs)(33), the pulse could lead to sample damage 
or stress induced artefacts. 
The optimal cryo-EM sample preparation method should combine the relative simplicity of 
plunge freezing while having the capacity to visualize the complexity of the eukaryotic cell. 
The method described above combines these two prerequisites, but does not allow targeted 
aspiration of a specific region of interest. Specific targeting makes sample localization after 
plunge freezing easier, improving the efficiency in cryo-EM imaging. Targeted aspiration 
can be achieved with hollow cantilevers as discussed in the next section. 
 
5.2.2: Micro-injections into single cells 
Diseases are often caused by a mutation in specific proteins that may lead to a deregulation 
of a cellular process. For instance, as discussed in chapter 2, NDI is caused by a mutation in 
either the V2R or AQP2 leading to impaired AQP2 trafficking towards the apical membrane. 
To study cellular processes, specific proteins need to be mutated, to allow the influence of 
this mutation on the cellular behaviour to be visualized. Since the beginning of cell research, 
researchers have focused on manipulating cellular processes and inducing protein 
modifications to study their role in the cell. Therefore, a broad range of different cell-
modification techniques have been developed, which can be separated into three classes: 1) 
biological, 2) chemical and 3) physical methods.  
Biological methods often rely on viruses to express foreign genes in the desired cell. One of 
these methods was discussed in chapter 4. By using baculoviruses carrying an aqp2 gene, 
AQP2 could be expressed in Sf9 cells. Other viral expression methods rely on either retroviral 
gene delivery (34-37) or adenoviral gene delivery (38-41). However, although these methods 
are able to introduce foreign genes into cells in a relatively easy manner, using viruses is not 
always an optimal method. Baculoviral infections will inhibit Sf9 cell division and will kill 
the Sf9 cells over time, while retroviral gene delivery only works on dividing cells and it 
carries the risk of insertional mutagenesis once cells are infected (36,37). Adenoviral gene 
expression could stimulate immune responses in infected and neighbouring cells (39,40), 
while it is not suited for long-term expression (41). 
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minimize the contact force on the cell and the AFM set-up prevents lateral vibrations of the 
tip, to avoid tearing of the cell membrane during micro-injection (68). The force-feedback 
control for cell penetration has long been acknowledged, because AFM cantilevers have been 
used to abstract mRNA from living cells since the beginning of this millennium (69). The 
AFM cantilever was used to penetrate a specific target cell, while the mRNA in the cell bound 
to the cantilever tip in an uncontrolled manner (69). Aspirated mRNA was amplified via PCR 
and differences in gene expression between different cells in the same population were found 
(69). This method demonstrated that cantilevers can penetrate a cell, bind cellular contents 
and retract from the cell, without severely damaging the cell. Comparable results were 
obtained when cantilevers were used to insert DNA into target cells, where DNA plasmids 
were attached to AFM cantilever tips via incubation in a plasmid solution and plasmid release 
was achieved by diffusion of the DNA from the tip after penetration (70). Although AFM 
cantilevers can be used to penetrate specific cells for aspiration or transfection, aspiration or 
transfection itself is relatively uncontrolled. Insertion of plasmid DNA into cells via 
cantilevers resulted in a transfection efficiency of only 30% (70), while controlled injection 
with micro-pipettes has a potential transfection efficiency of 100% when utilized properly 
(64,65). The lack in dispensing and aspiration control make standard AFM cantilevers 
unfavourable for controlled cellular manipulation. 
Optimal cellular manipulation can be achieved by combining the precise localization and 
positioning, by force-feedback control, of the cantilever with the controlled dispensing 
capacity of micro-pipettes. The introduction of hollow AFM cantilevers made it possible to 
combine the advantages of both systems. Hollow AFM cantilevers consist of a fluidic 
reservoir, connected by a microsized channel to a small opening (ranging from 0.1 - 2 µm) 
at the cantilever tip (68). By connecting the hollow cantilever reservoir via a macrosized 
channel to a pressure controller, it is possible to controllably dispense or aspirate solutions 
as small as 0.5 fL (6). Even though the cantilevers are modified to include a micro-channel, 
the function of the cantilevers is not compromised and can still be used for force-controlled 
measurements (6,68). Hollow cantilevers have been used to deliver bioactive agents ex vivo 
in a controlled way, where trypsin was dispensed in close proximity of targeted attached 
HeLa cells, leading to the dissociation of only the targeted cells from the substrate (71). 
Furthermore, hollow AFM cantilevers were used to measure cell adhesion forces (72,73) and 
to displace specific cells by applying an underpressure on the cantilever while touching the 
cells (71,74,75). The use of hollow cantilevers as micro-injectors was demonstrated by 
Guillaume-Gentil et al. in 2013, where femtolitre volumes of GFP were injected in the 
cytoplasm of specifically targeted cells (5). Besides injection in the cytoplasm, plasmids 
carrying a gfp gene mixed with dextran tetramethylrhodamine (DexTRITC) were specifically 
injected in the cell nucleus. The confinement of DexTRITC in the nucleus proves the 
restoration of the nuclear membrane after penetration, while GFP expression proves  
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Figure 5.1: The NFP4Cryo-EM set-up. (A) Schematic overview of the developed set-up. 1) 
Fluorophores or fluorescently labelled biological compounds are injected into a targeted single cell by 
using a hollow AFM cantilever. 2) The region-of-interest is aspirated from the target cell by using a 
hollow AFM cantilever. 3) The aspirated subcellular volume is dispensed onto an EM-grid. 4) The 
dispensed volume, in the sub-picolitre range, is small and thin enough to be plunge frozen in liquid 
ethane. The EM-grid is picked up by a specially designed plunging system, able to plunge freeze the 
sample, preparing it for cryo-EM. The grid-handling part of the setup is put under humidity control to 
maintain the small volumes on the grid without/minimize evaporation before freezing. (B) Left side 
view of the set-up. The plunging system is located here. The plunger is controlled by a linear motor. 
The cryogen container can be lifted by a special designed elevator. (C) The right side view of the set-
up. A pressure controller (ElveFlow) is connected to a hollow AFM cantilever to control the fluid 
pipetting. The hollow cantilevers are mounted on an AFM (Nanosurf). The AFM is placed on top of an 
inverted light microscope (Motic AE31), equipped for fluorescent and phase contrast microscopy. A 
camera (iXon Ultra) is able to monitor cantilever movement and hollow cantilever aspiration and 
dispensing. (B,C) The humidity and temperature of the set-up is controlled by a humidity chamber, 
while the gridholder can be separately cooled to control the local evaporation rate (Maastricht 
Instruments).  
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successful dispensing of DNA into the cell nucleus and cell survival (5). This shows that 
hollow cantilevers controlled by an AFM can be successfully used to specifically target and 
transfect designated cells, while the targeted cells can recover from this process. The force-
feedback control of the AFM makes it possible to accurately position the cantilever and to 
ensure proper cell penetration. In 2016, the use of hollow cantilevers to specifically aspirate 
subcellular volumes from a cell was demonstrated (7).  
The above-mentioned results show that hollow cantilevers can be used to specifically target 
subcellular volumes. Once dispensed on an EM-grid, the samples are thin enough for plunge 
freezing without the need for a blotting step. Combining AFM controlled hollow cantilevers 
with a plunge freezing machinery makes it possible to image specific complex (eukaryotic) 
cell contents without the need for elaborate cryo-EM sample preparation methods.  
 
5.3: The set-up 
To combine an AFM using hollow cantilevers with cryo-EM sample preparation, an elaborate 
set-up is necessary. The hollow cantilevers are controlled by an AFM, while they will be used 
to aspirate from cells. The aspirated volume will be dispensed on EM-grids, which should be 
kept near the cells. Furthermore, a light microscope is required to specifically position cells 
for aspiration. After dispensing the aspirated volume on an EM-grid, the sample will 
evaporate in an ambient environment. Therefore, humidity control is necessary. Finally, a 
plunging system plunge freezes the aspirated and dispensed sample in liquid ethane, thus 
vitrifying the sample for cryo-EM.  
Although evaporation is prevented by humidity control, samples should be plunge frozen as 
fast as possible after dispensing, leading to the need of an automated process. Here the 
process flow and controlling software of the set-up will be discussed. 
 
5.3.1: Process flow and set-up overview 
A schematic representation of the designed work-flow is presented in Figure 5.1A. Specific 
cells are targeted with the hollow cantilever. The hollow cantilever can be used to inject 
specific (fluorescent) labels into a cell to label regions of interest, or to aspirate regions of 
interest from the cell. The aspirated volume is then dispensed on an EM-grid, which is 
immediately plunge-frozen in liquid ethane and ready for cryo-EM. The whole system is 
integrated into a humidity chamber, preventing sample evaporation. An overview of the set-
up is displayed in Figure 5.1B and C. The set-up is divided into two main parts. 1) the 
plunging system (Figure 5.1B), where the grid is either placed in the specifically designed 
gridholder (chapter 5.5) or picked up from the gridholder and plunged into liquid ethane. 2) 
the AFM-system (Figure 5.1C). The AFM is placed on top of a light microscope, making it 
possible to visualize cells and the AFM cantilever at the same time. Aspiration and dispensing 
of samples is controlled in this part of the stage. 
A range of different motors execute different steps in the work-flow, while different micro-
switches are used as check points during the process. Three servo-motors are used to (i) lift 
the AFM (Figure 5.2A), (ii) to rotate the holder for loading/unloading the grid (Figure 5.2B),  
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Figure 5.2: The various motors controlling the system. (A) The AFM lift (red arrow). This motor lifts 
the AFM for safe and rapid automated transfer of the XY -stage with EM-grid holder under the AFM. 
(B) The gridholder lift (red arrow). This motor (blue arrow) rotates the gridholder, changing its 
horizontal position to its vertical position, allowing the grid to be picked up for plunging. (C) The 
tweezers opener (red arrow). This motor opens or closes the tweezers, making it possible to pick-up or 
release the EM-grid. (D) The X,Y-stage (red arrow). The X,Y-stage is controlled by a piezo driven 
linear positioning system (SmarAct), leading to sub-micrometer positioning accuracy. (E) The plunger 
(red arrow). A linear motor activates the plunger by accelerating the tweezers to 1.5 m/sec just before 
entering the liquid ethane and stopping them within 8 mm. The linear motor positions the tweezers 
within 0.1 mm accuracy above the gridholder for automated pick up or release of the grid. A safety 
break (top) prevents the plunger rod from falling down in case of a power failure. The solenoid (lower 
left) operates a locking pin for lowering the ethane pot once vitrification is accomplished. 
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and (iii) to open/close the tweezers for releasing and picking up the grid (Figure 5.2C), while 
a piezo activated linear positioning system (SmarAct) drives the stage (Figure 5.2D). The 
plunger system is operated by a linear motor (LinMot) (Figure 5.2E). 
A servo-motor is required to lift the AFM up during stage movement, because the z-
movement of the AFM is too slow and too short to ensure a sufficient clearance for the 
cantilever during stage movement (Figure 5.2A). The lifting mechanism pushes the AFM up  
within 1 sec, to retract the cantilever to a sufficient height. The stage can then move towards 
the plunging system (Figure 5.1B), where the grid is picked up from the gridholder and 
plunged into liquid ethane. The gridholder is rotated to its vertical position by the second 
servomotor (Figure 5.2B), making the pick-up of the grid possible. To this end, the third 
servo-motor opens and closes the tweezers (Figure 5.2C). The linear motor positions the 
tweezers to a resolution of 0.1 mm (Figure 5.2E). Picking up the grid will be discussed in 
more detail in chapter 5.5.  
The humidity within the chamber is controlled by a humidifier. Opening the humidity 
chamber during the process is not favourable, as it disturbs the controlled environment. 
Furthermore, EM-grids are fragile and need to be handled with care. Placing the EM-grid 
into the gridholder is therefore an automated process, as is the pick-up of the EM-grid from 
the gridholder and plunging into liquid ethane. The different steps, necessary to place the grid 
precisely into the gridholder and to pick-up the grid from the gridholder after dispensing are 
summarized in Figure 5.3A and B respectively. Although a shutter is added in the process-
flow depicted in Figure 5.3, the shutter is not installed yet and will be added as soon as 
possible. The shutter closes the plunging-hole during operation, minimizing the contact with 
the outside environment and keeping the humidity constant. 
 
5.3.2: Controlling software 
After dispensing a sample on the EM-grid, it needs to be vitrified as soon as possible. 
Furthermore, the EM-grid is fragile, making it difficult to handle the grid by hand. The 
multitude of different steps to correctly place a grid into the gridholder or to pick up a grid 
from the gridholder (Figure 5.3) makes this process prone to mistakes when performed 
manually under time pressure. Last but not least, the humidity needs to be controlled during 
grid transfer. Therefore, an automated process is required. To achieve this, an operating 
system based on Labview was developed by Daniel Torres Gonzalez. With this software, an 
EM-grid can be placed in the gridholder or picked-up from the gridholder and plunged into 
liquid ethane with minor human interference, limiting the possibility for mistakes and 
possible damage to the EM-grid or sample.  
When the software is activated, the different controllers (linear motor, the stage, the three 
servomotors and the micro-switches) need to be connected (Figure 5.4A). After connections 
are acknowledged, the system is turned on and all the components are moved to a secure 
home position. The AFM is pushed up, tweezers are closed, the gridholder is rotated to its 
horizontal position, tweezers are moved up and the stage position is calibrated by moving the  
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Figure 5.3: Flowcharts summarizing the different steps necessary to place an EM-grid in the gridholder 
for (A) liquid manipulation experiments with the hollow AFM cantilever or for (B) pick-up of the EM-
grid after dispensing and plunge freezing in liquid ethane. The following steps are automated by the 
software designed by Daniel Torres-Gonzalez. (A) Steps 6-14 are automated. (B) Steps 3-12 are 
automated. The steps involving the shutter are coloured red, because the shutter is not installed yet and 
these steps are not as yet executed.  
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Figure 5.4: Images of the software user interface during the start-up procedure. (A) Connecting the 
motors. Once the software is started, the three controllers need to be connected. The three controllers 
are 1) the servomotors, controlling different steps in the placing and pick-up of the grid, 2) the tweezers 
motor, this is the linear motor used for plunging and handling the grid for pick-up and release in the 
gridholder, 3) the X,Y. stage. (B) The homescreen of the software. After connecting and homing all the 
components of the system, the home screen is visible. Here the different modules indicated at the top 
of the screen can be chosen and the status and position of all the components can be monitored. 
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Figure 5.7: The different modules in the system. (A) The configuration module. This is the main 
module and contains all the parameters necessary to warrant correct operation. Small adjustments in 
this module can optimize or derail correct execution of all processes. (B-D) In the manual mode, each 
component of the system can be controlled individually when necessary. (B) The servomotor manual 
mode allows each servomotor to be controlled manually. Either standard up and down positions can be 
addressed, or specific X-Y coordinates can be reached. (C) The linear motor manual mode allows the 
linear motor to be moved to a specific position (top right), the plunging curve can be tested (bottom 
right), or the linear motor can be retracted to its home position (top left). (D) The X,Y stage manual 
mode allows the stage to be translated to specific, predetermined positions (left) or moved with less 
specific controls (right). (E) The security module of the system helps to reset the system after a crash. 
The security mode makes it possible to manually restore all the components in the system. This module 
needs to be handled with care, as the order of restoration is important. Restoring one sub-system could 
lead to crashes with other subsystems. In the automatic homing procedure these possible collisions are 
taken into account. 
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Figure 5.8: Evaporation in an ambient lab environment. (A) 0.5 µL of MiliQ water was dispensed with 
a conventional pipette on a glow discharged carbon-coated copper EM-grid placed in an ambient 
environment. Contact angle is ~25° (B) After 2.5 min, the liquid sample was evaporated. Evaporation 
rate is ~3.3 nL/sec. Scalebar is 1 mm.  

avoided as much as possible and a humidity controller is necessary. The humidity control for 
the set-up was designed and implemented by Maastricht Instruments, and its use is discussed 
in this section. 
 
5.4.1: Evaporation in an ambient environment 
To test whether a humidity controlled environment during dispensing of femto- to picolitre 
volumes on an EM-grid is a necessity, 0.5 µL of MiliQ water was pipetted on a glow 
discharged EM-grid and left to incubate in an ambient environment (Figure 5.8A). The MiliQ 
water was completely evaporated 2.5 min after pipetting (Figure 5.8B), giving an estimated 
evaporation rate of 3.3 nL/sec. This means that a dispensed volume of 1 pL on a glow 
discharged EM-grid will evaporate within 0.3 msec after dispensing under ambient lab 
conditions. However, this test was performed with MiliQ water, while aspirated cellular 
samples are much more complex. This complexity will inhibit evaporation to some extent, 
due to its higher viscosity. Even with the added complexity, evaporation will be too fast to 
properly plunge freeze the sample after dispensing, making humidity control a necessity for 
performing these experiments. 
 
5.4.2: The humidity chamber and dewpoint-controller 
Ultimately, to inhibit sample evaporation, a humidity of 100% is required. However, the set-
up comprises different components and electronics, which cannot survive in such a high 
humidity. Especially when the humidity control is switched off, condensation can lead to 
short-circuits in the system. Furthermore, maintaining a controlled humidity close to 100% 
is difficult due to the height differences in the set-up (Figure 5.1B and -C). Therefore, a 
maximum of 70% humidity was selected as target for the set-up.  
Although the evaporation rate is lowered with increased humidity, dispensed volumes will 
still evaporate. To prevent evaporation, the temperature of the sample should be equal to the 
dewpoint. It is the temperature, at a given relative humidity and air temperature, where the 
evaporation rate and condensation rate are in equilibrium, inhibiting evaporation of the 
sample (78). At 70% humidity and 37°C air temperature, the dewpoint is ~31°C. Therefore, 
the substrate on which the aspirated sample is dispensed, should have a lower temperature as 
compared to the air. To achieve this, the gridholder contains a temperature controller, which  
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Figure 5.9: Humidity control and grid cooling of the set-up. (A) The dewpoint controller integrated in 
the gridholder. The gridholder is cooled by a miniature Peltier element (blue arrow). The local grid 
temperature is controlled by an integrated thermocouple. (B) Overview of the humidity chamber. The 
humidity chamber contains of two large boxes connected in the middle. The large box covers the 
plunging system, while the small box covers the AFM. (C) The dividing plate. This plate is used to 
close the cover, closing the plunging system, and to divide the humidity box into two connected, but 
separated compartments. (D). Heaters (blue arrows) attached to the stage plate regulate the set-up 
temperature. Temperature and relative humidity of the set-up are measured by the respective sensors 
(red arrow) mounted on the stage. 
 
lowers the temperature of the EM-grid locally to the dewpoint, thereby inhibiting evaporation 
of the sample (Figure 5.9A). 
The humidity chamber contains two separately movable boxes, which can be placed over the 
set-up (Figure 5.9B). The large box is placed around the plunging system, while the small 
box is small enough to fit under the microscope but provides enough space for the AFM. The 
two boxes meet in the middle, where the large box is closed by a dividing plate (Figure 5.9C). 

C D 
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Cover for the AFM A B 



162 
 

Furthermore, heaters are placed on the stage table, to warrant the optimal temperature in the 
set-up for cellular experiments (Figure 5.9D).  
The required air temperature depends on the cell-type used. Most cells used for research have 
an optimal growth temperature of 37°C, mammalian cells and E. coli for instance. However, 
some cell-types require different temperatures to survive. Sf9 cells have a preferred 
temperature of 27°C, while the optimum temperature for P. pastoris is 30°C. It is therefore a 
requirement that the temperature in the set-up can be adjusted depending on the cell-type 
used for the experiments. The relative humidity and temperature of the chamber is measured 
by a sensor (Figure 5.9D).  
The humidity chamber reaches a maximum humidity of 62%, according to the humidity 
sensor provided by Maastricht instruments. Even when a higher preferred humidity is set in 
the software (75%), humidity is constant and stays at 62%. An additional independent sensor 
was added to the set-up to monitor the stability of the humidity and temperature over time. 
Upon starting the humidity controller, the set-up requires ~80 min to reach a stable humidity 
and temperature (Figure 5.10A). However, the independent measured relative humidity is 
higher as compared to the humidity measured by the software. Where the software measures 
a maximum humidity of 62%, the independent sensor measures a relative constant humidity 
of ~70%. At t=175 min, there is a drop in the measured humidity (Figure 5.10A, dashed 
lines). This drop is caused by opening the humidity chamber for sample loading. Loading the 
sample took ~1 min. Humidity was restored 2 min after opening the humidity chamber. These 
results show that the humidity is relatively stable over time and is quickly restored after a 
sample is loaded into the system. During sample loading, the small box was removed from 
the set-up, opening up a large portion of the humidity controlled chamber. Based on the quick 
recovery to the set humidity we deduce that opening the shutter for grid-loading will not have 
a major effect on the humidity stability of the set-up. The chosen settings are visualized in 
Figure 5.10B. 
Combining the humidity chamber with grid cooling by the temperature controller 
implemented in the gridholder should reduce possible evaporation to a negligible amount. To 
measure the evaporation rate, 0.5 µL MiliQ was pipetted on an EM-grid placed in the 
temperature controlled gridholder. The local temperature is adjusted automatically, 
corresponding to the dewpoint determined from the measured humidity and temperature of 
the system. As discussed in chapter 5.4.1, 0.5 µL MiliQ evaporates within 2.5 minutes when 
incubated in an ambient environment. With the humidity and dewpoint control, the lifetime 
of the 0.5 µL droplet was enhanced to 8.8 minutes, meaning an evaporation rate of 0.95 nL/s 
(Figure 5.11). Although the evaporation rate is lowered by this combination, the evaporation 
rate is still too high to work with picolitre or smaller volumes. While the system measures a 
relative humidity of ~60%, the independent sensor measures a relative humidity of ~70%. 
The dewpoint is set according to the humidity measured by the system, meaning that the 
temperature used by the dewpoint controller is probably too low as well, which should lead 
to condensation instead of evaporation. This suggests that heat-transfer from the dewpoint 
controlled gridholder towards the EM-grid is sub-optimal. The combination of humidity  
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it possible to hold the EM-grid in a horizontal and vertical position. The gridholder can be 
opened by a pushbutton, which pushes the spring into its open position for pick-up of the grid 
(Figure 5.13A). 
After the dispensing operation, the EM-grid is moved towards the plunging system of the set-
up. While the EM-grid is kept horizontal during aspiration and dispensing experiments, the 
EM-grid is switched to its vertical position for grid pick-up by the tweezers. A specially 
designed lever, driven by a servo-motor (Figure 5.2B), rotates the gridholder to its vertical 
position, while a pin pushes the pushbutton to open up the gridholder (Figure 5.13C). By 
lowering the tweezers, the EM-grid can be picked up from its holder and is ready to be 
plunged (Figure 5.13D and E). The gridholder is then lowered to its horizontal position by 
the servo-motor driven lever and the stage moves away from the plunging hole (Figure 5.3B). 
 
5.6: Cryo-EM sample preparation 
As discussed in chapter 5.2.1, small volumes can be plunge frozen in liquid ethane for 
straightforward cryo-EM sample preparation. Commercial plungers require relatively large 
volumes (3-5 µl), but most of the fluid is blotted away to produce a thin aqueous film. 
Optimal blotting times, specific filter paper, and blotting force differ per sample and need to 
be determined experimentally. After blotting, the sample is rapidly plunged into liquid 
ethane.  
The set-up discussed in this chapter is designed to operate with much smaller volumes for 
cryo-EM sample preparation (sub-picolitre range) and blotting is therefore not necessary. 
However, for sample placement and EM-grid transfer from the X,Y-stage to the plunging 
system an elaborate set-up is necessary. The gridholder design is therefore critical as 
discussed in chapter 5.5.2. Furthermore, the plunging system should be able to reproducibly 
pick-up the EM-grid from the gridholder, requiring precise positioning of tweezers at low 
velocity, whereas a high velocity is necessary during plunging to ensure proper vitrification. 
The cryogen should be close enough to the plunger to limit travel time and sample exposure 
to ambient environments. The cryogen should be displaced together with the vitrified grid to 
allow the tweezers to be released from the plunging system after plunge freezing. Here the 
plunger design, the handling of the cryogen before and after plunging and cryo-EM sample 
preparation with this system is presented. 
 
5.6.1: Tweezers and the plunger 
The plunger is operated by a linear motor (LinMot), while the tweezers are specifically 
designed for the set-up by Jelle van der Does. The linear motor is used, because it is precise, 
can reach a velocity of 1.5 m/sec, and can stop the immersed grid in the liquid ethane pot in 
a controlled manner. Low velocities are necessary for picking up the EM-grid from the 
gridholder or loading it in the gridholder, while a high velocity is necessary during plunging. 
During plunge freezing, vitreous ice is formed, preserving the sample. To form vitreous ice, 
the temperature has to drop faster than ~105 K/s (13). Therefore, the EM-grid must enter the 
cryogen at ~1.5 m/s (79). Based on the specifications of the linear motor chosen, the total  
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Figure 5.12: The Set-up to aspirate and dispense sub-cellular samples. (A) The FlexAFM scanhead 
from Nanosurf. The scanhead is used to control the positioning of the hollow cantilever. (B) The 
standard cantilever holder provided by Nanosurf. Left: Empty cantilever holder. Right: The cantilever 
holder clamping down a hollow cantilever with fluidic interface. The fluidic interface leads to an 
elevation of the cantilever in the cantilever holder. The tubing on the left is touching the cantilever 
holder, thus inducing a small tilt of the cantilever. (C) The adjusted cantilever holder. The cantilever 
holder was modified by Nanosurf to correctly accommodate the hollow cantilever with fluidic interface. 
Left: the empty cantilever holder, showing the modifications made. Right: the cantilever holder 
clamping down a hollow cantilever with fluidic interface. The insert is deepened to achieve a better fit 
of the fluidic interface in the holder, and an opening on the left provides space for the tubing. (D) The 
pressure controller (ElveFlow) used for dispensing and aspiration of sub-cellular volumes. Channel 1 
is used for dispensing and generates an overpressure on the cantilever of up to 8 bars. Channel 2 is used 
for aspiration and reaches an underpressure on the cantilever of close to 1 bar. Channels 3 and 4 are not 
in use. (E) The stage. The stage holds the EM-grid (red arrow) and a glass substrate (blue arrow) in 
close proximity, making it possible to easily switch between aspiration from the cells (right) and 
dispensing on the EM-grid (left).  
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Figure 5.14: Plunging curve of the linear motor. For plunging the grid into the liquid ethane, the linear 
motor moves the plunger for 78 mm (blue curve) while accelerating it to 1.5 m/sec. This speed is 
reached ~30 msec after launching the plunger (green curve) or after a rod displacement of ~22 mm. 
Immersion to ethane occurred at ~57 msec or after a rod displacement of ~60 mm (red dotted line). 
After pushing the grid into the ethane for another ~10 mm (total 70 mm; ~62 msec) deceleration was 
initiated (blue dotted line). Deceleration takes ~14 msec, while the linear motor moves for another 8 
mm. Total plunging takes ~76 msec.  
 
travelled distance during plunging is 76 mm. Calibration of the plunging curve shows that 
maximum speed is reached after a displacement of ~22 mm (Figure 5.14). The plunger moves 
on at this speed for ~60 mm, when the grid reaches the liquid ethane, and then for another 10 
mm, after which deceleration is initiated. The plunger stops when the grid is located ~2 mm 
from the bottom of the plunging pot. The total plunging time is ~76 msec.    
To pick up the EM-grid from the gridholder and to load the EM-grid into the gridholder, 
push-button controlled reverse tweezers were designed (Figure 5.15A). The push button is 
pressed by a servo-motor controlled wheel (Figure 5.15B, Figure 5.2C). This wheel ensures 
that the tweezer can be opened while the tweezer moves a few mm necessary during the pick-
up and release of the EM-grid. The tweezers can be easily mounted on and released from the 
plunger by a bolt holding the tweezer at its position.  
 
5.6.2: Handling of the cryogenic liquid 
A cryogen container is used, comparable to the ones used for the Vitrobot (FEI). The cryogen 
container is filled with liquid nitrogen to cool the interior to less than -160°C. Once cold, the 
brass cup is filled with ethane, which condenses at the low temperature of the cup, forming 
liquid ethane. The liquid ethane is used to plunge freeze the dispensed samples. 
During plunging, the cryogen should be as close to the sample as possible, while the plunger 
has enough space to reach the speed of 1.5 m/s discussed chapter 5.6.1. After plunging or 
during grid-loading, enough space to handle the tweezers with the grid outside the humidity 
chamber should be available. Therefore, the cryogen container is pushed up towards the table 
before plunging, and lowered after vitrification is completed. To this end an elevator for the 
cryogen container was designed.  
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Figure 5.15: The tweezers used for plunge-freezing dispensed samples. (A) Closed tweezers. The 
tweezers were designed by Jelle van der Does. They can be opened by pushing the white pushbutton 
(red arrow). The tweezers are connected to the linear motor via a rotating bolt (blue arrow). (B) Open 
tweezers. A servomotor controlled rotating wheel is used to push the pushbutton and open the tweezers. 
The rotating wheel was designed to keep the tweezers open while displacing them by several 
millimetres to grab or release the grid.  
 
Once the system is ready for plunge freezing, the cryogen container is placed on a plateau 
(Figure 5.16A). This plateau is raised by hand, placing the cryogen container close to the 
plunging aperture of the set-up (Figure 5.16B). The plateau is kept in place by a spring 
controlled lever. After plunging, a solenoid controlled pin locks the stabilising rod that also 
holds the cryogen container with the linear motor (Figure 5.16C). After correct pin insertion, 
the lever is released underneath the plateau and the elevator can lower the cryogen container 
together with the tweezers. Once the cryogen container reaches the table, the tweezers can be 
removed from the plunger by using a specifically designed container lid (Figure 5.16D). The 
plunger is retracted after tweezers are released.   
 
5.6.3: Preparation of cryo-EM samples 
Figure 5.14 shows that high plunging speeds can be achieved by. Furthermore, the placement 
of the cryogen container and the movement of this container have been optimized and 
thoroughly tested. To test the plunger for cryo-EM sample preparation, a glow discharged 
Quantifoil® copper EM-grid was loaded onto the plunging system and 3 µL of TMV (1 
mg/mL) was pipetted on the grid. After pipetting, the grid was blotted, by hand, for ~3 sec  
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Figure 5.16: Handling the cryogenics and plunge freezing. (A) A cryogenic container is placed on the 
elevator, which makes it possible to manipulate the tweezers under the set-up during EM-grid loading 
and after plunge freezing. (B) Elevator and cryogenic container are lifted by hand and kept in place by 
a spring controlled lever (red arrow). The elevator holds the cryogenic container directly below the 
plunging hole. (C) After plunging, a solenoid controlled pin (blue arrow) is inserted in the stabilising 
rod connected to the elevator, locking it to the plunger rod holding the tweezers (front). This allows 
tweezers and cryogenic container to be lowered simultaneously after plunging. The lever (B; red arrow) 
must be removed to release the cryogenic elevator. (D) After lowering the cryogenic container, the 
container is closed with a lid used to stabilize the tweezers. To this end, a metal rod is inserted in the 
tweezers (green arrow), keeping the tweezers at their place after releasing them from the plunging rod. 
Cryogenic container and tweezers can be removed from the set-up. 
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and plunged into liquid ethane. After plunging, liquid ethane was found to freeze between 
the two arms of the tweezers preventing the grid to be released (Figure 5.17). Liquid nitrogen 
has a temperature of -195°C, while the freezing point of ethane is -183°C. Therefore, residual 
ethane between the tweezers arms will freeze once transferred into liquid nitrogen, a 
necessary step for placing the grid into a liquid nitrogen cooled grid-box.  
In our presented system, the grid is fully immersed in liquid ethane before deceleration starts 
(Figure 5.14), and reaches a total depth in the liquid ethane of 18 mm. This is more than what 
is found in commercial plunging systems. Furthermore, at the tip, the tweezers are too wide, 
facilitating the formation of an ethane droplet between the tweezers arms. Therefore, the 
travel of the grid into the liquid ethane will be shortened, and a new tweezer design will limit 
the space between the two tweezer arms. 
In spite of these challenges, relatively good cryo-EM images were obtained from this 
plunging device during the first test series. To preserve the sample after plunging, the EM-
grid was handed over to a second, tighter, tweezer (commercially available for plunging 
systems) while kept in liquid ethane, eliminating the formation of an ethane droplet between 
the tweezer arms. With the second tweezers the EM-grid could be placed in the liquid 
nitrogen cooled grid-box and analysed via cryo-EM. Although the ice-thickness was 
relatively thick due to uncontrolled blotting, TMV could be recognized in the sample at both 
low magnification (Figure 5.18A) and high magnification (Figure 5.18B). This shows that 
the plunging mechanisms designed for this set-up can successfully plunge freeze samples for 
cryo-EM. 
 
5.7: Conclusion 
As discussed in chapter 5.2.1, plunge freezing is a relatively straightforward method to 
prepare cryo-EM samples. Especially once the blotting step can be omitted, when samples 
are thin enough, plunge freezing is the most optimal method for cryo-EM sample preparation. 
To achieve thin samples, while retaining the complexity of the cell, hollow cantilevers can 
be used to aspirate and dispense subcellular volumes (7). For this, a complex set-up and 
controlling software were designed and built. The software controls the most crucial and 
time-critical steps in the set-up to allow their automated execution. Although the software 
handles the EM-grid almost completely automatically, the software does not control all the 
components of the set-up. The AFM, the pressure controller, the camera and the humidity 
controller all use different software, which requires five different programs to run 
simultaneously for controlling all the components of the system. The main software was 
designed by Daniel Torres-Gonzalez and is coded in Labview. The humidity controller 
software is based on Labview as well, and the pressure controller can also be integrated into 
Labview. Complete integration of all components into one controlling software system will 
improve the functionality of the set-up, making it easier to use and to combine the different 
components this system offers. 
The designed set-up now contains most of the necessary components for cryo-EM sample 
preparation. However, individual components still need to be optimized for routine  
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Figure 5.17: Liquid ethane droplet formation between the tweezers arms due to capillarity (red arrow). 
The grid is stored in liquid nitrogen after plunging. During the transfer to liquid nitrogen, the liquid 
ethane will freeze, causing the EM-grid to stick to the tweezers. A new tweezers design is under 
development to prevent liquid ethane from creeping into the tweezers. 
 
preparation and plunge freezing of samples in the femto- to picolitre range. Although Figure 
5.18 shows the possibility to use the plunging machinery to plunge freeze samples for cryo- 
EM, the tweezers currently used are not optimal for sample vitrification. After plunging a 
droplet of liquid ethane forms between the tweezer arms due to capillary forces (Figure 5.17), 
making it impossible to release the grid into its liquid nitrogen storage container after 
plunging. In commercial plungers the tweezer arms are kept very tight to each other at the 
tip, while the tweezers from our set-up have a relatively large opening between the tweezer 
arms (Figure 5.15A). Furthermore, after plunging, the EM-grid is kept relatively close to the 
ethane surface in commercial plungers. In our set-up the EM-grid is plunged deeply into 
liquid ethane, stopping at 2 mm from the bottom, which means that when the brass ethane- 
container is completely filled, the EM-grid is plunged 18 mm deep into liquid ethane. This is 
mainly because the EM-grid moves at full speed through liquid ethane for 10 mm (Figure 
5.14), which does not seem to be necessary. Therefore, a new tweezer design, with closer 
tweezer arms, and a shorter liquid ethane travel path will be implemented to eliminate the 
formation of the capillary force induced ethane droplet, making it easier to use this plunging 
system routinely. 
The plunge frozen cryo-EM sample (Figure 5.18) was prepared by pipetting 3 µL of TMV 
solution (1 mg/mL) on a glow discharged EM-grid, while the excess of fluid was removed 
via blotting. The system has not been used yet for cryo-EM sample preparation of picolitre 
or smaller dispensed volumes. Although the evaporation rate was lowered, as compared to  
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Figure 18: Cryo-EM images of Tabaco Mosaic Virus (TMV). 3 µL of TMV (1 mg/mL) was pipetted 
on a glow discharged Quantifoil coated copper EM-grid. The EM-grid was blotted for 3 sec prior to 
plunge freezing using the linear motor-driven plunging system described here. (A) TMV is visualized 
at low magnification (8,000x). Scalebar is 1 µm. (B) TMV is imaged at higher magnification. The ice 
is too thick, leading to low contrast TMV images that exhibit no high resolution features. Magnification 
was 50,000x, scalebar is 200 nm. 
 
the evaporation in an ambient environment, the evaporation rate is still too high to work with 
sub-picolitre samples. As discussed in chapter 5.4, a sample of 1pL volume evaporates within 
0.3 msec at ambient humidity and temperature. Therefore, a humidity chamber and a 
temperature controlling gridholder, keeping the grid around dewpoint temperature, where 
designed and implemented into the system. Although the evaporation rate was lowered by 
using this combination (from 3.3 nL/s to 0.95 nL/s), the evaporation rate is still too high to 
properly plunge freeze picolitre samples. Constant humidity was reached after ~80 min 
(Figure 5.10A). However, when the humidity within the chamber was measured with an 
independent sensor (~70%) a discrepancy was observed between the measured humidity and 
that of the system implemented sensor (62%, Figure 5.9D red arrow). In contrast, the 
measured temperature was comparable between the two sensors and equals the set 
temperature in the software. The dewpoint of the gridholder is determined from both the 
temperature and the relative humidity measured by the set-up. The dewpoint at 37°C and a 
70% humidity is ~32°C, while at 60% the dewpoint is ~28°C. Therefore, if the humidity was 
truly 70% instead of the measured 60%, the set dewpoint is too low and water should 
condense on the EM-grid. But as this is not the case the EM-grid was not properly cooled by 
the dewpoint controller. Further optimization is necessary to decrease the evaporation rate to 
a range where it is possible to work with picolitre or smaller volumes.  
Besides appropriate evaporation inhibition and a working plunging system, the set-up should 
be able to dispense small volumes on an EM-grid and vitrify them. The design of the sample 
stage aids in combining aspiration from cells and dispensing on an EM-grid in a fast and 
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efficient manner (Figure 5.12). The manual mode in the controlling software allows the AFM 
to be quickly pushed up for moving the cells away and the EM-grid below the cantilever 
instead (Figure 5.7B). Furthermore, predetermined stage coordinates can be used to precisely 
move to specific locations on either the grid or to specific cells (Figure 5.7C). Novel hollow 
cantilevers and their fluidic interface are currently being designed, while experiments are 
performed routinely to find possible points for optimization. The adapted cantilever holder 
from Nanosurf improved the positioning and clamping of the cantilever with its fluidic 
interface (Figure 5.12C). In addition, this new holder provides a better optical system and 
facilitates the laser alignment and improved thermal tuning for spring constant determination 
of the cantilever enormously.  
Although most components are now in its place, the controlling software works, the plunging 
mechanism vitrifies samples, and chapter 6 shows that dispensing small volumes on an EM-
grid is possible with hollow cantilevers, the set-up has not been used yet for its proposed 
function.  Evaporation control and plunging tweezers need to be improved for reproducible 
and routine cryo-EM sample preparation of picolitre or smaller volumes. 
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was removed by blotting for ~3 sec by hand followed by immediate plunging into liquid 
ethane. After plunging the tweezers were removed from the linear motor and the linear motor 
was retracted. The EM-grid was picked up from the tweezers by using a secondary pair of 
tweezers (Dumont HP 5, stainless steel, 0.10x0.06 mm tip) while the grid was kept in liquid 
ethane. The grid was then transferred towards a liquid nitrogen cooled storage container and 
analyzed by using a JEOL 3200 electron microscopy. Images were taken by using an Tietz 
f416 CCD camera.  
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