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Abstract

This thesis comprises two distinct projects, each offering unique insightfumi@mental
cellular processedVhile distinct in their focus, these different perspectirage a common
theme chemiosmotic theory andtilisation of the proton gradi¢ror driving the essential
processes like auxiefflux and ATP synthesjseffectively bridging themembrane protein
structure and function from threalms of plant biology and cellular bioenergetics.

The first project of this thesis centres on titeracterisatiorof 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 grdtgneporterpresent 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 yeaos Hgs work aimed to uncover the
structural and functional dynamio$ the PIN proteirmediated auxin transport using an array

of experimental techniques, includipgotein purificationbiochemical 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 monodisperserotbia.
Moreover, utiising biophysical methods and buffer screening, we demonstrated that PIN8
exhibits detergent and ptiependent stability, with mild detergents and lower pH (5.0 and 6.0)
being optimal for the stability of the protein. Using SEBLS and crosslinking, we
deermined that PIN8 forms dimers, which was confirmed by our structural studies. We
obtained acryo-EM mapof PIN8 at pH 6.0 and compared to recently published structuyres
our mapimplies major pHdependent conformational changes and possibly utilisafidimeo
proton gradient in the transport mechanism.

Thesubject of the second project was FI&ABP synthase, an enzyme complex fundamental

to cellular energy metabolisnThrough 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 implicai®ing.
submitochondrial particles and purified FXAGP synthase, we demonstrated that, contrary to
published datayaku amideinhibits both ATP hydrolysis and ATP synthesis reactions.
Moreover, we found thayaku amide inhibitory activity is proton motive force (pmf)
dependent, withower inhibition ina more coupled systertilising cryo-EM, we obtained

maps and models for the three medtationalstates of murine ATP synthase (State 1 at 3.0 A,



State 2 at 3.1 A, and State 3 at 3.2 A, overall). We observed several new features in our maps;
however we cannot definitively determine the ex

the protein due teitherresolution limitsor suboptimal binding of the inhibitor
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1 Introduction

The first part of the introduction chapter focuses onatiren history, the role,evolution and
regulation othePIN proteins. The second part is dedicateithéoF1FeATP synthasgits role
in the pathophysiologynd 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 thairatity.
Animals respond to danger and changes in their environment by changing their behaviour,
usually fighting or running away. However, namtile plants had to evodvextraordinarily
complex regulatory mechanisms to help them respond and adapt quickly to these éhanges.
Environmental signals are translated into specific developmental changaseainternally
coordinatedo drive processes like regeneration, tropidm, novoorganogenesis, and
directional growtt?. Thekey molecules irregulatingthese processes are a group of naturally
occurring and structurally diverse hormones named auxins. The auxins include compounds
such as indol8-acetic acid (IAA), indole3- butyric acid (IBA), phenylacetic acid, and 4
chloroindole 3-acetic acid (ACI-IAA), with IAA being the most abundant and the one

commonly referred to when term auxin is used.

1.1.2 Early studies leading to the discovery of auxin
Pioneering work from three different studies in the 18#rly 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 Ipdaizechtally or vertically in
suitable environmental conditions. He postulated and published in hisvoolgsungen tber
PflanzenPhysiologie( 1 8 8 2 ) the exfstenog sebbditamaeaso w
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 directibncontrast, thostrming roots will flow
into the basipetal direction. Thus, von Sachs created two impogaunttions that drove
further auxin discovery-froesnm airgc Is:ubtsh eanexisdt &

distribution.*>

28



At the same time, the experiments of Charles Darwin and his son Francis on phototropism were
crucial for auxin discoveryin the 1880s,Darwin and Darwin discovered that the direction of

light influenced the seedlings' tipaVhen 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 A and 1B. This indicated the existence of some influeticwas

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

di smi ssed Darwin's idea ®about Atransmissible
However, at the beginning of the 20th century, more evidence favouring his idea began to
accumulateln 1911, Danish botanist Boysdensen further elucidated this influence using a

similar experimental setup. He demonstrated that placgelatine blocketween the tip and

the base of the seedling did not | mmpedie the
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, ghototropism was blocked, providing

further evidence for the existence and nature of adxin.

darKkness

light

coleoptile

at |l ed to the discovery and isol a

Figurel. Experi ments th
i Wé h ué s c axis intd air dleclkc éhi figure has bestapted

phototropi sm. Ch
from Kutschera and Niklas, 2069.

Finally, in 1928, Dutch biologist F. W. We n
asymmetrical distribution in the stem is responsible for phototropic response in his famous
Avenatest. ExcisedAvena sativacoleoptile tips were kept in light on small agar or gelatine

bl ocks for a few hours, enabling the diffusi
blocks were placed asymmetricallyfi-centrg on stumps of another coleoptile, they could

bend like in phototropic response, even in the desk. These experiments demonstrated



auxinmediated responses in a young shoot for the first time. Auxin diffuses frasfftbentre

agar block into one side of the plant, causing an elongation of cells on that side and a bend
toward growth(Figure 1C)

The name auxin was deri ve,do fmeam itnted wasr egerko w
introduced by KRgl to designate a substance he isolated in 1934. This substance was recognised
as indole3-acetic acid (IAA)° However,because of insufficient analytical methods to track
trace amounts dhe hormonen plants,the first IAA purificationwas 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 hornfa@e.the contrary,
HaagerSmith did not isolate auxin from higher plants until 19246 the meantime, other
compounds with auxin activity were discovered; however, IAA was favoured and remained

auxin with the strongest ability to induce plant gro\{lgure 2A and B).!

o} o) OH
A Cl
OH OH o
N AN\ OH \
H N m N
IAA 4-CI-IAA PAA IBA
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o (o] (o] (o]

w A K
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Figure2. Structures of naturally occurring auxins and synthetic auxin agonists. A) Naturally occurring auxins:
IAA (indole-3-acetic acid), 4CI-IAA (4-chloroindole3-acetic acid), PAA phenylacetic acid, IBA (indede
butyric acid). B) Synthetic auxins, commonly ds&s herbicides: NAA (naphthalefieacetic acid), 2,D (2,4
dichlorophenoxyacetic acid), 2@P (2(2,4dichlorophenoxy) propionic acid), 2,4B (2,45
trichlorophenoxyacetic acid), DAS534 -#nino3-chloro-6-(4-chlorophenyh5-fluoro-pyridine-2-carboxylc

acid), picloram (4amina3,5,6trichloropicolinic acid), quinclorac (3;dichloro-8-quinolinecarboxylicacid),

WH?7 (2-(4-chloro-2-methylphenoxyN-(4-H-1,2,4triazol3-yl) acetamide). The figure has been adapted from
Maet al., 2018*
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1.1.3 Modern studies of auxin

Until the 1980s, studies of auximere limitedby available techniques ameere mostly
focusedon the physiological effects of auxin application. With the development of more
sophisticated molecular biology techniques and the establishmardlmfiopsis thalianas a
model organism, our understanding of auxin biology been significantly deepenétiThe
modern equivalent to the clasgigenatestis the measurement of auxin inhibition of root
elongationin Arabidopsis.Many important mechanistic observations of auxin actwigye
made using the mutarscreeningToday, weknowthree main modes of regulating auxin

activity in plants: metabolisnsignalling,and polar auxin transpott.

1.1.4 Auxin signal transduction
The main result of auxin perception in cells is transcriptional reprogramming. These responses
are mediated via twsignallingpathways'? Thefirst, 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 tldt te
developmental changes. Under low auxin concentrations, Aux/IAA proteins repress the
activity of the ARF transcription factors. When the levels of hormone increase;laauwid
TIR1/AFB receptor travels to the nucleus whérbinds Aux/IAA proteins repressors. The
TIR1/AFB receptor, a part ohe E3 ubiquitin ligase complex, then polyubiquitylates the
Aux/IAA repressor protein, targeting it for proteasome degradattod This degradation of
the Aux/IAA protein relieves ARF repression, allowing for gene transcription to ¢egure
3 A and B. In Arabidopsis 29 Aux/IAA repressors and 6 TIR1/AFB receptors were
discovered. Different Aux/IAATIR1/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 reponses based on the particular set of Aux/IAA and TIR1/AFB proteins and

the type of auxin present within a given c&lit3
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Figure3. Auxin TIR1-mediated signalling pathway. A) In the absence of IAA,TiHRL protein functioning as

an auxin receptor, remains unbound to IAA molecules. The interaction between auxiriagete acid
(Aux/IAA) proteins and the coepressor TOPLESS (TPL) physically inhibits the associatiotthef ARF
transcription factors with genes containing awa@sponsive elements (AuxRE) in their promoter sequeBice.
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 ubiquitiraftAux/IAA proteins, targeting them for
degradation via the 26S proteasome. Consequently, the degradation of Aux/IAA proteins freagphessor

TPL and ARFs, allowing ARFs to activate the transcription of genes containing AuxRE. The figure rhas bee
adapted from Ortifzarciaet al, 20234

The secongignalling pathway of IAA is mediated by ABP1 (awbimding protein 1and its
plasma membrariéocalisedpartner, transmembrane kinase 1 (TMKAlthough ABP1 was
identified as a potentiauxin-binding protein as early as the 1970s, this pathwag only
recently been described in association with TMK1 and auxin respdhsa.groundbreaking

study by Frimlet al in 2022, it was revealed that a portion of ABP1 is secreted and specifically
binds auxin at thapoplast's slightly acidic pH (5.5)his binding event triggers the formation

of the APBXTMK1 complex, initiating a cascade of signalling events that result in rapid, non
transcriptional cellular effects such as protein phosphorylation, membrane hyperpolarisation,
and cytoskeletal rearrggments?>

1.1.5 Polar auxin transport (PAT)
Auxin is synthesised primarily in the shoot apex and transported to other parts of the
plant,regulatingmany aspects of the growth and developmbnplant tissues, auxin is not
uniformly distributed but forms gradients with local auxin accumulations. Local auxin maxima
provide spatial information fanitiating many auxindependent developmental processes
(Figure 4)'¢
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Figure 4. Examples of local auxin distribution iArabidopsisthaliana 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’

The major mechanism by which auxin accumulates in given cells is an intercellular, directional
flow of auxin; these auxin gradierase establishethrough celito-cell polar auxin transport
(PAT). Polar auxin transport is mediated bgarriertype auxin influx and efflux
transportersThis regulated transport appearsque to auxin, and its directionality strictly
controlledwithin a given tissué®'” The directionality of PATs regulatecby the polar
localisation of a family of auxin efflux transporters called the -FIDRMED (PIN) protein
family.*® The model for the mechanism of PAT was proposed in the 18¥Dis 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 molde canpass the plasma membrane

via simple diffusionThe resis in the polar, deprotonated state (IAAnd isransported inside

the cell by influx transportertnside the cytoplasm (pH 7,0l1AAH undergoes complete
deprotonation. Charged, deprotonated 18an leave the cell only by active efflux, mediated

by the PIN protein familyFigure 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 aridrming auxin maximat®
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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 cellfdyithef influx
transporters, whereas the rest enters the cell by simple diffusion. At the more basic pH of the cytoplasm, IAAH
undergoes compl ete deprotonation and becomes "trappe
cell via active dfux, mediated by the PIN proteins. Their asymmetric distributiomptes unidirectional (polar)
auxin transport from cell to celThe figure has been adapted fraeyser, 1999°

1.1.6 Auxin efflux transporters (PIN proteins)

1161 PIN proteins: introduction
The first PIN family members welidentified and described in the model plénabidopsis
thaliana. The importance and function of PIM&s discovereth 1998 through the phenotype
generated by the losd-function mutation in the PIN1 geifeigure 6) Mutants fail to develop
floral organs and generate gike inflorescencegjiving the familythe name PINFORMED
(PIN). 2021
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Figure6. The thenotype of wild type (left) flowers iA. thalianaand pinl mutant developing inflorescences. The
figure has been @atdlaz2007%d from O6Connor

At the same time, several groupsve identifiedin Arabidopsishomologous PIN2 protein
based on the agravitropic root phenotype in the-tddsinction mutan£32° In 2003,Benkova

et al showed for the first time the implication of PIN proteins and the importance of their
asymmetrical localisation iestablishing auxirgradients and initiatingrgan development

in Arabidopsis?® Altogether, eight members of the PiXotein family (PIN2PIN8) havebeen

describedn Arabidopsis?’

1.16.2 Subcellular localisationof PINs
PI'N proteins are ten tr ans elioebaracormectececbyac e s
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 stogrtPtiNs 27
In Arabidopsisfive members of the family (PIN4, PIN7) have a long loop. Long loop PINs
are present on the plasma membrépkl) and have polarised localisation, determining the
direction of auxin flow and contributing to auxin distribution within tissues, coordinating many
developmental process&€<® Two PINs (PIN5 and PIN8) have short loop and endoplasmic
reticulum (ER) localisation. Té shortloop PINs are important for mediating the auxin
transport between the cytoplasm and endoplasmic reticulum to regulate cellular auxin
compartmentalisation and hoostasis. 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 PING is still unc(&gure 7)?":28
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Figure?7. Cartoon representation of PIN proteins in the cel.dhaliana long loop PIN14,7 are located on PM,
short loop PINs, PIN5 and PINS, are located on ER membrane, while the medium loop PIN6 has been found on
both PM ancER membrane.

1.1.6.3 Tissue distribution of PINs
PIN proteins have specific and partially overlapping expression patterAsalndopsis
indicating theirimportancein plant developmerdénd functional redundandyigure 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 accouotshefunctional redundanc$ The
functional crosgegulation between distinct members of the PIN family can be observed
already at the stage of early embryo developniarihe 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. PINS1dPIN4 exression is detected in the root region at the later
globular and heart stages of the embryonal developfi&uirprisingly, analysis of defects in
multiple pin mutant embryos at early, preglobular stages revealedpititgB,4, 7mutant
embryos are more severely affected tharl,7or pin7 mutants. Moreover, an examination of
expression and localisation patteros PIN proteins impin7 embryos found tha®IN4was
ectopically expressed in tldN7 expression domain, exhibiting the same polar localisation.
This expression was observed as early as the preglobular stagePWM#da normally not
expressed?30
PIN1 is the norredundant member of the PIN family, and it is expressed in vascular tissues,
developing organs and early embryos. In the aflidbidopsis 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. RINalised basallyn root cortical

cells andapically in theroot epidermal cellsaligning with its role in auxin reflux at the root

tip. PIN3 shows nospolar distribution in root columella cells, but upon gravistimulation,
relocalises and exhibits polar orientation in the direction of auxin movement. PIN4 has both
polar and nofpolar localisaton in the quiescent centre and daughter cells and functions in root
meristem patterning. PINi8 abundatly expressed iepidermal tissues, wherehas anon

polar localisation. PIN8 expression is very specific for male gametoptiytes.

PIN1
PIN2 PING6
PIN3 PIN7

Figure8. Tissue distribution of different PINs A thaliana PIN1 is the noredundant member of the PIN family
has been found in all vascut&sues, developing organs and early embryos. The long loop PINs havepineria
expressions in the root. Theetéli2000f e has been adapted

1.164 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 HQMHC4). Within conserved motifs, repeated elements were ifgzht

Many of these elements are known phosphorylation aitdsaramportant forregulatingPIN

37



localisation and activity. Due to these conserved motifs in the central loop, the long loop PINs
are annotated as canonical ofes.

Theexactevolutionary history of PINeemainsamystery Around 7501200 million years ago,
Viridiplantae, the clade containing both land and green algae, separated into land plants
(Streptophytaand green alga€hlorophytg. ThePIN family memberdiave been discovered

so faronly in the genomes of land plants, including the most primitive land pfeown, the
mossPhyscomitrellapaten?’ Interestingly, recent data suggest the existence of PAT in the
green algae taxo€harophyceawhich are the closest ancestors of land plaMsreover
genomic data from algae that are more closely related to land plants is necessary to determine
the evolutionary origin of PIN proteins more precis&ly

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 ancestralittnéhg long loop

ones acquiring the function to coordinate PAT in the later evolutionary hiStétgwever,

recent data suggest that PINs evolved by and neofunctionalisation of their protein structure
during plant evolutiori*2> 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 ae 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 shofoop ones lack conserved regions in the loop, and they Ipaebably

evolved from the canonical lineage with neofunctionalisatfof.

1.1.6.5 Regulation of PINs
PIN proteins' function and asymmetrical localisation are of immense importarganbd
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?® 38
PINs' dynamic localisation and activity have been regulated at therpostational level.
Phosphorylatiorplays a roleat several stages in establishing and controlling PIN polarity and
activity. The importance of PID Rase forregulatingPINs has been discovered through the
pinoid (pid) mutant having a very similar phenotype to the pinl mutant. This phenotype with
pin-like inflorescences suggested that PID kinase might regulate the activity oPHPNLis
a serinethreonine kinase belonging to the family of AGC3 kinases. Overexpression of the
kinasedead version of PID iArabidopsisdid not show any phenotype, while overexpression

of the wildtype protein induced severe developmental defé@dts2004, Frimlet 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 expedsin theoot's epidermiswhere PIN2 has
apical localisation, and its expression is absent in subepidermal cells where PINs are present
on the basal side of the plasma membram@calisation of PINs on either the apical or basal
side in the specific tissue rucial for canalisingauxin 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 produdevelopmental defects theseplants,neither the root

nor cotyledon is properly specifiéd.

Similar phenotypes of PINs apicalisation were observed in theofeiggction mutants of the

A subunit of protein phosphatase 2 (PP2A). This indicegdication of thePID and PP2An

the samesignalling pathwaywith PP2A having antagonistic activity to Pt®Furthermore, it

was shown that PINs are direct substrates of PP2A and that phosphorylation and
dephosphorylation are thegnallingevents that determine PIN polarity. Phosphorylation of
PINs by PID induces their apicalisation, while dephosphorylation by P§gAals the
transition back to the basal sitfePID phosphorylates long loop PINs highly conserved,
PIN-specific motif TPRXS(N/S) in the loop. Within the three repeating TPRXS(N/S) maotifs
Ser231, Ser2523nd Ser290, annotated as-Hlwere shown in vitrasPID phosphorylation
sites?® The significance of PIN1 phosphorylation was tested by the generation of GFR1
transgenic plantsThese plants containesrine residues substituted by glutamates to mimic
phosphorylation or by alaninghis residueis not possible to phosphorylatérhe serine to
alanine mutants showed developmental defeetemblingpid lossof-function mutants.
Expression of the phosphorylation mimicking mutants caused sdeesdopmental defects
andembryo lethality #44°

The activity of PID kinase is regulated through phosphorylation byh@sphoinositide
dependent protein kinase 1 (PDK1). This kings&ighly conserved across eukaryotés.
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 activffy.

Besides three serine residues located in the repeating TPRXS(N/S) motifs, an additional two
serine (S45) residues in the hydrophilic loop have been identified as a phosphorylation site.
However, these two sites are less conserved than the serine rewgitlire3 PRXS(N/S). For
example, S4 (S271 in PIN1) is mutated to asparagine in PIN2, and S5 (position 215 in PIN1)



is mutated to an aspartic acid in PIN1, which might act as a natural phosphdfmather

kinase was shown to be important for the regulation of PINs. D6 PROTEIN KINASE (D6PK)
phosphorylates PINs with a high affinity for S4da®5 residues. It belongs to the AGC1 family

of kinases. D6PK ctocalises with PINs at the basal sidetloé plasma membrane, and-co
localisationis crucial for phosphorylation. Unlike PID, which is important fegulating
polarity, D6PK phosphorylation is only involved in regulatiRtiN activity. In other words,

PINs need to be phosphorylated by D6PK to be aéfiRecently, Taret al showed thaPDK1

is regulating D6PKand 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 phosphorylaB&PK, stimulating its activityand
amplifying the signal. The activated D6P#en actives furthetthe basalocalised PINsby
phosphorylatig themand increases their export activity.

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 Dhonetkshe

al. that PINs undergo constitutive recycling between endosomes and plasma membrane in
cells?® 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 theransGolgi network/early endosome and transported to the PM by exocytosis
or transported to the vacuole for degradation. The first step in subcellular trafficking is elathrin
mediated endocytos(&igure 9)*° Clathrin mutantshow severe defects in PIN trafficking and
polar localisation, affecting auxin distribution and plant developrffefhe PINs are then
trangorted in the endosomal vesicles, amall GTPases Arf, Rab, and Rho regulate this
processThese GTPase®nnect membranes to the cytoskeleton machinery andvabieles

for their final destinationThe activity of the GNOM protein further regulates Arf and Rab
GDP/GTP exchange factor for small G proteins of the ARF class {BRF)>° GNOM is
localised mainly in Golgipartially in endosomegsnd 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) proteifis.
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Figure9. The mechanism of subcellular trafficking of PIN proteins. The proceseegulated by distinct apical

and basal targeting pathways dependent on ARF GEF. Ngmigesise®INs are evenly delivered to the plasma
membrane. These PINs underguernalisationthrough a clathrirdependent 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 &RIOGEF component, while
another ARF GEfependent pathway, sensitive tefefdin A (BFA), mediates PIN translocation to the vacuole

for degradation. The figure has been adapted from Friml, £010.

The processes that drive PIN proteolysis are still not very well understood. The direct regulator
of PIN proteolysis is still unknown, and it isxclearhow environmental and developmental
cues are translated into events that trigger PIN degradatiéMoreover,whether PINs are
ubiquitinated on the plasma membrane or in the endosomes is still unkBome evidence
appeared for possible PIN ubiquitination. However, more evidence is necessary to identify
ubiquitin E3 ligase¢hat 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 gravitropisra. Th
mutations resulted in strger plasma membrane localisation and deficient endocytic sorting.

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

enhanced endocytosis and proteolytic degradatiéh.

1.1.6.6 Structural and mechanistic predictions of PINmediated auxin

transport
Since their discovery in thearly 2000s,PINs remained structurally and mechanistically

uncharacterised. Several aspects of their structure and function haddmectedrom the
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secondary structure predictions and ti@imology 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 thalNPproteins might adopt similar structural folds and mechanisms of
action®35*Additionally, gven the common mechanisms observed in the MFS transpantérs

the existence of the proton gradient across the plasma membrane inthiprsvailing theory

about their mechanism was thRtNs might function as secondary active transporters,
involving the exchange of auxin with protons and using the proton motive (jomti across

the membrane to drive the directional transport of awXitt.
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 marimeisgs®> The oceans,
which make up over 95% of Idgely anbxplered sauroesop her e,
bioactive compound¥. 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 environniemtimimense 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 conditio?'sTo date, approximately 28,000 marine compounds

have been isolated, including peptides, alkaloids, terpenoids, stemilgctones’ 58

1.2.2 Marine Natural Compounds: Medications and Clinical Trials

The first marine drug, Ziconotide, extracted from the tropical marine coneComails magus
was approved in the United States under the commercial name Kia&t®e 10) It serves as

a treatment for chronic pain associated with spinal cord injeftigetrahydroisoquinoline
Reniermycin M, isolated from the spongestospongia spis the first marine antiancer drug
approved by th&uropean Union (EU) and the Food and Drug Administration (FDA) for the
treatment of softissue sarcoma. Another drug for the treatment of-tisftie sarcomas,
Trabectedin/Yondelis®Figure 10) isolated from the tropical sea squificteinascidia
turbinateg earned approval from the EU in October 2607he Caribbean spongeryptotethya

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

Its approval in 1969 marked a milestonel@ukaemia treatment, inducing cell death via
apoptosis and autophagy regulation, which is essential in the treatment of various leukaemia
types®®80 Zalypsis®, a synthetic isoquinoline alkaloiderived from the structure of
renieramycin J, sourced from marine spoigtropsia disrupts DNA repair, inducing cancer

cell apoptosigFigure 10) Effective against leukaemia, it enhances traditional antileukemic
drugs such as cytarabine, fludarabine, and daunorutiéimAnother two promising anti

cancer drug candidates, eribulin mesylate and E7974swméhetic derivates of natural
compounds glated from marine spong€Bigure 10) Both molecules show promising anti
cancer effects in clinical trials and exhibit reversible and manageable side effects. Furthermore,
numerous additional marine compounds are curréealiyg assessed in phas&Zlinical trials

across Europe and the United States to address various medical coréiffons.

Ziconotide (Prialt®) Trabectedin (Yondelis®) Reniermycin M

Zalypsis® Cytarabine (Ara-C) Eribulin mesylate

Figure10. Chemical structures of the natural and derived marine compounds commonly used as medication. The
figure has been adapted from Legeal, 20155 Chamniet al, 2020°2

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, andtlserce
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 weatiderstood physiological functions,
particularly in addressing diseases originating from hormone deficiencies. Initially, the
emphasis was on discovering natural peptides and hormones or substitutingitthemmal
equivalent$?® The significantadvantages of peptides are their specificity and potency, low
tissue accumulation and low toxicity. The limitations of natural peptides are their inherent
instability within the bodywhich leads to decreased bioavailability and shortenedibhedf, a
challenge that extends beyond formulation complexities and expensive synthesis rffethods.
This has started the initiatives to enhance their efficacy by optimising their natural sequences,
resulting in a lineage of peptide drugs that mimic natural hormdres standard approach
involves modifying the peptide backbone to address the limitabbrnsduced bioavailability

and shortened halife.®®> This can be achieved by incorporatingaiino and nomatural

amino acids, altering peptide bonds or constraining the backbone through cyclisation. These
modifications are sometimes very economically cosilgerefore, their unique chemical

composition has placed considerable emphasis on marine peptides in recef#%yé&ars.

1.2.3.1 Marine peptides
Marine peptides can be classified into synthetic {ribasomal) and natural (ribosomal)
categories. Synthetic peptides exhibit remarkably diverse and complex cyclic and linear
structures, often differing significantly from those of human origin. Thedarte=amake them
promising candidates for drug development, as they offer enhanced stability against enzymatic
degradation and varying environmental conditiét$.5” Peptides isolated from marine
sources have demonstrated various pharmacological activities, such as anticancer,
antimicrobid, analgesic, and antnflammatory effects. Several groups of peptides from
various sources of marinerganisms have already been successfully used as drugs or
demonstrate significant potential in clinical and preclinical tAaMoreover, a diverse range
of bioactive peptides arises from the symbiotic relationship between microorganisms and
marine organism$#
Marine spongedHorifera) are a rich source tie naturally active compoundeing sedentary
organisms and having several natural predators tlikdes and certain species of fishes,
sponges develop a plethora of structurally diverse @ntbgically active molecules as a
defence mechanisfi.Certain species of sponges make up to 95% ofafi¢he Caribbean
hawksbill turtle Eretmochelys imbricajaThe emperor angelfisiPbmacanthus imperathr

the spotted trunkfishLactophrys bicaudaljsand the planehe&@ filefish (Stephanolepis
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hispidug are known coral reef predators of the sponges. Moreowudihranchs, a group of the
marine snails, are known to feed specifically on the certain species of spbhges.

Among peptides, depsipeptides and prolirrch cyclopeptides from sponges >dibit
antibacterial and antiviral properties. Cyclic depsipeptides, such as geodiamolides, callipeltins,
neamphamides, homophymines, theopapuamides, celebesides, and mirabamides, have been
isolated from various marine sponge speéfe8. These compounds display remarkable
activities such as antifungagffects againstCandida albicans antiHIV activity, and
cytotoxicity against canceiSponges are rich sources of peptides with potent anticancer
properties’ 76

Geodiamolides AG, isolated from the Caribbean spon@eodia, exhibit toxicity against

many cancers. Orbiculamide A and Koshikamide B fildmonella spshow cytotoxic effects

on leukaemia and colon tumocells (Figure 11) Phakellistatins fronPhakellia costata and
Stylotella aurantiumdisplay activity against leukaemi@and melanoma cell§Figure 11)
Microcionamides A and B fror@lathria abietinashow cytotoxicity against breast tumour cells

and inhibitMycobacterium tuberculosi&ahalalide F is a cydipeptide initially isolated from

the marine spongBiscodermia kiiensigFigure 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 meléRigume

11). Other peptides like Keenamide A, KulokekahitiieKulokekahilide2, Scopularide A,

and Scopularide B also exhibit antitumor effects. Notable examples of potemtanoér

peptidesfrommarem sponges are Yd&Kudamides A and B.
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Figurell. Chemical structures of the common peptides from sponges that are promising therapeutic agents. The
figure has been adapted from Kaetcl., 20187°

124 Yakubamides A and B
In 2010, during their investigation into cytotoxic compounds derived from marine sponges,
Ueokaet al.discovered peptides with significant cytotoxicity in a dsep spong€eratopsion
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 Nand Gtermini and a high content of naibosomal dehydraaino
acids!” To isolate these compounds, the organic layer of the sponge extract underwent a
modified version of the Kupchan solvesdlvent partitioning method. The resulting organic
solvent fraction was then subjected to further purification steps, includiagecylsilyl (ODS)
reversephase chromatography, silica gel chromatography, and revpheesg HPLC, yielding
yaku'amides A and BElucidation of their structures was achieved through the analysis of

NMR spectroscopic data and chemical degradation techn{figese 12)""
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OHlle  Alle1 Gly Alle2 Vall alle OHVall OHVal2 Alle3 Ala Va2 Val3 Aval CTA
(Ala)

R=H Yaku'amide A

R=CH; Yaku'amide B

L &£

Yaku'amide A Yaku'amide B

Figure 12. Chemical structures of yaku'amides A andAB.The sequence ofaku'amides A and Botably
featuring norstandard amino acids and differing in one methyl greGpl{). The figure has been adapted from
Oueokaet al, 201077 B) Predicted 3D structures gaku'amides Aleft) and B(right). The PDB files have been
obtained from GRADE server using the SMILES sequence as the input.

The anticancer potency ofakuamides A and B showed potent inhibition of cell growth in

P388 murine leukaemia cells, withsgwalues 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 screewas not evaluated due to its lower availability until 2018, wKigamuraet al.
obtained apreciable quantities of both pdes through total syntheds.

Thescreening finally revealed that yaku'amide B significantly inhibited the growth of various
cancer cell lines, with a mean 4gbf 26 nM. Certain cell lines, such as MCFand HBG5

(breast cancer), SE95 (brain cancer), and others, shovee@eptionally high susceptibility

with Glsp values below 10 nM. Fluorescent microscopy using calaeagtoxymethyl ester
(calceirAM) and propidium iodide (PIl) staining was performed utilising the fluorescently
labelled derivative of yaku'amide B. CalceiM enters live ells 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-Blained cells were observed, indicating no induced cell

death. Microscopic analysis suggied 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. Carbonylcyanidel@rghenylhydrazone
(CCCP),aknown 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 growvthibitory effect’® The study investigated further

the cellular mechanisms of action through fluorescence imaging analysis ir#MEIIS. The
fluorescently labelled yaku' B was observed to awglate in mitochondria, suggesting a
potential target for binding® A biotinylated derivative and a control lacking the yaku'amide
structure weraised to identify protein targets. The pdwn assay with mitochondrial lysate
identified suboditsubufATPBDHAATAJyREmEYalidatbn Fo F 1
through mass spectroscopy confirmed F@HP synthase as the target protein. Biochemical
analysis revealed that yaku' B inhibited ATP production in mitochondria and enhanced ATP
hydrolysis by FOFAATP synthaseThis 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 FOFATP synthase and promising anticancer agéhts.

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 glycolysiadnstemitochondrial
respiration to generate ATP (Warburg effect) sparked a revolution in exploring the involvement
of mitochondria in cance®:® Cancer cells typically prefer glycolytic metabolism over
oxidative phosphorylation (OXPHQOS), even in the presence of oxygen, which has puzzled
researchers. Various theories have emerged pamxthis preference. The most widely
accepted suggests that intermediates generated during glycolysis support the synthesis of
macromolecules such as nucleotides, amino acids, lipids, and NAD&ther theory proposes
that although glycolysis produces ATP less efficiently, it produces AQ®X faster than
OXPHOS tameet proliferating tumour demandaimour cells have high energy demands due
to their rapid and uncontrollegroliferation. Although OXPHOS is more efficiemegarding
ATP yield per glucose molecul81.54ATP molecules/s2 ATP molecules in glycolysis), its
slower production ratemay notbe sufficientto meet the immediate energy demands of
proliferating tumour cell§8? Glycolysis is a relatively simple and direct pathway that occurs

in thecell's cytoplasmSincethe glycolysisreactions are straightforward and localised in the
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cytoplasm, they can proceed rapidly withagedingmore complex transport mechanisms
associated with OXPHOS and mitochondria. OXPH@®Ives multiple complex processes,
including the transport of substraiato mitochondria and the passaget&ctronghrough the
electron transport chainfheseinvolve the coordinated action of numerous proteins and
complexes, which inherently takes more tith@herefore, tumour cells often rely more on
glycolysis, because it can produce ATP quickly enoug$atsfytheir highenergydemands

due to its simpler and more direct pathway, its independence from oxygen, itsalb@alin

the cytoplasm whiclminimisestransport times, and the complex nature of the mitochondrial
processes involved in OXPHOS5%? Additionally, aerobic glycolysis could influence
signalling pathways in cancer cells by regulating reactive oxygen species (ROS) and immune
evasion by exploiting the acidic tumour microenvironnféfit. Although glycolysis is
primarily used to sustain ATP productiand anabolic processdanctional 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
|l acking mitochondr i alowtbrbtéds, diminBhed celank formationins | o we
vitro, and delayed tumour development in nude mice, as demonstrated by multiple ‘8t¥dies.
The integrity of mitochondria is largely dependent on the activity of #typ& ATP synthase.

In addition to ATP synthesisiecessary for various mitochondrial and cellygeocesses, the
protein is essential in maintaining mitochondrial membrane potential gereerating
mitochondrial cristae Any impairment in ATP synthase activity leads to compromised
mitochondrial function, increased oxidative stress, and potentially cell #fcBtie. structural
studies of ATP synthase began in the 1990s usingy)Xcrystallography. They resulteddohn

Wa | k grouddbreaking elucidation of the structure and enzymatic mechanism underlying
the synthesis of adenosine triphosphate (ATdt)which he was awarded the Nobel Prize in
19978 Furthermore, with the resolution revolution, ctgM studies have offered
comprehensive views dhe entire complex architecture of diverse organisms. Among the
prokaryotic organisms, structural insights inttype ATP synthases have been obtained from
notable species such Bscherichia coliThermus thermophilu$/ycobacterium smegmatis

and Bacillus PS37 Eukaryotic counterparts, including those from yeast, have further
contributed to our understandifg®?Additionally, a wealth of mammalian structures, sourced
from organisms like pigsSus scrofg bovine Bos tauru$, and sheepQvis arie$, further
enrich our knowledge of these intricate molecular macHi#&sThese studies have yielded
high-resolution maps of a highly complex ATP synthase structure consisting of multiple

subunitsarranged in a specific configuration to facilitate its function in ATP synthesis.



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. 't consists of seviea al S u!
hexameric structure, and 9%Wi tihi nantdheU Uborpmit
nucleotidebinding sites three catalytic and three naatalytic sites. The catalytic sites are
primarily contr i bAuanyegdzenbmpmenthhe nutleotde &ffinity iatteach
catalytic si t e v-aubunits schanga nodforntatioe codpératiecly anf

uni direct isaurbaulnliyt wiettibanithirdnATP, anotheer inds ADP, and the

third remains empty. Aa r esul t , t hese idhfe samadspebtivdle si gn a'
T h erp abn dp sbunits maintain a closed conformation, securing the bound nucleotides at
the catal yt igghasan opem sonformwatiet accalssibuifit forming a catalytic

site wistulbumnheé b s 8 eddingdy @dpecivelyFigurel, left).%” The

three norcatalytic sites lie mostly within the alpha subunits. They have ATP nucleotides bound
throughouthe catalytic cycle and do not participate in ATP synthesis. It is proposed that they

have a structural and regulatory roldienonc a t a |-syburnitsareiécessaryor releasing

the inhibitory Mg?*-ADP entrapped at catalytic sitesxd securingmaximum steadsgtate

activity in FOF1-ATP synthae "% Except for the Arg373, carbonyl groups of the main chain

and Ser344, all the other amino acids in the catalytic sites are contributbesubunit

Residues 15964 are elements of the-l6op, also called the Walker A motif
(GXXXXGKT/S), that is typical for nucleotidbinding proteinsb G| u188 i s bel i ev
directly involved in catalysis as a Lewis bgfégure 13A) U G| n i8 6cBupying the same

position in the nofcatalytic subunit. The substitutianf an ami no group for o
andthesie chain orientation opposite to that of

catalytic activityin these subunits (Figure A3and B).%9:190
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Figure 13. The catalytic and nonatalyticsitesin ATP synthase. AYhe catalytic site with bound M&ADP.

Mostr esi dues ar e-subuaithinciuding thé&Gh tB8abting like a Lewis base, positively charged

l ysine residue (bLys162) interacting with negativel
ADP/ ATP, a threonine residue MgP thdt inltdmsihteracte with thasi bl e
polyphosphate tail of ADP or ATA h e yr&Tresidue is involved in the interaction with the adenine part of

the nucleotideThe 6 Ar g373 residue stabilises the negative ch
catalytic sites are al ways o0 cgeweupesthebsgnpositioirastha cl eot i
catalytic bGlu1l88; however, iltLyissl 7n50 ta nidn vloTlhweld7 6i,n rtels
loop are important for binding and stabilising ATP nucleotiddhhe Mg2+ i s al so bound to
water moleale belonging to another conserved sequence nam&tidlier B motif.In the norcatalytic sites, a
tyrosine resi duwebuwmintt r(i MTuytreddé &)y ibs i mportant for int

99.10The represented model is a bovine State 1 model (PDB 6zpo).

The o9 subunit acts as a FDcataytic,coraafactitatesthe r ot

a)

synthesis of ATP from ADP and.Ahe membrane domain, Fo complex, provides the proton
channeland contains several subunits, including a rotor ring of ¢ subunits, ranging from 8 in
metazoans to 17 iBurkholderia pseudomal®¥ The a-subunitforms a fourhelix bundle

around the ging, attaching to its outer surface. In mamm#g a-subunitinteracts with

subunits 8 andk or DAPIT (Diabetesassociated Protein in Insugensitive Tissue)These

collectively form a proton translocation cluster, enabling the proton movetneeach a

negatively charged glutamate (Glu) residue of subunit ¢ and inducing rotation efitigeand
subsequent movement of the central stalk. The clockwise rotation of theirkg(if viewed

from the intermembrane spg¢e dr i ven by proton movement, ro
U3 b3 F1 % dhisnogation facilitates ATP synthesis, with each catalytic site cycling
through distinct states. Conversely, during ATP hydrolygsis,unt er cl ockwi se r ot
subunit leads to proton translocation to the intermembrane space. The Fo domaintaiss c

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

and OSCP (oligomycin sensitivigonferring protein), forms the peripheral stalk and interacts
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with subunits a, e, and g of the membrane domain. Naqt#idyinteraction 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 cotation?®

ATP8 (A6L)
DAPIT (k)
6.8pl

Figure14. The structure of the mammalian (ovinedyipe ATP synthase with labelled subunits (left) and a top
view (right) showimngtahgttcat al gubaoanbtandTheend,i gure h
2020.%

In addition to generating ATP, ATP synthase is pivotalumerous other biological processes
involved in cancer development and proliferatibheprotein is involved in producing reactive
oxygen species (ROS), maintaining redox equilibriamd 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 trgport chain (ETC) and decreasing the chancedeatron leakage and
ROSgenerationDecreased activity of ATP synthase leads to an eleyatddAn elevated
pmfimpedes electron transport by raising the energy barrier for proton pumping within the
ETC. Consequentlyglectron flux through th&TC is reducedheighteninghe likelihood of
oxygen being reduced tBOS!1:102|nhibition of ATP synthesis with oligomycin blocks
proliferation in cancer cell lines like murine leukaemia or human glioblastoma, cervix
adenocarcinoma, nesmalkcell lung cancer or osteosarcomarived cybrid 143B cell®
Another role ATP synthase plays in cancer is controlling cancer cell movement and spread.
Comparing primary tumours and lung metastases from mice with adenocarsihowed that
circulating cancer cells had increased oxidative phosphorylation comparechéry tumous

derived cells, correlating with their migratory behaviour. In invasive cancer cells, the
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transcription coactivator PGC U boost s mitochondri al bi og
phosphorylation. The expression of the U sub
cells derived from mouse adenocarcinoma 4T1 tumours, in line with elevated RIB:Is.

This finding is supported by increased oligomysansitive respiration in 4T1 cells
overexpressing PGC B°.F-ATP synthase inhibitory factor 1 (IF1), a 10 kDA physiological
inhibitor of ATP synthase, prevents ATP wastage by blocking the reverse modATd? F
synthase in lowoxygen conditions. Its Merminal region, known as the minimal inhibitory
region, interacts with -etanmimmlportion of IFisfaciitaiesiist s U,
dimer formation through a coilecbil structure. These dimers then combine to foraciive
tetramers, a process regulated by specific amino acids, including a conbestigithe 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 regulatedrgosiationally

and dependent on the cell's metabolic state. The pbogdation of S39 by mitochondrial
cAMP-dependent protein kinase preventd ffom binding. Upon the presence of a proton
motive force, IF1 is released, allowing ATP synthé%isOverexpression of IF1 has been
observed in many cancers like colon, lung, breast and ovarian, and it idezedsa pre
oncogenic proteinA recent studyas revealethatlF1 alsobindsto the ATP synthase OSCP
subunit in HeLa cellsDisrupting the IF1 gene ithesecellsreducel cancer colony formation

in soft agar anddecreasedumour mass development in xenografts making cellsless
susceptible to thpermeability transition pore (PTP) openif§ The permeability transition

(PT) involves a sudden increasetle inner mitochondrial membrane (IMM) permeability,
triggered by C& and mediated by the PTRIJowing 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 swelliegto osmotic
dysregulation, potentially resulting in the release of cytochrome ¢ and initiation of apoptotic
cell deatht® The identity of PTP is still a highly debatable topic, with recent research implying
that FIFeATP synthase is potential candidate. Atomic models obtained from &b

studies and methodological considerations in studying iRTRtro have contributed to this
debate, with the current model suggesting the role of e subunit in forming RftBched to

the lipids sealing the-dng, upon C& exposure, the subunitraay retract pulling out the

lipids and dismantling the-ing, leading to the opening of the P¥mplicated in numerous
agerelated diseases such as ischemic heart disease, liver and kidney failure, and cancer, PTP
plays a crucial role ipathogenesis. Alterations in PTP regulatory mechanisms in cancer cells

activate pathwaydesensitisind®TP to C&*. 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 aspeomising therapeutic targ&€ Moreover, ROS signalling
through PTP actiation contributes to cellular redox balance and impacts tumour cell death
responses. Careful management of ROS levels, connected to the mitochorfdiievéls, is
crucial, with dysregulation implicated in tumorigenesis. Numerous compounds, like berberi
met hyl j as mbisabotoleinduca RTP, offen through oxidative stress, making them
potential chemotherapeutics. Some, such as resveratrol and curcumin, are undergoing clinical
or preclinical trials1°” Additionally, common chemotherapeutics like Taxol and cisplatin also
induce PTP, suggesting a role in their ar@hcer effects. Recent research shows that cisplatin,
doxorubicin, and EM225 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 alreadinilcglr

or clinical development, ongoing research aims to identify novel ATP synthase inhibfitors.
Interestingly, many of theseeaisolated 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 enhanceir the

potential as therapeutic agents against calféer

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 I8treptomyces spnd compromise a group of 26 different molecules.
The mechanism of #&ion of oligomycin is binding to the-gng. It prevents the rotation of the
¢ subunit ring within the FO complex, which is essential for the proton translocation across the
inner mitochondrial membrane. There is considerable interdstrnessing oligomycin as an
anticancer treatment; however, its clinical utilisation and further development are impeded by
significant toxicity and limited water solubilif§f:1% Further notable examples of inhibitors
from the group of polyketides are venturicidin, a glycosylated macrolide produced by
Streptomyces sppand apoptolidin A, a 2thembered macrolide froNocardiopsis sp

Similar to the oligomycin, both molecules bind to theng part of the proteigFigure 15)°°
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Oligomycin A H Apoptolidin A o * Venturicidin A

Figure 15. Notable inhibitors of ATP synthase from the group of polyketids: oligomycin A (PubChem CID
52947716), apoptolidin A (PubChem CID 11297771), vécitim 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 promitiberne 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
bresubunit. This binding disrupts the rotatorf t he 9 subunit, inhibiti
and synthesi&?® 19 Flavonoids, another group of phenolic compounds found in plants,
encompass two classékmvones and isoflavones, distinguished by the phenyl group's location

on the backbone (Figurks). Flavones can be found in various plarmisd several of these,

including quercetin, kaempferol, morin, and apigenin, demonstrate the ability to inhibit ATP
hydrolysis.1®Isoflavones such as genistein, biochanin A, and daidzeiabamedant in beans.

Genistein has been identified as a dual inhibitor, capable of inhibiting both ATP hydrolysis and
synthesis, with a primary affinity towardlse Fo domain of the protein. Biochanin A targets

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

the former two compound§?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
Paecilomyce$ ungi . These myc o t-lehcal siractuee dna poamprige nBy@ e c i f
amino acid residues, i-aminbisoluiyric gcid (AB). Gheyeexestn e s s
their inhibitory effects by binding to the Fo component of ATP synthases and do not
demonstrate inhibitory activity on isolated -ATPase. Hfapeptins, 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,
phobsynthetic bacteria, and ngotosynthetic bacteridheybind to the F1 catalytic domain,
outcompeting ADP and phosphate and, presumably, inhibit ATP synthase activity by
preventing the tr amteia hucleotideioding dorfoematirE-igseu b u n i t
117)109.112
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Figure17. 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 3081Vi8tnasdet
al., 2019

Pol yeni c d eyronesathibivaeteuctural motif prevalent among various bioactive
metabolites. These compounds feature arsdmbered cyclic unsaturated ester, characteristic

of natural products and certain mycotoxins suck@®vertn, citreoviridin, and asteltoxin.
Aurovertin, derived fronmCalcarisporium arbusculamanifests 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 F 1 . suburnit of bATR dysthade,oexettirig euncdmpetitive
inhibition 109114 Citreoviridin, produced by certaifPenicillium and Aspergillus moulds
similarly inhibits mitochondrial ATPase act.i
Asteltoxin, sourced fromAspergillus stellatugeatures a unique 2@oxabicyclooctane ring
structure. It functions as a mitochondrial F1 inhibitor and shares the same binding site as

aurovertin(Figure 18)09.115
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Figure 18. Notable inhibitors of -pyfoRes: sayravertim 8 JRubChemoCid t h e
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 proteinspresenin 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
medanistically 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 structurakeimafda large protein group.
Revealing the molecular details of PAT by PINs wouldheialfor 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 tbeolutionary origins of PINs and auxin regulation.
Finally, structural knowledge of PIN proteins coble appliedo developingnew
pesticides.Auxins have been eslin agriculture and horticulture for decadescontrol plant
growth. Auxinbased 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 researchin keeping with the general focus of this thesis on membrane protein
structure, liis project aimed to elucidate the inhibition mechanism of yaku'amides, specifically
yaku'amide B, a naturally occurring compound in dee@a spong€eratopsion sp on F1Fe
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 meclsanisderlying

yaku'amide inhibition of ATP synthase, this study aimed to provide insights into its potential
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as an antcancer 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 electrophoresiéSDS PAGE)
Protein samples were mixed in 4dtiowith 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 Criteriok XT Bis-Tris Precast Gels-42% (BO 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 minute$he gel was stained using InstantBItfg(Merck)
staining solution and destained in distilled water. For molecular weight determidtidn
of markers (PageRuler Plus Prestained Protein Ladder, ThermoFi8hewas run on the gel

alongside the protein samples.

2.1.2 BLUE Native Page
Blue native PAGE was done according to theanufacturer'sprotocol (Invitrogen,
ThermoFishe™). Protein samples were mixed with sample buffer (50 mM BisTris, 50 mM
NaCl, 10% w/v Glycerol) and loaded on the NativePAGE236 BisTris Protein Gels. The
gels were run at°Cfor 30 minutesat200 V with the dark blue cathode buffer (50 mM BisTris
50 mM, Tricine pH 6.8, 5%athodebuffer additive (0.4% Coomassie-Z50)) and anothed0
minutesat 250 V with the light blue cathode buffer (50 mM BisT&8 mM Tricine, pH 6.8,
0.5% Cathode Buffer additive). Anode buffer consisted of 50 mM Bis3disnM Tricine, pH
6.8. The gel was stained using InstantBlife(Merck) staining solution and destained in

distilled water.

2.1.3 In-gelfluorescence
Samples were mixed with SB buffer in a 1:1 ratio to detect GFP fluoresc®Bdmriffer was
prepared by mixing 706L of 50 mM TrisHCI, 5 mM EDTA, 5% glycerol, pH 7.6 with 200
L of 20% SDS and 106L of 500 mM DTT. Prepared samples were loaded onto Invitrégen
NovexE WedgeWelE 10 to 20%, TrisGlycine gels and rufor 1.5h at 160 V irTris-Glycine
running buffer (25 mM Tris, 192 mM Tris, pH 8.3). Gels were washed briefly with@ldtid

fluorescence was detected ushgersham Imager 600.



2.1.4 Agarose gel electrophoresis
Agarose gel (1%) was prepared by dissolvingappropriate 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 lefco@l down slightly,and 10nL of Midori
Green Advance stain per 100 mL of solution was added and nmxédjarose solution was
poured intoa gel casting tray and left to solidify, then 1x TAE buffer was added to cover the
gel. Samples were mixed with Gel Loading Dye PurplEB) in a6:1 ratio and loaded on the
gel alongsidel0 L. of 1 kb DNA Ladder (NEB). The gel was run for 50 minutes at 180 V.
DNA bands were detected usiaglue light deviceThe 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 B@AmoFisheM)
protein assay. Membrane suspension was diluted 10x in buffer without glycerol (20 mM
HEPES, 200 mM NacCl, pH 7.4andthis solution was used to prepare further dilutions (1:20
1:50) in the same buffeA commercial BSA standard solution of 2 mg/mL (ThermoFisherTM)
was used to prepare a standard curve ithhd mg/Lrange 10 €L of BSA st an
eL of the membrane dil uti on sweltate PP®itigsueet t ed i
cultureplates . 200 €L wor ki nuginga multichanne pipetigadshe @ated e d
was incubated @&7°C for 30 minutes 080°C for 10 minutes. Thabsorbance was measured
at 562nm usinga plate readerSpectramax M2e Plate). The protein concentration was

determined from the BSé8tandard curve.

2.1.6 Measuring the concentration of pure protein
Concentrations of purified protein samples wde¢ermined eithelby measuring absorbance
at 280 nm on NanoDrogniplen, NanoPhotometer NPBOr using PiercE! 660 assayThe
theoretical value of thextinction coefficient for PIN8 was used to calculate concentration from
measurd absorbance. Pierfé6 6 0 assay was do puefiedpyoteimsampgleng 10
(or purification buffer as iatoad9%weilMaje (TékR& 150
tissue culture plates). The mix was incubated for Butes at room temperatyrand
absorbance at 660 nm was measured. The protein concentration was determined from the BSA
standard curvewhich was preparedy mi xi ng 10 €L of BSA-2st anda

mg/ mL) and 150 €L of working solution. AlIl m

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

at 260 nm. The 260/280 nm ratio was useddsesshe purity ofthesample. A ratio 0D1.8

is generally accepted as f purit@sypaly indicated iNeA . | f
presence of proteine(ot her contaminants) that absorb st
RNA can lead taa 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 usiignsBlot® Turbo™ RTA Transfer Kit (BIO
RAD). Thet r ansf er sandwich was assembled ,amdcordi:
proteins were transferred onto a nitrocellulose membrane u3iramaBlot® Turbo™ device.
Themanuf act ur e ts@rdaregppromablevds iused 80 minutes, 25V, 1.0 A. After
transferthemembrane was blocked for 1hir Casein Blocking Buffer (SigmaAldrich) and
washed 3 x 10 minutes Tfris BufferedSaline withTween (TBST). For Histagged proteins,
incubation for 1h with antipentaHis HRP antibody(Invitrogen)in 1:2000 dilution was used.
Proteins with GFP tag were detected using prinaty-GFP antibody JL&Takara Bio)in
1:.5000 and secondanyoat antiMouse IgG HRP antibodyinvitrogen)in 1:8000 dilution.
Streptagged protein asdetected using arirep HRP antibodyiBA) in 1:4000 dilution. For
detection, the membrameas incubated in ECL solutioffijermoFishei™) for 1 minute and

chemilumhescence was detected usargAmersham Imager 600
2.2 Molecular cloning

Preparation of chemically competentDH5U Escherichiacoli (E. coli) cells

An aliquot of E.coliDH5 U ¢ o mp et e n t80°C,avhsisteeakedsontdariat Rertaait
(LB) agar platdo single coloniesind incubated overnight at 37.°& single colony was used

to prepare an overnight cultur8hortly, one colony wassed tanoculatel0 mL of LB media
and incubated overnight at 37°C while shaking at 180 Tira.next day50 mL_ of LB medium
was inoculated with 1 movernight cultureand cells were grown at 37°C, shaking at 180 rpm
until ODeoo 0.3 - 0.4. The cells were transferredto a sterileice-cold 50 nL Falcon tube and
cooled on ice for 10 minutes. The cells were centrifuged@04rpm for 10 minutes at 4;C
andthe supernatant wadiscarded Thepellet was resuspended in 10 mLicé-cold 0.1 M
CaCb and incubated on ice for 30 mites. The cells were centrifuged a€@@D rpm for 10

minutes at 4°Cand thesupernatant wadiscardedThe bacterial pellet was resuspended in 2
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mL of ice-cold 0.1 M Cad, including 15% glycerol.Chemically competent cells were
dispensed intd0 ¢ L a flashdrazenin 8quid N2, and stored ai80°C.

221 Preparation of el ecErcdiceismpet ent DH10UB
An aliquot of DH 1 0 U BEa anlMvas streaked to single colonies onto an LB agar plate with
100 e©eg/mL ampicillinmndl®0 ¢c¢gdg ML t ke paeovpsc | N p e
incubated at 37°@vernight.A single colony was used to inoculafemL of LB media with
antibiotics (100 eg/mL ampicillin, 3The ¢ g/ mL
culture was grown at 37°C overnighith shakingat 160rpm. The next dayl mL of overnight
culture was added to prearmed 250 mL LB + antibiotic€L 0 0 e gpmti Bmi n, 30 ¢
kanamycin and 10 ¢€g/ mL 2L baffed 8askyCells weres grown aB7°G
shakingat 160 rpm and ODesoo was monitoredWhen cells readd ODeoo 0.7, they were
transferred ta sterile, prechilled 50mL Falcon tubeandincubated at 4°C for 20 mines.
The cells were centrifuged a000 rpm for 10 minutes at 4°CThesupernatant was discarded
and the ells were resuspended in 5 mL qeilled sterile ddHO (1 mL per tube)An
additional150 mL of prechilled sterile ddHO (30 mL per tube) was addethe cells were
centrifuged at 00 rpm for 10 minutes at 4°Che supern@ant wasdiscardedand the pellet
was resuspended in 5 mL pehilled sterile 10% (v/v) glycerol (1 mL per tube) and pooled
into al5 mL Falcon tube. The cells were centrifuged,@0@ rpm for 10 minutes at 4°Che
supernatant was discardeaid the ells were resuspended in 5 mL qrieilled sterile 10% (v/v)
glycerol Aliquotsof cells were prepared into steriledn6L. t ubes (100 eL per t

immediately in liquidN2. The aliquots of ells are stored aB80°C.

222 Transformation of <c¢chebneokcallsl v competent
One aliquot of c¢he Ricdieels)pypacedasne.L.k was thduddadd
i ce. plakmotl (50 ng/eL) was added to the cel
The cells were heat shocked at 42°CH0isecondsand placed back on thee for 2 minutes.
500 €L of LB paeddlellawere shakem (d00 guah) at37°Cfarl 100 e L o

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

2.2.3 Isolation of cDNA plasmids from bacterial cells: miniprep
Minipreps for selected colonies were performed usif@glAGEN plasmid miniprep kit using
themanufacturer’s instructionBriefly, thebacterial pellet wasesuspended n 2 Blffere
P1 andtransferredto a microcentrifuge tube€ 5 OL okBuffer P2was addedand mixed

thoroughly by inverting the tube 8 times until thesolution beameclear.Furthermore350
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eL of Buffer N3was added anohixedimmediately and thoroughly by inverting the tukies4
times.The mixture was entrifuged for 10 mirutesat 13,000 rpm (~17,908) in a tabletop
microcentrifuge.The supernatant fronthe previous step was appli¢éal the QlAprep spin
column by pipettingThe column wasentrifuged for 30 60 condsand the flowthrough
was discarded. e QIAprep spin columnvas washedy adding 0.5 o Buffer PB. The
column was centrifuged for 8360 condsand the flowthrough was discardedh& QIlAprep
spin columnwas wabkedby adding 0.75 m Buffer PE.The column was centrifuged for B0
60 sconds and the flowthrough was discarded.he column wasthen centrifuged for an
additional 60 seconds to remove ttesidual wash buffefTo elute DNA,the column was
placed in a clean 1.5 mL microcentrifuge tuded3 O L of waterwas addedo thecentre let
to stand for 1 min, and centrifuddor 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 fragmenscorresponding to the correct molecular weight were extracted from the agarose
gel using a QIAGEN gel extraction kit using thenufacturer’s instructions. Shortly, DNA
fragmentswere excisedrom the agarose gel with a clean, sharp scadpel placedn a
microcentrifuggube Theweight of thegelslices was measurednd 3 volumes of Buffer QG
and 1 volume of gel were addedeach tube. The tubes wereubate at 50°C for 10 mintes
(or until the gel sliclhadcompletely dissolved). To ledissolvethegel,tubes werenixedby
vortexing every P3 minutes during the incubation. After the gel slice had dissolved
completely 1 gel volume of isopropanol was added and mix@iAquick spin columnwas
placedin a provided 2 rh collection tubeThe sample was applied to the QIAquick column to
bind DNA and centrifugd for 1 minute. 0.5 nL of Buffer QG was adedto the QIAquick
column and centrifugkfor 1 minute.To washthesample, 0.7L of Buffer PEwas appliedo
the QIAquickcolumn and centrifugefor 1 mirute. The flowrthroughwasdiscardedandthe
column was centrifugetbr an additional 1 miateat 17,900 g (13,000 rpmJhe QIAquick
column was placed into a clean 1.5 mL microcentrifuge tube to elute. BBIAL ddH20was
applied to thecentreof the column, let to stand for a few minutaad then centrifugkfor 1

minute. The concentration of the eluted DNA wasasured by NanoDrop as in 2.1.6.

2.2.5 Polymerase chain reaction (PCR)
Amplification and modiication of genes and plasmidgere performed byPCR. The PCR
reaction mixture consistieof 10 L of 5x Phusion buffer, 1lpof 10 mM dNTP mixture, 2.5



puL of 10 uM forward primer, 2.5pof 10 uM reverse primer, 1.5.uDMSO, 0.5 |L Phusion
DNA Polymerase10-15 ngof DNA template ad needed volume afucleaseree waterto
reachthetotal volume of 50 uLA PCR thermocycler (Verti, Applied Systems, U.K.) was used

with thesetting shown in Tablg.

Tablel. The PCReonditionsused for amplitationof all genes and vectors presented in the thesis

STEP TEMP. TIME
Initial denaturation 98°C 30 seconds
98°C 10seconds
30 cycles 65-73°C 30 seconds
72 °C 2 minutes
Final extension 72 °C 10 minutes
Hold 4°C

2.2.6 Round-the-horn mutagenesis
Roundthe-horn mutagenesis was used modify yeast expression vector pDDGFP_leu2D
containing C-terminal Histagged green fluorescent protein (GFPjof. Simon Newstead,
Department of Biochemistry, University of Oxford, kindly gifted the unmodified vector
Mutagenesisvas used to insethe Streptag and STOP codon sequence before the GFP
sequence, giving theIN8 construct with a @erminal Stegtag. The Gterminal His tag was
alsochanged to Strefag, giving aconstruct withC-terminal Strepagged GFPThe vectors
were amplified by PCR, as in 2. 2. $hosphatei ng ap
ThePCRt e mpl ate was digested by adding 1 L Dpnl

at 37°C for 1h. Thesamples were run by agarose gel electrophoresis and gel purified, as in

21l4and228. i near, mutagenised vector was |igate:
0.5 ¢L ligase, @NApurified-10bemg) vard otogeEldst er i |
the total volume of 10 ¢lL. The reachiohbh whs

the reaction mixture was used to misform chemically competemt H 5 El coli cells, as in
2.2.3, and incubated overnight at 379®e list of primers used for vector modification is

shown in Table.
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Table 2. The list of all primers used for theundthehorn mutagenesiand modificationof the expression

vectors.

Name of the vector

Primer

pDDGFP_leu2D G
GFP-Strep tag

FP. CCACAATTCGAAAAATAATAACTGCAGGAATTCGATATCAAGCTTA
RP. ATGACTCCAAGCACTACCTTTGTACAATTCATCCATACCATGGG

pDDGFP_leu2D G
Strep tag

FP,
CACAATTCGAAAAATAATAACAATTTTCTAAAGGTGAAGAATTATTCACTG
RP. GATGACTCCAAGCACTACCACCTTGAAAATATAAATTTTCCCCGGGGG

pBAD N-HIS tag

pPET Duet 1 N-HIS tag

FP. TAATAGTGTACAGTACCATATGGGAATTCGAAGCTTAC

RP:
ACTACCTCCACCCTGGAAGTACAGGTTCTCCCCGCGGACGTCATGATGGTC
ATGATGGTGATGGTGATGGTGCATGGTTAATTCCTCCTGTTAGCCC

FP. TAATAGTGTACATCGAGTCTGGTAAAGAAACCGCTGC

RP.
ACTACCTCCACCCTGGAAGTACAGGTTCTCCCCGCGGACGTCATGATGGTC
ATGATGGTGATGGTGCATGGTATATCTCCTTCTTAAAGTTAAAC

pBAD C-HIS tag

FP,
GAGAACCTGTACTTCCAGGGTGACGTCCGCGGGCACCATCACCATCATCAC
CATCATTAATAGGTACCATATGGGAATTCGAAGCTTACG

RP. TGTACAGGTTAATTCCTCCTGTTAGCCC

pPET Duet 1 GHIS tag

FP.
GAGAACCTGTACTTCCAGGGTGACGTCCGCGGGCACCATCACCATCATCAC
CATCATTAATAGTCGAGTCGAGTCTGGTAAAGAAACCGCTGC

RP: TGTACAGGTATATCTCCTTCTTAAAGTTAAAC

2.2.7 Gibsonassembly

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 onkganixing 3 mL of 1M TrisHCI pH 7.5,
300 pL of 1M MgCph, 600 pL of 20 mM dNTP mixture, 300L of 1M DTT, 1.5 g of PEG
8000, 20 mg of NAD and ddHO to reach the total volume of 6 mL. 320 pL aliquots of 5x

Isothermal buffer were prepared and frozer28PC. To preparéhe Gibson assembly master

mix, one aliquot of 5x Isothermal buffer was thayad 1.2 pL



of T5 exonuclease, 20 pyL offHPolymerase, 160 pL of Taq ligasad 700 pL of ddkD were

added. 15 pL aliquots dhe master mix were prepared and storee2@fC until further use.

2.2.7.2 Gibson assembly reaction

Not exceedinga total volume of 5 pL, linearised vector and insert (PIN gene) witB@5
nucleotide overlaps with the vector were mixed. Different molar ratios of insert and vector
were tested. Nucleageee water was added to reach the total volume of fJapd these 5 pL

were then mixed with one aliquot of Gibson assembly master mix (20 pL total volume). The
mix was incubated at 50°C for 30 minutes. 10 pyL of the assembly mix was transformed into
chemically competerd H 5 El colicells as in 2.2.3and incubated overnight at 37°C. Only
vector (without insert) was used as a negative confrdist of all primers and constructs

generated by th&ibson assembly is shown in Taldle

PCR amplified PIN gene
with vector overlaps

3y PIN gene inserted in
> (\\ expression vector
\ i
‘i T5 exonuclease ‘¢ '
3 : \

chew-back /
Annealing
Linearized recipient vector Polymerization
T S Ligation =

T5 exonuclease
chew-back

Figure19. The schemeepresents the principle of the Gibson assembly methodPTiamplified gene with
vector overlaps is mixed with the linearised vector,
polymerisationand ligation.

Table3. The list of all primers uséd amplifythe genes with the vector overlaps for the Gibson assembly reaction

Construct Cloning primers

PIN8_pBAD FP:CCTGTACTTCCAGGGTGGAGGTAGTATCTCCTGGCTCGATATCTAC
N-HIS RP: TCCCACACGGTACTGTACACTATTATAGGTCCAATAGAAAATAATATGC

PIN5S_pBAD FP:CCTGRCTTCCAGGGTG GAGGTAGTATTAACTGTGGAGACGTGTATAAAG
N-HIS RP: TCCCATATGGTACTGTACACTATTAATGAATAAACTCAAGAGCGGCGTA

KfPIN_pBAD FP: CCTGTACTTCCAGGGTG GAGGTAGTGCATCCGGC GGCCATGGCAGC
N-HIS RP: TCCCATATGGTACTGTAC ACTATTAGAAGTGTTCCA GCGCGACGTA
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MsPIN_pBAD FP:CCTGTACTTCCAGGGTGGAGGTAGTTTATCTACTCTTCTCGTGGTGT
N-HIS RP: TCCCATATGGTACTGTACACTATTACACAGTAGCAAGATAACCTGAAAC
PIN8_pBAD FP: CTAACAGGAGGAATTAACCTGTACAATGATCTCTTGGTTGGATATCTAC
C-HIS RP: CGTCACCCTGGAAGTACAGGTTCTCGCTACCTCTAGGAACAAGCCCG
PIN5_pBAD FP: CTAACAGGAGGAATTAACCTGTACAATGATTAACTGTGGAGACGTGTA
C-HIS RP: CGTCACCCTGGAAGTACAGGTTGTCTGAACCCCTGGGAACCAACCCTG
KfPIN_pBAD FP: CTAACAGGAGGAATTAACCTGTACAATGGCTTCAGGAGGCCACGGGTC
C-HIS RP:CGTCACCCTGGAAGTACAGGTTCTCAGAACCTCTGGGAACAAGCCCGCTG
MsPIN_pBAD FP: CTAACAGGAGGAATTAACCTGTACAATGTTATCTACTCTTCTCGTGG
C-HIS RP: CGTCACCCTGGAAGTACAGGTTCTCTCACACAGTAGCAAGATAACCTG
PIN8_pET FP:CCTGTACTTCCAGGGTGGAGGTAGTATCTCCTGGCTCGATATCTAC
N-HIS RP: TTACCAGACTCGATGTAC ACTATTATAGGTCCAATA GAAAATAATATGCC
PINS_pET FP: CCTGTACTTCCAGGGTG GAGGTAGTATTAACTGTG GAGACGTGTATAAAG
N-HIS RP:TTACCAGACTCGATGTACACTATTAAATAAACTCCAGAGCTGCGTAGTAG
KfPIN_pET FP: CCTGTACTTCCAGGGTG GAGGTAGTGCATCCGGC GGCCATGGCAGC
N-HIS RP: TTACCAGACTCGATGTAC ACTATTAGAAGTGTTCCA GCGCGACGTA
MsPIN_pET FP: CCTGTACTTCCAGGGTGGAGGTAGTTTATCTACTCTTCTCGTGGTGT
N-HIS RP: TTACCAGACTCGATGTACACTATTATTACACGGTCGCCAGATAGCC
PIN8_pET FP: CTTTAAGAAGGAGATATACCTGTACAATGATCTCTTGGTTGGATATCTAC
C-HIS RP: CGTCACCCTGGAAGTACAGGTTCTCGCTACCTCTAGGAACAAGCCCG
PINS_pET FP:CTTTAAGAAGGAGATATACCTGTACAATGATTAACTGTGGAGACGTGTA
C-HIS RP: CGTCACCCTGGAAGTACAGGTTGTCTGAACCCCTGGGAACCAACCCTG
KIPIN_pET  FP: CTTTAAGAAGGAGATATACCTGTACAATGGCTTCAGGAGGCCACGGGTC
C-HIS RP:CGTCACCCTGGAAGTACAGGTTCTCAGAACCTCTGGGAACAAGCCCGCTG
MsPIN_pET  FP: CTTTAAGAAGGAGATATACCTGTACAATGTTATCTACTCTTCTCGTGG
C-HIS RP: CGTCACCCTGGAAGTACAGGTTCTCAGAACCTCTGGGAACAAGCCCGCTG
PIN8_pDDGF FP:
P CCGGATTCTAGAACTAGTGGATCCCCCCCCATGATCTCTTGGTTGGATATCTACC,
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RP:
GAAAATTGACCTTGAAAATATAAATTTTCCCCGCTACCTCTAGGAACAAGCCCGC

TG
FP:
CCGGATTCTAGAACTAGTGGATCCCCCCCCATGATAACGGGAAACGAATTCTACA
PIN6_pDDGF
b RP:
GAAAATTGACCTTGAAAATATAAATTTTCCCCTAGGCCCAAGAGGACGTAGTACA
AA
FP:
PIN8 pDDGF CCGGATTCTAGAACTAGTGGATCCCCCCCCATGATCTCTTGGTTGGATATCTACC/
P RP:
C-GFP-Strep  GAAAATTGACCTTGAAAATATAAATTTTCCCCGCTACCTCTAGGAACAAGCCCGC
TG
FP:
PIN8_pDDGF CCGGATTCTAGAACTAGTGGATCCCCCCCCATGATCTCTTGGTTGGATATCTACC/
P RP:
C-Strep ACTACCACCTTGAAAATATAAATTTTCCCCACTAACCCCCACCGCTACCTCTAGG
AACAAGCCCGCTGC
FP:
GGATTCTAGAACTAGTGGATCCCCCCCCATGATTACCGGAAAGGATATGTATG
PIN2_pDDGF
RP:
P C-Strep
ACTACCACCTTGAAAATATAAATTTTCCCCACTACCCCCACCAGACCCTCTAGGA

ACCAGCCCAGAA

2.3 Protein expression

Expression of PIN proteins has been tested in bacsn@eas cells. Detailed protocols for
expression in different systems are shown belbahle 4 shows the list of expression strains

and cloning strains used for the generation of the expression plasmids and their characteristics

Tabled. The list of strainand their characteristics are usedrfaecular cloning and protein expression.

Organism Purpose Strain Genotype
) ) Rosetta (DE3)
E. coli expression LvsS F- ompT hsdSB(rBmB-) gal dcm (DE3) pLysSRARECamR)
pLys
fhuA2 [l on] ompT gal (&> DE
E. coli expression Lemo2l(DE3) DE3 = @& s B anBHht:faclsPBRAJYRT7 genel)

i 21 @&nin5 plLedmbdaBADIysACY C.
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E. coli expression C43(DE3) Fi ompT gal dcm hsdSB(-BnB-)(DE3)

Fi endAl ginVv44 thil recAl relAl gyrA 96 deoR nupG

E. coli cloning DH5 U purB20 G480dl acZpM15
lacZYA-argF) U169, hsdR17(iMnK + )i, &
cloning F-mcr A dfdRMSmcr BC) 0801 acZp
E. coli (bacmid DH10UB recAlendAlar aD139 o (ara, -rpsku)
production) nupG/pMON14272/pMON7124

MATa ura352 trpl lys2801 leu2deltal his3delta200

S. cerevisiae  expression BJ5460
pep4::HIS3 prbddeltal.6R canl GAL

2.3.1 Protein expression inE. coli bacterial cells
For protein expression in bacterial cetlse expressionstrain ofE. coliwastransformed with
plasmid using the same protocol as in 2.2r81 plated ontanLB agar plate with appropriate
antibiotics. The next day,a single colony was used to prepare an overnight culbye
inoculating 50 mlof LB media with appropriate antibiotic amttubatirg at 37°C with shaking
at 180 rpm1 mL of overnight culture was used inoculate 50 mL of the fresh LB medidth
appropriate antibioticwo expression vectemwere tested: pET Duet 1 and pBAD Myc His
C. 1 mM IPTG was usetb induceexpressiorof pET Duet construci®&nd expression of the
pBAD constructs was induced with 0.2%akabinose. 1 expressionscreeningdifferent
expression strainfRosetta (DE3) pLysS, Lemo21(DE3), C43(DE3)pression times and
temperature (18°C,25°C and 37°C)vere tested. Alongsidine LB medium, expression in
more rich nutrients in th&errific Broth (TB) mediumwas testedAll bacterial samples were
diluted to the same OD for expression comparison between different conditimhssamples
were takenfor SDS PAGE and Western blot from each conditiGalls were collected by
centrifugation at 400 g forl0 minutes.Big cell pellets were freen in liquid N and stored at
-80°C.1 mL pellets wergesuspend®in 5 0 of huffer 20mM HEPES, 100 mM NaChH
7.4). From that24 pL of samplevas takenand 6 uL of 5x SDS buffer was addddhe sample
(5 yL) was loaded onto SDS PAGE&ndexpression was detected Western blot using the

antibody against the respective tag.

2.3.2 Protein expression inyeast Saccharomycegerevisiae)cells
The expression plasmid was transformed th®BJ5460 strain oSaccharomyces cerevisiae
(S. cerevisiag!® Prof. Simon Newstead, Department of Biochemistry, University of Oxford,
kindly gifted the BJ5460 yeast strainThe cells from glycerol stock stored-80°C were
streaked ont east Extract Peptone Dextrose (YEPD) agar plate and grown for 3 days at 30°C.



A single colony was used to inoculate 20 mL of YEPD mediamg yeast culture was
incubated overnight at 30°C with shaking at 280 rpm. 600 pL of the overnight culture was
transferred intca 1.5 mL tube and centrifuged at 500 g for 1 mindike supernatant was
removed, and theellet was resuspended in 100 pL of 100 mM lithtasetate. 25 uL of
ssDNA (Sigma) and plasmid (Ig) were added and vortexed briefly. 400 uL of transformation
solution (100 mM lithiumacetate, 50% PEG 3350) was added cells weréncubated 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 minuéad resuspended in 100 uL of ddM The cells

were grown firstly on plates lacking uracil (2 g/L yeast synthetic -@naippmedium 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 leu@mgl yeast synthetic dreput medium
without leucine, 6.7 g/L yeastitrogen 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 synthetiowdrop
medium wihout 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 synthetioualrop
medium without leucine, 6.7 g/L yeast nitrogen base without amino acids, 2% lact&s)p

Liquid culture was grown at 30°C, 280 rpms for 8 hoarsl expression was induced with 2%
galactose. Cells were harvested aft®&+24 hours; pellets were flesh frozen in liquid nitrogen
and kept at 80°C until further use.

For expression comparison between different conditions (ODs, temperature, media,
expression time)).5 L of theGFP and Gstrep constructultureswere grown. These were
harvestednd diluted to the same OBnd membranprep was performed for each condition.
Obtained membrane samples were diluted 5x in 20 mM HEPES, 200 mM NaCl, 2 mM EDTA,
andpH 7.4. From that, 37.5 yuL dhe sample was takemand 12.5 pL of 5x SDS buffer was
added. The sample (10 pL) was loaded onto SDS PA(BH expression was detectey
Western blot using the antibody against the respectiveTiag.solubility ofthe PIN8 G
terminal Streptagexpressed 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 im-D’6 d e c¢DB- | b
maltoside (DDN) for 1 h at 4°C and spun down at 180,000 Tthe supernatanafter
solubilisation was diluted 3x in 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, and pHand

from that, 37.5 pL of the sample was taken, and 12.5 pL of 5x SDS buffer was added. 5 L of
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the supernatanand 10 pL ofsupernatantvere loaded on the gel, and WB was performed to

compare the amount of PIN8edch time point.
2.4 Protein biochemistry

2.4.1 Membrane preparation from bacterial cells
Bacterial pellets (2.3.1) were thawed on ice and resuspendeduffer (20 mM HEPES, 150
mM NacCl, 10% glycerol, pH 7.4) iaratio 1:81:10 (w/v).The resuspended pellet was digested
for 30 minutes at 4°C with 0.1 mg/mL Dnasel (Roche) and 1 mg/mL lysozyme (Sigma), with
the addition of the complete EDT#ee protease inhibitors (Roche). One tablet of the
inhibitors was added per 100 mL of suspensilime cells were homogenised twice using a
high-pressure cell disrupter (Constant System Pressure Cell TS 130)080psi. The cell
lysate was clarified by centrifugati@t7,000g for 15 minutes, °C. The supernatantas spun
down for another 15 minutest 26000 g for 15 minutes,°€. Membranes were obtained by
centrifugation of thesupernatantrom the previous step at 180 000 g foh,24°C. Obtained
membranes were resuspendea inuffer 0 mM HEPES, 150 mM NacCl, 10% glycerol, pH
7.4) using PotteElvehjemhomogeniser and stored-80°C until further useA 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 plaessi
four times througla high-pressure cell disrupto€pnstant System Pressure Cell TS 11ding
incremental pressure increase , (%, 30000, 32000 and 35000 psi). The cell lysate was
clarified by centrifugation at 1800 g for 30 min at 4°C, anchembranes were harvested
through centrifugation at 18000 x g for 2 hr at 4°C. Membranes were resuspended in 20 mM
HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCERQ% glycerol, pH 7.4 sing Potter
Elvehjem homogeniser and stored-&0°C until further useA 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 solubilisationin detergents
Membranes were thawed on ice and diluted in the appropriate buffer to 10 mg/mL total

membrane protein concentration for bacterial membran8smg/mL total membrane protein
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concentration for membranes obtained from yeast cells. For solubilisdt®detergentof
choicewas added to diluted membranes to the final concentration of 1% (w/v) and incubated
for 1h at 4°C. Insoluble material was removed by ultracentrifugatioatB@000g for 30
minutes.The supernatant was filtered througb.4 uM cellulose mixed ester (CME) filter and

used for protein purification.

2.4.4 Membrane protein solubilisation in styrene maleieacid polymers
Styrenemaleic acid (SMA) polymers have been usedxtractmembrane proteins directly
from their native membranehile retaining their naturally associated lipids in the form of
stable SMA lipid particles (SMALPsY.wo different polymers were tested fextractingPINs
from the membraneXIRANS® P20 and XIRANS® S25Polyscope Polymers BV kindly
gifted both polymers Yeast membranes, prepared as in 2.5.2, wssighed after
centrifugation and resuspendedxmmL volume of20 mM HEPES, 200 mM NacCl, 10%
glycerol, pH 8.0 taeach 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 NacCl, 10% glycerogndpH 8.0 to make the 5% stodkitial solubilisationscreening
was performed by adding 5% stock to the resuspended membranes to reach the 2.5% final
concentration and incubated forHh, 3 h, and 16h at 4°C and room temperature. The
solubilisation was stopped by centrifugation at,080 g for 1h, 4°C. Differensolubilisation
conditions were compared to the solubilisation in 1% DDM (2.5.3), and the best condition was

used further for theurificationtrial.

2.4.5 Sucrose gradient preparation
The 2x purification buffer (40 mM HEPES, 400 mM NaCl, 4 mM EDTA, 4 mM TCE®
detergentpH 7.4) was prepared. For 5% sucrose solution, 0.75 g of sucrose was dissolved in
7.5 mL of the 2x buffeby slow mixing with the magnetic stirreandddH.0 was added to
reach 15 mlvolume (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 stiragrd ddHO was added to reach 15
mL volume (1x buffer). Both sucrose solutions were filtered thra@ld um CME filter and
used to preparethe gradient. Buffer with lower sucrose % was pipetted first in the
ultracentrifugation tubereaching half of the tubdapelledline). Then, 40% sucrose solution
was pipetted under the 5% solutidrhe needle fopipettingwas pushedat the bottom of the

tube and40% sucrosevas slowly injected, pushing up the 5% solution. The same procedure
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was repeated for another tyléhich would be usetb balancehe ultracentrifuge. The tubes
were put into the sucroggadientmaking machine and mixed to mak&-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 collesied the sucrose gradient

machine. Twentglrops were collected per fraction.

2.4.6 Purification screening
Due toprotein instability, extensive screening of different purification conditionsused for

both bacterial and yeast constructs.

2.4.6.1 Purification screeningfrom bacterial cells
The constructshat were designed for expression in bacteria contained 8xablisso
immobilised metal affinity chromatography (IMAC) was the first purification step, followed
by size exclusiorthromatographySEC).Out of 16 tested constru¢tsnly N-terminal 8x His
tagged PINS in the pBAD vector was successfully expressed, and all purification screening in

E. coliwasperformed on th&®IN8 sample.

2.4.6.1.1 Nickel affinity chromatography on the column

Solubilised membranes, as in 2.5.3, were loaded onto a Higllrap™ FF column(Cytiva),
previously equilibrated with 5 CV 20 mM HEBE 200 mM NaClx mM imidazole 10%
glycerol,1 mM PMSF, 10 um leupeptipH 7.4 andd).05%DDM. The column was washed
with the equilibration buffeyand the protein was eluted using either a step gradierinzaa
gradient In the purification screening the starting concentration of imidazole in the
equilibration buffer was tested (BD mM). In the case of step elutiogifferentconcentrations
of imidazole were tested in the elution stelpsear elution was performed wittd CV of 20
500 mM imidazole gradient. Furthermore, combined -$itegar gradientelution (70 mM
imidazole step, 7400 mM gradient, 500 mM step) waserformed inan effort b obtain a
purersample. Moreovera high (500 mM) NaClconcentratiorin the purification buffewas

testedo see if it might help with impurities.

2.4.6.1.2 Batch nickel affinity chromatography
HisPur™ Ni-NTA resin (ThermoFishe™) was used for batch purificatioof the bacterial
construct. Briefly, 1 ml of 50 % NNTA 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, 200 mM NacCl, 20 mM
imidazole, 10% glycerol, 1 mM PMSF, 10 pum leupeptin, pH 7.4 and 0.08%0d e cDy | b
maltoside (DDM). Solubilised membranes were added to the equilibrated tressgravity
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 collectegand the column was washed with 10 CV equdlilon 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 imidazolend8 CV of the equilibration buffer

with 500 mM imidazoleElution fractions were collected and run on the SDS PAGE asin 2.1.1.

2.4.6.1.3 SEC
SECwas performed otheSuperose 120/300 GL column. The column was equilibrated with
2 CV of 20 mM HEPES, 200 mM Nadl,mM PMSF, 1 Meupeptin 10 % glycerolp.05%
DDM, pH 7. 4. 200 eL of concentratedndpgheot ei n
isocratic elution of protein with 1.5 CV volumes of tbquilibrationbuffer was performed.
Moreover, to test the influence of additives on protein stab8iCwas performed wittthe
addition of 2 mM EDTA or 2 mM TCEP to the equilibration buffer.

2.4.7 Purification from yeast cells
SeveraPIN8 constructs were expressed in yeast c&he purificationmethod for the specific

construct is shown in the following section.
2471 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 membranesfiltered througha 0.4
UM CME filter and loadedntoa 5 mL HisTrap™ FF column (Cytiva), previously equilibrated
with 5 CV 20 mM HEPES, 200 mM NacCl, 20 mM imidazole, 10% glycerol, 0.05% DDM, pH
7.4. The column was washed with 20 CV of equilibration butied the protein was eluted
either with the combination of step and linear elution: 5 C\hefdquilibration buffer with 60
mM imidazole, 20 CV ofa linear gradient of 68100 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 pL.
The sample was loadexhto 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 PAGBNestern blot was performed to detBdi-specific bands using antr

His antibody.

2.4.7.1.2 Detergentscreening
Membranes from 2L athe yeast culture were used per one tested detergent. Bifieftptal
membrane protein concentration was determined by BCA assay and diluted to 3 mg/mL of the
total membrane protein concentration. Membranes were mixedlefigngent of choice (final
concentration 1%) and incubated for 1h at,4f@n spun down at 180 g for 30 minutes.
Solubilised membranes (250 pL) were loaded onto Superose 12 10/300 GL equihtatated
2 CV of 20 mM HEPES, 200 mM NaCl, 10% glycerg@H 7.Q plus detergenbf choice
Moreover, the same protocol was repeated at pH 6.0 and pH 8.0 to test the influence of pH on
the stability ofthe protein in the specific detergent. For testing pH 6.0, 20 mMTBis was
used instead of 20 mM HEPES. Tested detergents were DEDMcgl b-Maltoside (DM)
Lauryl Maltose Neopentyl Glycol (LMNGand Octyt b -Glucoside (OG)DDM and LMNG
were used in the equilibration buffer @05% while DM was at 0.15% concentratiofihe
samplewas eluted with 1.5 CV of the equilibration bufféractions were collecteand PIN

specific bands were detected by Western blot usirgn&GFP JL8 antibody.

2.4.7.1.3 Purification in DM
Since DMat pH 7.0 appeared to give the most monodisperse sample in detesgreening
large-scalepurification was performed ithis condition. Additionally, the effect of different
additives on protein stability was tested iMDMembranes from 8L of yeast culture were
solubilised in 1% DM and nickel affinity chromatography was performed. Solubilised
membranes werfiltered througha 0.4 uM CME filterandloaded onta 5 mL HisTrapM FF
column (Cytiva), previously equilibrated with 5 CV 20 mM HEPES, 200 mM NacCl, 20 mM
imidazole, 10% glycerol, 0.15% DM, pM.0. The column was washed with ZDVs of
equilibration buffer and the protein was eluted withlinear gradient of imidazole (7800
mM). Elution fractions were collected and run on the SDS PAGE as in 2.1.1. Fractions
containing PIN8 were pooled and concentrated3® pL. Three buffer additives were tested
duringSECruns SECwas run on Superose 6 10/300 GL coluaguilibrated wih 2 CV 0f20
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), mg/mL azolectinand 5 mM



C&*in the purification buffer were testelrotein 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 dete®IN-specific bands using antiHis antibody.

2.4.7.1.4 Purification in Lauryldimethylamine oxide (LDAO)
Membranes from 8L of yeast culture were solubilised in 1% LDAGd nickel affinity
chromatography was performed. Solubilised membranesfikered througha 0.4 uM CME
filter andloaded ontca 5 mL HisTrap™ 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 byféerd 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 ot linear gradient of 728100 mM imidazole and 5 CV of the equilibration
buffer with 500 mM imidazole. Elution fractions were collected and run on the SDS PAGE
Fractions contaiing PIN8 were pooled and concentrated to 500 pL. The sample was split into
2 x 250 pL. 250 pL of sample was loaded@®Buperose 6 10/300 GL colunaguilibrated
with 2 CV of20 mM HEPES, 200 mM NacCl, 2 mM EDTA, 2 mM TCEP, 10% glycer@5%
LDAO, pH7.4. Another 250 pL 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 detBkespecific bands usganantr
His antibody.

2.4.7.1.5 Cleavage of GFPHis tag using Tobacco Etch Virus (TEV) protease
Membranes from 8L of yeast culture were solubilised in 1% LDAGd nickel affinity
chromatography was performed. Solubilised membranes were filtered tradugiphM CME
filter and loaded onta 5 mL HisTrap™ FF column (Cytiva), previously equilibrated with 5
CV 20 mM HEPES, 200 mM NacCl, 20 mM imidazole, 10% glycerol, 0.05% LDAO, pH 7.4.
The column was washed with 20 CV of equilibration byféerd the protein was eluted either
with the combination of step and linear elution: 5 CV of the equilibratiofebufith 70 mM
imidazole, 20 CV ot linear gradient of 78000 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 concentratédrtd.. PD10 desaltingcolumn
(Cytiva) was used taemove imidazole and exchange buff@riefly, the bottom cap of the
column was cut off, théeop cap wasemovedand storage liquid was poured out. The column
was equilibrated with 25 mL of elution buffe2Q mM HEPES, 200 mM NaCg 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 colum. The flow-through was discardedndthe protein was eluted with 3.5 mL

of thebuffer. TEV protease was added to the eluted protealir? ratio (w:w) andncubated
overnight at 4°C, with mixing on the rotatory wheel. Reversetidis purification was
performed the next day. Flethrough, corresponding to the cleaved PIN8 protein, was
collected. TEVHis protease, bound to the column, was eluted with @0 imidazole for
analytical purposed-low-through fractions were concentrated to 250 pL 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 ZVsof the same buffegnd fractions were run on SDS PAGE. The fractions
corresponding to the peak of PIN8 elution were pooled, concentrated to 2&80dutun again

ontheSuperose 80/300 GL columrusing the same protol.

2.4.7.1.6 Purification in SMA S25
Membranes fron6L of yeast culture (7.86 g) were resuspended in 100 mL of 20 mM HEPES,
200 mM NacCl, 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 incubadefor 1h at 4°C with mixing on the rotatory wheel. Solubilisation was
stopped by centrifugation 480,000g for 30 minutesThe supernatanvas loaded onta 5
mL HisTrap’™ FF column (Cytiva), previously equilibrated with 5 CV 20 mM HEPES, 200
mM NacCl, 20 mM imidazole, 10% glycerol, pH 8.0. The column was washed wi@Va®f
equilibration buffeyand the protein was eluted withireear gradient of 6800 mM imidazole.
Elution fractions were collected and run on the SDS PAGE.
For batch purification, membranes from 12L of yeast culture were Uded protein was
extracted from membranes using the protocol described abbeesupernatarwas divided
into three samples to test the influence of three different NaCl concentrdtionisof 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 gravawd the affinity resin was
equilibrated with 10 CV of 20 mM HEPE$mM NacCl, 20 mM imidazolel 0% glycero) pH
8.0.The testedNaCl concentrations were 200 mM, 500 ménd 1M NaCl.SMA solubilised
membranes were added to the equilibrated résengravity column was closed and put on the
rotatory wheel for mixing. After incubatioovernightat 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,and5 CV of the equilibration buffer with 500 mM imidazole. Elution
fractions were collected and run on the SDS PAGIe fraction with a molecular weight
corresponding to PIN&FP was pooled from all three samples, and imidazole was removed
by buffer exchange on thieD-10 column. TEV protease was added to the sample for GFP
cleavage and incubated overnight at 4°C. After incubation, the sample nvas 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 fron2 L of the yeast culture were used in this experiment. Briefly, total membrane
protein concentration was determined by BG&d membranesvere 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, LDAOQO, and OG for 1h and spun down at 1@ g for 30 minuteat 4°Cin the
benchtop ultracentrifuge. To compahe efficiency of solubilisation of different detergen
pellets were resuspended in the same volume of the buffer as the voltimeesapernatant
and 20 pL of samples weleaded onto SDS PAGERIN-specific bands were detected by

Western blot using an ardirepantibody.

2.4.7.2.2 Purification in DDM
From the solubilisation screen, DDM and LDAO seemed the most efficidrgsolubilisation
of PIN membranes. The first purificatiai the Gterminal Strep construct was performed in
DDM since it is amilder 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 minat&sSC The supernatant
was filtered through 0.4 um CME filter ahaladed onto StrepTrap HP 1 mL column (Cytiva)
equilibrated with 10 CV of 20 mM HEPES, 200 mM NaCl, 2 mMT, 2 mM TCEP, 10%
glycerol, 0.05% DDM, pH 7.4. The column was washed withCGs of the equilibration
buffer, and the sample was eluted with 7 Cadfsthe equilibration buffer with 2.5 mM
desthiobiotin (DTB). Elution fractions were run on SDS PAGRd PINspecific bands were
additionally detectedby Western blot. PIN8 fractions were pooled, concentrated to 250 pL
and loaded ontthe Superose 6 10/300 GL column. The column was eqatid with 1.5 CV
of 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 1@¥cerol, 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 PAGEand aWestern blot was performed.

2.4.7.2.3 Aggregation assays

To test the aggregation propensity of PIN8 duttimg concentration of the sample 8EC
each concentration step was loaded on the SDS PAGHE PIN8 lands were detected by
Western blot. Briefly,an aliquot of pooled PIN8 elution fractions after Stedfinity
chromatography was taken, and #@nple was then spun down at 8D g for 30 minutes
at 4°C.The supernatanwas takenpand for normalisation, thpellet was resuspended in the
samebuffer volume as theupernatantolume Aliquots of bothsupermtantand resuspended
pellet were takerilhe supernatantas concentrateid 250 puL and spun down at 1,800 g for

30 minutes at 4°CThe supernatanvas takenand thepellet was resuspended in the same
volume of the buffer as the volume tife supernatantAliquots of bothsupernatanand

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°The supernatanwas filtered through 0.4 um CME filter and
loaded onto StrepTrap HP 1 mL column (Cytiva) equilibrated with 10 CV of 20 mM HEPES,
200 mM NacCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol28% DDM, pH 7.4. The column
was washed with 2QVs of the equilibration buffer, and the sample was eluted with 7atVs
the equilibration buffer with 2.5 mM desthiobiotin (DTB). Elution fractions were pooled,
concentrated to 250 yland 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 wereun on the SDS PAGEnNnd aWestern 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°The supernatanwas filtered through 0.4 pm 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 2QVs of the equilibration buffer, and the sample was eluted with 7atVs
the equilibration buffer with 5 mM DTB. Elution fractions were run on SDS PA«BH PINS

fractions were pooled. Glycerol in the sample was removed by ditatngentrating method



and the sample was finally concentrated to 200 pL. The sample was loadeéd@tosbicrose
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 7.4The sucrose gradient was run for 18h at 180 000 g at 4°C. The
fractions were collectethe next day and loaded onto tBBS 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°Gtreptag affinity purification was performed 20 mM HEPES,
200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.05% DDM, pH THe sample
was eluted with 7 CV of the equilibration buffer with 5 mM DTB. PIN8 fractions were pooled
and concentrated to 200 pL usiaglO0 kDA cutoff concentrator (Sartoriushe protein
concentration was measured on NanoDrop. PIN8 was then diluted 3x (tg/n8in buffers
of different pH (6.0, 7.0and 8.0) and different NaCl concentrations (50, 100, 200, 300, 400,
and 500 mM) and incubated for 1h at 4°C. The samples were loadethe®bUE Native
Page and a Western blot was performed to detect Papi&cificbands.
Similarly, PIN8 was purified by Strefag affinity chromatography in the same buffer as above.
PINS8 fractions were pooled and concentrated to 200 pL wsik@pkDa cut-off concentrator
(Sartorius). The protein concentration was measured on NanoDrop. PIN8 was then diluted 5x
in buffers of different pH (6.0, 7,and 8.0) and different NaCl concentrations (0.2, 0.4, 0.5,
and 1 M) and incubated overnight at 4°Che samples were loaded oritee BLUE Native
Page and a Western blot was performed to detect P3pi&cificbands.
Moreover the effect of reducing agent TCEP on the stability of PIN8 was tested. Protein
purified by means of Strepag affinity chromatography was concentrated to 200 pL using a
100 kDa cutoff concentrator (Sartorius). The protein concentration was measured on
NanoDrop. PIN8 was then diluted 5x in buffers of different pH (6.0,ahd 8.0) and different
TCEP concentrations (2, &nd 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 Detergentscreening
To test differentdetergents on protein stabilitf2IN8 membranes were solubiliséd the
detergent of choice and the protein was purified usinfatch Streptag affinity
chromatographyMembranedrom 2L of the yeast culture were used per one detergent screen.
Usually, membranes from 6L were resuspended in the b@emM HEPES, 200 mM NacCl,
2 mM EDTA, 2 mM TCEP, 10% glycerol, pH 7.4 3 mg/mL total membrane protein
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concentration and split intihree parts to test three different detergents simultanedtesthn

part was solubilised in 19%DM, or 1% DDM and 0.1% CHSor 1hat 4°C and then spun
down at 180 000 g for 30 min at 4°@. ml of 50 % StrepTactirsuspension IBA),
corresponding to 0.5 mL bed volume, was transferred to an empty gravity flow column. The
storage buffer was removed by grayiyd the affinity resin was equilibrated with 10 CV of
20 mM HEPES200mM NaCl, 2 mMEDTA, 2 mM TCHEP, 10%glycerol, x% of the tested
detergentpH 7.4. A summary of the detergents and concentrations tested for purification is
shown in a tableThesolubilised membranes were filtered through45 um CME filter and
loaded onto the equilibrated resirhe samples passed through the column by graemitgt the
flow-through was collected’hecolumn was washed with 10 CV equilibration buffemdthe
protein was eluted with CV of the equilibration buffer with 5 mM DTHhe elution fractions
were run immediatelpn 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.

Table5. The list of all tested detergents and their solubilisatiorpamidication concentrations

Solubilisation Purification
Detergent . .
concentration 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 #fénity-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 hashownthat the protein aggregates during concentrafigossible reason
is increasing detergent concentration during concentratamtestedAffinity -purified PIN8
was incubated in increasing LMNG concentration (0.02, 0.04, 0.06, @&@8).16%) for 20

minutes at 4°C to mimic the concentrating process. Detergent concentration didn’t have an
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effect onthestability of the proteinDifferentconcentrators (CME membrane, PES membrane,
ProteusX concentrator)and passi vation of concenwareat or 6s
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) imgravity 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 1QVs of the equilibration buffer. The samples passed
through the column by gravitand the flowthrough was ctected. The column was washed
with 10 CV equilibration bufferandthe protein was eluted with 5 CV of the equilibration
buffer with 10 mM DTB.

The second affinity chromatography included batch purification using StrepP@Etnesin

(IBA). Different 50% StrepTacti#rXT resin volumeswere transferred into an empty gravity
column. The resin was equilibrated with C¥'s of the equilibration buffer. Elution fractions
from the first affinity step were added to the equilibrated rekmgravity column was closed

and put on the rotatory wheel for mixing. After incubation for 1h at 4°Cptbeeiri resin
mixture was transferred to the empty gravity floelumn. Theflow-throughwas collected

and the column was washed with 10 @fghe equilibration buffer. The gravity column was
closed againand theproteinresin 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@®Q rpm, for 20 minutes. The resin was spun
down for 2 minutes at 2800 g andproteincontainingsupernatanivas carefully taken. The
procedue was repeated three times to elute all bopradeins Elution fractions were then
analysed using SDS PAGE.

2.4.7.2.1 Exchange into amphipols

Several protocols faheexchange of PIN8 into amphipols were tested. Initidlgexchange

into different amphipols was tested. PIN8 was purified by Stagpaffinity 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 uNisgoDrop. The protein sample was
split into six equal partsand three different amphipols (A5, PMAL G8, and PMAL G12)

were added in 1:1 and 1:5 ratios (w/\he proteiramphpol mixture was incubated for 45
minutes whilemixing on the rotatory wheel at 4°C. 1 g of BBeads SM2 (BIO RAD) was
washed with 30 mL of methandhen2x 30 mL of ethanol and 5x 50 mL of deH Washed
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Bio-Beads were added in two increments to the predeiphipol mixture to remove DDMHe

final detergenBio-Beads ratio was 1:100) and incubated for 2x 1h at 4°C with mixing. The
samples were loaded onto a Blue Native PAGE. Moreover, second affinity chromatography or
SEC was performed after the incubation with -Bieads in a buffer without dgergent inan

effort to remove detergenA similar experiment was repeated later witMNG -purified
protein. The protein and amphipols (88 and PMAL G8) were mixed in 1:1 and 1:5 ratios
(w/w). The same incubation period and treatment with-Béadswere used as above. Since
A8-35 was giving better reconstitution results, different prefe8a35 ratio were tested (1:1,
1:2,1:3, 1:4 and 1:5).

2.4.7.3 Nano Differential Scanning Fluorimetry (hanoDSF)
Differential Scanning Fluorimetryneasures thermal or chemical unfolding latbeg, under
native conditonsby detecting changes in a proteino:e
incremental temperature incread®N8 was purified by dual affinity Strefag affinity
chromatographyn 20 mM HEPES, 100 mM NaC(.02% GDN,pH 8.0. To test different
buffer conditions and avoid diluting protein, {4 or 14.25 pL of the purified protein was
mixed with small volumes of concentrated buffers or buffer additivesatch the final volume
of 15 pL. The summary of tested conditions is shown in TéblEhe glasscapillarieswere
loaded with10 pL of thesampleby submergingheminto the protein solutio and letting the
sample fill in the capillaries by capillary forces. The capillaries were placed into the
Prometheus Panta (NanoTemper) machamel measuring wagarted.To assess the stability
of thePINS, the size, melting temperature (Tm) and polydispersity index (PDI) were assessed
by measuring the fluorescencednsity ratioand 350 nm and 330 nm over the-2%°C
temperature rangdm indicates a protein's thermal stability. Itdstermined by finding the
temperature at which half of the protein population is unfolB&l.represents the uniformity
of particle sizes or aggregation states within a sample, with a lower PDI indicating more
homogeneityIn the folded state, tryptophan residues (Trp) are often buried grotein's
hydrophobic core, leadingo the fluorescence emission peaking around 330 The
fluorescence emission peak is shifted toward 350 nm when they become -®xpased
during unfolding Additionally, dynamic light scattering (DLS) and baeklection at 280 nm
were used over the santemperature range to assess the size of protein particles and the
presence of aggregatéurification buffer 20 mM HEPES, 100 mM NacCl, 0.02% GDN, pH

8.0) was used as a control.



Table6. The list of testetbuffer 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 pL protein
20 mM HEPES, 100 mM NacCl, pH 8.0 15 pL buffer (control)
20 mM HEPES, 200 mM NaCl, pH 8.0 14 pL protein + 1 uL 3M NacCl
20 mM HEPES, 100 mM NacCl, 0.2% CHAPS, pH 8.0 14.25 pL protein + 0.75 pL 4% CHAPS
20 mM HEPES, 100 mM NaCl, 5 mM BiFis, pH 8.0 14.25 pL protein + 0.75 pL 100 mM BiBris
20 mM HEPES, 100 mM NaCl, 5 mM MES, pH 8.0 14.25 pL protein + 0.75 yL 100 mMES
20 mM HEPES, 100 mM NaCl, 100 mMaArginine, pH 8.0 14.25 pL protein + 0.75 pL 2 M4Arginine

20 mM HEPES, 100 mM NaCl, 0.015% CHS, pH 8.0  14.25 pL protein + 0.75 pL 0.04% CHS in 0.05% GDM

50 mM MES, 100 mM NaCl, pH 6.0 14.25 pL protein + 0.75 uL 1 M MES
50 mM Bis-Tris, 100 mM NacCl, pH 6.0 14.25 pL protein + 0.75 pL 1 M Bigris

50 mM Bis-Tris propane, 100 mM NacCl, pH 7.0 14.25 pL protein + 0.75 pL 1 M Bi$ris propane
50 mM Tris-HCI, 100 mM NacCl, pH 8.0 14.25 pL protein + 0.75 pL 1 Mrris-HCI

2.4.7.3.1 Purifi cation in low pH (5.0 and 6.0) buffers
The emptygravity 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, AR€.supernatant
was loaded onto a column, washed with 10 CV of equilibrafterwardsand eluted with 10
x 0.5 CV of the equilibration buffer with 10 mM DTB. Fractions containing PIN8 weregglool
and split into 6 equal parts. Each part was loaded oh@® pL of StrepTacti#fXT resin,
equilibrated with10 CV of the tested buffer$he composition of the tested buffers is shown
in Table.Protein and resgwere incubated otherotatory wheel for 1h at 4°C, then washed
with 2 mL of equilibration bufferProteinresin 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, Wwigkmg at J000 rpm, for 20 minutes. The
resin was spun down for 2 minutes at@® g and proteircontainingsupernatarst were
carefully taken. The procedure was repeated three times to elute all paianhs Elution

fractions were concentrated using 100 kDA-ctftconcentratas and analysed by SDS PAGE.
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2.4.7.3.2 Final purification protocol
The gravity column was manually packed with 1m$repTlactin Superflow resin and
equilibrated with 1@CV of 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10%
glycerol 0.02% LMNG or 0.05% DDMpH 7.4.Solubilised membranes were loaded oato
column, washed with 10 CV of equilibration aftand eluted with 10 x 0.5 CV of 20 mM
HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 10% glycerol, p4, 20 mMDTB,
0.02% LMNG or 0.05% DDM. Fractions containing PIN8 were pooled and loaded onto 100
uL of StrepTactinXT redn, 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 orthe rotatory wheel for 1h at 4°C, then washed with 2 mL of equilibration buffer,
and protein was eluted with 5 x 100 pL 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 pL using 10€kDa concentrator (Piercegnd loaded onto Superdex 5/150 column (Cytiva)
previously equilibraté 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 isocraticalind thepeak fraction was taken for

grid preparation.
2.4.8 Molecular weight determination

2.4.8.1 Multi -angle light scattering coupled withSEC (SEC-MALS)
SEGMALS combinessize-exclusion chromatography (SEC) with mdiigle light scattering
(MALS). It is a powerful technique fdhe absolutecharacterisation of macromolecules in
terms of molar mass and size, conformatenmg 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, 20/ NacCl,
2 mM EDTA, 2 mM TCEP, 10% glycerol, 0.02 % LMNG, pH 7.4. Hodubilised membranes
were filtered through @.45 um CME filter and loaded onto the equilibrated resin. The samples
passed through the column by grayiyd the flowthrough was collected. The column was
washed with 10 CV equilibration buffeand the protein was eluted with 5 CV of the

equilibration buffer with 5 mM DTB. PIN8 elution fractions were pooled and concentrated to



200 pL. Concentrated protein was spun dow@&000g for 10 minutes at 4°C to remove
aggregatesThe supernatanwas carefully takenand 100 pL of the sample was loaded per
SEGMALS 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 phas®eforeuse, the buffer was filtered through.d um CME filter and degassed.

The column was washed with filtered and degassed@dHtil the detectors showed a stable
baseline and then equilibrated with the buffer again until the stable baselinediet¢céors.

BSA standard (2mg/mL) was run as a control. The effluent was detegta UV detector at
280 nm, followed by a DAWR MALS detector equipped with WyattQELSD embedded

DLS module and an Optilﬁ) differential refractive index (RI) detector. ASER software
was used for HPLC control, data collection, and analy$ig. protein conjugate option was

usedto calculatemolecular weight. Adn/dcvalue of 0.185 mL/g was used for proteins

2.4.8.2 Crosslinking using disuccinimidyl suberate 0SS
PIN8 membranes from 6L of yeast culture weodubilised in 1% DDMand the proteinwvas
purifiedin 20 mM HEPES, 200 mM NaCl, 2 mM EDTA, 2 mM TCEP, 0.02% LMNG, pH 7.4
by Streptag affinity chromatography using StrepTactin reg&tution fractions were pooled
and 12x 100 pL of the protein sample was pipetted ame row of thed6-well PCR plate A
50 mM stock of DSS was prepared by mixing 2 mg of DSS and 108 pL of DMSO. 20x stocks
of the final DSS crosslinking concentrations were prepared by diluting 50 mM stock in DMSO.
The finalvolumes of 20x stocksvere500 pL. Usinga multichannel pipette, 5.26 pLf @0x
DSS stocksvas added to the 100 pL of protein and incubated for 15 minutes at RT. The
reaction was stopped by pipetting 5.54 uL of 1M Tris (pH 8.0) into each well by multichannel
pipette and incubating for 15 minutes at RT. 27.7 pL of 5x SDS loading dye was, added
samples were run on the SDS PAGE gel. Western blot was performed toRiIBli&specific

bands.

2.4.9 Reconstitution into liposomes
PIN8 was reconstituted into liposomesonsisting of asoybean phospholipid mixture
(azolectin)or a mixture of POPEPOPC (5:1) using BioBeads.Lipids weredissolved in
chloroform, andthe solvent wagemoved from the lipidby manually rotating the tube under
the nitrogen strearto obtain a thin film. The lipids wenwashed in pentanéhe solvent was

removed under the stream of nitrogamd then resuspended &tmg/mL in buffer (20 mM

8€



HEPES, 200 mM NacCl, pH 7.4 or 20 mM Bisis, 200 mM NacCl, pH 6.0)These lipid vesicles
were frozen and thawe8x in liquid N2 to obtain unilamellar vesicleslhe integrity of
liposomes was examined using negative stainihg.lipid vesicles were extruded 31x through
a 400 nm filter for reconstitutionThe DDM from 10% stock was addedo the final
concentratiorwas0.05%.Purified PIN8 was added to the lipids at a final lipjghotein raticof
250:1 and incubated for 1 hoat 4°C. The same volume of éhpurification buffer containing
0.05% DDM was added for the fpootein liposome controlAfter this time,BioBeads were
added intwo batches ovef hours. The third batch of BioBeads was added and left for
incubation overnight at 4°@inal DDM-bio beads ratio 1:100). The next day, BioBeads were
left to sediment by gravityand the supernatantvas carefully takenTo confirm the
reconstitution of PIN8the supernatariwas loaded onto &40% sucrose gradient in a buffer

without detergent.
2.4.10 Activity assay using radioactivelyabelled IAA (3H-1AA)

2.4.10.1 Yeast retention assay
PIN8-GFP was expressed $ cerevisiaeells using the protocol shown in 2.3.2. Nioduced
cells were used as a negative control. The cell culture was divided into 5x 15 mL and pelleted
at 3500 g for 20 minutes at 4°C. The pellet was resuspended in 1mL of YEPD media and
transferred int@ 2 mL tubel pL of 3HIAA (x 1 pL N-1-naphthylphthalamic acidr NPA)
was added into the cells and incubated with shaking for 30 mintites3HIAA and NPA
were kindly provided by the Friml group (IST Austridhe cels were spun down &,500g
for 15 minutesandthe supernatarwas discarded. YEPD media was used to wastcell
pellet 5x. Finally, cells were resuspended in 2 mL of scintillation ligaitd 3H-IAA

radioactivity was measured overnight.

2.4.10.2 Proteoliposomesno gradient
PIN8 C-Strepreconstituted liposomes were prepatad in 2.5.5.4) in 20 mM HEPES, 200
mM NaCl, pH 74, 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 uL of 40 pMAldnd
continually mixed on the rotatory wheel at RT. Aliquots of 200 pL were taken at 1, 28¢5
10 minutes, filtered through a mixed cellulose filter connected to a vacuum pump system,
immediately washed with 2 mL of the iceld buffer. The ifters were left to air dry and
resuspended in 5 mL of scintillation liquid. A radioactivity was measured overnigil

measurements were performed in duplicates.
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2.4.10.3 Proteoliposomes: proton gradient
PIN8 G-Strepwas reconstituted int6 mg/mLazolectinCHS liposomes (5:1prepared in 20
mM MES, 100 mM NaCl, pH6.0. The finallipid: protein ratio was 150:1. Theuter
proteoliposomebuffer wasexchangd into 20 mM HEPES100 mM NaCl,and pH 7.4 using
the PD-10 column. Into 1 mL of the proteoliposomé&spL of 3HIAA (125 nM final) was
added and continually mixed on the rotatory wheel at RT. Aliquots of 200 uL were taken at
0.5, 2.5, Sand 7 minutes, filtered through a mixed cellulose filter conneotadvacuum pump
systemand immediately washed with 5 mL of the-celd 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 overniglill measurements were performed in duplicates.

2.4.11 Activity assays usingpH-sensitivedyes
PIN8 G-Strep was reconstituted into 25 mg/mL azole€idS (5:1) orPOPEPOPC (3:1)
liposomesprepared in 20 mMMMES, 200 mM NacCl, pH6.0. The final lipid: protein ratio was
100:1. Prepared proteoliposomes were diluted 50himoutside buffer (2 mM HEPES, 200
mM NaCl, 100 & M prbieitaethe reaetidn, 10 pLHf 5/mMAAA.stock in
2 mM HEPES, 200 mM NaCl, pH 7.4 was added to 1 mL of continually stirred
proteoliposomes, andahange of Aswas observed. Since IAA isvaeak acid, thegH of 5
mM IAA stock was carefully adjusted to 7.4 after dissolving IAA powder in the bufapty
liposomes were used as a contAadditionally, instead of dilutionthe PB10 column was used
to exchange the outer proteoliposome bufied the rest of the experiment was performed as
described above. The final concentration of proteoliposomes lvasg/mL in both
experiments.
Furthermoremembraneotentiatdriventransport of IAA was tested. Briefly, PIN8-8trep
was reconstituted into 5 mg/mL azolee@HS (5:1) liposomes prepared in 5 mM MES, 1.2
mM KCI, 120 mM NaCl, pH 6.0. The final lipid: protein ratio w&00:1. The outer
proteoliposomes buffer was exchanged into 5 mM MES, 120 MM KCI, 1.2 mMUaCl) ¢ M
phenol redpH 6.0 using PD10 column.Proteoliposomes were then further diluted with the
outside buffer to 1 mg/mL concentration. 10 uL of 5 mM IAA stock prepared imtlsEde
buffer was added to 1 mL of continually stirred proteoliposomes. Valinom¥givi(or 2 uM)
was added to initiate the transpand achange of Asowas observed. The same experiment
was performed usingH-sensitivefluorescent dye pyraninéd. mM pyranine was present in the
outside buffer together with 50 uM IAA,and the fluorescence changepon addition of

valinomycin was monitoredt 510 nm when excited 4.5 nm
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2.5 Structural studies
2.5.1 Crystallisation screening

2511 In surfo
PINS, purified by affinity chromatography th04% LMNG or 0.02% GDN, was concentrated
to ~ 5 mg/mL. Vapour diffusion crystallisation plates were sdiyumixing the protein with a
commercial crystallisation screen solutidriolecular Dimensionsin al:1 (100 pL+ 100 pL)
or 1:2 ratio (100 pL + 200 pL). Crystallisation plates were set up using SPT Labtech's
mosquito® robot and stored at 23°C or 4°C with daily checks of drsipgalight microscope.

A polarisingfilter was used to try to distinguish betaresalt and protein crystals.

2512 In meso
Simple lipidic cubic phase (LCP) protocol Monoolein (9.9 MAG) mg) was transferred into
a 0.5 mLtube and melted a&#C until liquid (5-7 minutes)The plungenfa 1 00 -tight g a s
removable needle syringe (Hamilton) was remowad, 10 pL of molten lipidwas transferred
into the syringe barrel through the plunger end usipgpette Theplungerwas insertedback
and9.9 MAG wasslowly moved upin the syringe to remove any trapped air bubblés L
of 5.2 mg/mLpurified PIN8 in 0.04% LMNG was takenintoh e secondtigit00 €L
syringeto avoidtrapping air bubbles during the syringe loadiiige protein solutionwas
movedwith the plunger upand the syringe was attached to the open end of the coupler and
mounted on the syringe withelipid. The protein solution and the lipidkere movedhrough
the coupler back and forth from one syringe to another by pushing alternatively on the
corresponding plunger$40 strokes were made in totatil the lipid mesophase in the syringe
mixer be@me homogeneous and transparefthte mixing rate was limited to ~1 stroke / s to
avoid heating up the samplehe LCP syringewas attached to the SPT Labtech's mosquito®
robot and crystallisatiorscreeningvasset up in gglass platdy mixing 100 nL of prepared
LCP with 500 nL or 1 pyL of the commercial crystallisation scrgdhsecular 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 solutiodsing several rounds of reconstitution, the protein
concentration in the bilayer of the cubic mesophase can be increased stepwise for

crystallisation.



20 pL of 1 mg/mL PIN8 was mixed with 10 pL of 9.9 MAG and reconstituted into a
mesophase using 140 strokes. The excess of prag¢pileted aqueous solution was removed.
The process was repeatadother & by mixing the separated protemesophase from the
previous step with the fresh 20 uL of the protein solution and finally with 10 uL of the fresh
protein solution (six reconstitutions in total). Th€P syringewas attached to the SPT
Labtech's mosquito® robot, and crystallisation screeningsefsp ina glass plate by mixing
1000r 200nL of prepared LCP with 506r 1000nL of the commercial crystallisation screens

(Molecular Dimensions).

2.5.1.3 Optimisation plates set up
The plates for th@ptimisation of crystals were prepared usindragonfly® 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 screddDptimisation screens were designed in
Dragonfly Optimisation Designer v1.1.0.10112 one of the prepared screens, a fine gradient
of PEG300 was prepared against fhid gradientwhile keeping the NaCl concentration
constani0.1M). The prepared gradients of PEG300 (starting from 50% w/w stock) were 10
35%, 2035%, and 2835%. The 250 mM stock solutisrof bicine (pH 7 and pH 9) were used
for the preparation of a pH-9 gradient, giving &0 mM final concentration of bicine. The
other example ahe optimisation strategy useas varying PEG300 (as described above) and

NaCl concentration. The 0:A.5M NaCl gradients were prepared from 3M NaCl stock solution.

2.5.2 Negative stainingscreening
Negative staining was used to determine the quality of the protein sample. The grids were
prepared according to the following protocolnbof PIN8 sample (0.09.1 mg/mL)was
applied onto a freshly glomischarged grid (CF300 CU carbon film 300MESH, copper),
incubated for 2 minutegnd blotted off with a filter paper. The grid was washed 3x with 20
nmL wash buffer (purification buffer without detergent). Excess fluid was blotted off with filter
paper in between and after the final washing steprl16f a 2% uranyl acetate solutiavas
applied onto the grid and incubated for 10 secoBrlsess liquidvas blottecawaywith filter
paper. The grid was dried for 1 minute and stored in a grid Albprepared grids were

screened on FEI Tecnai 12 1”@ microscope.

2.5.3 Cryo-EM screening
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2531 Preparation of continuous carbon grids
MICA sheets, 25x25mn(Electron Microscopy Sciences), were covered with a thin-1®28
nm) layer of continuous carbon usingarbon coating machine (Leica ACE608)home
made coating apparatus (Machine shbthe Institute of Science and Technoldgystria) was
used to coat cry«&M grids. Filtered water wassed to fill thecoating apparatus. A sméilter
paper was put onto the metal mesbunted just below the water surfadée water surface
lint and dust particles were removed by carefully ovenfijlthe coating apparatus with water.
Approximately 1620 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 ata@ter5°
angle detainingthe continuous carbon from the mica sheet. The continuous carbon was moved
above the carbon grids by displacing the water surfllcewaterlevel was slowlylowered
leading to thedeposition of continuous carbon irttee grids. The grids were dried overnight

inside the coating apparafuovered with a boxand then moved and storedarpetri dish.
2.5.3.2 Preparation of Graphene Oxide Grids

2.5.3.2.1 Preparation of graphene oxide grids: protocol 1
Graphene oxide2 mg/mL dispersion in water (Sigmayas diluted 10 x to 0.2 mg/mL with
ddH:0 and spun down at 3000 g to remoaggregates. The grids (Quantifoil mesh 300, R
0.6/1) were glowdischarged for 60 s at 30 mA and mounted ar@nticapillary tweezer
wi t h car b o nofdilutetl graphegme oxi@e salution were pipetted onto the mounted
grid and incubated for 1 minut&€he graphene oxide drop was blotted awayfilbgr paper
and the grid was washed with 3 x 20 pL of ddHwice at the carbn side anadnceat the back
side of the grid. The grid was dried for at least 1 hioefore usage for crygM sample

preparation.

2.5.3.2.2 Preparation of graphene oxide grids: protocol 2
A watermethanol (1:5) dispersant solution was prepared by mixing in a 50 mL falcon tube, 8
mL ddH20, and 40 mimethanol. The stock solution of graphene oxide (2 mg/mL) was diluted
with adispersant to 0.2 mg/mL to makenL of graphene oxide solutid@00ni of the stock
+ 1800nL of watermethanol) 0.2 mg/mL solution wasosicatel in a bath sonicator for 10
minutes to break up aggregategadphene oxideheets1l.5mL of the solutionvasaliquoted
into a new 2 mL tubeand centrifugd at 6,500 rpm for D minutes at 2ZC. The rest500 pL,
were kept as a blanKhe supernataniwhich contains the smallest fragmentsgo&phene

oxide, was carefully removedhe pellets were resuspended5@0 pL of dispersant. This
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solution contains the desired large sheegraphene oxide. Thisolutionwas sonicated faz2
minutes and thenentrifuged for 1 minute at 2,300 rpmto pellet residual aggregatesmdthe
supernatantvastransferredo a new tubeThe supernatantas compared with 0.2 mg/mL
blank solution. It is generally not good to change this working solbtibito adjust the volume

of pipetting when covering grids (for example, add 10 pL more if the solutiohitdess than

0.2 mg/mL).Grids (Quantifoil mesh 30@R 0.6/1) were glowdischarged for 30exondsat15

mA. A small petri dishRyrex,5 cm diameter) was rinsed with successikroform, ethanol,
and ddH20 washedsA copper mesh platform was rinsed in ethanol and then@dFhe
platform was placed into the disand 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 placedto a waste beaker. The grids were carefully
submerged andlacedon a platform to avoid overlapspproximately 68 grids were placed
onto a platform per one coating20ni of graphene oxide was applied pe8@rids in 8L
droplets (15x) byensuringeach 8ni dropletwas split into 23 pipetting. Otherwisea full 8

WL drop would sink to the bottomwith the peristaltic pumphe subphasevas drainedat a
flow rate of approximately 1.25 mL/min. The peristaltic pudnpinsthe subphase slowly and
steadily: simply aspirating the liquid with a syringe can disrupgthphene oxidélm before

it has adheredgiving discontinuous layersThe platformwith coated grids was carefully

removedfrom the petri dishplacedn a larger petri dishcoveredand left to dry overnight

2.5.3.3 Cryo-EM sample preparation
Cryo-EM samples were prepared by adsorbing protein ordopper grid (Quantifoil mesh
300, R 0.6/1oated withathin layer of continuous carbar graphene oxide. Thgrids were
glow-discharged for 10exondsat 30mA, and 3puL of protein samplevasadded onta grid
and blotted fo2 secondsor 3 seconds usingblot force 25, before plunging immediately into
liquid ethane. FEI Vitrobot IV system was used for vitrification and was operating at 4°C,
100% humidity.

2.5.34 Data collection parameters: Glacios
Grids were imaged using a 200 kV Glacios Ghyansmission Electron Microscope
(ThermoFishe™) equipped with a Falcon Ill camera at the Institute of Science and
Technology AustriaData collection was performed using FEI EPU softwdiee most of
datasetsvere collectedn acounting modet a nominal magnification of 130X, resulting

in a pixel size of 0.96 A per pixel. Thetal dose of 50 842 was fractionated into 50 frames.
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Few datasets were collectedaiiinear mode aanominal magnification of 12000x and 1.22
A pixel size. The total dose 00%/A2was used for a collection in linear mo@&focus values

used for a collection were in-4.6-(-3.0)) um range.

2.5.35 Data collection parameters: Krios
Micrographs were recorded @800 kV Titan Krios electron microscope (FE) the Institute
of Science and Technology Austi(ESTA). Micrographs were collected with the FEI EPU
package at a nominal magnification of 10 Xx, resulting in a calibrated physical pixel size
of 0.84 A per pixel. Defocus values varied freth. 6 €2m 3t oe m. A WeMal do s«
was fractionated int®0 frames Another datasewas collected at the same magnification and

dose usin@ 25° tilt. The defocusange was tilted dataset was inla6-(-3.0)) um range.

2.5.3.6 Data processingfor grid screening

For screening of the optimal purification and grid preparation conditemsll datasets were
usually collected on Glacios, using the parameters as in 2.6t84e datasetgere processed
in Relion3.0 and Relion 3.IThegeneral processing strategy was first particle pickingdy
autopicking using different thresholds, extracting (2x binniagyl 2D classification. Best 2D
classes were selected and used @snplate for Topaz picking, again using different picking
thresholds.The Topazpicked partites were subjected to 2D classificati@and 2D classes
were examined visually.flobtained2D classes resembled protethey were selected and

subjected to 3D classification.

2.5.3.7 Data processing: final dataset
Non-tilted dataset 4031 movies were collected in sugesolution mode using the parameters
shown in 2.5.8.5. Thelataset was processed usiRglion 3.1.0g and CryoSparc. Movie
frames were aligned, motion correctedseweightedand t wi ce binned usin
implementation. Notdose weighted micrographs were ugeddeterminethe defocus and
astigmatism parameters using CTFFINEL dinspecting CTFesults showed the presence of
strong ice rings in some micrographs. The micrographs without ice rings were manually
sd ected (3612 micrographs). Relionds star fil
rest 400 micrographs (ice ring®ntaining ones). The particles were LoG apitcked (default
thresholds 2 and 3) from both micrograph selections, extracted into-piXe@&ox (2x re
scaled)and 2D classifiedClassifyingparticles from the micrographs with very strong ice rings
gave out nice 2D classes, indicating that very strong ice rings irc@TEfrom the small ice

contamination crystals and not freediged 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 80A inteparticle distance. The particles wereesdracted in 200-pixel box

(2x binned with recentering and subjected to refineméltie re-extracted particles were
subjected to another round of 2D classificatiorcheckthat particlesvere 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 degteeal). CryoSparc generatat initiomodel
(low-pass filtered to 8A) was used as an initial model for refinement jobs. The further strategy
(both using C1 and C2 symmetry) was to subtract micelle density by makigbt mask
around the protein and particle subtraction option in Relion. The resulting particles were then
further refined usindocal 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 bal). B
models from the previous refinement (wide searches) and the new, improved model from
CryoSparc wereised as a reference for these refinements. Unfortunately, the resolution of the
model was still low.22R). Another strategy was to do local refinement vidvpass filtering

of micelle (Relion 3.1.9m, courtesy oDr. Jiansen Jiand\NIH). However, this, too, resulted in

a lowresolution map (6.4%). Thus,we decided to collect more datgth thetilted collection
because of the partial preferential otetion (mostly top and bottom vieyv§dhe summary of
processing that led to the best resolution maps is shown in Figure 20A.

Tilted dataset 3334 movies were collected with5 tilt, using the same parameters astfar
norttilted datasetThe dataset was processed inRetion 3.1.6g version.Micrographs were
manually examined after motion correction u
estimation with CTFFIND 4L. Micrographs showing poor power spectra were excluded,
yielding 3269 micrographs. From these 3269 micrographs, 843 micrographs with very strong
ice rings were manually sel e@onhaadwausedtoseRe | i o n
out the resof the2426 micrographs. The particles were LoG apittked (default threshold 1,

2, and 3) from both micrograph selections, extracted into apG%) box (2x rescaled)and

2D classified. All good classes from different picking thresholds were selected and joined
together. Duplicated particles were removed using 90A-jpaeticle distancewhich resulted

in 752 421 patrticles. Pearticle defocus was determined using gctf for these 752 421 particles,
and they wes reextracted into a 20fixel box (2x rescaled) and again 2D classified. 2D
classes representing top and bottom views were selected, resulting in 270 233 particles. These
particles were refined using widglobal searches (7.5 degrees angulEs/2 pixels initial

offset range, 1.8 degrees local) in C2 symmaetith a lowpass filtering of micelle (Relion
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3.1.0m). PIN8ArabidopsisAlphaFold model (lowpass filtered to 840 ensure that no model
bias persist in highesolution refinementwas used as a reference. Hoeeptable result with
reasonable TM density coul dlimidilt-2bdbawasedapply
in Relion. This limits the search around the initial orientations (#hnitial map aligned to
the Z axis in C2 symmetry)o 25 and could be used because only top/bottom views of the
molecule (thus praligned alondheZ axis,with 25 tilt of the grid) were used’he parameter
value of 25 was optimal from several trials in Relion in the range €#018egrees. Such a
search prevents artefactual higlh orientations due to low levels of signdlhe resulting
model (6.BA) would be roughly refined due to the applied tilt limit, and se&$ subjected to
another round obcal refinement with a lowpass filtering of micelle, giving tmapof 4.3 A.

The finalmapof 4.2 A was obtained by postprocessifige summary of the procsiag of this
dataset is shown in Figure 20B. Attempts to combinetilted and tilted data in refinements

did not lead to any improvements.
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Figure 20. Processing of PIN8ataset. A) Processing of notilted datasetAfter 2D classificationall good
classeawvere joined and locally refined with either the micelle filtering option or the particle subtraction and
subsequent refinement. Both strategies gaverlasvs ol ut i on maps of 6. 46 and
dataset. After 2D classification, lgrntop 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 F1FO-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 N
pH 7.7, 0.002% phenylmethylsulfonyl fluoride and EDfi&e Complete Ultra inhibitor
(Rche) gently rotating for 1 h at 4 AC. The i
at 30,000g for 45 minutes at 4 AC. The super

exchange column. The MonoQ 1 mL colHEPES, was e
50 mM NacCl , 10% glycerol, 2 mM EDTA, 1 mM DT
was eluted wusing a l|inear gradient from 0% °

2 mM EDTA, 1 mM DTT, 0.2% digitonin, 10% gl y
creating a NacCl gradient from 50 mM to 500
synthase were coll ected a ncdtoff cvovaspire (b@ mi)t e d u
concentrator to a final concentration of 1 mg/mL. Glycerol (from 50% stock) was aolded

reach the final glycerol concentration of 30%, and concentrated ATP synthase was divided into

50 pL aliquots, flash frozen and stored in liquid Nntil 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 usinf'Fiéfce
assay (protocol described2nl.6). The values from the Pierdé660 assay were correlated to
the Acgovalues, concluding that2800.34 corresponds to the 0.1 mg/mL of pure ATP synthase.
This correlation was used to measure further concentrations. tevdlues would be
determined from NanoDrop, and the protein concentration in ingiould be calculated

based on the previously determined correlation.

2.6.3 Silver staining
The InstantBlue® (Abcam) stained gel of theATPasepurification 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, falllwyeeplacement

of the solution and anothefrBinute 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 uL Sensitizer with 50
mL MiliQ). Gels were incubated in the Sensitizer Working Solution foridute, 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 Staarkiig 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 quicklgdwagh

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 intensifevie®per 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'amideB waschemically synthesised amdovided by our collaboratefrom The Tokyo
University, the group of Prof. Masayuki Inouaitially we obtained total amount dfnmolof
the yaku'amide B, anid the later stage of the projeatjother 8 nmol of peptideas provided
by the collaboratorsThe stock solution40 uM and 80 M, respectivelyyere prepared by
adding the 100 pL of DSMOnal gently vortexing several times to dissolve the peptiae.
grid preparationthe intermediate solution of yalmide was preparefirst, to lower the
concentratiorof DSMO, by mixing 2 pLof the 40 uM stock (100% DSMO) and 18 L of the
buffer (20 mM HEPES, 50 mieldiati@lfinal cancemtidtiok D T A ,
of 4 uM yaku'amide B and 10% DMSOhe 4 uM yaku'amide B was used then for grid
preparatiorby mixing thel pL of the inhibitor with 9 L of the protein, reaching the final
yaku'amide concentration of 400 nfsindfinal 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-&t0°C for 1h. 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 otesat 30,000 g, 4°C. The pellet was
resuspended in 4 mL of SMP buffer + 10 mM Mg3@d sonicated on icd%second bursts
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at 30 W were repeated 10x withndinuteintervals). The sonicated SMPs were spun down for
20 mirutes,at 27,000 g at 4°C to remove remaining mitochondria and then spun down in
ultracentrifuge at 82,000 g for 30 muiresat 4°C. The SMP pellet (78 mg) was resuspended in
2 mL of SMP buffer + 10 mM MgS® 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 MH, 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°Q.he supernatamwas taken and centrifuged for #finutes at 120,000 g
and 4°C. The pellet was resuspended in 10 mL of the 30 mMSTs75 mM sucrose, 250
mM KCI, 2 mM EDTA, pH 8.0 and loaded onto column prepacked with Sephad#xrésin
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 éarresponding 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 pelles vesuspended 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 sucroseThe concentration was determined by Pierce 660 assay and was approximately 5
mg/mL. The sample was divided into 2 parts, and each sample was loadatde@g® mL of
the sucros@radient (2840%) and run at 6800 g for 3 hoursat RT. The0.5 mL fractions
were collectedand prepared SMPs were used for activity assdyse total potein
concentratiorof the each ctécted fractiorwas determined by Pierce 660 assay and3vhs
mg/mLin the utilised fractionThe coupling of the SMPs was checked with forward complex
| reaction £ CCCP at 30°C.

2.6.7 F1-ATPase purification
450 uL of SMPs, prepared as above, were briefly mixed with 450 pL of chloroform (1:1), then
spun down at 16,000 g for 10 minutes at room temperature (RT). The upper water phase
(approximately 450 uL) was gently taken, and F1 buffer (20 mM Tris, 50 mM Ne&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.



The supernatantvas taken and concentrated to 250 pL using Amicon® 4iti®) 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 KCI, 6 mM MgCD.2 mM EDTA pH 7.5) for the

buffer exchange and further used for ATP hydrolysis measurements.

2.6.8 ATP hydrolysis assay
33 uL of SMPs was added to 1 mL of the assay buffer (50 mM Tris, 50 mM KCI, 6 mM2MgCl
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) preubated at 30°C. The reaction mixture
was stirred at 325 rpm, and 5 pL of rotenone (5 puM), 10 pL of 20 mM NADH (8@Pand
10 pL of 40 uM yaku'amide (400 nM final) were added. The reaction was autozeroed, then
started by adding 20 uL of ATP (4 mM final) and measuring the changesefvas 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 uL of DMSO was used as a
negative, and 10 uM 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) orF1-ATPaseactivity was measured using 0.1 mg/mL purified F1 domain.

2.6.9 ATP synthesis assay
33 pL of SMPs was added to 1 mL of the assay buffer (50 mM Tris, 5 mM Pi, 6 mM glucose,
2 mM MgChk, 10 mM succinate, 2 U/L hexokinase (HK), 2.75 U/L gluc6gghosphate
dehydrogenase (G6PD), 1 mg/mL BSA, pH 7.5} ipubated at 30°C. The reaction mixture
was stirred at 325 rpm, and 5 pL of rotenone (5 uM), 10 pL of 50 uM RDjRidenosine
5 pentapbsphate (Ap5A), 10 pL of NADPand 10 pL of 40 uM yaku'amide (400 nM final)
were added. The reaction was autozeroed, then started by adding 10 uL of ADPfifdaihM
and measuring the change ofsfwas started immediately upon ATP addition. Yaku' stock
(40 uM) was prepared in DMSO, final DMSO concentration was kept at 1%. 10 uL of DMSO

was used as a negative, and 10 puM 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 ligusdoxage and thawed
on ice. The buffer exchange to remove glycerol was performed on the PD MiditBap5
column (Cytiva). Briefly, 2 aliquots (100 pL) 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 .buiffer
flowthrough was discarded, and the protein was eluted with 1 mL of the lagffeentioned
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 c on cdfNivaspe (5@ rdL), gieldingissfinah g a
concentration of 0.073 mg/mL ¢4 0.23). CryeEM 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 pL of 4 uM yaku'amide (in 10% 5®) was added to 16 pL of ATPase
and incubated on ice for 10 minutes 2 pL 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, operating4tC and 100% humidity. Glow discharge of grids was
performed for 10 s at 30 mA, and 2.7 L 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 Taremission Electron
Microscope (ThermoFish&f) 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 A per
pixel. The micrographs were imaged using a total dose 0f/86.&efocus values used for a

collection were in al.6-(-3.0)) um 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, resultingtigsacal pixel size
of 1.06 | per pixel. Defocus values ¥A3ri ed

was fractionated into 90 frames.
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2.7.4 Data processing
The dataset underwent processing using Reliosildét@ and Relionfbetad. The initial
number of movies was 12,347. These were aligned, motorected, and dosseighted using
Relionds own i mplementation. Poor mnTotalogr aph
yielding 12343 micrographs. CTFFIND-4 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, 8B micrographs. &g picking was initially
performed on a random subset of 500 micrographs testing different default thresholds (0,1 and
2). Picked patrticles were extracted in 216 pix box (2x binned) and 2D classified using the
VDAM algorithm. Obtained 2D classes were insggal visually, and the best ones, coming
from the Gdefault threshold in log picking, were used as a template for Topaz training. Several
rounds of 2Btemplate picking and Topaz training/picking were performed, first on the subset,
then on all 12 048 micgraphs. After topaz picking, 2D classification (VDAM, 300 iterations)
was performed, and all good 2D classes were selected and joined together, Hi8&H1H32
particles. These were divided into 4 subsets (4x 519, 048 patrticles), 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 togetl®&788articles) and further
3D classified (T4, 75 iterations). The result of this 3D classibcatgave 5 classes,
corresponding to the 3 main states (Statel, State2 and Statgl)tatidesubstates of Statel
and State3, while the substate of State2 could not be resolved.
States and substatesThe 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 underweh€IF refinement, global refinement‘ZTTF
refinement, polishing, global refinementd 8 TF refinement and the final global refinement.
Each of these steps significantly improved resolution, as shown in the Rguisocal
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 donvas 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 mastnepassing the FO domain
and the peripheral stalfhe three main states of ATP synthase (Statel, State2 and)State3
were resolved to an overall resolution of 3.0 A, 3.1 A and 3.2 A, respectittedyfinal maps

were composed of the three locally refinedps(F1 domain, Fo domain and peripheral stalk)
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For Statel, the F1 domain was resolved to 2.91 A, the Fo domain to 3.31 A and the peripheral
stalk t03.78 A The F1 domain of the State2 was resolve2i@8 A, followed by the Fo domain

at 3.54 A and the peripheral stalk3.88 A The final resolution of the State3 domains was
3.09 A for the F1 domain, followed (8;94 Afor the Fo domain and 4.27 A for the peripheral
stalk. The 3D classes representing substates were also extracted into a full box (432 pix) and
refined. These patrticles then underwerd tbund of CTF refinement arglobal 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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Figure21. Data processing dhe 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 prosesseal byunds 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 padnvdasted.
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Refinement of Fo domain from all good particles All good particles (86335 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 Foiddth& degrees
angular, 5/1 pixels initial offset range, 0.5 degrees local).

3D classification w/o alignments of the Fo domair_ocally 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 obskes (3 and 6) and number of iterations (25 or 50) were tested.
The 3D classification w/o alignment of theing was performed on the same particles, using

a mask encompassing only theireg part of the B 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 domainWe 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 classification3D classification w/o alignments was conducted

on all good particles' locally refined Fo domain, employing a mask encompassing all Fo
subunits (ab, e, f, g, k (DAPIT), ATP8 and j (6.8 pl)hut excluding the<ing. Another mask

was also applied for comparison, excluding both thisng and e subunitThe resulting 3D
classes were subsequently refin@d5, 5/1, 0.5 searchesyith or without the BLUSH
regularisation option in Relion/beta4.

Particle subtraction of the Fo domain Themask encompassing all Fo subumsitgunits (a,

b, e, f, g, k (DAPIT), ATP8 and j (6.8 pl)), but excluding therg wasutilised for particle
subtration. The subtracted particles werefined with varying search parameters, with or
without BLUSH regularisationlhe refined map was further 3D classifietbalignments (T4,

3 classes, 50 iterations), yielding one major classtandother classes containing a smaller
number of particlegFigure 22) The major claswas further refined.5, 5/1, 0.5 searches),
yielding3 . 4 6 resolution (Figure 22).
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Figure22. Processing of Fo particles. The particles were either 3D classified, andegwbation classes were
then subsequently refined, or particle subtraction omtmec-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 Statel was generated using the skeleton of th&Nrgtructure of the
ovine ATP synthaseéPDB 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
Phyre2server(using PDB7TJT as a starting mode§nd manually fit into the map in Coot.
The model was then manually corrected using Coot and refined against tHeMnmy@p in
real space using PHENIX. The same approach was utilised for the State2 and Stis3 mo
except the starting modaiamefrom the bovinenodels (State2 PDB §m, 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 Igtthycode CDL) and 1 2lipalmitoy}
phosphatidyglycerol (DPPG, pdkettercode LHG). These were modelled in Statel and State2
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models but not in State3 since density in the Fo domain was much weaker. Additionally, lipids
in the ering could bewell resolved. In alignment with the ovine model, these lipids were
modelledas lysephosphatidylserine (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 baerial expression constructs, pBAD Myc His C and pET Duet 1 vectors were
modified by PCR to generat®nstructs with Nerminal and @erminal 8x His tag, separated
from protein sequence by a short linker and TEV protease cleavagEigitee 1B).Initially,
we explored differentPIN homologs and later on, we tested different expression systems.
Different PINhomologgPIN8, PIN5, KfPIN and MsPINyvere amplified from synthetic genes
(GenScript)kindly provided bythe Friml group (IST Austrig)with 25 bp overlaps with the
abovegenerated vectorgnd thebacterialexpression constructs were obtained by Gibson
assembly.Yeast expressiononstructswith C-terminal GFP8x His weregenerated by PCR
amplifying shortloop PIN8 and mediuntloop PIN6 genes with 30 bp overlaps for the
expression vector pDDGFP_leu2D and performing Gibson asse@BBprotein was tested
as a tag for its ability to increaseestholubility of certain recombinant proteins when utilised as
a fusion tag andor easeof the visualisation and monitoring of the expression and the
purification process!’ Additionally, the Gterminal Stregtag construct and @rminal GFP
construct of PIN8 PIN6 and the longoop PIN2 were generated by modifying the
pDDGFP_leu2D vector using threundthe-horn mutagenesis methodhe respective PCR

gels are shown in Figure 23@. Table 7 lists all designed, cloned and tested constructs.

A B M1 2 3 456 7 89 1011 12 M1 2 34 56 7 B9 101112

1 kb NEB Ladder pBAD Mye His C (upper) and pETDuet 1 pBAD Mye His C (upper) and pET Duet 1
(lower) with N-terminal His tag (lower) with C-terminal His tag



M1 23456768039 11011 M1 2345678910112 M1234567889w0n01 M1 23456 7 B9 101112

- - -

PINS with overlaps for pBAD Mye His C PINS with overlaps forpBAD Myc His C KIPIN with overlaps for pBAD Myc HisC  MsPIN with overlaps for pBAD Mye His C

(upper) and pET Duet 1 (lower) (upper) and pET Duet 1 (lower) (upper) and pET Duet 1 (lower) (upper) and pET Duet 1 (lower)
‘with N-terminal His tag ‘with N-terminal His tag with N-terminal His tag with N-terminal His tag
D
M1 2 3 456 7 &9 1011 12 M1 2 3 4 56 7 89 101112 M1 2 3 456 7 8910110 M1 2 3 4 56 7 89 101112

PINE with overlaps for pBAD Myc His C PINS with overlaps for pBAD Mye His C KIPIN with overlaps for pBAD Mye His C  MsPIN with overlaps for pBAD Mye His C
(upper) and pET Duet 1 (lower) (upper) and pET Duet 1 (lower) (upper) and pET Duet 1 (lower) (upper) and pET Duet 1 (lower)
with C-terminal His tag with C-terminal His tag with C-terminal His tag with C-terminal His tag

M1 2 3 4 56 7 809 101112 M1 2 3 4 56 7 B 9 10 11 12

PINE with pDDGFP_leu2d overlaps PING with pDDGFP_leu2d overlaps

M1 2 3 4 56 7 B 9 10 11 12 M1 2 3 4 56 7 89 1011 12

His tag to Strep tag mutation Strep tag insertion mutation
C-GFP + Strep tag construct C-strep tag construct
M1 2 3 4 56 7 8 9 1011 12 M1 2 3 4 56 7 89 1011 12

PINE with C-Strep overlaps PINS with C-GFP + Strep overlaps

M1 2 3 4 56 7 &89 1011 12 M1 2 3 4 56 7 B 9 1011 12

PING with C-Strep overlaps PING with C-GFF + Strep overlaps

M1 2 3 4 56 7 B 9 1011 12

PINZ with C-Strep overlaps

Figure23. PCR amplifications of vectors and PIN genes used for expression constructs building and expression
in bacterial and yeast cells.
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Table7. The list of alldesignedbuilt and tested PIN constructs for the expression in bacterithyeast cells.

o Expression
Construct Description
system
PIN8_pBAD Myc HIS C with Nterminal 8xHIS .
PIN8_pBAD N-HIS bacteria
tag
PIN5_pBAD Myc HIS C with Nterminal 8xHIS .
PIN5_pBAD N-HIS bacteria
tag
KfPIN_pBAD Myc HIS C with Nterminal 8xHIS _
KfPIN_pBAD N -HIS bacteria
tag
MsPIN_pBAD Myc HIS C with Nterminal 8xHIS _
MsPIN_pBAD N-HIS bacteria
tag
PIN8_pBAD Myc HIS Cwith C-terminal 8xHIS .
PIN8_pBAD C-HIS bacteria
tag
PIN5_pBAD Myc HIS C with Gterminal 8xHIS _
PIN5_pBAD C-HIS bacteria
tag
KfPIN_pBAD Myc HIS C with Gterminal 8xHIS
KfPIN_pBAD C -HIS bacteria
tag
MsPIN_pBAD Myc HIS C with Gterminal 8xHIS _
MsPIN_pBAD C-HIS bacteria
tag
PIN8_pET N-HIS PIN8_pET Duet 1 with Nerminal 8xHIS tag bacteria
PIN5_pET N-HIS PIN5_pET Duet 1 with Nerminal 8xHIS tag bacteria
KfPIN_pET N -HIS KfPIN_pET Duet 1 with Nterminal 8xHIS tag bacteria
MsPIN_pET N-HIS MsPIN_pET Duet 1 witiN-terminal 8xHIS tag bacteria




PIN8_pET C-HIS PIN8_pET Duet 1 with @erminal 8xHIS tag bacteria

PIN5_pET C-HIS PIN5_pET Duet 1 with @erminal 8xHIS tag bacteria
KfPIN_pET C-HIS KfPIN_pET Duet 1 with Germinal 8xHIS tag bacteria
MsPIN_pET C-HIS MsPIN_pET Duet 1 with @erminal 8xHIS tag bacteria

PIN8_pDDGFP_leu2d with @rminal GFPHis
PIN8_pDDGFP . yeast
ag

PIN6_pDDGFP_leu2d with @rminal GFPHis
PIN6_pDDGFP . yeast
ag

PINS_pDDGFP C-GFP-

PIN8_pDDGFP with @erminal GFPStrep tag yeast

Strep
PIN8_pDDGFP C-Strep PIN8_pDDGFP with GerminalStreptag yeast
PIN2_pDDGFP C-Strep PIN2_pDDGFP with @erminalStreptag yeast

3.1.2 Expressionscreening

3.1.3 Expression inBacteria
N-terminal 8x-HIS tag constructs Gererated constructs for PIN8, PINGfPIN, and MsPIN
in pBAD Myc His C and pET Duet 1 vectovgere tested for expression lracterial strains
Lemo 21(DE3) and Rosetta (DE3) pLysS at’87and 18C. The selection oArabidopsisPINs
for expression was guided by carefully considering their predicted secondary structure features.
Proteins with shorter loop regions, Hétated PIN5 and PIN8, were preferred due to the
concern that long, unstructured loops of the plasma memitwaated PINs could potentially
hinder expression or present challendasng the expression process. Tdréhologous PIN

from the green algaKlebsormidiumfaccidum(KfPIN) is an ancestral form of PIN which
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shows plasma membraloealisation in cellsKlebsormidium flacciduns known for its ability

to tolerate extreme environmental conditions, such as drought and high levels of ultraviolet

radiation!811%Moreover, the length of the hydrophilic loop of KfPIN falls within the range

observed for canonical and neanonical PIN$2° Combining these points, ancestral

KlebsormidiumKfPIN was an interesting target for the initial expression. MsPIN, a bacterial

mportance and

simplicity,

t he

me d i

um

oop

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 overhight

respective WBs of the tested expression conditions are shown in Figur&E 2%ihe summary

of the tested exprs®n conditions is shown in Table 8.
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Figure24. The results of expression teef different PINconstructs with Nerminal Histag in pET and pBAD
vectorsin bacteria. A) Expression test for PIN8 constructisdmocells. The expression wasiccessful only for

the PIN8pBAD construct expressed overnight at 18°C. B) Expression test for PIN8 constiRaiseittacells.

The expression was successful only for the PPB&D construct expressed overnight at 18°C. C) Expression
screening of PINDET and PINEpBAD constructs. The expression was not observed for any of the tested
conditions. D) Expression screening dPKN-pET and PINEpBAD constructs. The expression was not observed
for any of the tested conditions. E) Expression screening of MpEIN and PINEpBAD constructs. The
expression was not observed for any of the tested conditions.

Table 8. The list of all testeexpression conditions for different PIN constructs wittteNninal Histag. The
expression was successful only in the case of the-BB¥D construct expressed overnight at 18°C.

Construct Strain Condition Expression
PIN8_pBAD NHIS 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 NHIS Lemo 37°C, 2h no
PIN5_pBAD NHIS 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 NHIS Rosetta 37°C, 2h no
PIN8_pET NHIS Rosetta 37°C, 4h no
PIN8_pET N-HIS Rosetta 18°C, overnight yes
PIN5_pET NHIS Rosetta 37°C, 2h no
PIN5_pET NHIS Rosetta 37°C, 4h no
PIN5_pET NHIS 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 NHIS Rosetta 37°C, 2h no
MsPIN_pET NHIS Rosetta 37°C, 4h no
MsPIN_pET NHIS Rosetta 18°C, overnight no

Additional conditions for the expression of PIN8_pBAD were tested: C43 (DE3) straid, 25
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).eTabl

summarises the optimisation conditions

Figure25. The further expression screen for PAPBAD N-terminal Histag construct. From the tested strains,
Rosetta gave the highest yielthe optimal temperature for the expression was 1Bft€restingly, no expression
was observed in TB media compared toltBemedia.

Table9. The list offurthertested expression conditions fIN8-pBAD construct with Nlerminal Histag. The
highest expression yield was observed in Rosetta cells and expression overnight at 18°C in LB media.

Construct Strain Condition Expression
PIN8_pBAD NHIS Lemo LB media, 18°C, overnight yes, weak
PIN8_pBAD NHIS Lemo TB media, 18°C, overnight no
PIN8_pBAD N-HIS Rosetta LB media, 18°C, overnight yes, high yield
PIN8_pBAD NHIS Rosetta TB media, 18°Covernight yes, veryweak
PIN8_pBAD NHIS C43 LB media, 18°C, overnight no
PIN8_pBAD N-HIS C43 TB media, 18°C, overnight no
PIN8_pBAD NHIS Lemo LB media, 25°C, overnight no
PIN8_pBAD NHIS Lemo TB media, 25°C, overnight no
PIN8_pBAD NHIS Rosetta LB media, 25°C, overnight yes, very weak
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