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Abstract 

This thesis comprises two distinct projects, each offering unique insights into fundamental 

cellular processes. While distinct in their focus, these different perspectives have a common 

theme: chemiosmotic theory and utilisation of the proton gradient for driving the essential 

processes like auxin efflux and ATP synthesis, effectively bridging the membrane protein 

structure and function from the realms of plant biology and cellular bioenergetics. 

The first project of this thesis centres on the characterisation of PIN proteins, a class of 

transmembrane transporters pivotal in the regulation of auxin transport and distribution in 

plants. PINs form a conserved and phylogenetically abundant group of transporters present in 

land plants and certain algae. Despite their great importance, they were one of the few elusive 

proteins essential for plant development not to be structurally and mechanistically 

characterised since their discovery almost 30 years ago. This work aimed to uncover the 

structural and functional dynamics of the PIN protein-mediated auxin transport using an array 

of experimental techniques, including protein purification, biochemical assays and structural 

analysis. Through an exhaustive screening process that took several years and included testing 

different PIN homologues, expression systems, constructs, and purification conditions, we 

developed a robust protocol for isolating the pure, stable, and monodisperse PIN8 protein. 

Moreover, utilising biophysical methods and buffer screening, we demonstrated that PIN8 

exhibits detergent and pH-dependent stability, with mild detergents and lower pH (5.0 and 6.0) 

being optimal for the stability of the protein. Using SEC-MALS and crosslinking, we 

determined that PIN8 forms dimers, which was confirmed by our structural studies. We 

obtained a cryo-EM map of PIN8 at pH 6.0, and, compared to recently published structures, 

our map implies major pH-dependent conformational changes and possibly utilisation of the 

proton gradient in the transport mechanism. 

The subject of the second project was F1Fo-ATP synthase, an enzyme complex fundamental 

to cellular energy metabolism. Through an approach integrating biochemical assays and 

structural analysis, this research aimed to unveil the molecular mechanism of inhibition of ATP 

synthase by yaku´amide, a bioactive compound with potential therapeutic implications.  Using 

submitochondrial particles and purified F1Fo-ATP synthase, we demonstrated that, contrary to 

published data, yaku´amide inhibits both ATP hydrolysis and ATP synthesis reactions. 

Moreover, we found that yaku´amide inhibitory activity is proton motive force (pmf) 

dependent, with lower inhibition in a more coupled system. Utilising cryo-EM, we obtained 

maps and models for the three main rotational states of murine ATP synthase (State 1 at 3.0 Å, 
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State 2 at 3.1 Å, and State 3 at 3.2 Å, overall). We observed several new features in our maps; 

however, we cannot definitively determine the exact mechanism of yaku amideôs inhibition on 

the protein due to either resolution limits or suboptimal binding of the inhibitor.  
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1 Introduction  

The first part of the introduction chapter focuses on the auxin history, the role, evolution and 

regulation of the PIN proteins. The second part is dedicated to the F1Fo-ATP synthase, its role 

in the pathophysiology and current viewpoints on the utilisation of natural compounds as 

potential pharmaceutical agents. 

1.1 Introduction for PIN proteins 

1.1.1 Auxins: history and background 

One of the main features of plants that distinguishes them from animals is their non-motility. 

Animals respond to danger and changes in their environment by changing their behaviour, 

usually fighting or running away. However, non-motile plants had to evolve extraordinarily 

complex regulatory mechanisms to help them respond and adapt quickly to these changes.1 

Environmental signals are translated into specific developmental changes and are internally 

coordinated to drive processes like regeneration, tropism, de novo organogenesis, and 

directional growth.2 The key molecules in regulating these processes are a group of naturally 

occurring and structurally diverse hormones named auxins. The auxins include compounds 

such as indole-3-acetic acid (IAA), indole-3- butyric acid (IBA), phenylacetic acid, and 4-

chloroindole- 3-acetic acid (4-Cl-IAA), with IAA being the most abundant and the one 

commonly referred to when term auxin is used.3 

1.1.2 Early studies leading to the discovery of auxin 

Pioneering work from three different studies in the 19th- early 20th century led to the discovery 

of auxin and its concept as a hormone. In 1882, German botanist Julius von Sachs demonstrated 

that excised plant stems regenerate roots and shoots when placed horizontally or vertically in 

suitable environmental conditions. He postulated and published in his book Vorlesungen über 

Pflanzen-Physiologie (1882) the existence of ñorgan-forming substancesò which move in 

opposite directions through plants. According to von Sachs, a mixture of substances 

responsible for organ formation is produced in leaves and further transported into shoots and 

roots. If the part of the shoot axis is cut, substances responsible for shoot formation, which are 

already present, will flow into the acropetal direction. In contrast, those forming roots will flow 

into the basipetal direction. Thus, von Sachs created two important assumptions that drove 

further auxin discovery research: the existence of ñorgan-forming substancesò and their polar 

distribution. 4,5 



 29 

At the same time, the experiments of Charles Darwin and his son Francis on phototropism were 

crucial for auxin discovery. In the 1880s, Darwin and Darwin discovered that the direction of 

light influenced the seedlings' tips.6 When tips of canary grass coleoptiles were removed or 

covered with an opaque cover, they did not move toward the light. However, when the 

transparent cover covered the tips or only the seedlings' stems were covered, they still moved 

toward the light (Figure 1A and 1B). This indicated the existence of some influence that was 

being transported from the tip to the stem of the coleoptile. Other plant biologists initially 

dismissed Darwin's idea about ñtransmissible substancesò.6 

However, at the beginning of the 20th century, more evidence favouring his idea began to 

accumulate. In 1911, Danish botanist Boysen-Jensen further elucidated this influence using a 

similar experimental setup. He demonstrated that placing a gelatine block between the tip and 

the base of the seedling did not impede the response, indicating that the ñinfluenceò could 

diffuse from the tip, through the gel, and into the base. However, when the tip was separated 

from the base with a piece of impermeable mica, the phototropism was blocked, providing 

further evidence for the existence and nature of auxin. 7 

 

 

Figure 1. Experiments that led to the discovery and isolation of auxin. A and B) Darwinôs experiment with 

phototropism. C) Wentôs isolation of ñinfluence substanceò auxin into agar block. The figure has been adapted 

from Kutschera and Niklas, 2009.8 

 

Finally, in 1928, Dutch biologist F. W. Went isolated the ñinfluenceò and showed that its 

asymmetrical distribution in the stem is responsible for phototropic response in his famous 

Avena test. Excised Avena sativa coleoptile tips were kept in light on small agar or gelatine 

blocks for a few hours, enabling the diffusion of ñinfluence substanceò into them. When these 

blocks were placed asymmetrically (off-centre) on stumps of another coleoptile, they could 

bend like in phototropic response, even in the darkness. These experiments demonstrated 
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auxin-mediated responses in a young shoot for the first time. Auxin diffuses from the off-centre 

agar block into one side of the plant, causing an elongation of cells on that side and a bend 

toward growth (Figure 1C).8 

The name auxin was derived from the Greek word ñauxein,ò meaning to grow, and was 

introduced by Kºgl to designate a substance he isolated in 1934. This substance was recognised 

as indole-3-acetic acid (IAA).9  However, because of insufficient analytical methods to track 

trace amounts of the hormone in plants, the first IAA purification was carried out from human 

urine and later on from cultures of several fungi. Although discovered for its ability to induce 

plant growth, IAA was not initially believed to be a natural plant hormone.9 On the contrary, 

Haagen-Smith did not isolate auxin from higher plants until 1946.10 In the meantime, other 

compounds with auxin activity were discovered; however, IAA was favoured and remained 

auxin with the strongest ability to induce plant growth (Figure 2 A and B).11 

 

 

Figure 2. Structures of naturally occurring auxins and synthetic auxin agonists. A) Naturally occurring auxins: 
IAA (indole-3-acetic acid), 4-Cl-IAA (4-chloroindole-3-acetic acid), PAA phenylacetic acid, IBA (indole-3-

butyric acid). B) Synthetic auxins, commonly used as herbicides: NAA (naphthalene-1-acetic acid), 2,4-D (2,4-

dichlorophenoxyacetic acid), 2,4-DP (2-(2,4-dichlorophenoxy) propionic acid), 2,4,5-T (2,4,5-

trichlorophenoxyacetic acid), DAS534 (4-amino-3-chloro-6-(4-chlorophenyl)-5-fluoro-pyridine-2-carboxylic 

acid), picloram (4-amino-3,5,6-trichloropicolinic acid), quinclorac (3,7-dichloro-8-quinolinecarboxylic acid), 

WH7 (2-(4-chloro-2-methylphenoxy)-N-(4-H-1,2,4-triazol-3-yl) acetamide). The figure has been adapted from 

Ma et al., 2018.11 
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1.1.3 Modern studies of auxin 

Until the 1980s, studies of auxin were limited by available techniques and were mostly 

focused on the physiological effects of auxin application. With the development of more 

sophisticated molecular biology techniques and the establishment of Arabidopsis thaliana as a 

model organism, our understanding of auxin biology has been significantly deepened.11 The 

modern equivalent to the classic Avena test is the measurement of auxin inhibition of root 

elongation in Arabidopsis.  Many important mechanistic observations of auxin activity were 

made using the mutant screening. Today, we know three main modes of regulating auxin 

activity in plants: metabolism, signalling, and polar auxin transport.11 

1.1.4 Auxin signal transduction 

The main result of auxin perception in cells is transcriptional reprogramming. These responses 

are mediated via two signalling pathways.12 The first, well-characterised pathway operates in 

the nucleus. It includes TRANSPORT INHIBITOR RESPONSE 1 (TIR1)/AUXIN-

SIGNALING F-BOX (AFB) receptors, Aux/IAA repressors and auxin response factor (ARF) 

transcriptional regulators, which mediate transcriptional reprogramming that lead to 

developmental changes. Under low auxin concentrations, Aux/IAA proteins repress the 

activity of the ARF transcription factors. When the levels of hormone increase, auxin-bound 

TIR1/AFB receptor travels to the nucleus where it binds Aux/IAA proteins repressors. The 

TIR1/AFB receptor, a part of the E3 ubiquitin ligase complex, then polyubiquitylates the 

Aux/IAA repressor protein, targeting it for proteasome degradation. 12,13 This degradation of 

the Aux/IAA protein relieves ARF repression, allowing for gene transcription to occur (Figure 

3 A and B). In Arabidopsis, 29 Aux/IAA repressors and 6 TIR1/AFB receptors were 

discovered. Different Aux/IAAïTIR1/AFB combinations have different affinities for one 

another and different auxins. It is believed that these varying affinities may allow the plant to 

fine-tune auxin responses based on the particular set of Aux/IAA and TIR1/AFB proteins and 

the type of auxin present within a given cell. 12,13 
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Figure 3. Auxin TIR1-mediated signalling pathway. A) In the absence of IAA, the TIR1 protein, functioning as 

an auxin receptor, remains unbound to IAA molecules. The interaction between auxin/indole-3-acetic acid 
(Aux/IAA) proteins and the co-repressor TOPLESS (TPL) physically inhibits the association of the ARF 

transcription factors with genes containing auxin-responsive elements (AuxRE) in their promoter sequence. B) 

When IAA is present, it binds to the binding cavity of the TIR1 receptor, increasing its affinity for Aux/IAA 

transcriptional repressors. This binding event leads to the ubiquitination of Aux/IAA proteins, targeting them for 

degradation via the 26S proteasome. Consequently, the degradation of Aux/IAA proteins frees the co-repressor 

TPL and ARFs, allowing ARFs to activate the transcription of genes containing AuxRE. The figure has been 

adapted from Ortiz-Garcia et al., 2023.14 

 

The second signalling pathway of IAA is mediated by ABP1 (auxin-binding protein 1) and its 

plasma membraneïlocalised partner, transmembrane kinase 1 (TMK1). Although ABP1 was 

identified as a potential auxin-binding protein as early as the 1970s, this pathway has only 

recently been described in association with TMK1 and auxin response.15 In a ground-breaking 

study by Friml et al. in 2022, it was revealed that a portion of ABP1 is secreted and specifically 

binds auxin at the apoplast's slightly acidic pH (5.5). This binding event triggers the formation 

of the APB1-TMK1 complex, initiating a cascade of signalling events that result in rapid, non-

transcriptional cellular effects such as protein phosphorylation, membrane hyperpolarisation, 

and cytoskeletal rearrangements.15 

1.1.5 Polar auxin transport (PAT) 

Auxin is synthesised primarily in the shoot apex and transported to other parts of the 

plant, regulating many aspects of the growth and development. In plant tissues, auxin is not 

uniformly distributed but forms gradients with local auxin accumulations. Local auxin maxima 

provide spatial information for initiating many auxin-dependent developmental processes 

(Figure 4).16  
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Figure 4. Examples of local auxin distribution in Arabidopsis thaliana are marked by the activity of auxin 

responsive promotor DR5. Asymmetric expression of DR5::GUS in the tip of a developing lateral root, central 

meristem of a mature lateral root, hypocotyl and the apical hook. The figure has been adapted from Michniewicz 

et al., 2007.17 

The major mechanism by which auxin accumulates in given cells is an intercellular, directional 

flow of auxin; these auxin gradients are established through cell-to-cell polar auxin transport 

(PAT). Polar auxin transport is mediated by carrier-type auxin influx and efflux 

transporters. This regulated transport appears unique to auxin, and its directionality is strictly 

controlled within a given tissue.16,17 The directionality of PAT is regulated by the polar 

localisation of a family of auxin efflux transporters called the PIN-FORMED (PIN) protein 

family.18 The model for the mechanism of PAT was proposed in the 1970s and is known as the 

chemiosmotic polar diffusion model. Auxin is a weak acid with a pKa of 4.75. In the slightly 

acidic environment of the apoplast (pH 5.5), about 15% of auxin molecules exist in its 

protonated form (IAAH). Such a neutral, lipophilic molecule can pass the plasma membrane 

via simple diffusion. The rest is in the polar, deprotonated state (IAA-) and is transported inside 

the cell by influx transporters. Inside the cytoplasm (pH 7.0), IAAH undergoes complete 

deprotonation. Charged, deprotonated IAA- can leave the cell only by active efflux, mediated 

by the PIN protein family (Figure 5). The predominant distribution of PINs on one side of the 

cell provides auxin transport in that direction. Thus, the PIN protein family members are crucial 

for directing auxin gradients and forming auxin maxima.18  



 34 

 

Figure 5. The model for polar auxin transport. According to chemiosmotic theory, in the relatively acidic 

environment of apoplast, some portion of IAAH gets deprotonated and enters the cell by the family of influx 

transporters, whereas the rest enters the cell by simple diffusion. At the more basic pH of the cytoplasm, IAAH 

undergoes complete deprotonation and becomes "trapped" inside the cell. Deprotonated IAAī can only leave the 

cell via active efflux, mediated by the PIN proteins. Their asymmetric distribution promotes unidirectional (polar) 

auxin transport from cell to cell. The figure has been adapted from Leyser, 1999.19 

1.1.6 Auxin efflux transporters (PIN proteins)  

1.1.6.1 PIN proteins: introduction  

The first PIN family members were identified and described in the model plant Arabidopsis 

thaliana. The importance and function of PINs was discovered in 1998 through the phenotype 

generated by the loss-of-function mutation in the PIN1 gene (Figure 6). Mutants fail to develop 

floral organs and generate pin-like inflorescences, giving the family the name PIN-FORMED 

(PIN). 20,21  
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Figure 6. The phenotype of wild type (left) flowers in A. thaliana and pin1 mutant developing inflorescences. The 

figure has been adapted from OôConnor et al., 2017.22 

 

At the same time, several groups have identified in Arabidopsis homologous PIN2 protein 

based on the agravitropic root phenotype in the loss-of-function mutant.23ï25 In 2003, Benkova 

et al. showed for the first time the implication of PIN proteins and the importance of their 

asymmetrical localisation in establishing auxin gradients and initiating organ development 

in Arabidopsis.26 Altogether, eight members of the PIN protein family (PIN1-PIN8) have been 

described in Arabidopsis. 27 

1.1.6.2 Subcellular localisation of PINs 

PIN proteins are ten transmembrane helices transporters: five Ŭ-helices are connected by a 

hydrophilic intracellular loop with another five helices. Based on the size of the central loop, 

PINs can be divided into two major groups: the long and the short loop PINs. 27 

In Arabidopsis, five members of the family (PIN1-4, PIN7) have a long loop. Long loop PINs 

are present on the plasma membrane (PM) and have polarised localisation, determining the 

direction of auxin flow and contributing to auxin distribution within tissues, coordinating many 

developmental processes.27,28 Two PINs (PIN5 and PIN8) have short loop and endoplasmic 

reticulum (ER) localisation. The short loop PINs are important for mediating the auxin 

transport between the cytoplasm and endoplasmic reticulum to regulate cellular auxin 

compartmentalisation and homeostasis. PIN6 has a reduced long loop and is annotated as an 

intermediate loop PIN. The localisation of PIN6 was observed both on the plasma membrane 

and ER; however, the exact role of PIN6 is still unclear (Figure 7).27,28 
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Figure 7. Cartoon representation of PIN proteins in the cell of A. thaliana: long loop PIN1-4,7 are located on PM, 

short loop PINs, PIN5 and PIN8, are located on ER membrane, while the medium loop PIN6 has been found on 

both PM and ER membrane. 

1.1.6.3 Tissue distribution of PINs 

PIN proteins have specific and partially overlapping expression patterns in Arabidopsis, 

indicating their importance in plant development and functional redundancy (Figure 8). The 

tissue specificity of PINs is based on the diversification of the pin gene promoter. The activity 

of the pin promoter is flexibly regulated, which accounts for the functional redundancy.25 The 

functional cross-regulation between distinct members of the PIN family can be observed 

already at the stage of early embryo development. In the early embryo, the expression of only 

two PIN members is observed: PIN1 is being expressed in the apical cell lineage and PIN7 in 

the basal cell lineage. PIN3 and PIN4 expression is detected in the root region at the later 

globular and heart stages of the embryonal development.29 Surprisingly, analysis of defects in 

multiple pin mutant embryos at early, preglobular stages revealed that pin1,3,4,7 mutant 

embryos are more severely affected than pin1,7 or pin7 mutants. Moreover, an examination of 

expression and localisation patterns of PIN proteins in pin7 embryos found that PIN4 was 

ectopically expressed in the PIN7 expression domain, exhibiting the same polar localisation. 

This expression was observed as early as the preglobular stage, when PIN4 is normally not 

expressed.29,30 

PIN1 is the non-redundant member of the PIN family, and it is expressed in vascular tissues, 

developing organs and early embryos. In the adult Arabidopsis, five out of eight members of 

the PIN family are expressed in the root. PIN1 is expressed in the vascular part of the root and 
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exhibits basal localisation on the plasma membrane. PIN2 is localised basally in root cortical 

cells and apically in the root epidermal cells, aligning  with its role in auxin reflux at the root 

tip. PIN3 shows non-polar distribution in root columella cells, but upon gravistimulation, 

relocalises and exhibits polar orientation in the direction of auxin movement. PIN4 has both 

polar and non-polar localisation in the quiescent centre and daughter cells and functions in root 

meristem patterning. PIN7 is abundantly expressed in epidermal tissues, where it has a non-

polar localisation. PIN8 expression is very specific for male gametophytes.29,30 

 

 

Figure 8. Tissue distribution of different PINs in A. thaliana. PIN1 is the non-redundant member of the PIN family 

has been found in all vascular tissues, developing organs and early embryos. The long loop PINs have overlapping 

expressions in the root. The figure has been adapted from  KŚeļek, P. et al., 2009.27 

1.1.6.4 Evolution of PINs 

Conservation analysis of the PIN family members shows that the transmembrane domains are 

highly conserved, while the hydrophilic loops exhibit much greater variability in size and 

sequence. However, four highly conserved motifs have been found in the loop of almost all 

long PINs (regions HC1ïHC4). Within conserved motifs, repeated elements were identified. 

Many of these elements are known phosphorylation sites and are important for regulating PIN 
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localisation and activity. Due to these conserved motifs in the central loop, the long loop PINs 

are annotated as canonical ones.31 

The exact evolutionary history of PINs remains a mystery. Around 750-1200 million years ago, 

Viridiplantae, the clade containing both land and green algae, separated into land plants 

(Streptophyta) and green algae (Chlorophyta). The PIN family members have been discovered 

so far only in the genomes of land plants, including the most primitive land plant known, the 

moss Physcomitrella paten.27 Interestingly, recent data suggest the existence of PAT in the 

green algae taxon Charophycea, which are the closest ancestors of land plants.  Moreover, 

genomic data from algae that are more closely related to land plants is necessary to determine 

the evolutionary origin of PIN proteins more precisely.32 

Due to their high homology, it has been suggested that PIN genes evolved from a single 

ancestral gene. The short loop PINs are proposed to be the ancestral ones, with the long loop 

ones acquiring the function to coordinate PAT in the later evolutionary history.33 However, 

recent data suggest that PINs evolved by sub- and neofunctionalisation of their protein structure 

during plant evolution.34,35 The long loop PINs are suggested to be the ancestral ones due to 

the presence of highly conserved regions in the loop. Since the conserved regions in the central 

loop are targets of many different regulators, suggesting selective modifications of some 

motifs, it is most likely that canonical PINs evolved by subfunctionalisation of the ancestral 

protein. The short-loop ones lack conserved regions in the loop, and they have probably 

evolved from the canonical lineage with neofunctionalisation.34,35 

1.1.6.5 Regulation of PINs 

PIN proteins' function and asymmetrical localisation are of immense importance to plant 

development and responses to various endogenous and exogenous factors. Thus, their activity 

is regulated on several levels, including transcription, degradation, subcellular trafficking, and 

transport activity.36ï38 

PINs' dynamic localisation and activity have been regulated at the post-translational level. 

Phosphorylation plays a role at several stages in establishing and controlling PIN polarity and 

activity. The importance of PID kinase for regulating PINs has been discovered through the 

pinoid (pid) mutant having a very similar phenotype to the pin1 mutant. This phenotype with 

pin-like inflorescences suggested that PID kinase might regulate the activity of PIN1.39 PID is 

a serine-threonine kinase belonging to the family of AGC3 kinases. Overexpression of the 

kinase-dead version of PID in Arabidopsis did not show any phenotype, while overexpression 

of the wild-type protein induced severe developmental defects.40 In 2004, Friml et al. showed 
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that PID kinase acts directly on PINs and regulates their subcellular localisation. 

Phosphorylation of PINs by PID kinase induces their transition from the basal to the apical side 

of the plasma membrane. PID was mainly expressed in the root's epidermis, where PIN2 has 

apical localisation, and its expression is absent in subepidermal cells where PINs are present 

on the basal side of the plasma membrane.41 Localisation of PINs on either the apical or basal 

side in the specific tissue is crucial for canalising auxin fluxes. For example, basal PIN1 

localisation determines auxin maxima in the embryo hypophysis, which is important for 

primary root meristem formation during embryogenesis. Apicalisation of PIN1 in PID 

overexpression embryo cells produces developmental defects: in these plants, neither the root 

nor cotyledon is properly specified.41 

Similar phenotypes of PINs apicalisation were observed in the loss-of-function mutants of the 

A subunit of protein phosphatase 2 (PP2A). This indicated implication of the PID and PP2A in 

the same signalling pathway, with PP2A having antagonistic activity to PID.42 Furthermore, it 

was shown that PINs are direct substrates of PP2A and that phosphorylation and 

dephosphorylation are the signalling events that determine PIN polarity. Phosphorylation of 

PINs by PID induces their apicalisation, while dephosphorylation by PP2A signals the 

transition back to the basal side.42 PID phosphorylates long loop PINs in highly conserved, 

PIN-specific motif TPRXS(N/S) in the loop. Within the three repeating TPRXS(N/S) motifs, 

Ser231, Ser252, and Ser290, annotated as S1-3, were shown in vitro as PID phosphorylation 

sites.43 The significance of PIN1 phosphorylation was tested by the generation of PIN1-GFP 

transgenic plants. These plants contained serine residues substituted by glutamates to mimic 

phosphorylation or by alanine (this residue is not possible to phosphorylate). The serine to 

alanine mutants showed developmental defects resembling pid loss-of-function mutants. 

Expression of the phosphorylation mimicking mutants caused severe developmental defects 

and embryo lethality. 44 45 

The activity of PID kinase is regulated through phosphorylation by 3'-phosphoinositide-

dependent protein kinase 1 (PDK1). This kinase is highly conserved across eukaryotes. In 

humans, malfunctions in AGC kinases are linked to various diseases, including cancer and 

diabetes. PDK1 phosphorylates the catalytic domain of AGC kinases, enhancing their 

autophosphorylation and overall activity.46 

Besides three serine residues located in the repeating TPRXS(N/S) motifs, an additional two 

serine (S4-5) residues in the hydrophilic loop have been identified as a phosphorylation site. 

However, these two sites are less conserved than the serine residues within TPRXS(N/S). For 

example, S4 (S271 in PIN1) is mutated to asparagine in PIN2, and S5 (position 215 in PIN1) 
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is mutated to an aspartic acid in PIN1, which might act as a natural phosphomimic.40 Another 

kinase was shown to be important for the regulation of PINs. D6 PROTEIN KINASE (D6PK) 

phosphorylates PINs with a high affinity for S4 and S5 residues. It belongs to the AGC1 family 

of kinases. D6PK co-localises with PINs at the basal side of the plasma membrane, and co-

localisation is crucial for phosphorylation. Unlike PID, which is important for regulating 

polarity, D6PK phosphorylation is only involved in regulating PIN activity. In other words, 

PINs need to be phosphorylated by D6PK to be active.44 Recently, Tan et al. showed that PDK1 

is regulating D6PK, and this regulation is dependent on phospholipids. Both PDK1 and D6PK 

are recruited to the basal side of the plasma membrane by local biosynthesis of certain 

phospholipids. After recruitment, PDK1 phosphorylates D6PK, stimulating its activity and 

amplifying the signal. The activated D6PK then actives further the basal-localised PINs by 

phosphorylating them and increases their export activity.47 

The mechanism for the change of polarity of PINs in developmental processes or responses to 

environmental factors is subcellular trafficking. It has been shown in 2007 by Dhonukshe et 

al. that PINs undergo constitutive recycling between endosomes and plasma membrane in 

cells.48 Recycling of PINs is not only energetically favourable but also allows the rapid and 

dynamic regulation of protein polarity at the plasma membrane. PINs can be endocytosed and 

recycled to the trans-Golgi network/early endosome and transported to the PM by exocytosis 

or transported to the vacuole for degradation. The first step in subcellular trafficking is clathrin-

mediated endocytosis (Figure 9).49 Clathrin mutants show severe defects in PIN trafficking and 

polar localisation, affecting auxin distribution and plant development.38 The PINs are then 

transported in the endosomal vesicles, and small GTPases Arf, Rab, and Rho regulate this 

process. These GTPases connect membranes to the cytoskeleton machinery and label vesicles 

for their final destination. The activity of the GNOM protein further regulates Arf and Rab, a 

GDP/GTP exchange factor for small G proteins of the ARF class (ARF-GEF).50 GNOM is 

localised mainly in Golgi, partially in endosomes, and sensitive to fungal lactone Brefeldin A 

(BFA). The vesicles undergo fusion with the destination membrane, mediated by SOLUBLE 

N-ETHYLMALEIMIDE -SENSITIVE FUSION (NSF) PROTEIN ATTACHMENT 

PROTEIN RECEPTOR (SNARE) proteins.50 
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Figure 9. The mechanism of subcellular trafficking of PIN proteins. The process is s regulated by distinct apical 

and basal targeting pathways dependent on ARF GEF. Newly synthesised PINs are evenly delivered to the plasma 

membrane. These PINs undergo internalisation through a clathrin-dependent pathway, with the same PIN 

molecules utilising both apical and basal pathways, facilitating dynamic translocation between different cell sides, 

a process known as transcytosis. The basal targeting pathway involves the GNOM ARF GEF component, while 

another ARF GEF-dependent pathway, sensitive to brefeldin A (BFA), mediates PIN translocation to the vacuole 

for degradation. The figure has been adapted from Friml, 2010.49 

 

The processes that drive PIN proteolysis are still not very well understood. The direct regulator 

of PIN proteolysis is still unknown, and it is unclear how environmental and developmental 

cues are translated into events that trigger PIN degradation.51,52 Moreover, whether PINs are 

ubiquitinated on the plasma membrane or in the endosomes is still unknown. Some evidence 

appeared for possible PIN ubiquitination. However, more evidence is necessary to identify 

ubiquitin E3 ligases that target PINs. The idea about the possible ubiquitination of PINs came 

from studies of PIN2 mutants. Mutation of multiple lysines in the central loop, hypothesised 

ubiquitination sites, to arginines impaired polyubiquitination and root gravitropism. The 

mutations resulted in stronger plasma membrane localisation and deficient endocytic sorting. 

Furthermore, mimicking constitutive ubiquitination of PIN2 by fusion with ubiquitin showed 

enhanced endocytosis and proteolytic degradation.51,52 

1.1.6.6 Structural and mechanistic predictions of PIN-mediated auxin 

transport  

Since their discovery in the early 2000s, PINs remained structurally and mechanistically 

uncharacterised. Several aspects of their structure and function had been deducted from the 
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secondary structure predictions and their homology to other transporters. Notably, PINs share 

significant sequence similarity with the major facilitator superfamily (MFS) of transporters, 

which are known to facilitate the movement of small molecules across membranes. This 

homology suggested that PIN proteins might adopt similar structural folds and mechanisms of 

action.53,54 Additionally, given the common mechanisms observed in the MFS transporters and 

the existence of the proton gradient across the plasma membrane in plants, the prevailing theory 

about their mechanism was that PINs might function as secondary active transporters, 

involving the exchange of auxin with protons and using the proton motive force (pmf) across 

the membrane to drive the directional transport of auxin. 53,54  

1.2 Introduction: Inhibition of ATP synthase by yaku'amide 

1.2.1 Marine Natural Compounds 

Historically, natural compounds have been instrumental in the development and discovery of 

new drugs. While most natural compounds used in medicine come from terrestrial organisms 

like plants, fungi, and bacteria, the recent focus has shifted to marine organisms.55 The oceans, 

which make up over 95% of Earthôs biosphere, are a vast and largely unexplored source of 

bioactive compounds.56 These compounds, derived from a variety of marine organisms such 

as sponges, corals, algae, and bacteria, exhibit unique chemical structures and biological 

activities shaped by the extreme and competitive marine environment. Their immense chemical 

diversity and bioactive properties make them highly promising targets for drug development 

across a wide range of therapeutic areas, from cancer and infectious diseases to neurological 

disorders and inflammatory conditions.57 To date, approximately 28,000 marine compounds 

have been isolated, including peptides, alkaloids, terpenoids, steroids, and lactones.57,58  

1.2.2 Marine Natural Compounds: Medications and Clinical Trials 

The first marine drug, Ziconotide, extracted from the tropical marine cone snail Conus magus, 

was approved in the United States under the commercial name Prialt® (Figure 10). It serves as 

a treatment for chronic pain associated with spinal cord injuries.55 Tetrahydroisoquinoline 

Reniermycin M, isolated from the sponge Xestospongia sp., is the first marine anti-cancer drug 

approved by the European Union (EU) and the Food and Drug Administration (FDA) for the 

treatment of soft-tissue sarcoma. Another drug for the treatment of soft-tissue sarcomas, 

Trabectedin/Yondelis® (Figure 10), isolated from the tropical sea squirt Ecteinascidia 

turbinate, earned approval from the EU in October 2007.59 The Caribbean sponge Cryptotethya 

crypta is the source of 2 isolated arabinonucleosides, spongothymidine and spongouridine. 
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Cytarabine (AraC), a synthetic variant, is a potent anti-cancer drug disrupting DNA synthesis. 

Its approval in 1969 marked a milestone in leukaemia treatment, inducing cell death via 

apoptosis and autophagy regulation, which is essential in the treatment of various leukaemia 

types.59,60 Zalypsis®, a synthetic isoquinoline alkaloid derived from the structure of 

renieramycin J, sourced from marine sponge Netropsia, disrupts DNA repair, inducing cancer 

cell apoptosis (Figure 10). Effective against leukaemia, it enhances traditional antileukemic 

drugs such as cytarabine, fludarabine, and daunorubicin.59,60 Another two promising anti-

cancer drug candidates, eribulin mesylate and E7974 are synthetic derivates of natural 

compounds isolated from marine sponges (Figure 10). Both molecules show promising anti-

cancer effects in clinical trials and exhibit reversible and manageable side effects. Furthermore, 

numerous additional marine compounds are currently being assessed in phase 1ï3 clinical trials 

across Europe and the United States to address various medical conditions.59,60  

 

Figure 10. Chemical structures of the natural and derived marine compounds commonly used as medication. The 

figure has been adapted from Lee et al., 2015,61 Chamni et al., 2020.62 

1.2.3 Peptides as therapeutics 

The history of therapeutic peptides can be traced back to ancient times when natural 

compounds derived from animals and plants were used for medicinal purposes. The modern 

era of therapeutic peptides started with the discovery of insulin in 1921, and since then, 

especially with the progress of isolation, purification and synthesis techniques, a plethora of 

peptides have been used in treatments of human diseases. The journey of peptide drug 
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discovery started with exploring peptides with well-understood physiological functions, 

particularly in addressing diseases originating from hormone deficiencies. Initially, the 

emphasis was on discovering natural peptides and hormones or substituting them with animal 

equivalents.63 The significant advantages of peptides are their specificity and potency, low 

tissue accumulation and low toxicity. The limitations of natural peptides are their inherent 

instability within the body, which leads to decreased bioavailability and shortened half-lives, a 

challenge that extends beyond formulation complexities and expensive synthesis methods.64 

This has started the initiatives to enhance their efficacy by optimising their natural sequences, 

resulting in a lineage of peptide drugs that mimic natural hormones. The standard approach 

involves modifying the peptide backbone to address the limitations of reduced bioavailability 

and shortened half-life.65 This can be achieved by incorporating D-amino and non-natural 

amino acids, altering peptide bonds or constraining the backbone through cyclisation. These 

modifications are sometimes very economically costly. Therefore, their unique chemical 

composition has placed considerable emphasis on marine peptides in recent years.63,65,66 

1.2.3.1 Marine peptides 

Marine peptides can be classified into synthetic (non-ribosomal) and natural (ribosomal) 

categories. Synthetic peptides exhibit remarkably diverse and complex cyclic and linear 

structures, often differing significantly from those of human origin. These features make them 

promising candidates for drug development, as they offer enhanced stability against enzymatic 

degradation and varying environmental conditions.64,66,67 Peptides isolated from marine 

sources have demonstrated various pharmacological activities, such as anticancer, 

antimicrobial, analgesic, and anti-inflammatory effects. Several groups of peptides from 

various sources of marine organisms have already been successfully used as drugs or 

demonstrate significant potential in clinical and preclinical trials.67 Moreover, a diverse range 

of bioactive peptides arises from the symbiotic relationship between microorganisms and 

marine organisms. 64 

Marine sponges (Porifera) are a rich source of the naturally active compounds. Being sedentary 

organisms and having several natural predators like turtles and certain species of fishes, 

sponges develop a plethora of structurally diverse and biologically active molecules as a 

defence mechanism.68 Certain species of sponges make up to 95% of diet of the Caribbean 

hawksbill turtle (Eretmochelys imbricata). The emperor angelfish (Pomacanthus imperator), 

the spotted trunkfish (Lactophrys bicaudalis) and the planeheadF2 filefish (Stephanolepis 
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hispidus) are known coral reef predators of the sponges. Moreover, nudibranchs, a group of the 

marine snails, are known to feed specifically on the certain species of sponges.69ï73 

Among peptides, depsipeptides and proline-rich cyclopeptides from sponges exhibit 

antibacterial and antiviral properties. Cyclic depsipeptides, such as geodiamolides, callipeltins, 

neamphamides, homophymines, theopapuamides, celebesides, and mirabamides, have been 

isolated from various marine sponge species.74ï76 These compounds display remarkable 

activities such as antifungal effects against Candida albicans, anti-HIV activity, and 

cytotoxicity against cancer. Sponges are rich sources of peptides with potent anticancer 

properties.74ï76  

Geodiamolides AïG, isolated from the Caribbean sponge Geodia, exhibit toxicity against 

many cancers. Orbiculamide A and Koshikamide B from Theonella sp. show cytotoxic effects 

on leukaemia and colon tumour cells (Figure 11). Phakellistatins from Phakellia costata and 

Stylotella aurantium display activity against leukaemia and melanoma cells (Figure 11). 

Microcionamides A and B from Clathria abietina show cytotoxicity against breast tumour cells 

and inhibit Mycobacterium tuberculosis. Kahalalide F is a cyclic peptide initially isolated from 

the marine sponge Discodermia kiiensis (Figure 11). It exhibits potent anticancer activity by 

disrupting cancer cell membranes and inducing apoptosis. Kahalalide F has been part of clinical 

trials for treating various cancers, including advanced solid tumours and melanoma (Figure 

11). Other peptides like Keenamide A, Kulokekahilide-1, Kulokekahilide-2, Scopularide A, 

and Scopularide B also exhibit antitumor effects. Notable examples of potent anti-cancer 

peptides from marine sponges are Yakuôamides A and B. 74ï76 
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Figure 11. Chemical structures of the common peptides from sponges that are promising therapeutic agents. The 

figure has been adapted from Kang et al., 2018.76 

1.2.4 Yakuôamides A and B  

In 2010, during their investigation into cytotoxic compounds derived from marine sponges, 

Ueoka et al. discovered peptides with significant cytotoxicity in a deep-sea sponge Ceratopsion 

sp. The sponge species were collected at Yakushinsone in the East China Sea, and yaku'amides 

A and B were successfully isolated and characterised. Yaku'amides are linear peptides 

containing unique N- and C-termini and a high content of non-ribosomal dehydroamino 

acids.77 To isolate these compounds, the organic layer of the sponge extract underwent a 

modified version of the Kupchan solvent-solvent partitioning method. The resulting organic 

solvent fraction was then subjected to further purification steps, including octadecylsilyl (ODS) 

reverse-phase chromatography, silica gel chromatography, and reversed-phase HPLC, yielding 

yaku'amides A and B. Elucidation of their structures was achieved through the analysis of 

NMR spectroscopic data and chemical degradation techniques (Figure 12).77  
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Figure 12. Chemical structures of yaku'amides A and B. A) The sequence of yaku'amides A and B notably 

featuring non-standard amino acids and differing in one methyl group (-CH3). The figure has been adapted from 

Oueoka et al., 2010.77 B) Predicted 3D structures of yaku'amides A (left) and B (right). The PDB files have been 

obtained from GRADE server using the SMILES sequence as the input.  

 

The anti-cancer potency of yaku'amides A and B showed in potent inhibition of cell growth in 

P388 murine leukaemia cells, with IC50 values of 0.88 and 0.51 nM, respectively. Furthermore, 

the JFCR39 cancer screen assay of yaku'amide A showed a strong inhibitory effect on a broad 

range of human cancer cell lines. Despite its higher potency, the impact of yaku'amide B in the 

JFCR39 screen was not evaluated due to its lower availability until 2018, when Kitamura et al. 

obtained appreciable quantities of both peptides through total synthesis.78 

The screening finally revealed that yaku'amide B significantly inhibited the growth of various 

cancer cell lines, with a mean GI50 of 26 nM. Certain cell lines, such as MCF-7 and HBC-5 

(breast cancer), SF-295 (brain cancer), and others, showed exceptionally high susceptibility 

with GI50 values below 10 nM. Fluorescent microscopy using calcein-acetoxymethyl ester 

(calcein-AM) and propidium iodide (PI) staining was performed utilising the fluorescently 

labelled derivative of yaku'amide B. Calcein-AM enters live cells and emits green fluorescence. 

At the same time, PI stains only dead cells, emitting red fluorescence. After treatment with 100 

nM yaku'amide B for 48 hours, no PI-stained cells were observed, indicating no induced cell 

death. Microscopic analysis suggested that yaku' B doesn't disrupt cell membranes or induce 
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apoptosis. By monitoring the fluorescence from tetramethylrhodamine methyl ester (TMRM), 

a dye sensitive to mitochondrial membrane potential, researchers did not observe change after 

treatment with 100 nM yaku' B for 3 or 24 hours. Carbonylcyanide 3-chlorophenylhydrazone 

(CCCP), a known mitochondrial membrane potential disruptor, was used as a positive control. 

Cell cycle analysis using flow cytometry revealed that yaku'amide B induces cell cycle arrest 

at the G1 phase, indicating its potent growth-inhibitory effect.78 The study investigated further 

the cellular mechanisms of action through fluorescence imaging analysis in MCF-7 cells. The 

fluorescently labelled yaku' B was observed to accumulate in mitochondria, suggesting a 

potential target for binding.78 A biotinylated derivative and a control lacking the yaku'amide 

structure were used to identify protein targets. The pull-down assay with mitochondrial lysate 

identified subunit Ŭ (ATP5A1) and subunit ɓ (ATP5B) of FoF1-ATP synthase. Validation 

through mass spectroscopy confirmed FoF1-ATP synthase as the target protein. Biochemical 

analysis revealed that yaku' B inhibited ATP production in mitochondria and enhanced ATP 

hydrolysis by FoF1-ATP synthase. This effect likely leads to the depletion of cellular ATP, 

causing potent growth inhibition. This study highlights the potential of 1b and its derivatives 

as novel modulators of FoF1-ATP synthase and promising anticancer agents. 78 

1.2.5 ATP synthase: The role in cancer metabolism 

Mitochondria, the cellular "powerhouse," has long fascinated scientists with its role in energy 

production. Otto Warburg's groundbreaking work in the 1920s on cellular metabolism and the 

discovery that cancer cells undergo enhanced aerobic glycolysis instead of mitochondrial 

respiration to generate ATP (Warburg effect) sparked a revolution in exploring the involvement 

of mitochondria in cancer.79,80 Cancer cells typically prefer glycolytic metabolism over 

oxidative phosphorylation (OXPHOS), even in the presence of oxygen, which has puzzled 

researchers. Various theories have emerged to explain this preference. The most widely 

accepted suggests that intermediates generated during glycolysis support the synthesis of 

macromolecules such as nucleotides, amino acids, lipids, and NADP+. Another theory proposes 

that although glycolysis produces ATP less efficiently, it produces ATP 100x faster than 

OXPHOS to meet proliferating tumour demands. Tumour cells have high energy demands due 

to their rapid and uncontrolled proliferation. Although OXPHOS is more efficient regarding 

ATP yield per glucose molecule (31.54 ATP molecules vs 2 ATP molecules in glycolysis), its 

slower production rate may not be sufficient to meet the immediate energy demands of 

proliferating tumour cells.81,82  Glycolysis is a relatively simple and direct pathway that occurs 

in the cell's cytoplasm. Since the glycolysis reactions are straightforward and localised in the 
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cytoplasm, they can proceed rapidly without needing more complex transport mechanisms 

associated with OXPHOS and mitochondria. OXPHOS involves multiple complex processes, 

including the transport of substrates into mitochondria and the passage of electrons through the 

electron transport chain. These involve the coordinated action of numerous proteins and 

complexes, which inherently takes more time.83 Therefore, tumour cells often rely more on 

glycolysis, because it can produce ATP quickly enough to satisfy their high energy demands 

due to its simpler and more direct pathway, its independence from oxygen, its localisation in 

the cytoplasm which minimises transport times, and the complex nature of the mitochondrial 

processes involved in OXPHOS.81,82 Additionally, aerobic glycolysis could influence 

signalling pathways in cancer cells by regulating reactive oxygen species (ROS) and immune 

evasion by exploiting the acidic tumour microenvironment.80,84 Although glycolysis is 

primarily used to sustain ATP production and anabolic processes, functional mitochondria play 

an essential role in cancer growth and development.  Mitochondrial processes such as 

glutaminolysis and fatty acid oxidation support anabolic functions in cancers. Cancer cells 

lacking mitochondrial DNA (ɟ0) exhibit slower growth rates, diminished colony formation in 

vitro, and delayed tumour development in nude mice, as demonstrated by multiple studies.79,80 

The integrity of mitochondria is largely dependent on the activity of the F-type ATP synthase. 

In addition to ATP synthesis, necessary for various mitochondrial and cellular processes, the 

protein is essential in maintaining mitochondrial membrane potential and generating 

mitochondrial cristae. Any impairment in ATP synthase activity leads to compromised 

mitochondrial function, increased oxidative stress, and potentially cell death.85 The structural 

studies of ATP synthase began in the 1990s using X-ray crystallography. They resulted in John 

Walkerôs groundbreaking elucidation of the structure and enzymatic mechanism underlying 

the synthesis of adenosine triphosphate (ATP), for which he was awarded the Nobel Prize in 

1997.86 Furthermore, with the resolution revolution, cryo-EM studies have offered 

comprehensive views of the entire complex architecture of diverse organisms. Among the 

prokaryotic organisms, structural insights into F-type ATP synthases have been obtained from 

notable species such as Escherichia coli, Thermus thermophilus, Mycobacterium smegmatis, 

and Bacillus PS3.87ï90 Eukaryotic counterparts, including those from yeast, have further 

contributed to our understanding.91,92 Additionally, a wealth of mammalian structures, sourced 

from organisms like pigs (Sus scrofa), bovine (Bos taurus), and sheep (Ovis aries), further 

enrich our knowledge of these intricate molecular machines.93ï95 These studies have yielded 

high-resolution maps of a highly complex ATP synthase structure consisting of multiple 

subunits arranged in a specific configuration to facilitate its function in ATP synthesis.  



 50 

The enzyme can be divided into two main components: the soluble F1 and the membrane-

embedded Fo domain. The F1 portion of ATP synthase is responsible for catalysing the 

synthesis of ATP. It consists of several subunits, including Ŭ and ɓ subunits, arranged in a 

hexameric structure, and ɔ, ŭ, and Ů form the central stalk.96 Within the Ŭɓ pairs lie six 

nucleotide-binding sites, three catalytic and three non-catalytic sites. The catalytic sites are 

primarily contributed by the ɓ subunits. At any given moment, the nucleotide affinity at each 

catalytic site varies, and the three ɓ-subunits change conformation cooperatively and 

unidirectionally with ɔ-subunit rotation: one ɓ-subunit binds ATP, another binds ADP, and the 

third remains empty. As a result, these sites are designated as ɓTP, ɓDP, and ɓE, respectively. 

The ɓTP and ɓDP subunits maintain a closed conformation, securing the bound nucleotides at 

the catalytic sites, whereas ɓE has an open conformation. Each Ŭ-subunit forming a catalytic 

site with the ɓ-subunit is designated as ŬTP, ŬDP and ŬE, respectively (Figure 14, left).97 The 

three non-catalytic sites lie mostly within the alpha subunits. They have ATP nucleotides bound 

throughout the catalytic cycle and do not participate in ATP synthesis. It is proposed that they 

have a structural and regulatory role. The non-catalytic Ŭ-subunits are necessary for releasing 

the inhibitory Mg2+-ADP entrapped at catalytic sites and securing maximum steady-state 

activity in FoF1-ATP synthase.97,98  Except for the Arg373, carbonyl groups of the main chain 

and Ser344, all the other amino acids in the catalytic sites are contributed by ɓ-subunit. 

Residues 159-164 are elements of the P-loop, also called the Walker A motif 

(GXXXXGKT/S), that is typical for nucleotide-binding proteins. ɓGlu188 is believed to be 

directly involved in catalysis as a Lewis base (Figure 13A). ŬGln208 is occupying the same 

position in the non-catalytic subunit. The substitution of an amino group for oxygen in ŬGln208 

and the side chain orientation opposite to that of the ɔ phosphate probably explain the lack of 

catalytic activity in these subunits (Figure 13A and B).99,100 
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Figure 13. The catalytic and non-catalytic sites in ATP synthase. A) The catalytic site with bound Mg2+-ADP. 

Most residues are contributed by ɓ-subunit, including the ɓGlu188 acting like a Lewis base, a positively charged 

lysine residue (ɓLys162) interacting with negatively charged oxygen atoms in the polyphosphate part of 

ADP/ATP, a threonine residue (ɓThr163) responsible for binding a Mg2+ that in turn interacts with the 

polyphosphate tail of ADP or ATP. The ɓTyr345 residue is involved in the interaction with the adenine part of 

the nucleotide. The ὄArg373 residue stabilises the negative charge developing during the catalysis. B) The non-

catalytic sites are always occupied by ATP nucleotides. ŬGln208 residue occupies the same position as the 

catalytic ɓGlu188; however, it is not involved in the catalytic reaction. ŬLys175 and ŬThr176, residues of the P-

loop are important for binding and stabilising ATP nucleotide. The Mg2+ is also bound to ŬAsp269 through a 

water molecule belonging to another conserved sequence named the Walker B motif. In the non-catalytic sites, a 

tyrosine residue contributed by ɓ-subunit (ɓTyr368) is important for interaction with the adenine part of ATP. 
99,100 The represented model is a bovine State 1 model (PDB 6zpo).  

 

 The ɔ subunit acts as a rotor, and its rotation within the Ŭ3ɓ3 catalytic core facilitates the 

synthesis of ATP from ADP and Pi. The membrane domain, Fo complex, provides the proton 

channel and contains several subunits, including a rotor ring of c subunits, ranging from 8 in 

metazoans to 17 in Burkholderia pseudomalle.96 The a-subunit forms a four-helix bundle 

around the c-ring, attaching to its outer surface. In mammals, the a-subunit interacts with 

subunits j, 8 and k or DAPIT (Diabetes-associated Protein in Insulin-sensitive Tissue). These 

collectively form a proton translocation cluster, enabling the proton movement to reach a 

negatively charged glutamate (Glu) residue of subunit c and inducing rotation of the c-ring and 

subsequent movement of the central stalk. The clockwise rotation of the Fo c-ring (if viewed 

from the intermembrane space), driven by proton movement, rotates the ɔ subunit within the 

Ŭ3ɓ3 F1 domain.96 This rotation facilitates ATP synthesis, with each catalytic site cycling 

through distinct states. Conversely, during ATP hydrolysis, counterclockwise rotation of the ɔ 

subunit leads to proton translocation to the intermembrane space. The Fo domain also contains 

additional conserved subunits, including b, e, f, and g. Subunit b, together with subunit d, F6 

and OSCP (oligomycin sensitivity-conferring protein), forms the peripheral stalk and interacts 
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with subunits a, e, and g of the membrane domain. Notably, the interaction between subunit b 

and the OSCP subunit at the F1 sector top reinforces the link between Fo and F1, which is 

crucial for preventing unwanted co-rotation.96 

 

Figure 14. The structure of the mammalian (ovine) F-type ATP synthase with labelled subunits (left) and a top 

view (right) showing the catalytic ɓ and non-catalytic ὄ subunits. The figure has been adapted from Pinke et al., 

2020. 95 

 

In addition to generating ATP, ATP synthase is pivotal in numerous other biological processes 

involved in cancer development and proliferation. The protein is involved in producing reactive 

oxygen species (ROS), maintaining redox equilibrium, and regulating cellular signalling and 

apoptosis. While ATP synthase does not directly produce ROS, it plays a key role in regulating 

pmf and dissipating the proton gradient, which in turn is crucial for stabilising electron flow 

across the electron transport chain (ETC) and decreasing the chances of electron leakage and 

ROS generation. Decreased activity of ATP synthase leads to an elevated pmf. An elevated 

pmf impedes electron transport by raising the energy barrier for proton pumping within the 

ETC. Consequently, electron flux through the ETC is reduced, heightening the likelihood of 

oxygen being reduced to ROS.101,102 Inhibition of ATP synthesis with oligomycin blocks 

proliferation in cancer cell lines like murine leukaemia or human glioblastoma, cervix 

adenocarcinoma, non-small-cell lung cancer or osteosarcoma-derived cybrid 143B cells.80 

Another role ATP synthase plays in cancer is controlling cancer cell movement and spread. 

Comparing primary tumours and lung metastases from mice with adenocarcinoma showed that 

circulating cancer cells had increased oxidative phosphorylation compared to primary tumour-

derived cells, correlating with their migratory behaviour. In invasive cancer cells, the 
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transcription coactivator PGC-1Ŭ boosts mitochondrial biogenesis and oxidative 

phosphorylation. The expression of the Ŭ subunit of ATP synthase is upregulated in circulating 

cells derived from mouse adenocarcinoma 4T1 tumours, in line with elevated PGC-1Ŭ levels. 

This finding is supported by increased oligomycin-sensitive respiration in 4T1 cells 

overexpressing PGC-1Ŭ.80 F-ATP synthase inhibitory factor 1 (IF1), a 10 kDA physiological 

inhibitor of ATP synthase, prevents ATP wastage by blocking the reverse mode of F-ATP 

synthase in low-oxygen conditions. Its N-terminal region, known as the minimal inhibitory 

region, interacts with catalytic subunits Ŭ, ɓ, and ɔ. The C-terminal portion of IF1 facilitates its 

dimer formation through a coiled-coil structure. These dimers then combine to form inactive 

tetramers, a process regulated by specific amino acids, including a conserved histidine at 

position 49 in the bovine IF1, which is influenced by factors like pH, ionic strength and IF1 

concentration. The binding to the ATP synthase is also tightly regulated post-translationally 

and dependent on the cell's metabolic state. The phosphorylation of S39 by mitochondrial 

cAMP-dependent protein kinase prevents IF1 from binding. Upon the presence of a proton 

motive force, IF1 is released, allowing ATP synthesis.103  Overexpression of IF1 has been 

observed in many cancers like colon, lung, breast and ovarian, and it is considered a pro-

oncogenic protein. A recent study has revealed that IF1 also binds to the ATP synthase OSCP 

subunit in HeLa cells. Disrupting the IF1 gene in these cells reduced cancer colony formation 

in soft agar and decreased tumour mass development in xenografts by making cells less 

susceptible to the permeability transition pore (PTP) opening.104 The permeability transition 

(PT) involves a sudden increase in the inner mitochondrial membrane (IMM) permeability, 

triggered by Ca2+ and mediated by the PTP, allowing solutes up to 1.5 kDa to pass through. 

Prolonged PTP opening disrupts mitochondrial energy production, leading to necrotic cell 

death. Furthermore, activation of PTP can cause mitochondrial swelling due to osmotic 

dysregulation, potentially resulting in the release of cytochrome c and initiation of apoptotic 

cell death.105 The identity of PTP is still a highly debatable topic, with recent research implying 

that F1Fo-ATP synthase is a potential candidate. Atomic models obtained from cryo-EM 

studies and methodological considerations in studying PTP in vitro have contributed to this 

debate, with the current model suggesting the role of e subunit in forming PTP.96 Attached to 

the lipids sealing the c-ring, upon Ca2+ exposure, the subunit e may retract, pulling out the 

lipids and dismantling the c-ring, leading to the opening of the PTP.95 Implicated in numerous 

age-related diseases such as ischemic heart disease, liver and kidney failure, and cancer, PTP 

plays a crucial role in pathogenesis. Alterations in PTP regulatory mechanisms in cancer cells 

activate pathways desensitising PTP to Ca2+. The desensitisation of PTP and the capability to 
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escape cell death induction following exposure to stress conditions is a hallmark of cancer 

cells, presenting the PTP as a promising therapeutic target.106 Moreover, ROS signalling 

through PTP activation contributes to cellular redox balance and impacts tumour cell death 

responses. Careful management of ROS levels, connected to the mitochondrial Ca2+ levels, is 

crucial, with dysregulation implicated in tumorigenesis. Numerous compounds, like berberine, 

methyljasmonate, and Ŭ-bisabolol, induce PTP, often through oxidative stress, making them 

potential chemotherapeutics. Some, such as resveratrol and curcumin, are undergoing clinical 

or pre-clinical trials.107 Additionally, common chemotherapeutics like Taxol and cisplatin also 

induce PTP, suggesting a role in their anti-cancer effects. Recent research shows that cisplatin, 

doxorubicin, and EM20ï25 induce ROS, leading to PTP opening and cell death in hepatoma 

cells.107 

Given its implications in cancer biology, researchers are actively investigating and developing 

ATP synthase inhibitors as anticancer agents. While some compounds are already in preclinical 

or clinical development, ongoing research aims to identify novel ATP synthase inhibitors.108 

Interestingly, many of these are isolated from natural sources, and further research is needed 

to fully understand their mechanisms of action, efficacy, and safety profiles in cancer treatment. 

Additionally, optimising their bioavailability and pharmacokinetics may enhance their 

potential as therapeutic agents against cancer.108 

1.2.6 F1Fo-ATP synthase inhibitors coming from natural sources 

The most famous inhibitor of ATP synthase, which is derived from natural sources, is 

oligomycin. Oligomycin belongs to the group of polyketides, compounds produced as 

secondary metabolites by Streptomyces sp. and compromise a group of 26 different molecules. 

The mechanism of action of oligomycin is binding to the c-ring. It prevents the rotation of the 

c subunit ring within the F0 complex, which is essential for the proton translocation across the 

inner mitochondrial membrane. There is considerable interest in harnessing oligomycin as an 

anticancer treatment; however, its clinical utilisation and further development are impeded by 

significant toxicity and limited water solubility.60,108 Further notable examples of inhibitors 

from the group of polyketides are venturicidin, a glycosylated macrolide produced by 

Streptomyces spp., and apoptolidin A, a 20-membered macrolide from Nocardiopsis sp. 

Similar to the oligomycin, both molecules bind to the c-ring part of the protein (Figure 15).60 
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Figure 15. Notable inhibitors of ATP synthase from the group of polyketids: oligomycin A (PubChem CID 

52947716), apoptolidin A (PubChem CID 11297771), venturicidn A (PubChem CID 10055855). 

 

 Numerous polyphenolic compounds sourced from plants display the ability to inhibit ATP 

synthase. Stilbenes, a diverse group of natural polyphenols in different plant species, consist 

of two phenolic rings linked by a double bond. Resveratrol, a prominent stilbene present in 

grapes, berries and white tea, impedes the ATPase function of mitochondrial ATP synthase. It 

binds exclusively to a unique site in F1, to a hydrophobic cavity positioned between the ɔ and 

ɓTP subunit. This binding disrupts the rotation of the ɔ subunit, inhibiting both ATP hydrolysis 

and synthesis.109,110 Flavonoids, another group of phenolic compounds found in plants, 

encompass two classes, flavones and isoflavones, distinguished by the phenyl group's location 

on the backbone (Figure 16). Flavones can be found in various plants, and several of these, 

including quercetin, kaempferol, morin, and apigenin, demonstrate the ability to inhibit ATP 

hydrolysis. 109 Isoflavones such as genistein, biochanin A, and daidzein are abundant in beans. 

Genistein has been identified as a dual inhibitor, capable of inhibiting both ATP hydrolysis and 

synthesis, with a primary affinity towards the Fo domain of the protein. Biochanin A targets 

the ATPase activity, while daidzein exhibits roughly half the inhibitory potency compared to 

the former two compounds.109,111  
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Figure 16. Notable inhibitors of ATP synthase from the flavonoids group include resveratrol (PubChem CID 

445154), apigenin (PubChem CID 5280443), and genistein (PubChem CID 5280443). 

 

Leucinostatins and efrapeptins represent lipopeptide antibiotics with distinct mechanisms of 

action. Leucinostatins, encompassing variants A to D, H, and K, are biosynthesised by various 

Paecilomyces fungi. These mycotoxins adopt a specific Ŭ-helical structure and comprise nine 

amino acid residues, including unique ones such as Ŭ-aminoisobutyric acid (AIB). They exert 

their inhibitory effects by binding to the Fo component of ATP synthases and do not 

demonstrate inhibitory activity on isolated F1-ATPase. Efrapeptins, synthesised by 

Tolypocladium species, represent a potent group of lipophilic antibiotics comprising 

efrapeptins C to G. These antibiotics exert their efficacy by disrupting both ATP hydrolysis 

and synthesis reactions across various organisms, including chloroplasts, mitochondria, 

photosynthetic bacteria, and non-photosynthetic bacteria. They bind to the F1 catalytic domain, 

outcompeting ADP and phosphate and, presumably, inhibit ATP synthase activity by 

preventing the transition of the ɓE subunit into a nucleotide-binding conformation (Figure 

117).109,112  
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Figure 17. Chemical and 3D structures of A) efrapeptin and B) leucinostatins. The 3D structures were adapted 

from PDB (1efr and 8a19). The chemical structures were adapted from PubChem CID 3081780 and Momose et 

al., 2019.113 

Polyenic derivatives of Ŭ-pyrones exhibit a structural motif prevalent among various bioactive 

metabolites. These compounds feature a six-membered cyclic unsaturated ester, characteristic 

of natural products and certain mycotoxins such as aurovertin, citreoviridin, and asteltoxin. 

Aurovertin, derived from Calcarisporium arbuscula, manifests in five variants (A, B, C, D, 

and E), each possessing ATP synthase inhibitory properties targeting the F1 domain. Notably, 

aurovertin inhibits ATPase activity in mitochondria and mesophilic bacteria but not in 

thermophilic F1. It binds to the ɓ subunit of ATP synthase, exerting uncompetitive 

inhibition.109,114 Citreoviridin, produced by certain Penicillium and Aspergillus moulds, 

similarly inhibits mitochondrial ATPase activity by binding to a distinct site on the ɓ subunit. 

Asteltoxin, sourced from Aspergillus stellatus features a unique 2,8-dioxabicyclooctane ring 

structure. It functions as a mitochondrial F1 inhibitor and shares the same binding site as 

aurovertin (Figure 18).109,115 
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Figure 18. Notable inhibitors of ATP synthase from the group of Ŭ-pyrones: aurovertin B (PubChem CID 

6441012), citreoviridin (PubChem CID 6436023), asteltoxin (PubChem CID 6438150). 

1.3 The aim  

PIN proteins research: PIN proteins form a conserved and phylogenetically abundant group 

of proteins present in land plants and certain algae. Despite their great importance, they were 

one of the few elusive proteins essential for plant development not to be structurally and 

mechanistically characterised since their discovery almost 30 years ago. Thus, elucidation of 

the structure of selected PIN proteins would, on the one hand, elucidate the missing mechanism 

in plant biology and, on the other, establish the first structural model of a large protein group. 

Revealing the molecular details of PAT by PINs would be crucial for a better understanding of 

the process that is fundamental for the development and survival of plants. Moreover, the 

molecular structure would also provide a better understanding of the evolutionary relationship 

of PINs with other transporters and the evolutionary origins of PINs and auxin regulation. 

Finally, structural knowledge of PIN proteins could be applied to developing new 

pesticides.  Auxins have been used in agriculture and horticulture for decades to control plant 

growth. Auxin-based herbicides are quite abundant. However, the chemical basis for herbicide 

action is not always known. This rich source of information will help further develop 

agrochemistry based on auxin action.  

ATP synthase research: In keeping with the general focus of this thesis on membrane protein 

structure, this project aimed to elucidate the inhibition mechanism of yaku'amides, specifically 

yaku'amide B, a naturally occurring compound in deep-sea sponge Ceratopsion sp., on F1Fo-

ATP synthase. Employing a combination of biochemical assays, structural analysis, and 

computational modelling, we wanted to unravel the specific interactions between the peptide 

and ATP synthase subunits. By understanding the molecular mechanisms underlying 

yaku'amide inhibition of ATP synthase, this study aimed to provide insights into its potential 
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as an anti-cancer therapeutic agent and contribute to the broader understanding of ATP 

synthase regulation in cellular pathophysiology. 

2 Materials and methods 

2.1 Analytical methods 

2.1.1 SDS polyacrylamide gel electrophoresis (SDS PAGE) 

Protein samples were mixed in 4:1 ratio with 5x SDS sample buffer (250 mM Tris pH 6.8, 10% 

(w/v) SDS, 10% (w/v) DTT, 50% (v/v) glycerol and 0.05% (w/v) bromophenol blue) and run 

on the CriterionÊ XT Bis-Tris Precast Gels 4-12% (BIO RAD). The gel was run in 1x 

NuPAGE MES SDS running buffer (2.5 mM MES, 2.5 mM Tris, 0.005% SDS, 0.02 mM 

EDTA, pH 7.3) at 180 V for 40 minutes. The gel was stained using InstantBlueTM (Merck) 

staining solution and destained in distilled water. For molecular weight determination 10 mL 

of markers (PageRulerÊ Plus Prestained Protein Ladder, ThermoFisherTM) was run on the gel 

alongside the protein samples.  

2.1.2 BLUE Native Page  

Blue native PAGE was done according to the manufacturer's protocol (Invitrogen, 

ThermoFisherTM). Protein samples were mixed with sample buffer (50 mM BisTris, 50 mM 

NaCl, 10% w/v Glycerol) and loaded on the NativePAGE 3-12% Bis-Tris Protein Gels. The 

gels were run at 4°C for 30 minutes at 200 V with the dark blue cathode buffer (50 mM BisTris 

50 mM, Tricine pH 6.8, 5% cathode buffer additive (0.4% Coomassie G-250)) and another 90 

minutes at 250 V with the light blue cathode buffer (50 mM BisTris, 50 mM Tricine, pH 6.8, 

0.5% Cathode Buffer additive). Anode buffer consisted of 50 mM BisTris, 50 mM Tricine, pH 

6.8. The gel was stained using InstantBlueTM (Merck) staining solution and destained in 

distilled water. 

2.1.3 In-gel fluorescence 

Samples were mixed with SB buffer in a 1:1 ratio to detect GFP fluorescence. SB buffer was 

prepared by mixing 700 mL of 50 mM Tris-HCl, 5 mM EDTA, 5% glycerol, pH 7.6 with 200 

mL of 20% SDS and 100 mL of 500 mM DTT.  Prepared samples were loaded onto InvitrogenÊ 

NovexÊ WedgeWellÊ 10 to 20%, Tris-Glycine gels and run for 1.5 h at 160 V in Tris-Glycine 

running buffer (25 mM Tris, 192 mM Tris, pH 8.3). Gels were washed briefly with ddH20, and 

fluorescence was detected using Amersham Imager 600. 
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2.1.4 Agarose gel electrophoresis  

Agarose gel (1%) was prepared by dissolving the appropriate amount of agarose in 1x TAE 

buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.0) and microwaving until agarose 

was completely dissolved. The solution was left to cool down slightly, and 10 mL of Midori 

Green Advance stain per 100 mL of solution was added and mixed in. Agarose solution was 

poured into a gel casting tray and left to solidify, then 1x TAE buffer was added to cover the 

gel. Samples were mixed with Gel Loading Dye Purple (NEB) in a 6:1 ratio and loaded on the 

gel alongside 10 mL of 1 kb DNA Ladder (NEB). The gel was run for 50 minutes at 180 V. 

DNA bands were detected using a blue light device. The bands of appropriate molecular weight 

were cut out of the gel and further purified using gel extraction kits. 

2.1.5 Measuring Total Membrane Protein Concentration 

Total membrane protein concentration was measured using Pierce BCA (ThermoFisherTM) 

protein assay. Membrane suspension was diluted 10x in buffer without glycerol (20 mM 

HEPES, 200 mM NaCl, pH 7.4), and this solution was used to prepare further dilutions (1:20-

1:50) in the same buffer. A commercial BSA standard solution of 2 mg/mL (ThermoFisherTM) 

was used to prepare a standard curve in the 0.1-1 mg/L range. 10 ɛL of BSA standard and 10 

ɛL of the membrane dilutions were pipetted in triplicates into a 96-well plate (TPP® tissue 

culture plates). 200 ɛL working solution was added using a multichannel pipette, and the plate 

was incubated at 37°C for 30 minutes or 60°C for 10 minutes. The absorbance was measured 

at 562 nm using a plate reader (Spectramax M2e Plate). The protein concentration was 

determined from the BSA standard curve.  

2.1.6  Measuring the concentration of pure protein  

Concentrations of purified protein samples were determined either by measuring absorbance 

at 280 nm on NanoDrop (Implen, NanoPhotometer NP80) or using PierceTM 660 assay. The 

theoretical value of the extinction coefficient for PIN8 was used to calculate concentration from 

measured absorbance. PierceTM 660 assay was done by mixing 10 ɛL of purified protein sample 

(or purification buffer as a blank) and 150 ɛL of working solution into a 96-well plate (TPP® 

tissue culture plates). The mix was incubated for 5 minutes at room temperature, and 

absorbance at 660 nm was measured. The protein concentration was determined from the BSA 

standard curve, which was prepared by mixing 10 ɛL of BSA standard dilutions (0.05-2 

mg/mL) and 150 ɛL of working solution. All measurements were performed in duplicate. 

2.1.7 Measuring concentrations of pure DNA 
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Measurements of purified DNA were performed using NanoDrop and measuring absorbance 

at 260 nm. The 260/280 nm ratio was used to assess the purity of the sample. A ratio of Ḑ1.8 

is generally accepted as ñpureò for DNA. If the ratio is lower (Ò1.6), it usually indicates the 

presence of proteins (or other contaminants) that absorb strongly at 280 nm. The presence of 

RNA can lead to a 260/280 ratio increase, and this possibility must be considered to avoid 

DNA over-quantification.  

2.1.8 Western blots 

Western blot transfers were performed using Trans-Blot® TurboTM RTA Transfer Kit (BIO 

RAD). The transfer sandwich was assembled according to the manufacturerôs instructions, and 

proteins were transferred onto a nitrocellulose membrane using a Trans-Blot® TurboTM device. 

The manufacturerôs predefined ±standard± protocol was used: 30 minutes, 25 V, 1.0 A. After 

transfer, the membrane was blocked for 1h in 1x Casein Blocking Buffer (Sigma-Aldrich) and 

washed 3 x 10 minutes in Tris Buffered Saline with Tween (TBS-T). For His-tagged proteins, 

incubation for 1 h with anti-penta-His HRP antibody (Invitrogen) in 1:2000 dilution was used. 

Proteins with GFP tag were detected using primary anti-GFP antibody JL8 (Takara Bio) in 

1:5000 and secondary goat anti-Mouse IgG HRP antibody (Invitrogen) in 1:8000 dilution. 

Strep-tagged protein was detected using anti-strep HRP antibody (IBA)  in 1:4000 dilution. For 

detection, the membrane was incubated in ECL solution (ThermoFisherTM) for 1 minute, and 

chemiluminescence was detected using an Amersham Imager 600.  

2.2 Molecular cloning  

Preparation of chemically competent DH5Ŭ Escherichia coli (E. coli) cells 

An aliquot of E. coli DH5Ŭ competent cells, stored at -80°C, was streaked onto a LuriaïBertani 

(LB) agar plate to single colonies and incubated overnight at 37°C. A single colony was used 

to prepare an overnight culture. Shortly, one colony was used to inoculate 10 mL of LB media 

and incubated overnight at 37°C while shaking at 180 rpm. The next day, 50 mL of LB medium 

was inoculated with 1 mL overnight culture, and cells were grown at 37°C, shaking at 180 rpm 

until OD600 0.3 - 0.4. The cells were transferred into a sterile ice-cold 50 mL Falcon tube and 

cooled on ice for 10 minutes. The cells were centrifuged at 4,000 rpm for 10 minutes at 4°C, 

and the supernatant was discarded.  The pellet was resuspended in 10 mL of ice-cold 0.1 M 

CaCl2 and incubated on ice for 30 minutes. The cells were centrifuged at 4,000 rpm for 10 

minutes at 4°C, and the supernatant was discarded. The bacterial pellet was resuspended in 2 
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mL of ice-cold 0.1 M CaCl2, including 15% glycerol. Chemically competent cells were 

dispensed into 50 ɛL aliquots, flash-frozen in liquid N2, and stored at -80°C. 

2.2.1 Preparation of electrocompetent DH10ŬBac E. coli cells 

An aliquot of DH10ŬBacY E. coli was streaked to single colonies onto an LB agar plate with 

100 ɛg/mL ampicillin, 30 ɛg/mL kanamycin, and 10 ɛg/mL tetracycline. The plate was 

incubated at 37°C overnight. A single colony was used to inoculate 5 mL of LB media with 

antibiotics (100 ɛg/mL ampicillin, 30 ɛg/mL kanamycin, and 10 ɛg/mL tetracycline). The 

culture was grown at 37°C overnight with shaking at 160 rpm. The next day, 1 mL of overnight 

culture was added to pre-warmed 250 mL LB + antibiotics (100 ɛg/mL ampicillin, 30 ɛg/mL 

kanamycin, and 10 ɛg/mL tetracycline) in a 2L baffled flask. Cells were grown at 37°C, 

shaking at 160 rpm, and OD600 was monitored. When cells reached OD600 0.7, they were 

transferred to a sterile, pre-chilled 50-mL Falcon tube and incubated at 4°C for 20 minutes. 

The cells were centrifuged at 4,000 rpm for 10 minutes at 4°C. The supernatant was discarded, 

and the cells were resuspended in 5 mL pre-chilled sterile ddH2O (1 mL per tube). An 

additional 150 mL of pre-chilled sterile ddH2O (30 mL per tube) was added. The cells were 

centrifuged at 4,000 rpm for 10 minutes at 4°C. The supernatant was discarded, and the pellet 

was resuspended in 5 mL pre-chilled sterile 10% (v/v) glycerol (1 mL per tube) and pooled 

into a 15 mL Falcon tube. The cells were centrifuged at 4,000 rpm for 10 minutes at 4°C. The 

supernatant was discarded, and the cells were resuspended in 5 mL pre-chilled sterile 10% (v/v) 

glycerol. Aliquots of cells were prepared into sterile 1.5-mL tubes (100 ɛL per tube) and frozen 

immediately in liquid N2. The aliquots of cells are stored at -80°C.  

2.2.2 Transformation of chemically competent DH5Ŭ E. coli cells 

One aliquot of chemically competent DH5Ŭ E. coli cells, prepared as in 2.2.1, was thawed on 

ice. 1 ɛL of plasmid (50 ng/ɛL) was added to the cells and incubated on ice for 15 minutes. 

The cells were heat shocked at 42ºC for 50 seconds and placed back on the ice for 2 minutes. 

500 ɛL of LB media was added, and cells were shaken (700 rpm) at 37ºC for 1 h. 100 ɛL of 

cells were plated on the selective LB agar plate and incubated at 37ºC overnight. 

2.2.3 Isolation of cDNA plasmids from bacterial cells: miniprep 

Minipreps for selected colonies were performed using a QIAGEN plasmid miniprep kit using 

the manufacturer´s instructions. Briefly, the bacterial pellet was resuspended in 250 ɛL Buffer 

P1 and transferred to a microcentrifuge tube. 250 ɛL of Buffer P2 was added and mixed 

thoroughly by inverting the tube 4ï6 times until the solution became clear. Furthermore, 350 
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ɛL of Buffer N3 was added and mixed immediately and thoroughly by inverting the tube 4ï6 

times. The mixture was centrifuged for 10 minutes at 13,000 rpm (~17,900 g) in a table-top 

microcentrifuge. The supernatant from the previous step was applied to the QIAprep spin 

column by pipetting. The column was centrifuged for 30ï60 seconds, and the flow-through 

was discarded. The QIAprep spin column was washed by adding 0.5 mL Buffer PB. The 

column was centrifuged for 30ï60 seconds, and the flow-through was discarded. The QIAprep 

spin column was washed by adding 0.75 mL Buffer PE. The column was centrifuged for 30ï

60 seconds, and the flow-through was discarded. The column was then centrifuged for an 

additional 60 seconds to remove the residual wash buffer. To elute DNA, the column was 

placed in a clean 1.5 mL microcentrifuge tube, and 30 ɛL of water was added to the centre, let 

to stand for 1 min, and centrifuged for 1 minute. The concentration of the eluted DNA was 

measured by NanoDrop as in 2.1.6. 

2.2.4 Extraction of the cDNA fragments from agarose gel 

DNA fragments corresponding to the correct molecular weight were extracted from the agarose 

gel using a QIAGEN gel extraction kit using the manufacturer´s instructions. Shortly, DNA 

fragments were excised from the agarose gel with a clean, sharp scalpel and placed in a 

microcentrifuge tube.  The weight of the gel slices was measured, and 3 volumes of Buffer QG 

and 1 volume of gel were added to each tube. The tubes were incubated at 50°C for 10 minutes 

(or until the gel slice had completely dissolved). To help dissolve the gel, tubes were mixed by 

vortexing every 2ï3 minutes during the incubation.  After the gel slices had dissolved 

completely, 1 gel volume of isopropanol was added and mixed.  QIAquick spin column was 

placed in a provided 2 mL collection tube. The sample was applied to the QIAquick column to 

bind DNA and centrifuged for 1 minute. 0.5 mL of Buffer QG was added to the QIAquick 

column and centrifuged for 1 minute. To wash the sample, 0.7 mL of Buffer PE was applied to 

the QIAquick column and centrifuged for 1 minute. The flow-through was discarded, and the 

column was centrifuged for an additional 1 minute at 17,900 g (13,000 rpm). The QIAquick 

column was placed into a clean 1.5 mL microcentrifuge tube to elute DNA. 25 µL ddH2O was 

applied to the centre of the column, let to stand for a few minutes, and then centrifuged for 1 

minute. The concentration of the eluted DNA was measured by NanoDrop as in 2.1.6. 

2.2.5 Polymerase chain reaction (PCR) 

Amplification and modification of genes and plasmids were performed by PCR. The PCR 

reaction mixture consisted of 10 µL of 5x Phusion buffer, 1 µL of 10 mM dNTP mixture, 2.5 
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µL of 10 µM forward primer, 2.5 µL of 10 µM reverse primer, 1.5 µL DMSO, 0.5 µL Phusion 

DNA Polymerase, 10-15 ng of DNA template and needed volume of nuclease-free water to 

reach the total volume of 50 µL. A PCR thermocycler (Verti, Applied Systems, U.K.) was used 

with the setting shown in Table 1.  

 

Table 1. The PCR conditions used for amplification of all genes and vectors presented in the thesis.  

STEP TEMP. TIME  

Initial denaturation  98°C 30 seconds 

30 cycles 
98°C 

65-73°C 
72 °C 

10 seconds 
30 seconds 
2 minutes 

Final extension 72 °C 10 minutes 

Hold 4°C  

 

2.2.6 Round-the-horn mutagenesis 

Round-the-horn mutagenesis was used to modify yeast expression vector pDDGFP_leu2D 

containing C-terminal His-tagged green fluorescent protein (GFP). Prof. Simon Newstead, 

Department of Biochemistry, University of Oxford, kindly gifted the unmodified vector. 

Mutagenesis was used to insert the Strep-tag and STOP codon sequence before the GFP 

sequence, giving the PIN8 construct with a C-terminal Step-tag. The C-terminal His tag was 

also changed to Strep-tag, giving a construct with C-terminal Strep-tagged GFP. The vectors 

were amplified by PCR, as in 2.2.6, using appropriate primers modified with a 5ǋ-phosphate. 

The PCR template was digested by adding 1 ɛL DpnI to the 50 ɛL PCR reaction and incubation 

at 37ºC for 1 h. The samples were run by agarose gel electrophoresis and gel purified, as in 

2.1.4 and 2.2.5. Linear, mutagenised vector was ligated by mixing 1 ɛL 10x T4 ligase buffer, 

0.5 ɛL T4 DNA ligase, x ɛL purified linear vector (50-100 ng) and x ɛL sterile ddH2O to reach 

the total volume of 10 ɛL. The reaction was incubated at room temperature overnight. 5 ɛL of 

the reaction mixture was used to transform chemically competent DH5Ŭ E. coli cells, as in 

2.2.3, and incubated overnight at 37ºC. The list of primers used for vector modification is 

shown in Table 2.  
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Table 2. The list of all primers used for the round-the-horn mutagenesis and modification of the expression 

vectors.  

Name of the vector Primer  

pDDGFP_leu2D C-

GFP-Strep tag 

FP: CCACAATTCGAAAAATAATAACTGCAGGAATTCGATATCAAGCTTA  

RP: ATGACTCCAAGCACTACCTTTGTACAATTCATCCATACCATGGG 

pDDGFP_leu2D C-

Strep tag 

FP: 

CACAATTCGAAAAATAATAACAATTTTCTAAAGGTGAAGAATTATTCACTG  

RP: GATGACTCCAAGCACTACCACCTTGAAAATATAAATTTTCCCCGGGGG 

pBAD N-HIS tag  

FP: TAATAGTGTACAGTACCATATGGGAATTCGAAGCTTAC 

RP: 

ACTACCTCCACCCTGGAAGTACAGGTTCTCCCCGCGGACGTCATGATGGTG

ATGATGGTGATGGTGATGGTGCATGGTTAATTCCTCCTGTTAGCCC 

pET Duet 1 N-HIS tag  

FP: TAATAGTGTACATCGAGTCTGGTAAAGAAACCGCTGC 

RP: 

ACTACCTCCACCCTGGAAGTACAGGTTCTCCCCGCGGACGTCATGATGGTG

ATGATGGTGATGGTGCATGGTATATCTCCTTCTTAAAGTTAAAC 

pBAD C-HIS tag 

FP: 

GAGAACCTGTACTTCCAGGGTGACGTCCGCGGGCACCATCACCATCATCAC

CATCATTAATAGGTACCATATGGGAATTCGAAGCTTACG 

RP: TGTACAGGTTAATTCCTCCTGTTAGCCC 

pET Duet 1 C-HIS tag 

FP: 

GAGAACCTGTACTTCCAGGGTGACGTCCGCGGGCACCATCACCATCATCAC

CATCATTAATAGTCGAGTCGAGTCTGGTAAAGAAACCGCTGC 

RP: TGTACAGGTATATCTCCTTCTTAAAGTTAAAC 

2.2.7 Gibson assembly 

2.2.7.1 Gibson assembly master mix preparation 

Gibson assembly master mix was prepared by mixing required enzymes with 5x Isothermal 

buffer. 5x Isothermal buffer was assembled on ice by mixing 3 mL of 1M Tris-HCl pH 7.5, 

300 µL of 1M MgCl2, 600 µL of 10 mM dNTP mixture, 300 µL of 1M DTT, 1.5 g of PEG 

8000, 20 mg of NAD+ and ddH20 to reach the total volume of 6 mL. 320 µL aliquots of 5x 

Isothermal buffer were prepared and frozen at -20ºC. To prepare the Gibson assembly master 

mix, one aliquot of 5x Isothermal buffer was thawed, and 1.2 µL 
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 of T5 exonuclease, 20 µL of HF Polymerase, 160 µL of Taq ligase, and 700 µL of ddH20 were 

added. 15 µL aliquots of the master mix were prepared and stored at -20ºC until further use.  

2.2.7.2 Gibson assembly reaction 

Not exceeding a total volume of 5 µL, linearised vector and insert (PIN gene) with 25-30 

nucleotide overlaps with the vector were mixed. Different molar ratios of insert and vector 

were tested. Nuclease-free water was added to reach the total volume of 5 µL, and these 5 µL 

were then mixed with one aliquot of Gibson assembly master mix (20 µL total volume). The 

mix was incubated at 50ºC for 30 minutes. 10 µL of the assembly mix was transformed into 

chemically competent DH5Ŭ E. coli cells, as in 2.2.3, and incubated overnight at 37ºC. Only 

vector (without insert) was used as a negative control. A list of all primers and constructs 

generated by the Gibson assembly is shown in Table 3.  

 

 

Figure 19. The scheme represents the principle of the Gibson assembly method. The PCR-amplified gene with 

vector overlaps is mixed with the linearised vector, and these are ñstitched togetherò by the reactions of annealing, 

polymerisation, and ligation.  

Table 3. The list of all primers used to amplify the genes with the vector overlaps for the Gibson assembly reaction. 

Construct Cloning primers 

PIN8_pBAD  

N-HIS 

FP: CCTGTACTTCCAGGGTGGAGGTAGTATCTCCTGGCTCGATATCTAC 

RP: TCCCACACGGTACTGTACACTATTATAGGTCCAATAGAAAATAATATGC 

PIN5_pBAD  

N-HIS 

FP: CCTGTACTTCCAGGGTG GAGGTAGTATTAACTGTG GAGACGTGTATAAAG 

RP: TCCCATATGGTACTGTACACTATTAATGAATAAACTCAAGAGCGGCGTA 

KfPIN_pBAD  

N-HIS 

FP: CCTGTACTTCCAGGGTG GAGGTAGTGCATCCGGC GGCCATGGCAGC 

RP: TCCCATATGGTACTGTAC ACTATTAGAAGTGTTCCA GCGCGACGTA 
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MsPIN_pBAD 

 N-HIS 

FP: CCTGTACTTCCAGGGTGGAGGTAGTTTATCTACTCTTCTCGTGGTGT 

RP: TCCCATATGGTACTGTACACTATTACACAGTAGCAAGATAACCTGAAAC 

PIN8_pBAD  

C-HIS 

FP: CTAACAGGAGGAATTAACCTGTACAATGATCTCTTGGTTGGATATCTAC 

RP: CGTCACCCTGGAAGTACAGGTTCTCGCTACCTCTAGGAACAAGCCCG 

PIN5_pBAD 

 C-HIS 

FP: CTAACAGGAGGAATTAACCTGTACAATGATTAACTGTGGAGACGTGTA 

RP: CGTCACCCTGGAAGTACAGGTTGTCTGAACCCCTGGGAACCAACCCTG 

KfPIN_pBAD 

C-HIS 

FP: CTAACAGGAGGAATTAACCTGTACAATGGCTTCAGGAGGCCACGGGTC 

RP: CGTCACCCTGGAAGTACAGGTTCTCAGAACCTCTGGGAACAAGCCCGCTG 

MsPIN_pBAD 

 C-HIS 

FP: CTAACAGGAGGAATTAACCTGTACAATGTTATCTACTCTTCTCGTGG 

RP: CGTCACCCTGGAAGTACAGGTTCTCTCACACAGTAGCAAGATAACCTG 

PIN8_pET 

 N-HIS 

FP: CCTGTACTTCCAGGGTGGAGGTAGTATCTCCTGGCTCGATATCTAC 

RP: TTACCAGACTCGATGTAC ACTATTATAGGTCCAATA GAAAATAATATGCC 

PIN5_pET 

 N-HIS 

FP: CCTGTACTTCCAGGGTG GAGGTAGTATTAACTGTG GAGACGTGTATAAAG 

RP: TTACCAGACTCGATGTACACTATTAAATAAACTCCAGAGCTGCGTAGTAG 

KfPIN_pET  

N-HIS 

FP: CCTGTACTTCCAGGGTG GAGGTAGTGCATCCGGC GGCCATGGCAGC 

RP: TTACCAGACTCGATGTAC ACTATTAGAAGTGTTCCA GCGCGACGTA 

MsPIN_pET 

 N-HIS 

FP: CCTGTACTTCCAGGGTGGAGGTAGTTTATCTACTCTTCTCGTGGTGT 

RP: TTACCAGACTCGATGTACACTATTATTACACGGTCGCCAGATAGCC 

PIN8_pET  

C-HIS 

FP: CTTTAAGAAGGAGATATACCTGTACAATGATCTCTTGGTTGGATATCTAC 

RP: CGTCACCCTGGAAGTACAGGTTCTCGCTACCTCTAGGAACAAGCCCG 

PIN5_pET 

 C-HIS 

FP: CTTTAAGAAGGAGATATACCTGTACAATGATTAACTGTGGAGACGTGTA 

RP: CGTCACCCTGGAAGTACAGGTTGTCTGAACCCCTGGGAACCAACCCTG 

KfPIN_pET  

C-HIS 
 

FP: CTTTAAGAAGGAGATATACCTGTACAATGGCTTCAGGAGGCCACGGGTC 

RP: CGTCACCCTGGAAGTACAGGTTCTCAGAACCTCTGGGAACAAGCCCGCTG 

MsPIN_pET 

C-HIS 

FP: CTTTAAGAAGGAGATATACCTGTACAATGTTATCTACTCTTCTCGTGG 

RP: CGTCACCCTGGAAGTACAGGTTCTCAGAACCTCTGGGAACAAGCCCGCTG 

PIN8_pDDGF

P  

FP: 

CCGGATTCTAGAACTAGTGGATCCCCCCCCATGATCTCTTGGTTGGATATCTACCA 
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RP: 

GAAAATTGACCTTGAAAATATAAATTTTCCCCGCTACCTCTAGGAACAAGCCCGC

TG 

PIN6_pDDGF

P 

FP: 

CCGGATTCTAGAACTAGTGGATCCCCCCCCATGATAACGGGAAACGAATTCTACA 

RP: 

GAAAATTGACCTTGAAAATATAAATTTTCCCCTAGGCCCAAGAGGACGTAGTACA

AA 

PIN8_pDDGF

P  

C-GFP-Strep 

FP: 

CCGGATTCTAGAACTAGTGGATCCCCCCCCATGATCTCTTGGTTGGATATCTACCA 

RP: 

GAAAATTGACCTTGAAAATATAAATTTTCCCCGCTACCTCTAGGAACAAGCCCGC

TG 

PIN8_pDDGF

P  

C-Strep 

FP: 

CCGGATTCTAGAACTAGTGGATCCCCCCCCATGATCTCTTGGTTGGATATCTACCA 

RP: 

ACTACCACCTTGAAAATATAAATTTTCCCCACTAACCCCCACCGCTACCTCTAGG

AACAAGCCCGCTGC 

PIN2_pDDGF

P C-Strep 

FP: 

GGATTCTAGAACTAGTGGATCCCCCCCCATGATTACCGGAAAGGATATGTATG 

RP: 

ACTACCACCTTGAAAATATAAATTTTCCCCACTACCCCCACCAGACCCTCTAGGA

ACCAGCCCAGAA 

 

2.3 Protein expression 

 

Expression of PIN proteins has been tested in bacterial and yeast cells. Detailed protocols for 

expression in different systems are shown below. Table 4 shows the list of expression strains 

and cloning strains used for the generation of the expression plasmids and their characteristics.  

 

Table 4. The list of strains and their characteristics are used for molecular cloning and protein expression. 

Organism Purpose Strain Genotype 

E. coli expression 
Rosetta (DE3) 

pLysS 
F- ompT hsdSB(rB- mB-) gal dcm (DE3) pLysSRARE (CamR) 

E. coli expression Lemo21(DE3) 

fhuA2 [lon] ompT gal (ɚ DE3) [dcm] æhsdS/ pLemo(CamR) ɚ 

DE3 = ɚ sBamHIo æEcoRI- B int::(lacI::PlacUV5::T7 gene1) 

i21 ænin5 pLemo = pACYC184-PrhaBAD- lysY 
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E. coli expression C43(DE3) Fï ompT gal dcm hsdSB(rB- mB-)(DE3) 

E. coli cloning DH5Ŭ 

Fï endA1 glnV44 thi1 recA1 relA1 gyrA 96 deoR nupG 

purB20 ű80dlacZȹM15ȹ( 

lacZYA-argF) U169, hsdR17(rKïmK+), ɚï 

E. coli 

cloning 

(bacmid 

production) 

DH10ŬBac 

F-mcrA ȹ(mrr-hsdRMS-mcrBC) ū80lacZȹM15 ȹlacX74 

recA1 endA1 araD139 ȹ (ara, leu)7697 galU galK ɚ-rpsL 

nupG/pMON14272/pMON7124 

S. cerevisiae expression BJ5460 
MATa ura3-52 trp1 lys2-801 leu2-delta1 his3-delta200 

pep4::HIS3 prb1-delta1.6R can1 GAL 

 

2.3.1 Protein expression in E. coli bacterial cells 

For protein expression in bacterial cells, the expression strain of E. coli was transformed with 

plasmid using the same protocol as in 2.2.3. and plated onto an LB agar plate with appropriate 

antibiotics. The next day, a single colony was used to prepare an overnight culture by 

inoculating 50 mL of LB media with appropriate antibiotic and incubating at 37°C with shaking 

at 180 rpm. 1 mL of overnight culture was used to inoculate 50 mL of the fresh LB media with 

appropriate antibiotics. Two expression vectors were tested:  pET Duet 1 and pBAD Myc His 

C. 1 mM IPTG was used to induce expression of pET Duet constructs, and expression of the 

pBAD constructs was induced with 0.2% L-arabinose. In expression screening different 

expression strains (Rosetta (DE3) pLysS, Lemo21(DE3), C43(DE3)), expression times and 

temperatures (18°C, 25°C and 37°C) were tested. Alongside the LB medium, expression in 

more rich nutrients in the Terrific Broth (TB) medium was tested. All bacterial samples were 

diluted to the same OD for expression comparison between different conditions. 1 mL samples 

were taken for SDS PAGE and Western blot from each condition. Cells were collected by 

centrifugation at 4,000 g for 10 minutes. Big cell pellets were frozen in liquid N2 and stored at 

-80°C. 1 mL pellets were resuspended in 50 ɛL of buffer (20 mM HEPES, 100 mM NaCl, pH 

7.4). From that, 24 µL of sample was taken, and 6 µL of 5x SDS buffer was added. The sample 

(5 µL) was loaded onto SDS PAGE, and expression was detected by Western blot using the 

antibody against the respective tag. 

2.3.2 Protein expression in yeast (Saccharomyces cerevisiae) cells 

The expression plasmid was transformed into the BJ5460 strain of Saccharomyces cerevisiae 

(S. cerevisiae).116 Prof. Simon Newstead, Department of Biochemistry, University of Oxford, 

kindly gifted the BJ5460 yeast strain.  The cells from glycerol stock stored at -80°C were 

streaked onto Yeast Extract Peptone Dextrose (YEPD) agar plate and grown for 3 days at 30°C. 



 70 

A single colony was used to inoculate 20 mL of YEPD medium, and yeast culture was 

incubated overnight at 30°C with shaking at 280 rpm. 600 µL of the overnight culture was 

transferred into a 1.5 mL tube and centrifuged at 500 g for 1 minute. The supernatant was 

removed, and the pellet was resuspended in 100 µL of 100 mM lithium-acetate. 25 µL of 

ssDNA (Sigma) and plasmid (1 µg) were added and vortexed briefly. 400 µL of transformation 

solution (100 mM lithium-acetate, 50% PEG 3350) was added, and cells were incubated at 30 

°C for 30 minutes with shaking at 800 rpm. The cells were then heat shocked at 42°C for 25 

minutes, centrifuged at 500 g for 1 minute, and resuspended in 100 µL of ddH2O. The cells 

were grown firstly on plates lacking uracil (2 g/L yeast synthetic drop-out medium without 

uracil, 6.7 g/L yeast nitrogen base without amino acids, 2% glucose, 20 g/L agar) for 3 days at 

30°C, then being transferred onto plates lacking leucine (2 g/L yeast synthetic drop-out medium 

without leucine, 6.7 g/L yeast nitrogen base without amino acids, 2% glucose, 20 g/L agar) and 

grown for another 3 days at the same temperature. Protein was expressed by firstly growing 

cells overnight in medium minus leucine and with 2% glucose (2 g/L yeast synthetic drop-out 

medium without leucine, 6.7 g/L yeast nitrogen base without amino acids, 2% glucose), then 

diluting them 10x in medium minus leucine and 2% lactate (2 g/L yeast synthetic drop-out 

medium without leucine, 6.7 g/L yeast nitrogen base without amino acids, 2% lactate, pH 5.5). 

Liquid culture was grown at 30°C, 280 rpms for 8 hours, and expression was induced with 2% 

galactose. Cells were harvested after 20-24 hours; pellets were flesh frozen in liquid nitrogen 

and kept at ï80°C until further use. 

 For expression comparison between different conditions (ODs, temperature, media, 

expression time), 0.5 L of the GFP and C-strep construct cultures were grown. These were 

harvested and diluted to the same OD, and membrane prep was performed for each condition. 

Obtained membrane samples were diluted 5x in 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 

and pH 7.4. From that, 37.5 µL of the sample was taken, and 12.5 µL of 5x SDS buffer was 

added. The sample (10 µL) was loaded onto SDS PAGE, and expression was detected by 

Western blot using the antibody against the respective tag. The solubility of the PIN8 C-

terminal Strep-tag expressed at different time points was tested by doing a membrane prep for 

each culture (0.5L) and diluting the membranes to the same total membrane protein 

concentration (3 mg/mL). Each membrane fraction was solubilised in 1% n-Dodecyl ɓ-D-

maltoside (DDM) for 1 h at 4°C and spun down at 180,000 g. The supernatant after 

solubilisation was diluted 3x in 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, and pH 7.4, and 

from that, 37.5 µL of the sample was taken, and 12.5 µL of 5x SDS buffer was added. 5 µL of 
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the supernatant and 10 µL of supernatant were loaded on the gel, and WB was performed to 

compare the amount of PIN8 at each time point. 

2.4 Protein biochemistry 

2.4.1 Membrane preparation from bacterial cells 

Bacterial pellets (2.3.1) were thawed on ice and resuspended in a buffer (20 mM HEPES, 150 

mM NaCl, 10% glycerol, pH 7.4) in a ratio 1:8-1:10 (w/v). The resuspended pellet was digested 

for 30 minutes at 4ºC with 0.1 mg/mL DnaseI (Roche) and 1 mg/mL lysozyme (Sigma), with 

the addition of the complete EDTA-free protease inhibitors (Roche). One tablet of the 

inhibitors was added per 100 mL of suspension. The cells were homogenised twice using a 

high-pressure cell disrupter (Constant System Pressure Cell TS 1.1) at 30,000 psi. The cell 

lysate was clarified by centrifugation at 7,000 g for 15 minutes, 4ºC. The supernatant was spun 

down for another 15 minutes at 26,000 g for 15 minutes, 4ºC. Membranes were obtained by 

centrifugation of the supernatant from the previous step at 180 000 g for 2 h, 4ºC. Obtained 

membranes were resuspended in a buffer (20 mM HEPES, 150 mM NaCl, 10% glycerol, pH 

7.4) using Potter-Elvehjem homogeniser and stored at -80ºC until further use. A mall aliquot 

of resuspended membranes was diluted into a buffer without glycerol and used for BCA assay 

(2.1.5). 

2.4.2 Membrane preparation from yeast cells 

Frozen yeast pellets were thawed on ice and resuspended in lysis buffer (20 mM HEPES, 200 

mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, pH 7.5) with protease inhibitors (EDTA-

free Complete Ultra inhibitor, Roche). Resuspended cells were homogenised by passing them 

four times through a high-pressure cell disruptor (Constant System Pressure Cell TS 1.1) using 

incremental pressure increase (25,000, 30,000, 32,000 and 35,000 psi). The cell lysate was 

clarified by centrifugation at 18,000 g for 30 min at 4°C, and membranes were harvested 

through centrifugation at 180,000 x g for 2 hr at 4°C. Membranes were resuspended in 20 mM 

HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, pH 7.4 using Potter-

Elvehjem homogeniser and stored at -80ºC until further use. A small aliquot of resuspended 

membranes was diluted into a buffer without glycerol and used for BCA assay (2.1.5). 

2.4.3 Membrane protein solubilisation in detergents 

Membranes were thawed on ice and diluted in the appropriate buffer to 10 mg/mL total 

membrane protein concentration for bacterial membranes or 3 mg/mL total membrane protein 
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concentration for membranes obtained from yeast cells. For solubilisation, the detergent of 

choice was added to diluted membranes to the final concentration of 1% (w/v) and incubated 

for 1h at 4°C. Insoluble material was removed by ultracentrifugation at 180,000 g for 30 

minutes. The supernatant was filtered through a 0.4 µM cellulose mixed ester (CME) filter and 

used for protein purification. 

2.4.4 Membrane protein solubilisation in styrene maleic-acid polymers  

Styrene-maleic acid (SMA) polymers have been used to extract membrane proteins directly 

from their native membrane while retaining their naturally associated lipids in the form of 

stable SMA lipid particles (SMALPs). Two different polymers were tested for extracting PINs 

from the membrane: XIRANS® P20 and XIRANS® S25. Polyscope Polymers BV kindly 

gifted both polymers. Yeast membranes, prepared as in 2.5.2, were weighed after 

centrifugation and resuspended in x mL volume of 20 mM HEPES, 200 mM NaCl, 10% 

glycerol, pH 8.0 to reach the concentration of 40 mg/mL membranes. SMA polymer S25 was 

diluted 5x (25% commercial stock) and P20 4x (20% commercial stock) in 20 mM HEPES, 

200 mM NaCl, 10% glycerol, and pH 8.0 to make the 5% stock. Initial solubilisation screening 

was performed by adding 5% stock to the resuspended membranes to reach the 2.5% final 

concentration and incubated for 1 h, 3 h, and 16 h at 4ºC and room temperature. The 

solubilisation was stopped by centrifugation at 180,000 g for 1 h, 4ºC. Different solubilisation 

conditions were compared to the solubilisation in 1% DDM (2.5.3), and the best condition was 

used further for the purification trial.  

2.4.5 Sucrose gradient preparation 

The 2x purification buffer (40 mM HEPES, 400 mM NaCl, 4 mM EDTA, 4 mM TCEP, x % 

detergent, pH 7.4) was prepared. For 5% sucrose solution, 0.75 g of sucrose was dissolved in 

7.5 mL of the 2x buffer by slow mixing with the magnetic stirrer, and ddH20 was added to 

reach 15 mL volume (1x buffer). For 40% sucrose solution, 6 g of sucrose was dissolved in 7.5 

mL of the 2x buffer by slow mixing on the magnetic stirrer, and ddH20 was added to reach 15 

mL volume (1x buffer). Both sucrose solutions were filtered through a 0.4 µm CME filter and 

used to prepare the gradient. Buffer with lower sucrose % was pipetted first in the 

ultracentrifugation tube, reaching half of the tube (labelled line). Then, 40% sucrose solution 

was pipetted under the 5% solution. The needle for pipetting was pushed at the bottom of the 

tube, and 40% sucrose was slowly injected, pushing up the 5% solution. The same procedure 
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was repeated for another tube, which would be used to balance the ultracentrifuge. The tubes 

were put into the sucrose gradient-making machine and mixed to make a 5-40% gradient. 

A protein sample was loaded on top of the gradient by pipetting just below the surface. The 

sucrose gradient was put into an SW41 swinging bucket rotor (Beckman) and centrifuged for 

18 h at 180,000 g at 4°C. The next day, fractions were collected using the sucrose gradient 

machine. Twenty drops were collected per fraction.  

2.4.6 Purification screening 

Due to protein instability, extensive screening of different purification conditions was used for 

both bacterial and yeast constructs.  

2.4.6.1 Purificat ion screening from bacterial cells 

The constructs that were designed for expression in bacteria contained 8x His-tag, so 

immobilised metal affinity chromatography (IMAC) was the first purification step, followed 

by size exclusion chromatography (SEC). Out of 16 tested constructs, only N-terminal 8x His-

tagged PIN8 in the pBAD vector was successfully expressed, and all purification screening in 

E. coli was performed on the PIN8 sample.  

2.4.6.1.1 Nickel affinity chromatography  on the column 

Solubilised membranes, as in 2.5.3, were loaded onto a 5 mL HisTrapTM FF column (Cytiva), 

previously equilibrated with 5 CV 20 mM HEPES, 200 mM NaCl, x mM imidazole, 10% 

glycerol, 1 mM PMSF, 10 µm leupeptin, pH 7.4 and 0.05% DDM. The column was washed 

with the equilibration buffer, and the protein was eluted using either a step gradient or a linear 

gradient. In the purification screening, the starting concentration of imidazole in the 

equilibration buffer was tested (20-50 mM).  In the case of step elution, different concentrations 

of imidazole were tested in the elution steps. Linear elution was performed with 10 CV of 20-

500 mM imidazole gradient. Furthermore, combined step-linear gradient elution (70 mM 

imidazole step, 70-400 mM gradient, 500 mM step) was performed in an effort to obtain a 

purer sample. Moreover, a high (500 mM) NaCl concentration in the purification buffer was 

tested to see if it might help with impurities. 

2.4.6.1.2 Batch nickel affinity chromatography 

HisPurTM Ni-NTA resin (ThermoFisherTM) was used for batch purification of the bacterial 

construct. Briefly, 1 ml of 50 % Ni-NTA suspension (corresponding to 0.5 mL bed volume) 

was transferred to an empty gravity flow column. The storage buffer was removed by gravity, 
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and the affinity resin was equilibrated with 10 CV of 20 mM HEPES, 200 mM NaCl, 20 mM 

imidazole, 10% glycerol, 1 mM PMSF, 10 µm leupeptin, pH 7.4 and 0.05% n-Dodecyl ɓ-D-

maltoside (DDM).  Solubilised membranes were added to the equilibrated resin; the gravity 

column was closed and put on the rotatory wheel for mixing. After incubation at 4°C for 2 

hours, the protein - Ni-NTA mixture was transferred to the empty gravity flow column. The 

flow through was collected, and the column was washed with 10 CV equilibration buffer. The 

protein was eluted in three steps: 5 CV of the equilibration buffer with 60 mM imidazole, 5 

CV of the equilibration buffer with 250 mM imidazole, and 8 CV of the equilibration buffer 

with 500 mM imidazole. Elution fractions were collected and run on the SDS PAGE as in 2.1.1. 

2.4.6.1.3 SEC  

SEC was performed on the Superose 12 10/300 GL column. The column was equilibrated with 

2 CV of 20 mM HEPES, 200 mM NaCl, 1 mM PMSF, 10 ɛM leupeptin, 10 % glycerol, 0.05% 

DDM, pH 7.4. 200 ɛL of concentrated protein sample was loaded onto the column, and the 

isocratic elution of protein with 1.5 CV volumes of the equilibration buffer was performed. 

Moreover, to test the influence of additives on protein stability, SEC was performed with the 

addition of 2 mM EDTA or 2 mM TCEP to the equilibration buffer.  

2.4.7 Purification from yeast cells 

Several PIN8 constructs were expressed in yeast cells. The purification method for the specific 

construct is shown in the following section. 

2.4.7.1 Purification of the C-terminal GFP 8x-His construct 

2.4.7.1.1 Purification in DDM  

The first purification of this construct was performed in DDM. Briefly, membranes from 6L of 

yeast culture were solubilised in 1% DDM. Solubilised membranes were filtered through a 0.4 

µM CME filter and loaded onto a 5 mL HisTrapTM FF column (Cytiva), previously equilibrated 

with 5 CV 20 mM HEPES, 200 mM NaCl, 20 mM imidazole, 10% glycerol, 0.05% DDM, pH 

7.4. The column was washed with 20 CV of equilibration buffer, and the protein was eluted 

either with the combination of step and linear elution: 5 CV of the equilibration buffer with 60 

mM imidazole, 20 CV of a linear gradient of 60-400 mM imidazole and 5 CV of the 

equilibration buffer with 500 mM imidazole. Elution fractions were collected and run on the 

SDS PAGE as in 2.1.1. Fractions containing PIN8 were pooled and concentrated to 250 µL. 

The sample was loaded onto Superose 6 10/300 GL column equilibrated with 2 CV of 20 mM 
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HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.05% DDM, pH 7.4. 

Protein was eluted with 1.5 CV of the equilibration buffer. Elution fractions were collected and 

run on the SDS PAGE. Western blot was performed to detect PIN-specific bands using an anti-

His antibody.  

2.4.7.1.2 Detergent screening  

Membranes from 2L of the yeast culture were used per one tested detergent. Briefly, the total 

membrane protein concentration was determined by BCA assay and diluted to 3 mg/mL of the 

total membrane protein concentration. Membranes were mixed with detergent of choice (final 

concentration 1%) and incubated for 1h at 4ºC, then spun down at 180,000 g for 30 minutes. 

Solubilised membranes (250 µL) were loaded onto Superose 12 10/300 GL equilibrated with 

2 CV of 20 mM HEPES, 200 mM NaCl, 10% glycerol, pH 7.0, plus detergent of choice. 

Moreover, the same protocol was repeated at pH 6.0 and pH 8.0 to test the influence of pH on 

the stability of the protein in the specific detergent. For testing pH 6.0, 20 mM Bis-Tris was 

used instead of 20 mM HEPES. Tested detergents were DDM, n-Decyl- ɓ-Maltoside (DM), 

Lauryl Maltose Neopentyl Glycol (LMNG) and Octyl- ɓ -Glucoside (OG). DDM and LMNG 

were used in the equilibration buffer at 0.05%, while DM was at 0.15% concentration. The 

sample was eluted with 1.5 CV of the equilibration buffer. Fractions were collected, and PIN-

specific bands were detected by Western blot using an anti-GFP JL8 antibody.  

2.4.7.1.3 Purification in DM  

Since DM at pH 7.0 appeared to give the most monodisperse sample in detergent screening, 

large-scale purification was performed in this condition. Additionally, the effect of different 

additives on protein stability was tested in DM. Membranes from 8L of yeast culture were 

solubilised in 1% DM, and nickel affinity chromatography was performed. Solubilised 

membranes were filtered through a 0.4 µM CME filter and loaded onto a 5 mL HisTrapTM FF 

column (Cytiva), previously equilibrated with 5 CV 20 mM HEPES, 200 mM NaCl, 20 mM 

imidazole, 10% glycerol, 0.15% DM, pH 7.0. The column was washed with 20 CVs of 

equilibration buffer, and the protein was eluted with a linear gradient of imidazole (70-400 

mM). Elution fractions were collected and run on the SDS PAGE as in 2.1.1. Fractions 

containing PIN8 were pooled and concentrated to 250 µL. Three buffer additives were tested 

during SEC runs. SEC was run on Superose 6 10/300 GL column equilibrated with 2 CV of 20 

mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.15% DM, pH 8.0. 

Additions of the 0.023% cholesteryl hemisuccinate (CHS), 0.1 mg/mL azolectin, and 5 mM 
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Ca2+ in the purification buffer were tested. Protein was eluted with 1.5 CV of the equilibration 

buffer. Elution fractions were collected and run on the SDS PAGE. Western blot was 

performed to detect PIN-specific bands using an anti-His antibody.  

2.4.7.1.4 Purification in Lauryldimethylamine oxide (LDAO)  

Membranes from 8L of yeast culture were solubilised in 1% LDAO, and nickel affinity 

chromatography was performed. Solubilised membranes were filtered through a 0.4 µM CME 

filter and loaded onto a 5 mL HisTrapTM FF column (Cytiva), previously equilibrated with 5 

CV 20 mM HEPES, 200 mM NaCl, 20 mM imidazole, 10% glycerol, 0.05% LDAO, pH 7.4. 

The column was washed with 20 CV of equilibration buffer, and the protein was eluted either 

with the combination of step and linear elution: 5 CV of the equilibration buffer with 70 mM 

imidazole, 20 CV of a linear gradient of 70-400 mM imidazole and 5 CV of the equilibration 

buffer with 500 mM imidazole. Elution fractions were collected and run on the SDS PAGE. 

Fractions containing PIN8 were pooled and concentrated to 500 µL. The sample was split into 

2 x 250 µL. 250 µL of sample was loaded onto Superose 6 10/300 GL column equilibrated 

with 2 CV of 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.05% 

LDAO, pH 7.4. Another 250 µL was run in the same buffer with the addition of 0.023% (CHS). 

Protein was eluted with 1.5 CV of the equilibration buffer. Elution fractions were collected and 

run on the SDS PAGE. Western blot was performed to detect PIN-specific bands using an anti-

His antibody.  

2.4.7.1.5 Cleavage of GFP-His tag using Tobacco Etch Virus (TEV) protease 

Membranes from 8L of yeast culture were solubilised in 1% LDAO, and nickel affinity 

chromatography was performed. Solubilised membranes were filtered through a 0.4 µM CME 

filter and loaded onto a 5 mL HisTrapTM FF column (Cytiva), previously equilibrated with 5 

CV 20 mM HEPES, 200 mM NaCl, 20 mM imidazole, 10% glycerol, 0.05% LDAO, pH 7.4. 

The column was washed with 20 CV of equilibration buffer, and the protein was eluted either 

with the combination of step and linear elution: 5 CV of the equilibration buffer with 70 mM 

imidazole, 20 CV of a linear gradient of 70-400 mM imidazole and 5 CV of the equilibration 

buffer with 500 mM imidazole. Elution fractions were collected and run on the SDS PAGE. 

Fractions containing PIN8 were pooled and concentrated to 5 mL. PD-10 desalting column 

(Cytiva) was used to remove imidazole and exchange buffer. Briefly, the bottom cap of the 

column was cut off, the top cap was removed, and storage liquid was poured out. The column 

was equilibrated with 25 mL of elution buffer (20 mM HEPES, 200 mM NaCl, 2 mM TCEP, 
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10% glycerol, 0.05% LDAO, pH 7.4). 2.5 mL of the sample per column was added to the 

equilibrated column. The flow-through was discarded, and the protein was eluted with 3.5 mL 

of the buffer. TEV protease was added to the eluted protein in a 1:2 ratio (w:w) and incubated 

overnight at 4ºC, with mixing on the rotatory wheel. Reverse His-trap purification was 

performed the next day. Flow-through, corresponding to the cleaved PIN8 protein, was 

collected. TEV-His protease, bound to the column, was eluted with 500 mM imidazole for 

analytical purposes. Flow-through fractions were concentrated to 250 µL and loaded onto 

Superose 6 10/300 GL column. The column was equilibrated with 1.5 CV of 20 mM HEPES, 

200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.05% LDAO, pH 7.4.  The protein 

was eluted with 2 CVs of the same buffer, and fractions were run on SDS PAGE. The fractions 

corresponding to the peak of PIN8 elution were pooled, concentrated to 250 µL, and run again 

on the Superose 6 10/300 GL column using the same protocol.  

2.4.7.1.6 Purification in SMA S25 

Membranes from 6L of yeast culture (7.86 g) were resuspended in 100 mL of 20 mM HEPES, 

200 mM NaCl, 10% glycerol, pH 8.0. 100 mL of 5% SMA S25 stock was mixed with the 

membranes, giving 40 mg/mL final concentration of membranes and 2.5% of SMA S25. The 

sample was incubated for 1h at 4ºC with mixing on the rotatory wheel. Solubilisation was 

stopped by centrifugation at 180,000 g for 30 minutes. The supernatant was loaded onto a 5 

mL HisTrapTM FF column (Cytiva), previously equilibrated with 5 CV 20 mM HEPES, 200 

mM NaCl, 20 mM imidazole, 10% glycerol, pH 8.0. The column was washed with 20 CVs of 

equilibration buffer, and the protein was eluted with a linear gradient of 65-400 mM imidazole. 

Elution fractions were collected and run on the SDS PAGE.  

For batch purification, membranes from 12L of yeast culture were used. The protein was 

extracted from membranes using the protocol described above. The supernatant was divided 

into three samples to test the influence of three different NaCl concentrations. 1 ml of 50 % 

Ni-NTA suspension (corresponding to 0.5 mL bed volume) was transferred to an empty gravity 

flow column. The storage buffer was removed by gravity, and the affinity resin was 

equilibrated with 10 CV of 20 mM HEPES, x mM NaCl, 20 mM imidazole, 10% glycerol, pH 

8.0. The tested NaCl concentrations were 200 mM, 500 mM, and 1M NaCl. SMA solubilised 

membranes were added to the equilibrated resin; the gravity column was closed and put on the 

rotatory wheel for mixing. After incubation overnight at 4°C, the protein - Ni-NTA mixture 

was transferred to the empty gravity flow column. The flow through was collected and the 

column was washed with 10 CV equilibration buffer. The protein was eluted in three steps: 5 
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CV of the equilibration buffer with 60 mM imidazole, 5 CV of the equilibration buffer with 

300 mM imidazole, and 5 CV of the equilibration buffer with 500 mM imidazole. Elution 

fractions were collected and run on the SDS PAGE. The fraction with a molecular weight 

corresponding to PIN8-GFP was pooled from all three samples, and imidazole was removed 

by buffer exchange on the PD-10 column. TEV protease was added to the sample for GFP 

cleavage and incubated overnight at 4ºC. After incubation, the sample was run on the SDS 

PAGE for analytical purposes.  

2.4.7.2 Purification of the C-terminal Strep construct 

2.4.7.2.1 Solubilisation in different detergents 

Membranes from 2 L of the yeast culture were used in this experiment. Briefly, total membrane 

protein concentration was determined by BCA, and membranes were diluted in 20 mM 

HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, pH 7.4 to the total 

membrane protein concentration of 3 mg/mL. Membranes were solubilised in 1% of DDM, 

DM, LMNG, LDAO, and OG for 1h and spun down at 180 000 g for 30 minutes at 4°C in the 

benchtop ultracentrifuge. To compare the efficiency of solubilisation of different detergents, 

pellets were resuspended in the same volume of the buffer as the volume of the supernatant, 

and 20 µL of samples were loaded onto SDS PAGE. PIN-specific bands were detected by 

Western blot using an anti-strep antibody.  

2.4.7.2.2 Purification in DDM  

From the solubilisation screen, DDM and LDAO seemed the most efficient in the solubilisation 

of PIN membranes. The first purification of the C-terminal Strep construct was performed in 

DDM since it is a milder detergent than LDAO. Membranes from 6 L of the yeast culture were 

solubilised in 1% DDM and spun down at 180 000 g for 30 minutes at 4°C. The supernatant 

was filtered through 0.4 µm CME filter and loaded onto StrepTrap HP 1 mL column (Cytiva) 

equilibrated with 10 CV of 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% 

glycerol, 0.05% DDM, pH 7.4. The column was washed with 20 CVs of the equilibration 

buffer, and the sample was eluted with 7 CVs of the equilibration buffer with 2.5 mM 

desthiobiotin (DTB). Elution fractions were run on SDS PAGE, and PIN-specific bands were 

additionally detected by Western blot. PIN8 fractions were pooled, concentrated to 250 µL, 

and loaded onto the Superose 6 10/300 GL column. The column was equilibrated with 1.5 CV 

of 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.05% DDM, 
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pH 7.4. The protein was eluted with 1.5 CV of the equilibration buffer. Elution fractions were 

run on the SDS PAGE, and a Western blot was performed.  

2.4.7.2.3 Aggregation assays 

To test the aggregation propensity of PIN8 during the concentration of the sample for SEC, 

each concentration step was loaded on the SDS PAGE, and PIN8 bands were detected by 

Western blot. Briefly, an aliquot of pooled PIN8 elution fractions after Strep-affinity 

chromatography was taken, and the sample was then spun down at 180,000 g for 30 minutes 

at 4°C. The supernatant was taken, and for normalisation, the pellet was resuspended in the 

same buffer volume as the supernatant volume. Aliquots of both supernatant and resuspended 

pellet were taken. The supernatant was concentrated to 250 µL and spun down at 180,000 g for 

30 minutes at 4°C. The supernatant was taken, and the pellet was resuspended in the same 

volume of the buffer as the volume of the supernatant. Aliquots of both supernatant and 

resuspended pellet were taken.  

2.4.7.2.4 Purification in 0.25% DDM  

Membranes from 6 L of the yeast culture were solubilised in 1% DDM and spun down at 180 

000 g for 30 minutes at 4°C. The supernatant was filtered through 0.4 µm CME filter and 

loaded onto StrepTrap HP 1 mL column (Cytiva) equilibrated with 10 CV of 20 mM HEPES, 

200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.25% DDM, pH 7.4. The column 

was washed with 20 CVs of the equilibration buffer, and the sample was eluted with 7 CVs of 

the equilibration buffer with 2.5 mM desthiobiotin (DTB). Elution fractions were pooled, 

concentrated to 250 µL, and loaded onto Superose 6 10/300 GL column. The column was 

equilibrated with 1.5 CV of 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% 

glycerol, 0.25% DDM, pH 7.4. The protein was eluted with 1.5 CV of the equilibration buffer. 

Elution fractions were run on the SDS PAGE, and a Western blot was performed. 

2.4.7.2.5 Sucrose gradient  

 Membranes from 6 L of the yeast culture were solubilised in 1% DDM and spun down at 180 

000 g for 30 minutes at 4°C. The supernatant was filtered through 0.4 µm CME filter and 

loaded onto StrepTrap HP 1 mL column (Cytiva) equilibrated with 10 CV of 20 mM HEPES, 

200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.05% DDM, pH 7.4. The column 

was washed with 20 CVs of the equilibration buffer, and the sample was eluted with 7 CVs of 

the equilibration buffer with 5 mM DTB. Elution fractions were run on SDS PAGE, and PIN8 

fractions were pooled. Glycerol in the sample was removed by diluting-concentrating method, 



 80 

and the sample was finally concentrated to 200 µL. The sample was loaded onto 5-40% sucrose 

gradient (2.5.4.1) prepared in 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% 

glycerol, 0.05% DDM, pH 7.4. The sucrose gradient was run for 18h at 180 000 g at 4°C. The 

fractions were collected the next day and loaded onto the SDS PAGE and BLUE Native Page.  

2.4.7.2.6 Buffer condition screening 

Membranes from 6 L of the yeast culture were solubilised in 1% DDM and spun down at 180 

000 g for 30 minutes at 4°C. Strep-tag affinity purification was performed in 20 mM HEPES, 

200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.05% DDM, pH 7.4. The sample 

was eluted with 7 CV of the equilibration buffer with 5 mM DTB. PIN8 fractions were pooled 

and concentrated to 200 µL using a 100 kDA cut-off concentrator (Sartorius). The protein 

concentration was measured on NanoDrop. PIN8 was then diluted 3x (to 0.3 mg/mL) in buffers 

of different pH (6.0, 7.0, and 8.0) and different NaCl concentrations (50, 100, 200, 300, 400, 

and 500 mM) and incubated for 1h at 4°C. The samples were loaded onto the BLUE Native 

Page, and a Western blot was performed to detect PIN8-specific bands.  

Similarly, PIN8 was purified by Strep-tag affinity chromatography in the same buffer as above. 

PIN8 fractions were pooled and concentrated to 200 µL using a 100 kDa cut-off concentrator 

(Sartorius). The protein concentration was measured on NanoDrop. PIN8 was then diluted 5x 

in buffers of different pH (6.0, 7.0, and 8.0) and different NaCl concentrations (0.2, 0.4, 0.5, 

and 1 M) and incubated overnight at 4°C. The samples were loaded onto the BLUE Native 

Page, and a Western blot was performed to detect PIN8-specific bands. 

Moreover, the effect of reducing agent TCEP on the stability of PIN8 was tested. Protein 

purified by means of Strep-tag affinity chromatography was concentrated to 200 µL using a 

100 kDa cut-off concentrator (Sartorius). The protein concentration was measured on 

NanoDrop. PIN8 was then diluted 5x in buffers of different pH (6.0, 7.0, and 8.0) and different 

TCEP concentrations (2, 5, and 10 mM) and incubated overnight at 4°C. Additionally, the 

effect of 0.01% and 0.02% CHS on the stability of the protein was tested.  

2.4.7.2.7 Detergent screening 

To test different detergents on protein stability, PIN8 membranes were solubilised in the 

detergent of choice, and the protein was purified using batch Strep-tag affinity 

chromatography. Membranes from 2L of the yeast culture were used per one detergent screen. 

Usually, membranes from 6L were resuspended in the buffer (20 mM HEPES, 200 mM NaCl, 

2 mM EDTA, 2 mM TCEP, 10% glycerol, pH 7.4) to 3 mg/mL total membrane protein 
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concentration and split into three parts to test three different detergents simultaneously. Each 

part was solubilised in 1% DDM, or 1% DDM and 0.1% CHS, for 1h at 4°C and then spun 

down at 180 000 g for 30 min at 4°C. 1 ml of 50 % StrepTactin suspension (IBA), 

corresponding to 0.5 mL bed volume, was transferred to an empty gravity flow column. The 

storage buffer was removed by gravity, and the affinity resin was equilibrated with 10 CV of 

20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, x % of the tested 

detergent, pH 7.4. A summary of the detergents and concentrations tested for purification is 

shown in a table. The solubilised membranes were filtered through a 0.45 µm CME filter and 

loaded onto the equilibrated resin. The samples passed through the column by gravity, and the 

flow-through was collected. The column was washed with 10 CV equilibration buffer, and the 

protein was eluted with 5 CV of the equilibration buffer with 5 mM DTB. The elution fractions 

were run immediately on the SDS PAGE and BLUE Native Page. Additionally, the fractions 

were left overnight at 4°C and run again the next day on BLUE Native Page.  

 

Table 5. The list of all tested detergents and their solubilisation and purification concentrations 

Detergent 
Solubilisation 

concentration  

Purification  

concentration 

digitonin 1% DDM 0.1% digitonin 

digitonin + CHS 1% DDM, 0.1% CHS 0.1% digitonin, 0.02% CHS 

GDN 1% DDM 0.02% GDN 

LMNG 1% DDM 0.02% LMNG 

TDM 1% DDM 0.05% TDM 

DDM 1% DDM 0.05% DDM 

DDM + CHS 1% DDM, 0.1% CHS 0.05% DDM, 0.02% CHS 

DM 1% DDM 0.05% DM 

OG 1% DDM 0.8% OG 

LDAO 1% DDM 0.06% LDAO 

 

2.4.7.2.8 Alternative method of concentrating 

Following the concentrating process of the affinity-purified PIN8 (in 20 mM HEPES, 200 mM 

NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.02% LMNG, pH 7.4) using 100 kDA cut-

off concentrator has shown that the protein aggregates during concentrating. A possible reason 

is increasing detergent concentration during concentration was tested. Affinity -purified PIN8 

was incubated in increasing LMNG concentration (0.02, 0.04, 0.06, 0.08, and 0.16%) for 20 

minutes at 4°C to mimic the concentrating process. Detergent concentration didn´t have an 
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effect on the stability of the protein. Different concentrators (CME membrane, PES membrane, 

Proteus-X concentrator) and passivation of concentratorôs membrane with 1% BSA were 

tested; however, the protein was still aggregating during concentrating. 

 Therefore, an alternative method of protein concentrating was tested. The method included 

two-step affinity chromatography. The first affinity chromatography was performed using 

StrepTactin resin (IBA) in a gravity flow column. Briefly, 2 ml of 50 % StrepTactin suspension 

(corresponding to 1 mL bed volume) was transferred to an empty gravity flow column. The 

affinity resin was equilibrated with 10 CVs of the equilibration buffer. The samples passed 

through the column by gravity, and the flow-through was collected. The column was washed 

with 10 CV equilibration buffer, and the protein was eluted with 5 CV of the equilibration 

buffer with 10 mM DTB.  

The second affinity chromatography included batch purification using StrepTactin-XT resin 

(IBA). Different 50% StrepTactin-XT resin volumes were transferred into an empty gravity 

column. The resin was equilibrated with 10 CVs of the equilibration buffer. Elution fractions 

from the first affinity step were added to the equilibrated resin; the gravity column was closed 

and put on the rotatory wheel for mixing. After incubation for 1h at 4°C, the proteinïresin 

mixture was transferred to the empty gravity flow column. The flow-through was collected, 

and the column was washed with 10 CVs of the equilibration buffer. The gravity column was 

closed again, and the protein-resin mixture was resuspended in 1 CV of the equilibration buffer 

with 100 mM biotin and transferred into a 1.5 mL tube. The tube was put into a thermoshaker 

precooled at 4°C and incubated, with shaking at 1,000 rpm, for 20 minutes. The resin was spun 

down for 2 minutes at 25,000 g, and protein-containing supernatant was carefully taken. The 

procedure was repeated three times to elute all bound proteins. Elution fractions were then 

analysed using SDS PAGE. 

2.4.7.2.1 Exchange into amphipols 

Several protocols for the exchange of PIN8 into amphipols were tested. Initially, the exchange 

into different amphipols was tested. PIN8 was purified by Strep-tag affinity chromatography 

using StrepTrap HP 1 mL column in 0.05% DDM. The elution fractions were concentrated to 

1 mL (6x), and protein concentration was measured using NanoDrop. The protein sample was 

split into six equal parts, and three different amphipols (A8-35, PMAL C-8, and PMAL C-12) 

were added in 1:1 and 1:5 ratios (w/w). The protein-amphipol mixture was incubated for 45 

minutes while mixing on the rotatory wheel at 4ºC. 1 g of Bio-Beads SM-2 (BIO RAD) was 

washed with 30 mL of methanol, then 2x 30 mL of ethanol and 5x 50 mL of ddH20. Washed 
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Bio-Beads were added in two increments to the protein-amphipol mixture to remove DDM (the 

final detergent-Bio-Beads ratio was 1:100) and incubated for 2x 1h at 4ºC with mixing. The 

samples were loaded onto a Blue Native PAGE. Moreover, second affinity chromatography or 

SEC was performed after the incubation with Bio-Beads in a buffer without detergent in an 

effort to remove detergent. A similar experiment was repeated later with LMNG-purified 

protein. The protein and amphipols (A8-35 and PMAL C-8) were mixed in 1:1 and 1:5 ratios 

(w/w). The same incubation period and treatment with Bio-Beads were used as above. Since 

A8-35 was giving better reconstitution results, different protein-A8-35 ratio were tested (1:1, 

1:2, 1:3, 1:4 and 1:5).  

2.4.7.3 Nano Differential Scanning Fluorimetry (nanoDSF) 

Differential Scanning Fluorimetry measures thermal or chemical unfolding label-free, under 

native conditions, by detecting changes in a proteinôs intrinsic fluorescence during an 

incremental temperature increase. PIN8 was purified by dual affinity Strep-tag affinity 

chromatography in 20 mM HEPES, 100 mM NaCl, 0.02% GDN, pH 8.0. To test different 

buffer conditions and avoid diluting protein, 14 µL or 14.25 µL of the purified protein was 

mixed with small volumes of concentrated buffers or buffer additives to reach the final volume 

of 15 µL. The summary of tested conditions is shown in Table 6. The glass capillaries were 

loaded with 10 µL of the sample by submerging them into the protein solution and letting the 

sample fill in the capillaries by capillary forces.  The capillaries were placed into the 

Prometheus Panta (NanoTemper) machine, and measuring was started. To assess the stability 

of the PIN8, the size, melting temperature (Tm) and polydispersity index (PDI) were assessed 

by measuring the fluorescence intensity ratio and 350 nm and 330 nm over the 20-95ºC 

temperature range. Tm indicates a protein's thermal stability. It is determined by finding the 

temperature at which half of the protein population is unfolded. PDI represents the uniformity 

of particle sizes or aggregation states within a sample, with a lower PDI indicating more 

homogeneity. In the folded state, tryptophan residues (Trp) are often buried in a protein's 

hydrophobic core, leading to the fluorescence emission peaking around 330 nm. The 

fluorescence emission peak is shifted toward 350 nm when they become surface-exposed 

during unfolding. Additionally, dynamic light scattering (DLS) and back-reflection at 280 nm 

were used over the same temperature range to assess the size of protein particles and the 

presence of aggregates. Purification buffer (20 mM HEPES, 100 mM NaCl, 0.02% GDN, pH 

8.0) was used as a control.  
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Table 6. The list of tested buffer conditions and protein preparation protocol for the nanoDSF method. 

Buffer condition Preparation of the sample 

20 mM HEPES, 100 mM NaCl, pH 8.0  15 µL protein 

20 mM HEPES, 100 mM NaCl, pH 8.0  15 µL buffer (control) 

20 mM HEPES, 200 mM NaCl, pH 8.0  14 µL protein + 1 µL 3M NaCl 

20 mM HEPES, 100 mM NaCl, 0.2% CHAPS, pH 8.0  14.25 µL protein + 0.75 µL 4% CHAPS 

20 mM HEPES, 100 mM NaCl, 5 mM Bis-Tris, pH 8.0  14.25 µL protein + 0.75 µL 100 mM Bis-Tris 

20 mM HEPES, 100 mM NaCl, 5 mM MES, pH 8.0  14.25 µL protein + 0.75 µL 100 mM MES 

20 mM HEPES, 100 mM NaCl, 100 mM L-Arginine, pH 8.0  14.25 µL protein + 0.75 µL 2 M L-Arginine 

20 mM HEPES, 100 mM NaCl, 0.015% CHS, pH 8.0  14.25 µL protein + 0.75 µL 0.04% CHS in 0.05% GDN 

50 mM MES, 100 mM NaCl, pH 6.0  14.25 µL protein + 0.75 µL 1 M MES 

50 mM Bis-Tris, 100 mM NaCl, pH 6.0  14.25 µL protein + 0.75 µL 1 M Bis-Tris 

50 mM Bis-Tris propane, 100 mM NaCl, pH 7.0  14.25 µL protein + 0.75 µL 1 M Bis-Tris propane 

50 mM Tris-HCl, 100 mM NaCl, pH 8.0 14.25 µL protein + 0.75 µL 1 M Tris-HCl 

 

2.4.7.3.1 Purifi cation in low pH (5.0 and 6.0) buffers 

The empty gravity column was manually packed with 1mL StrepTactin Superflow resin and 

equilibrated with 10 CV of 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% 

glycerol, 0.02% GDN, pH 7.4. Membranes from 12 L of the yeast culture were solubilised in 

1% DDM for 1h at 4°C, then spun down at 180 000 g for 30 minutes, 4°C. The supernatant 

was loaded onto a column, washed with 10 CV of equilibration afterwards and eluted with 10 

x 0.5 CV of the equilibration buffer with 10 mM DTB. Fractions containing PIN8 were pooled 

and split into 6 equal parts. Each part was loaded onto 100 µL of StrepTactin-XT resin, 

equilibrated with 10 CV of the tested buffers. The composition of the tested buffers is shown 

in Table. Protein and resins were incubated on the rotatory wheel for 1h at 4°C, then washed 

with 2 mL of equilibration buffer. Protein-resin mixtures were resuspended in 1 CV of the 

equilibration buffers with 100 mM biotin and transferred into a 1.5 mL tube. The tubes were 

put into a thermoshaker at 4°C and incubated, with shaking at 1,000 rpm, for 20 minutes. The 

resin was spun down for 2 minutes at 25,000 g, and protein-containing supernatants were 

carefully taken. The procedure was repeated three times to elute all bound proteins. Elution 

fractions were concentrated using 100 kDA cut-off concentrators and analysed by SDS PAGE. 
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2.4.7.3.2 Final purification protocol  

The gravity column was manually packed with 1mL StrepTactin Superflow resin and 

equilibrated with 10 CV of 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% 

glycerol, 0.02% LMNG or 0.05% DDM, pH 7.4. Solubilised membranes were loaded onto a 

column, washed with 10 CV of equilibration after, and eluted with 10 x 0.5 CV of 20 mM 

HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, pH 7.4, 10 mM DTB, 

0.02% LMNG or 0.05% DDM. Fractions containing PIN8 were pooled and loaded onto 100 

µL of StrepTactin-XT resin, equilibrated with 20 mM MES, 200 mM NaCl, 2 mM EDTA, 2 

mM TCEP, 10% glycerol, pH 6.0, 0.02% LMNG or 0.05% DDM. Protein and resin were 

incubated on the rotatory wheel for 1h at 4°C, then washed with 2 mL of equilibration buffer, 

and protein was eluted with 5 x 100 µL of 20 mM MES, 200 mM NaCl, 2 mM EDTA, 2 mM 

TCEP, pH 6.0, 100 mM biotin, 0.02% LMNG. These fractions were pooled, concentrated to 

50 µL using 100-kDa concentrator (Pierce), and loaded onto Superdex 5/150 column (Cytiva) 

previously equilibrated with 2 CV of 20 mM MES, 150 mM NaCl, 2 mM EDTA, 2 mM TCEP, 

0.01% LMNG, pH 6.0. Protein was eluted isocratically, and the peak fraction was taken for 

grid preparation. 

2.4.8 Molecular weight determination 

2.4.8.1 Multi -angle light scattering coupled with SEC (SEC-MALS)  

SEC-MALS combines size-exclusion chromatography (SEC) with multi-angle light scattering 

(MALS). It is a powerful technique for the absolute characterisation of macromolecules in 

terms of molar mass and size, conformation, and conjugation ratio.  

Membranes from 6L of the yeast culture were resuspended in the buffer (20 mM HEPES, 200 

mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, pH 7.4) to 3 mg/mL total membrane 

protein concentration and solubilised in 1% DDM for 1h at 4°C and then spun down at 180 

000 g for 30 min at 4°C. 2 ml of 50 % StrepTactin suspension, corresponding to 1 mL bed 

volume, was transferred to an empty gravity flow column. The storage buffer was removed by 

gravity, and the affinity resin was equilibrated with 10 CV of 20 mM HEPES, 200 mM NaCl, 

2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.02 % LMNG, pH 7.4. The solubilised membranes 

were filtered through a 0.45 µm CME filter and loaded onto the equilibrated resin. The samples 

passed through the column by gravity, and the flow-through was collected. The column was 

washed with 10 CV equilibration buffer, and the protein was eluted with 5 CV of the 

equilibration buffer with 5 mM DTB. PIN8 elution fractions were pooled and concentrated to 
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200 µL. Concentrated protein was spun down at 30,000 g for 10 minutes at 4°C to remove 

aggregates. The supernatant was carefully taken, and 100 µL of the sample was loaded per 

SEC-MALS analysis.  

SEC was carried out on an Agilent 1260 HPLC system with Superose 6 10/300 GL column 

using 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 0.02% LMNG, pH 7.4 as 

the mobile phase. Before use, the buffer was filtered through a 0.1 µm CME filter and degassed. 

The column was washed with filtered and degassed ddH20 until the detectors showed a stable 

baseline and then equilibrated with the buffer again until the stable baseline in the detectors. 

BSA standard (2mg/mL) was run as a control. The effluent was detected by a UV detector at 

280 nm, followed by a DAWNá MALS detector equipped with a WyattQELSÓ embedded 

DLS module and an Optilabá differential refractive index (RI) detector. ASTRAá software 

was used for HPLC control, data collection, and analysis. The protein conjugate option was 

used to calculate molecular weight. A dn/dc value of 0.185 mL/g was used for proteins.  

2.4.8.2 Crosslinking using disuccinimidyl suberate (DSS) 

PIN8 membranes from 6L of yeast culture were solubilised in 1% DDM, and the protein was 

purified in 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 0.02% LMNG, pH 7.4 

by Strep-tag affinity chromatography using StrepTactin resin. Elution fractions were pooled, 

and 12x 100 µL of the protein sample was pipetted into one row of the 96-well PCR plate. A 

50 mM stock of DSS was prepared by mixing 2 mg of DSS and 108 µL of DMSO. 20x stocks 

of the final DSS crosslinking concentrations were prepared by diluting 50 mM stock in DMSO. 

The final volumes of 20x stocks were 500 µL. Using a multichannel pipette, 5.26 µL of 20x 

DSS stocks was added to the 100 µL of protein and incubated for 15 minutes at RT. The 

reaction was stopped by pipetting 5.54 µL of 1M Tris (pH 8.0) into each well by multichannel 

pipette and incubating for 15 minutes at RT. 27.7 µL of 5x SDS loading dye was added, and 

samples were run on the SDS PAGE gel. Western blot was performed to detect PIN8-specific 

bands.  

2.4.9 Reconstitution into liposomes  

PIN8 was reconstituted into liposomes, consisting of a soybean phospholipid mixture 

(azolectin) or a mixture of POPE-POPC (5:1), using BioBeads. Lipids were dissolved in 

chloroform, and the solvent was removed from the lipids by manually rotating the tube under 

the nitrogen stream to obtain a thin film. The lipids were washed in pentane, the solvent was 

removed under the stream of nitrogen and then resuspended at 5 mg/mL in buffer (20 mM 
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HEPES, 200 mM NaCl, pH 7.4 or 20 mM Bis-Tris, 200 mM NaCl, pH 6.0). These lipid vesicles 

were frozen and thawed 5x in liquid N2 to obtain unilamellar vesicles. The integrity of 

liposomes was examined using negative staining. The lipid vesicles were extruded 31x through 

a 400 nm filter for reconstitution. The DDM from 10% stock was added, so the final 

concentration was 0.05%. Purified PIN8 was added to the lipids at a final lipid: protein ratio of 

250:1 and incubated for 1 hour at 4ºC.  The same volume of the purification buffer containing 

0.05% DDM was added for the no-protein liposome control. After this time, BioBeads were 

added in two batches over 2 hours. The third batch of BioBeads was added and left for 

incubation overnight at 4ºC (final DDM-bio beads ratio 1:100). The next day, BioBeads were 

left to sediment by gravity, and the supernatant was carefully taken. To confirm the 

reconstitution of PIN8, the supernatant was loaded onto a 5-40% sucrose gradient in a buffer 

without detergent. 

2.4.10 Activity  assay using radioactively labelled IAA (3H-IAA)  

2.4.10.1 Yeast retention assay  

PIN8-GFP was expressed in S. cerevisiae cells using the protocol shown in 2.3.2. Non-induced 

cells were used as a negative control. The cell culture was divided into 5x 15 mL and pelleted 

at 3,500 g for 20 minutes at 4ºC. The pellet was resuspended in 1mL of YEPD media and 

transferred into a 2 mL tube. 1 µL of 3H-IAA (± 1 µL N-1-naphthylphthalamic acid or NPA) 

was added into the cells and incubated with shaking for 30 minutes. The 3H-IAA and NPA 

were kindly provided by the Friml group (IST Austria). The cells were spun down at 3,500 g 

for 15 minutes, and the supernatant was discarded. YEPD media was used to wash the cell 

pellet 5x. Finally, cells were resuspended in 2 mL of scintillation liquid, and 3H-IAA 

radioactivity was measured overnight.  

2.4.10.2 Proteoliposomes: no gradient 

PIN8 C-Strep reconstituted liposomes were prepared (as in 2.5.5.4) in 20 mM HEPES, 200 

mM NaCl, pH 7.4, and diluted 5x in the same buffer to reach 1 mg/mL concentration. 1 mL of 

proteoliposomes (empty liposomes as a control) was mixed with 12 µL of 40 µM 3H-IAA and 

continually mixed on the rotatory wheel at RT. Aliquots of 200 µL were taken at 1, 2.5, 5, and 

10 minutes, filtered through a mixed cellulose filter connected to a vacuum pump system, and 

immediately washed with 2 mL of the ice-cold buffer. The filters were left to air dry and 

resuspended in 5 mL of scintillation liquid. 3H-IAA radioactivity was measured overnight. All 

measurements were performed in duplicates. 
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2.4.10.3 Proteoliposomes: proton gradient 

PIN8 C-Strep was reconstituted into 5 mg/mL azolectin-CHS liposomes (5:1) prepared in 20 

mM MES, 100 mM NaCl, pH 6.0. The final lipid: protein ratio was 150:1. The outer 

proteoliposomes buffer was exchanged into 20 mM HEPES, 100 mM NaCl, and pH 7.4 using 

the PD-10 column. Into 1 mL of the proteoliposomes, 5 µL of 3H-IAA  (125 nM final) was 

added and continually mixed on the rotatory wheel at RT. Aliquots of 200 µL were taken at 

0.5, 2.5, 5, and 7 minutes, filtered through a mixed cellulose filter connected to a vacuum pump 

system, and immediately washed with 5 mL of the ice-cold buffer. Empty liposomes were used 

as a control. The filters were left to air dry and resuspended in 5 mL of scintillation liquid. 3H-

IAA radioactivity was measured overnight. All measurements were performed in duplicates. 

2.4.11 Activity assays using pH-sensitive dyes 

PIN8 C-Strep was reconstituted into 25 mg/mL azolectin-CHS (5:1) or POPE-POPC (3:1) 

liposomes prepared in 20 mM MES, 200 mM NaCl, pH 6.0. The final lipid: protein ratio was 

100:1. Prepared proteoliposomes were diluted 50x in the outside buffer (2 mM HEPES, 200 

mM NaCl, 100 ɛM phenol red, pH 7.4). To initiate the reaction, 10 µL of 5 mM IAA stock in 

2 mM HEPES, 200 mM NaCl, pH 7.4 was added to 1 mL of continually stirred 

proteoliposomes, and a change of A540 was observed. Since IAA is a weak acid, the pH of 5 

mM IAA stock was carefully adjusted to 7.4 after dissolving IAA powder in the buffer. Empty 

liposomes were used as a control. Additionally, instead of dilution, the PD-10 column was used 

to exchange the outer proteoliposome buffer, and the rest of the experiment was performed as 

described above. The final concentration of proteoliposomes was 1 mg/mL in both 

experiments.  

Furthermore, membrane potential-driven transport of IAA was tested. Briefly, PIN8 C-Strep 

was reconstituted into 5 mg/mL azolectin-CHS (5:1) liposomes prepared in 5 mM MES, 1.2 

mM KCl, 120 mM NaCl, pH 6.0. The final lipid: protein ratio was 200:1. The outer 

proteoliposomes buffer was exchanged into 5 mM MES, 120 mM KCl, 1.2 mM NaCl, 100 ɛM 

phenol red, pH 6.0 using PD-10 column. Proteoliposomes were then further diluted with the 

outside buffer to 1 mg/mL concentration. 10 µL of 5 mM IAA stock prepared in the outside 

buffer was added to 1 mL of continually stirred proteoliposomes. Valinomycin (1 µM or 2 µM) 

was added to initiate the transport, and a change of A540 was observed. The same experiment 

was performed using pH-sensitive fluorescent dye pyranine. 1 mM pyranine was present in the 

outside buffer, together with 50 µM IAA, and the fluorescence change upon addition of 

valinomycin was monitored at 510 nm when excited at 415 nm. 
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2.5 Structural studies 

2.5.1 Crystallisation screening 

2.5.1.1 In surfo  

PIN8, purified by affinity chromatography in 0.04% LMNG or 0.02% GDN, was concentrated 

to ~ 5 mg/mL. Vapour diffusion crystallisation plates were set up by mixing the protein with a 

commercial crystallisation screen solution (Molecular Dimensions) in a 1:1 (100 µL+ 100 µL) 

or 1:2 ratio (100 µL + 200 µL). Crystallisation plates were set up using SPT Labtech's 

mosquito® robot and stored at 23°C or 4°C with daily checks of drops using a light microscope. 

A polarising filter was used to try to distinguish between salt and protein crystals.  

2.5.1.2 In meso  

Simple lipidic cubic phase (LCP) protocol: Monoolein (9.9 MAG) mg) was transferred into 

a 0.5 mL tube and melted at 45 °C until liquid (5-7 minutes). The plunger of a 100 ɛL gas-tight 

removable needle syringe (Hamilton) was removed, and 10 µL of molten lipid was transferred 

into the syringe barrel through the plunger end using a pipette. The plunger was inserted back, 

and 9.9 MAG was slowly moved up in the syringe to remove any trapped air bubbles. 15 ɛL 

of 5.2 mg/mL purified PIN8 in 0.04% LMNG was taken into the second 100 ɛL gas-tight 

syringe to avoid trapping air bubbles during the syringe loading. The protein solution was 

moved with the plunger up, and the syringe was attached to the open end of the coupler and 

mounted on the syringe with the lipid. The protein solution and the lipid were moved through 

the coupler back and forth from one syringe to another by pushing alternatively on the 

corresponding plungers. 140 strokes were made in total until the lipid mesophase in the syringe 

mixer became homogeneous and transparent.  The mixing rate was limited to ~1 stroke / s to 

avoid heating up the sample. The LCP syringe was attached to the SPT Labtech's mosquito® 

robot, and crystallisation screening was set up in a glass plate by mixing 100 nL of prepared 

LCP with 500 nL or 1 µL of the commercial crystallisation screens (Molecular Dimensions). 

Cubicon LCP protocol: The cubicon method exploits the amphiphilic nature of membrane 

proteins and their natural tendency to partition preferentially into lipid bilayers from aqueous 

solutions. After the protein partitions into the mesophase, an excess of aqueous solution can be 

physically separated from the solution. Using several rounds of reconstitution, the protein 

concentration in the bilayer of the cubic mesophase can be increased stepwise for 

crystallisation. 
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 20 µL of 1 mg/mL PIN8 was mixed with 10 µL of 9.9 MAG and reconstituted into a 

mesophase using 140 strokes. The excess of protein-depleted aqueous solution was removed. 

The process was repeated another 4x by mixing the separated protein-mesophase from the  

previous step with the fresh 20 µL of the protein solution and finally with 10 µL of the fresh 

protein solution (six reconstitutions in total). The LCP syringe was attached to the SPT 

Labtech's mosquito® robot, and crystallisation screening was set up in a glass plate by mixing 

100 or 200 nL of prepared LCP with 500 or 1000 nL of the commercial crystallisation screens 

(Molecular Dimensions). 

2.5.1.3 Optimisation plates set up 

The plates for the optimisation of crystals were prepared using a dragonfly® crystal (SPT 

Labtech) liquid dispenser. Dragonfly® crystal creates crystallisation screens using custom 

stock solutions provided by the user, facilitating rapid and precise preparation of intricate 

crystallisation gradients and optimisation screens. Optimisation screens were designed in 

Dragonfly Optimisation Designer v1.1.0.10112. In one of the prepared screens, a fine gradient 

of PEG300 was prepared against the pH gradient while keeping the NaCl concentration 

constant (0.1M). The prepared gradients of PEG300 (starting from 50% w/w stock) were 10-

35%, 20-35%, and 28-35%. The 250 mM stock solutions of bicine (pH 7 and pH 9) were used 

for the preparation of a pH 7-9 gradient, giving a 50 mM final concentration of bicine. The 

other example of the optimisation strategy used was varying PEG300 (as described above) and 

NaCl concentration. The 0.1-0.5M NaCl gradients were prepared from 3M NaCl stock solution.  

2.5.2 Negative staining screening 

Negative staining was used to determine the quality of the protein sample. The grids were 

prepared according to the following protocol. 5 ml of PIN8 sample (0.05-0.1 mg/mL) was 

applied onto a freshly glow-discharged grid (CF300 ï CU carbon film 300 MESH, copper), 

incubated for 2 minutes, and blotted off with a filter paper. The grid was washed 3x with 20 

mL wash buffer (purification buffer without detergent). Excess fluid was blotted off with filter 

paper in between and after the final washing step. 10 mL of a 2% uranyl acetate solution was 

applied onto the grid and incubated for 10 seconds. Excess liquid was blotted away with filter 

paper. The grid was dried for 1 minute and stored in a grid box. All prepared grids were 

screened on FEI Tecnai 12 120 kV microscope. 

2.5.3 Cryo-EM screening 
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2.5.3.1 Preparation of continuous carbon grids 

MICA sheets, 25x25mm (Electron Microscopy Sciences), were covered with a thin (0.8-1.2 

nm) layer of continuous carbon using a carbon coating machine (Leica ACE600). A home-

made coating apparatus (Machine shop at the Institute of Science and Technology Austria) was 

used to coat cryo-EM grids. Filtered water was used to fill the coating apparatus. A small filter 

paper was put onto the metal mesh mounted just below the water surface. The water surface 

lint and dust particles were removed by carefully overfilling the coating apparatus with water.  

Approximately 16-20 grids were submerged in the water and positioned on the filter paper in 

proximity. The mica sheet with continuous carbon was slowly plunged into the water at a 45° 

angle, detaining the continuous carbon from the mica sheet. The continuous carbon was moved 

above the carbon grids by displacing the water surface. The water level was slowly lowered, 

leading to the deposition of continuous carbon into the grids. The grids were dried overnight 

inside the coating apparatus, covered with a box, and then moved and stored in a petri dish. 

2.5.3.2 Preparation of Graphene Oxide Grids 

2.5.3.2.1 Preparation of graphene oxide grids: protocol 1 

Graphene oxide, 2 mg/mL dispersion in water (Sigma), was diluted 10 x to 0.2 mg/mL with 

ddH20 and spun down at 3000 g to remove aggregates. The grids (Quantifoil mesh 300, R 

0.6/1) were glow-discharged for 60 s at 30 mA and mounted onto an anti-capillary tweezer 

with carbon side up. 3 ɛL of diluted graphene oxide solution were pipetted onto the mounted 

grid and incubated for 1 minute. The graphene oxide drop was blotted away by filter paper, 

and the grid was washed with 3 x 20 µL of ddH20, twice at the carbon side and once at the back 

side of the grid. The grid was dried for at least 1 hour before usage for cryo-EM sample 

preparation.  

2.5.3.2.2 Preparation of graphene oxide grids: protocol 2 

A water-methanol (1:5) dispersant solution was prepared by mixing in a 50 mL falcon tube, 8 

mL ddH2O, and 40 mL methanol. The stock solution of graphene oxide (2 mg/mL) was diluted 

with a dispersant to 0.2 mg/mL to make 2 mL of graphene oxide solution (200 mL of the stock 

+ 1800 mL of water-methanol). 0.2 mg/mL solution was sonicated in a bath sonicator for 10 

minutes to break up aggregates of graphene oxide sheets. 1.5 mL of the solution was aliquoted 

into a new 2 mL tube and centrifuged at 6,500 rpm for 10 minutes at 22°C. The rest, 500 µL, 

were kept as a blank. The supernatant, which contains the smallest fragments of graphene 

oxide, was carefully removed. The pellets were resuspended in 500 µL of dispersant. This 
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solution contains the desired large sheets of graphene oxide. This solution was sonicated for 2 

minutes and then centrifuged for 1 minute at 2,300 rpm to pellet residual aggregates, and the 

supernatant was transferred to a new tube. The supernatant was compared with 0.2 mg/mL 

blank solution. It is generally not good to change this working solution but to adjust the volume 

of pipetting when covering grids (for example, add 10 µL more if the solution is a bit less than 

0.2 mg/mL). Grids (Quantifoil mesh 300, R 0.6/1) were glow-discharged for 30 seconds at 15 

mA. A small petri dish (Pyrex, 5 cm diameter) was rinsed with successive chloroform, ethanol, 

and ddH20 washes. A copper mesh platform was rinsed in ethanol and then ddH20. The 

platform was placed into the dish, and ddH20 was added to the dish until the platform was 

completely covered. The inlet line of a peristaltic pump was placed into the dish under the 

platform, and the outlet line was placed into a waste beaker. The grids were carefully 

submerged and placed on a platform to avoid overlaps. Approximately 6-8 grids were placed 

onto a platform per one coating.  120 mL of graphene oxide was applied per 6-8 grids in 8 mL 

droplets (15x) by ensuring each 8 mL droplet was split into 2-3 pipetting. Otherwise, a full 8 

µL drop would sink to the bottom. With the peristaltic pump, the subphase was drained at a 

flow rate of approximately 1.25 mL/min. The peristaltic pump drains the subphase slowly and 

steadily: simply aspirating the liquid with a syringe can disrupt the graphene oxide film before 

it has adhered, giving discontinuous layers. The platform with coated grids was carefully 

removed from the petri dish, placed in a larger petri dish, covered, and left to dry overnight.  

2.5.3.3 Cryo-EM sample preparation 

Cryo-EM samples were prepared by adsorbing protein onto a copper grid (Quantifoil mesh 

300, R 0.6/1) coated with a thin layer of continuous carbon or graphene oxide. The grids were 

glow-discharged for 10 seconds at 30 mA, and 3 µL of protein sample was added onto a grid 

and blotted for 2 seconds or 3 seconds, using blot force 25, before plunging immediately into 

liquid ethane. FEI Vitrobot IV system was used for vitrification and was operating at 4°C, 

100% humidity.  

2.5.3.4 Data collection parameters: Glacios  

Grids were imaged using a 200 kV Glacios Cryo-Transmission Electron Microscope 

(ThermoFisherTM) equipped with a Falcon III camera at the Institute of Science and 

Technology Austria. Data collection was performed using FEI EPU software. The most of 

datasets were collected in a counting mode at a nominal magnification of 150,000 x, resulting 

in a pixel size of 0.96 Å per pixel. The total dose of 50 e-/Å2 was fractionated into 50 frames. 
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Few datasets were collected in a linear mode at a nominal magnification of 120,000 x and 1.22 

Å pixel size. The total dose of 90 e-/Å2 was used for a collection in linear mode. Defocus values 

used for a collection were in a -1.6-(-3.0)) µm range.  

2.5.3.5 Data collection parameters: Krios 

Micrographs were recorded on a 300 kV Titan Krios electron microscope (FEI) at the Institute 

of Science and Technology Austria (ISTA). Micrographs were collected with the FEI EPU 

package at a nominal magnification of 105 000 x, resulting in a calibrated physical pixel size 

of 0.84 Å per pixel. Defocus values varied from -0.6 ɛm to -2.3 ɛm. A total dose of 90 e -/Å2 

was fractionated into 90 frames. Another dataset was collected at the same magnification and 

dose using a 25° tilt. The defocus range was tilted dataset was in a -1.6-(-3.0)) µm range. 

2.5.3.6 Data processing for grid screening 

For screening of the optimal purification and grid preparation conditions, small datasets were 

usually collected on Glacios, using the parameters as in 2.6.3.4. These datasets were processed 

in Relion 3.0 and Relion 3.1. The general processing strategy was first particle picking by LoG 

autopicking using different thresholds, extracting (2x binning), and 2D classification. Best 2D 

classes were selected and used as a template for Topaz picking, again using different picking 

thresholds. The Topaz-picked particles were subjected to 2D classification, and 2D classes 

were examined visually. If obtained 2D classes resembled protein, they were selected and 

subjected to 3D classification. 

2.5.3.7 Data processing: final dataset 

Non-tilted dataset: 4031 movies were collected in super-resolution mode using the parameters 

shown in 2.5.8.5. The dataset was processed using Relion 3.1.0-g and CryoSparc. Movie 

frames were aligned, motion corrected, dose-weighted, and twice binned using Relionôs own 

implementation. Non-dose weighted micrographs were used to determine the defocus and 

astigmatism parameters using CTFFIND 4-1. Inspecting CTF results showed the presence of 

strong ice rings in some micrographs. The micrographs without ice rings were manually 

selected (3612 micrographs). Relionôs star file comparison command was used to select out the 

rest 400 micrographs (ice rings-containing ones). The particles were LoG auto-picked (default 

thresholds 2 and 3) from both micrograph selections, extracted into a 136-pixel box (2x re-

scaled), and 2D classified. Classifying particles from the micrographs with very strong ice rings 

gave out nice 2D classes, indicating that very strong ice rings in CTF come from the small ice 

contamination crystals and not freeze-dried particles, which was our biggest concern. The good 
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classes from all 2D classifications were selected and joined together. Duplicate particles were 

removed using 80Å inter-particle distance. The particles were re-extracted in a 200-pixel box 

(2x binned) with recentering and subjected to refinement. The re-extracted particles were 

subjected to another round of 2D classification to check that particles were indeed centred. 

Refinement jobs were run in both C1 and C2 symmetry with wide searches (7.5 degrees 

angular, 30/2 pixels initial offset range, 1.8 degrees local). CryoSparc generated ab initio model 

(low-pass filtered to 8Å) was used as an initial model for refinement jobs. The further strategy 

(both using C1 and C2 symmetry) was to subtract micelle density by making a tight mask 

around the protein and particle subtraction option in Relion. The resulting particles were then 

further refined using local searches (1.8 degrees angular, 5/1 pixels initial offset range, 1.8 

degrees local or 0.9 degrees angular, 5/1 pixels initial offset range, 0.9 degrees local). Both 

models from the previous refinement (wide searches) and the new, improved model from 

CryoSparc were used as a reference for these refinements. Unfortunately, the resolution of the 

model was still low (6.22Å). Another strategy was to do local refinement with lowpass filtering 

of micelle (Relion 3.1.0-m, courtesy of Dr. Jiansen Jiang, NIH). However, this, too, resulted in 

a low-resolution map (6.46Å). Thus, we decided to collect more data with the tilted collection 

because of the partial preferential orientation (mostly top and bottom views). The summary of 

processing that led to the best resolution maps is shown in Figure 20A.  

Tilted dataset: 3334 movies were collected with 25̄  tilt, using the same parameters as for the 

non-tilted dataset. The dataset was processed in the Relion 3.1.0-g version. Micrographs were 

manually examined after motion correction using Relionôs own implementation and CTF 

estimation with CTFFIND 4-1. Micrographs showing poor power spectra were excluded, 

yielding 3269 micrographs. From these 3269 micrographs, 843 micrographs with very strong 

ice rings were manually selected out. Relionôs star file comparison command was used to select 

out the rest of the 2426 micrographs. The particles were LoG auto-picked (default threshold 1, 

2, and 3) from both micrograph selections, extracted into a 200-pixel box (2x re-scaled), and 

2D classified. All good classes from different picking thresholds were selected and joined 

together. Duplicated particles were removed using 90Å inter-particle distance, which resulted 

in 752 421 particles. Per particle defocus was determined using gctf for these 752 421 particles, 

and they were re-extracted into a 200-pixel box (2x re-scaled) and again 2D classified. 2D 

classes representing top and bottom views were selected, resulting in 270 233 particles. These 

particles were refined using wider global searches (7.5 degrees angular, 15/2 pixels initial 

offset range, 1.8 degrees local) in C2 symmetry with a lowpass filtering of micelle (Relion 
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3.1.0-m). PIN8 Arabidopsis AlphaFold2 model (low-pass filtered to 8Å to ensure that no model 

bias persist in high-resolution refinement) was used as a reference. The acceptable result with 

reasonable TM density could be obtained only when the option ñïlimit_tilt -25ò was applied 

in Relion. This limits the search around the initial orientations (with the initial map aligned to 

the Z axis in C2 symmetry) to 25̄ and could be used because only top/bottom views of the 

molecule (thus pre-aligned along the Z axis, with 25̄  tilt of the grid) were used. The parameter 

value of 25 was optimal from several trials in Relion in the range of 15-30 degrees. Such a 

search prevents artefactual high-tilt orientations due to low levels of signal. The resulting 

model (6.18Å) would be roughly refined due to the applied tilt limit, and so it was subjected to 

another round of local refinement with a lowpass filtering of micelle, giving the map of 4.3 Å. 

The final map of 4.2 Å was obtained by postprocessing. The summary of the processing of this 

dataset is shown in Figure 20B. Attempts to combine non-tilted and tilted data in refinements 

did not lead to any improvements. 
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Figure 20. Processing of PIN8 datasets. A) Processing of non-tilted dataset. After 2D classification, all good 

classes were joined and locally refined with either the micelle filtering option or the particle subtraction and 

subsequent refinement. Both strategies gave low-resolution maps of 6.46  and 6.22 . B) Processing of the tilted 

dataset. After 2D classification, only top views were selected and first globally refined in C2 symmetry, then 

locally refined with the micelle lowpass filtering and limiting the tilt.  

2.6 ATP synthase: biochemical studies 

2.6.1 F1F0-ATP synthase purification 
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Mitochondrial membranes from CD1 mouse liver were solubilised using a 6:1 digitonin: 

protein weight ratio in 20 mM HEPES, 50 mM NaCl, 1 mM EDTA, 2 mM DTT, 10% glycerol, 

pH 7.7, 0.002% phenylmethylsulfonyl fluoride and EDTA-free Complete Ultra inhibitor 

(Roche) gently rotating for 1 h at 4 ÁC. The insoluble material was removed by centrifugation 

at 30,000g for 45 minutes at 4 ÁC. The supernatant was taken and loaded onto a MonoQ ion 

exchange column. The MonoQ 1 mL column was equilibrated in QA buffer (20 mM HEPES, 

50 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM DTT, 0.2% digitonin, pH 7.7). The sample 

was eluted using a linear gradient from 0% to 50% buffer QB (20 mM HEPES, 1 M NaCl, 

2 mM EDTA, 1 mM DTT, 0.2% digitonin, 10% glycerol, pH 7.7) over 20 column volumes, 

creating a NaCl gradient from 50 mM to 500 mM. Fractions corresponding to the pure ATP 

synthase were collected and concentrated using a 100 kDa cut-off Vivaspin (50 mL) 

concentrator to a final concentration of 1 mg/mL. Glycerol (from 50% stock) was added to 

reach the final glycerol concentration of 30%, and concentrated ATP synthase was divided into 

50 µL aliquots, flash frozen and stored in liquid N2 until further use. The final protein 

concentration was 0.85 mg/mL.  

2.6.2 Measuring the concentration of pure protein  

Initially, the concentration of the purified protein sample was determined by measuring 

absorbance at 280 nm on NanoDrop (Implen, NanoPhotometer NP80) and using PierceTM 660 

assay (protocol described in 2.1.6). The values from the PierceTM 660 assay were correlated to 

the A280 values, concluding that A280 0.34 corresponds to the 0.1 mg/mL of pure ATP synthase. 

This correlation was used to measure further concentrations. The A280 values would be 

determined from NanoDrop, and the protein concentration in mg/mL would be calculated 

based on the previously determined correlation.  

2.6.3 Silver staining 

The InstantBlue® (Abcam) stained gel of the F1-ATPase purification was destained overnight 

in a destaining solution (30% ethanol, 10% acetic acid). The gel was washed 2x 30 minutes in 

MilliQ water, and silver staining was performed. 

Gel Washing and Fixation: The gel was fixed in a fixing solution (30% ethanol, 10% acetic 

acid) for 15 minutes, with solution replacement and further fixation for 15 minutes. After 

fixation, gels were washed in a 10% ethanol solution for 5 minutes, followed by replacement 

of the solution and another 5-minute wash in ultrapure water. 
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Silver Stain Sensitization and Staining: The Sensitizer Working Solution was prepared by 

mixing 1 part Silver Stain Sensitizer with 500 parts ultrapure water (100 µL Sensitizer with 50 

mL MiliQ). Gels were incubated in the Sensitizer Working Solution for 1 minute, followed by 

washing with two changes of MiliQ for 1 minute each. A Stain Working Solution was prepared 

by combining 1 part Silver Stain Enhancer with 50 parts Silver Stain (0.5 mL Enhancer with 

25 mL Stain). Gels were then incubated in the Stain Working Solution for 30 minutes.  

Development and Stopping: The Developer Working Solution was prepared by mixing 1 part 

Silver Stain Enhancer with 50 parts Silver Stain Developer (0.5 mL Enhancer with 25 mL 

Developer). A Stop Solution of 5% acetic acid was prepared. Gels were quickly washed with 

two changes of ultrapure water for 20 seconds each, followed by the immediate addition of 

Developer Working Solution. Gels were incubated in the Developer Working Solution until 

protein bands appeared. Upon reaching the desired band intensity, the Developer Working 

Solution was replaced with the prepared Stop Solution. Gels were briefly washed, followed by 

the replacement of Stop Solution and incubation for another 10 minutes. 

2.6.4 Preparation of the Yaku'amide B stock and working solution 

Yaku'amide B was chemically synthesised and provided by our collaborators from The Tokyo 

University, the group of Prof. Masayuki Inoue. Initially we obtained total amount of 4 nmol of 

the yaku'amide B, and in the later stage of the project, another 8 nmol of peptide was provided 

by the collaborators. The stock solutions (40 µM and 80 µM, respectively) were prepared by 

adding the 100 µL of DSMO and gently vortexing several times to dissolve the peptide. For 

grid preparation, the intermediate solution of yaku'amide was prepared first, to lower the 

concentration of DSMO, by mixing 2 µL of the 40 µM stock (100% DSMO) and 18 µL of the 

buffer (20 mM HEPES, 50 mM NaCl, 1 mM EDTA, pH 7.7), yielding the final concentration 

of 4 µM yaku'amide B and 10% DMSO. The 4 µM yaku'amide B was used then for grid 

preparation by mixing the 1 µL of the inhibitor with 9 µL of the protein, reaching the final 

yaku'amide concentration of 400 nM (and final 1% DMSO). 

2.6.5 Submitochondrial particles (SMPs) preparation: protocol 1 

1 g ovine heart mitochondria were resuspended in 8 mL of SMP buffer (10 mM HEPES, 250 

mM sucrose, pH 7.0) and left at -70°C for 1 h. Mitochondria were then thawed on ice, aliquoted 

in 2 mL tubes and pelleted for 45 min at 30,000 g, 4°C. The pellet was washed by resuspending 

in 4 mL of SMP buffer and pelleted again for 45 minutes at 30,000 g, 4°C. The pellet was 

resuspended in 4 mL of SMP buffer + 10 mM MgSO4 and sonicated on ice (15-second bursts 
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at 30 W were repeated 10x with 1-minute intervals). The sonicated SMPs were spun down for 

20 minutes, at 27,000 g at 4°C to remove remaining mitochondria and then spun down in 

ultracentrifuge at 82,000 g for 30 minutes at 4°C. The SMP pellet (78 mg) was resuspended in 

2 mL of SMP buffer + 10 mM MgSO4. Protein concentration was determined by Pierce 660 

assay and was 1.07 mg/mL.  

2.6.6 Submitochondrial particles (SMPs) preparation: protocol 2 

2.927 g of ovine heart mitochondria were resuspended in 120 mL of 46 mM sucrose, 0.6 mM 

EDTA, and pH 8.0. The suspension was saturated for 20 minutes with nitrogen gas (on ice with 

stirring to suspend mitochondria). Using 1M NH4OH, pH was adjusted to 9.1, and 

mitochondria were then divided into 3 batches of 40 mL and sonicated 10 x 15 seconds with 

1-minute intervals using 65% amplitude. Sonicated suspension was centrifuged for 15 minutes 

at 26,000 g and 4°C. The supernatant was taken and centrifuged for 45 minutes at 120,000 g 

and 4°C. The pellet was resuspended in 10 mL of the 30 mM Tris-SO4, 75 mM sucrose, 250 

mM KCl, 2 mM EDTA, pH 8.0 and loaded onto column prepacked with Sephadex G-50 resin 

and preequilibrated in the same buffer. Column flow was set to 4 mL/min, and elution was 

performed at RT. The elution was monitored by eye, a brown front corresponding to SMPs was 

observed, and a total volume of 30 mL was collected. This sample was further centrifuged for 

45 minutes at 120,000 g and 25°C. The pellet was resuspended in 60 mL of 0.25 M sucrose 

and centrifuged for 1 hour at 120,000 g and 25°C. The pellet was resuspended in 4 mL of 0.25 

M sucrose. The concentration was determined by Pierce 660 assay and was approximately 5 

mg/mL. The sample was divided into 2 parts, and each sample was loaded onto the 28 mL of 

the sucrose gradient (20-40%) and run at 63,000 g for 3 hours at RT. The 0.5 mL fractions 

were collected and prepared SMPs were used for activity assays. The total protein 

concentration of the each collected fraction was determined by Pierce 660 assay and was 3.1 

mg/mL in the utilised fraction. The coupling of the SMPs was checked with forward complex 

I reaction ± CCCP at 30°C. 

2.6.7 F1-ATPase purification 

450 µL of SMPs, prepared as above, were briefly mixed with 450 µL of chloroform (1:1), then 

spun down at 16,000 g for 10 minutes at room temperature (RT). The upper water phase 

(approximately 450 µL) was gently taken, and F1 buffer (20 mM Tris, 50 mM NaCl, 0.5 mM 

EDTA, 0.1 mM DTT, 0.1 mM PMSF, pH 8.5) was added to the final volume of 2 mL. The 

solution was spun down at 140,000 g for 45 minutes at RT to remove any membrane fragments. 
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The supernatant was taken and concentrated to 250 µL using Amicon® Ultra-4 10 kDA cut-

off concentrators. The sample was loaded onto Superose 6 10/300 GL column equilibrated with 

2 CV of F1 buffer. Protein was eluted with 1.5 CV of the F1 buffer. Elution fractions were 

collected and run on the SDS PAGE. The fractions corresponding to the F1 domain of ATP 

synthase were collected. These were concentrated 10 x, then diluted to ATP hydrolysis buffer 

without enzymes (50 mM Tris, 50 mM KCl, 6 mM MgCl2, 0.2 mM EDTA, pH 7.5) for the 

buffer exchange and further used for ATP hydrolysis measurements.  

2.6.8 ATP hydrolysis assay 

33 µL of SMPs was added to 1 mL of the assay buffer (50 mM Tris, 50 mM KCl, 6 mM MgCl2, 

0.2 mM EDTA, 2 mM phosphoenolpyruvate (PEP), 15 U/L lactate dehydrogenase (LDH), 15 

U/L pyruvate kinase (PK), 1 mg/mL BSA, pH 7.5) pre-incubated at 30°C.  The reaction mixture 

was stirred at 325 rpm, and 5 µL of rotenone (5 µM), 10 µL of 20 mM NADH (200 µM) and 

10 µL of 40 µM yaku'amide (400 nM final) were added. The reaction was autozeroed, then 

started by adding 20 µL of ATP (4 mM final) and measuring the change of A340 was started 

immediately upon ATP addition. Yaku'amide stocks were prepared in DMSO, and the final 

DMSO concentration was kept at 1% in all measurements. 10 µL of DMSO was used as a 

negative, and 10 µM oligomycin was used as a positive control. 

For the hydrolysis assay performed on purified protein to reproduce the grid conditions, the 

concentration of ATP synthase was 0.07 mg/mL in 0.2 % digitonin. The inhibition effect of 

yaku' (400 nM) on F1-ATPase activity was measured using 0.1 mg/mL purified F1 domain.  

2.6.9 ATP synthesis assay 

33 µL of SMPs was added to 1 mL of the assay buffer (50 mM Tris, 5 mM Pi, 6 mM glucose, 

2 mM MgCl2, 10 mM succinate, 2 U/L hexokinase (HK), 2.75 U/L glucose-6-phosphate 

dehydrogenase (G6PD), 1 mg/mL BSA, pH 7.5) pre-incubated at 30°C.  The reaction mixture 

was stirred at 325 rpm, and 5 µL of rotenone (5 µM), 10 µL of 50 µM P1,P5-Di(adenosine-

5')pentaphosphate (Ap5A), 10 µL of NADP+ and 10 µL of 40 µM yaku'amide (400 nM final) 

were added. The reaction was autozeroed, then started by adding 10 µL of ADP (1 mM final) 

and measuring the change of A340 was started immediately upon ATP addition. Yaku' stock 

(40 µM) was prepared in DMSO, final DMSO concentration was kept at 1%. 10 µL of DMSO 

was used as a negative, and 10 µM oligomycin was used as a positive control. 
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2.7 ATP synthase: structural studies 

2.7.1 Cryo-EM sample preparation 

ATP synthase aliquots (stored in 30% glycerol) were taken from liquid N2 storage and thawed 

on ice. The buffer exchange to remove glycerol was performed on the PD MiditrapÊ G-25 

column (Cytiva). Briefly, 2 aliquots (100 µL) were diluted 5x in 20 mM HEPES, 150 mM 

NaCl, 1 mM TCEP, 0.1% digitonin, pH 7.7, to reach the final volume of 0.5 mL. The sample 

was applied onto the column and preequilibrated with 8 mL of the same buffer. The 

flowthrough was discarded, and the protein was eluted with 1 mL of the buffer as mentioned 

above. The protein concentration of the eluate was measured on NanoDrop, giving A280 0.1, 

corresponding to 0.031 mg/mL. Since the desired concentration was too low for grids, the 

eluted protein was concentrated 2x using a 100 kDa cut-off Vivaspin (50 mL), yielding a final 

concentration of 0.073 mg/mL (A280 0.23). Cryo-EM samples were prepared by adsorbing 

protein onto a copper grid (Quantifoil mesh 300, R 0.6/1) coated with a 0.9 nm layer of 

continuous carbon. 2 µL of 4 µM yaku'amide (in 10% DMSO) was added to 16 µL of ATPase 

and incubated on ice for 10 minutes 2 µL of 2% CHAPS was added prior grid freezing (final 

0.02%). The final yaku' concentration in the sample was 400 nM. The grids were frozen using 

the FEI Vitrobot IV system, operating at 4°C and 100% humidity. Glow discharge of grids was 

performed for 10 s at 30 mA, and 2.7 µL of protein sample was added onto a grid and blotted 

for 2s, using blot force 25, before plunging immediately into liquid ethane.  

2.7.2 Grid screening: Glacios 

To check the number of particles per micrograph and the integrity of 2D classes, the small 

dataset of 200 micrographs was collected on a 200 kV Glacios Cryo-Transmission Electron 

Microscope (ThermoFisherTM) at ISTA.  Micrographs were collected, using FEI EPU software, 

in linear mode at a nominal magnification of 120 000 x, resulting in a pixel size of 1.22 Å per 

pixel. The micrographs were imaged using a total dose of 90 e-/Å2. Defocus values used for a 

collection were in a -1.6-(-3.0)) µm range. 

2.7.3 Data collection: Krios 

Micrographs were recorded on a 300 kV Titan Krios electron microscope (FEI) at the Institute 

of Science and Technology Austria (ISTA). Around 12,000 micrographs were collected with 

the SerialEM package at a nominal magnification of 80,000 x, resulting in a physical pixel size 

of 1.06 ¡ per pixel. Defocus values varied from 0.6 ɛm to 2.3 ɛm. A total dose of 90 e -/Å2 

was fractionated into 90 frames.  
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2.7.4 Data processing 

The dataset underwent processing using Relion/4.0-beta and Relion/5-beta4. The initial 

number of movies was 12,347. These were aligned, motion-corrected, and dose-weighted using 

Relionôs own implementation. Poor micrographs were filtered based on AccumMotionTotal, 

yielding 12,343 micrographs. CTFFIND 4-1 was used to determine defocus and astigmatism 

parameters. CTF result was inspected visually, and micrographs with ice rings or poor CTF fit 

were manually selected out, giving the final 12,048 micrographs. Log picking was initially 

performed on a random subset of 500 micrographs testing different default thresholds (0,1 and 

2). Picked particles were extracted in 216 pix box (2x binned) and 2D classified using the 

VDAM algorithm. Obtained 2D classes were inspected visually, and the best ones, coming 

from the 0-default threshold in log picking, were used as a template for Topaz training. Several 

rounds of 2D-template picking and Topaz training/picking were performed, first on the subset, 

then on all 12 048 micrographs. After topaz picking, 2D classification (VDAM, 300 iterations) 

was performed, and all good 2D classes were selected and joined together, giving 2,086,189 

particles. These were divided into 4 subsets (4x 519, 048 particles), and each was 3D and 

classified into 6 classes (T4, 75 iterations). From each subset, there was only one good class 

per classification, and these were selected and joined together (863,735 particles) and further 

3D classified (T4, 75 iterations).  The result of this 3D classification gave 5 classes, 

corresponding to the 3 main states (State1, State2 and State3) and putative substates of State1 

and State3, while the substate of State2 could not be resolved.  

States and substates: The classes representing 3 main states were extracted in a full box (432 

pix) and globally refined (7.5 degrees angular, 10/1 pixels initial offset range, 1.8 degrees 

local). In this order, these particles underwent 1st CTF refinement, global refinement, 2nd CTF 

refinement, polishing, global refinement, 3rd CTF refinement and the final global refinement. 

Each of these steps significantly improved resolution, as shown in the Figure 21. Local 

refinements of each map were performed. The F1 domain was locally refined (1.8 degrees 

angular, 5/0.5 pixels initial offset range, 1.8 degrees local) using a mask around the F1 domain 

and the upper half of the central stalk. Similarly, the Fo domain was locally refined (0.5 degrees 

angular, 5/1 pixels initial offset range, 0.5 degrees local) using a mask around the Fo domain 

and the bottom half of the central stalk. The peripheral stalk was refined (0.5 degrees angular, 

5/1 pixels initial offset range, 0.5 degrees local) using a mask encompassing the F0 domain 

and the peripheral stalk. The three main states of ATP synthase (State1, State2 and State3) 

were resolved to an overall resolution of 3.0 Å, 3.1 Å and 3.2 Å, respectively. The final maps 

were composed of the three locally refined maps (F1 domain, Fo domain and peripheral stalk). 
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For State1, the F1 domain was resolved to 2.91 Å, the Fo domain to 3.31 Å and the peripheral 

stalk to 3.78 Å. The F1 domain of the State2 was resolved to 3.03 Å, followed by the Fo domain 

at 3.54 Å and the peripheral stalk at 3.88 Å.  The final resolution of the State3 domains was 

3.09 Å for the F1 domain, followed by 3.94 Å for the Fo domain and 4.27 Å for the peripheral 

stalk. The 3D classes representing substates were also extracted into a full box (432 pix) and 

refined. These particles then underwent the round of CTF refinement and global refinement; 

however, the quality of the maps got significantly worse. Thus, the initially refined 3D classes 

were only locally refined, using masks similar to those in the main states.  
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Figure 21. Data processing of the ATP synthase and 400 nM yaku dataset. After several rounds of 2D and 3D 

classification, classes corresponding to the 3 main states were selected and further processed by several rounds of 

CTF refinement, refinement, and one round of polishing after the 2nd CTF refinement. All good particles were 

globally refined together, and a subsequent local refinement of the Fo part was conducted.  
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Refinement of Fo domain from all good particles: All good particles (863,735 particles) 

were globally refined (7.5 degrees angular, 10/2 pixels initial offset range, 1.8 degrees local) 

in a full box (432 pix). These particles were locally refined around the Fo domain (0.5 degrees 

angular, 5/1 pixels initial offset range, 0.5 degrees local).  

3D classification w/o alignments of the Fo domain: Locally refined Fo domain from all good 

particles, as described above, we used as an input for 3D classification. Classification w/o 

alignments was performed using a mask around the Fo domain, and different T values (4, 16, 

64, 128 and 256), number of classes (3 and 6) and number of iterations (25 or 50) were tested. 

The 3D classification w/o alignment of the c-ring was performed on the same particles, using 

a mask encompassing only the c-ring part of the Fo domain. Similarly, different T values (4 

and 16) and several iterations (25 and 50) were tested. The resulting 3D classes were then 

further refined.  

3D classification with alignments of the Fo domain: We used a locally refined Fo domain of 

all good particles as an input for 3D classification. 3D classification (3 or 6 classes) with 

alignments was performed on unscaled and 2x binned particles using a T4 value.  

Subunit a refinement and 3D classification: 3D classification w/o alignments was conducted 

on all good particles' locally refined Fo domain, employing a mask encompassing all Fo 

subunits (a, b, e, f, g, k (DAPIT), ATP8 and j (6.8 pI)), but excluding the c-ring. Another mask 

was also applied for comparison, excluding both the c-ring and e subunit. The resulting 3D 

classes were subsequently refined (0.5, 5/1, 0.5 searches) with or without the BLUSH 

regularisation option in Relion/5-beta4. 

Particle subtraction of the Fo domain: The mask encompassing all Fo subunits subunits (a, 

b, e, f, g, k (DAPIT), ATP8 and j (6.8 pI)), but excluding the c-ring was utilised for particle 

subtraction. The subtracted particles were refined with varying search parameters, with or 

without BLUSH regularisation. The refined map was further 3D classified w/o alignments (T4, 

3 classes, 50 iterations), yielding one major class and two other classes containing a smaller 

number of particles (Figure 22).  The major class was further refined((0.5, 5/1, 0.5 searches), 

yielding 3.46  resolution (Figure 22). 
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Figure 22. Processing of Fo particles. The particles were either 3D classified, and good-resolution classes were 

then subsequently refined, or particle subtraction on the non-c-ring part of the Fo domain was performed and 

further refined and 3D classified.  

2.7.5 Model building and refinement 

The model for the State1 was generated using the skeleton of the cryo-EM structure of the 

ovine ATP synthase (PDB 677t) and mutating, in Coot 0.9.9.92 EL, the ovine sequence into a 

murine one. Each subunit was individually fit into our density map in USCF Chimera 1.17.3. 

The subunit D, exhibiting different conformation than the ovine one, was obtained from the 

Phyre2 server (using PDB 7TJT as a starting model) and manually fit into the map in Coot.  

The model was then manually corrected using Coot and refined against the cryo-EM map in 

real space using PHENIX. The same approach was utilised for the State2 and State3 models, 

except the starting models came from the bovine models (State2 PDB 6zqm, State3 PDB 6zqn). 

Densities for several lipids could be detected at the same positions as in the previously 

published data. These correspond to the cardiolipin (pdb letter code CDL) and 1,2-dipalmitoyl-

phosphatidyl-glycerol (DPPG, pdb letter code LHG). These were modelled in State1 and State2 
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models but not in State3 since density in the Fo domain was much weaker. Additionally, lipids 

in the c-ring could be well resolved. In alignment with the ovine model, these lipids were 

modelled as lyso-phosphatidylserine (LPS, S12 pdb letter code) located on the intermembrane 

space (IMS) side, and phosphatidylserine (PS, with the P5S pdb letter code) positioned on the 

matrix side. 

3 Results 

3.1 Results: PIN proteins 

3.1.1 Molecular cloning 

To generate bacterial expression constructs, pBAD Myc His C and pET Duet 1 vectors were 

modified by PCR to generate constructs with N-terminal and C-terminal 8x His tag, separated 

from protein sequence by a short linker and TEV protease cleavage site (Figure 1B). Initially, 

we explored different PIN homologs, and later on, we tested different expression systems.  

Different PIN homologs (PIN8, PIN5, KfPIN and MsPIN) were amplified from synthetic genes 

(GenScript) kindly provided by the Friml group (IST Austria), with 25 bp overlaps with the 

above-generated vectors, and the bacterial expression constructs were obtained by Gibson 

assembly.  Yeast expression constructs with C-terminal GFP-8x His were generated by PCR 

amplifying short-loop PIN8 and medium-loop PIN6 genes with 30 bp overlaps for the 

expression vector pDDGFP_leu2D and performing Gibson assembly. GFP-protein was tested 

as a tag for its ability to increase the solubility of certain recombinant proteins when utilised as 

a fusion tag and for ease of the visualisation and monitoring of the expression and the 

purification process.117 Additionally, the C-terminal Strep-tag construct and C-terminal GFP 

construct of PIN8, PIN6 and the long-loop PIN2 were generated by modifying the 

pDDGFP_leu2D vector using the round-the-horn mutagenesis method. The respective PCR 

gels are shown in Figure 23 A-G. Table 7 lists all designed, cloned and tested constructs. 
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Figure 23. PCR amplifications of vectors and PIN genes used for expression constructs building and expression 

in bacterial and yeast cells.  
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Table 7. The list of all designed, built and tested PIN constructs for the expression in bacterial and yeast cells. 

Construct Description 
Expression 

system 

PIN8_pBAD N-HIS 
PIN8_pBAD Myc HIS C with N-terminal 8xHIS 

tag 
bacteria 

PIN5_pBAD N-HIS 
PIN5_pBAD Myc HIS C with N-terminal 8xHIS 

tag 
bacteria 

KfPIN_pBAD N -HIS 
KfPIN_pBAD Myc HIS C with N-terminal 8xHIS 

tag 
bacteria 

MsPIN_pBAD N-HIS 
MsPIN_pBAD Myc HIS C with N-terminal 8xHIS 

tag 
bacteria 

PIN8_pBAD C-HIS 
PIN8_pBAD Myc HIS C with C-terminal 8xHIS 

tag 
bacteria 

PIN5_pBAD C-HIS 
PIN5_pBAD Myc HIS C with C-terminal 8xHIS 

tag 
bacteria 

KfPIN_pBAD C -HIS 
KfPIN_pBAD Myc HIS C with C-terminal 8xHIS 

tag 
bacteria 

MsPIN_pBAD C-HIS 
MsPIN_pBAD Myc HIS C with C-terminal 8xHIS 

tag 
bacteria 

PIN8_pET N-HIS PIN8_pET Duet 1 with N-terminal 8xHIS tag bacteria 

PIN5_pET N-HIS PIN5_pET Duet 1 with N-terminal 8xHIS tag bacteria 

KfPIN_pET N -HIS KfPIN_pET Duet 1 with N-terminal 8xHIS tag bacteria 

MsPIN_pET N-HIS MsPIN_pET Duet 1 with N-terminal 8xHIS tag bacteria 
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PIN8_pET C-HIS PIN8_pET Duet 1 with C-terminal 8xHIS tag bacteria 

PIN5_pET C-HIS PIN5_pET Duet 1 with C-terminal 8xHIS tag bacteria 

KfPIN_pET C -HIS KfPIN_pET Duet 1 with C-terminal 8xHIS tag bacteria 

MsPIN_pET C-HIS MsPIN_pET Duet 1 with C-terminal 8xHIS tag bacteria 

PIN8_pDDGFP 
PIN8_pDDGFP_leu2d with C-terminal GFP-His 

tag 
yeast 

PIN6_pDDGFP 
PIN6_pDDGFP_leu2d with C-terminal GFP-His 

tag 
yeast 

PIN8_pDDGFP C-GFP-

Strep 
PIN8_pDDGFP with C-terminal GFP-Strep tag yeast 

PIN8_pDDGFP C-Strep PIN8_pDDGFP with C-terminal Strep-tag yeast 

PIN2_pDDGFP C-Strep PIN2_pDDGFP with C-terminal Strep-tag yeast 

 

3.1.2 Expression screening 

3.1.3 Expression in Bacteria 

N-terminal 8x-HIS tag constructs: Generated constructs for PIN8, PIN5, KfPIN, and MsPIN 

in pBAD Myc His C and pET Duet 1 vectors were tested for expression in bacterial strains 

Lemo 21 (DE3) and Rosetta (DE3) pLysS at 37°C and 18̄C. The selection of Arabidopsis PINs 

for expression was guided by carefully considering their predicted secondary structure features. 

Proteins with shorter loop regions, ER-located PIN5 and PIN8, were preferred due to the 

concern that long, unstructured loops of the plasma membrane-located PINs could potentially 

hinder expression or present challenges during the expression process. The orthologous PIN 

from the green algae Klebsormidium faccidum (KfPIN) is an ancestral form of PIN which 
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shows plasma membrane localisation in cells. Klebsormidium flaccidum is known for its ability 

to tolerate extreme environmental conditions, such as drought and high levels of ultraviolet 

radiation.118,119 Moreover, the length of the hydrophilic loop of KfPIN falls within the range 

observed for canonical and non-canonical PINs.120 Combining these points, ancestral 

importance and simplicity, the medium loop length and ñextremophilicò properties of 

Klebsormidium, KfPIN was an interesting target for the initial expression. MsPIN, a bacterial 

homolog of the PIN proteins, was evaluated for its potential for a straightforward expression. 

In both strains, expression was only detected for PIN8_pBAD construct at 18°C overnight. The 

respective WBs of the tested expression conditions are shown in Figure 24 A-E. The summary 

of the tested expression conditions is shown in Table 8. 
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Figure 24. The results of expression tests of different PIN constructs with N-terminal His-tag in pET and pBAD 

vectors in bacteria. A) Expression test for PIN8 constructs in Lemo cells. The expression was successful only for 

the PIN8-pBAD construct expressed overnight at 18°C. B) Expression test for PIN8 constructs in Rosetta cells. 

The expression was successful only for the PIN8-pBAD construct expressed overnight at 18°C. C) Expression 

screening of PIN5-pET and PIN5-pBAD constructs. The expression was not observed for any of the tested 

conditions. D) Expression screening of KfPIN-pET and PIN5-pBAD constructs. The expression was not observed 

for any of the tested conditions. E) Expression screening of MsPIN-pET and PIN5-pBAD constructs. The 

expression was not observed for any of the tested conditions. 

Table 8. The list of all tested expression conditions for different PIN constructs with N-terminal His-tag. The 

expression was successful only in the case of the PIN8-pBAD construct expressed overnight at 18°C. 

Construct Strain Condition Expression 

 PIN8_pBAD N-HIS Lemo 37°C, 2h no  

 PIN8_pBAD N-HIS Lemo 37°C, 4h no  

 PIN8_pBAD N-HIS Lemo 18°C, overnight yes 

 PIN5_pBAD N-HIS Lemo 37°C, 2h no  

 PIN5_pBAD N-HIS Lemo 37°C, 4h no  

 PIN5_pBAD N-HIS Lemo 18°C, overnight no  

 KfPIN_pBAD N-HIS Lemo 37°C, 2h no  

 KfPIN_pBAD N-HIS Lemo 37°C, 4h no  

 KfPIN_pBAD N-HIS Lemo 18°C, overnight no  

 MsPIN_pBAD N-HIS Lemo 37°C, 2h no  

 MsPIN_pBAD N-HIS Lemo 37°C, 4h no  

 MsPIN_pBAD N-HIS Lemo 18°C, overnight no  

 PIN8_pET N-HIS Rosetta 37°C, 2h no  

 PIN8_pET N-HIS Rosetta 37°C, 4h no  

 PIN8_pET N-HIS Rosetta 18°C, overnight yes 

 PIN5_pET N-HIS Rosetta 37°C, 2h no  

 PIN5_pET N-HIS Rosetta 37°C, 4h no  

 PIN5_pET N-HIS Rosetta 18°C, overnight no  

 KfPIN_pET N-HIS Rosetta 37°C, 2h no  

 KfPIN_pET N-HIS Rosetta 37°C, 4h no  
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 KfPIN_pET N-HIS Rosetta 18°C, overnight no  

 MsPIN_pET N-HIS Rosetta 37°C, 2h no  

 MsPIN_pET N-HIS Rosetta 37°C, 4h no  

 MsPIN_pET N-HIS Rosetta 18°C, overnight no  

 

Additional conditions for the expression of PIN8_pBAD were tested: C43 (DE3) strain, 25C̄, 

and a comparison between LB and TB media. However, in the initial tested conditions, 

expression in Lemo and Rosetta strains at 18°C overnight in LB media gave the best results, 

with the Rosetta strain giving a slightly higher expression yield (Figure 25). Table 9 

summarises the optimisation conditions. 

 

 

Figure 25. The further expression screen for PIN8-pBAD N-terminal His-tag construct. From the tested strains, 

Rosetta gave the highest yield. The optimal temperature for the expression was 18°C. Interestingly, no expression 

was observed in TB media compared to the LB media. 

Table 9. The list of further tested expression conditions for PIN8-pBAD construct with N-terminal His-tag. The 

highest expression yield was observed in Rosetta cells and expression overnight at 18°C in LB media.  

Construct  Strain Condition Expression 

 PIN8_pBAD N-HIS Lemo LB media, 18°C, overnight yes, weak 

 PIN8_pBAD N-HIS Lemo TB media, 18°C, overnight no 

 PIN8_pBAD N-HIS Rosetta LB media, 18°C, overnight yes, high yield 

 PIN8_pBAD N-HIS Rosetta TB media, 18°C, overnight yes, very weak 

 PIN8_pBAD N-HIS C43 LB media, 18°C, overnight no 

 PIN8_pBAD N-HIS C43 TB media, 18°C, overnight no 

 PIN8_pBAD N-HIS Lemo LB media, 25°C, overnight no 

 PIN8_pBAD N-HIS Lemo TB media, 25°C, overnight no 

 PIN8_pBAD N-HIS Rosetta LB media, 25°C, overnight yes, very weak 






































































































































































































