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Abstract

Membrane proteins constitute 27% of the human proteome and play
important roles in cellular processes. Dysfunction of membrane
proteins causes and contributes to diverse diseases. The study of the
structure and function of membrane proteins will help us to a deeply
understand them. Cryo-electron microscopy (cryoEM) single-particle
analysis (SPA) can provide us not only with high-resolution structures
of membrane proteins but also give us the possibility to study protein’s
dynamics and heterogeneous complexes they form. In this thesis, we
applied SPA together with electrophysiology, surface plasmon
resonance (SPR) and Microscale thermophoresis (MST) to investigate
the structural and functional properties of several membrane proteins
and protein complexes.

In Paper I, we studied Pannexin 1 (PANX1), an ATP release channel
involved in  neurological  disorders and inflammation.
Electrophysiology and mass spectrometry identified Y308 as a key
phosphorylation site. CryoEM structures revealed that phosphorylated
PANX1 and the PANXI1 R75A mutant possess conformational
flexibility in the transmembrane domain. Our data show that PANX1
transits between a narrow and a wide state. This transition causes the
N-terminal region to be ordered (wide) or disordered (narrow). The
phosphomimetic Y308E mutant only shows a wide conformation with
an ordered N-terminus. Electrophysiology shows this mutation
converts PANXI into a constitutively open channel. This suggests
Y308 is a phosphorylation site that locks PANXI1 into the wide
conformation, enabling ATP release.

Paper II presents a modified workflow for identifying and
determining the structures of membrane proteins in a heterogeneous
sample; without prior knowledge of the protein sequence or a model.
We used a conventional suing SPA workflow to obtain cryoEM maps.
These maps were modelled unsupervised with ModelAngelo and a
HMMER search was done to obtain sequence information. Our data
allowed us to generate three different maps from a heterogenous
sample. We were able to identify each protein only based on the maps.
The results were supported by mass spectrometry. The three E. coli



membrane proteins were cytochrome bo3 oxidase (2.72 A), AcrB
(3.27 A), and a previously uncharacterized E. coli ArnC protein (2.72
A). Another important finding of this study is that MSP2N2 nanodiscs
adapt their assembly around different proteins, implying that scaffold
architecture depends on protein interactions.

In Paper III, we examined SMCT1 interactions with PDZK1. SMCT1
is an important membrane protein that transports monocarboxylate
substrates like butyrate, lactate or niacin. It was thought that PDZK1
is an important regulator that influences the transport rate of SMCT]1.
We tested the affinity for SMCT1 with various assays. Our pull-down
assay, SPR, and MST assays revealed only weak binding, suggesting
the interaction is likely physiologically irrelevant except under
conditions of local PDZK1 enrichment.

Overall, this work demonstrates the power of SPA for resolving
dynamic membrane proteins, providing structural and functional
insights, and establishing workflows for studying unknown or
heterogeneous protein complexes.

Keywords:

Membrane protein, ion channel, transporter, pannexin 1 (PANXI),
sodium coupled monocarboxylate transporter 1 (SMCT1), cryogenic
electron microscopy (cryoEM), single particle analysis (SPA)



Sammanfattning

Membranproteiner utgdr 27% av det humana proteomet och spelar
viktiga roller i celluldra processer. Dysfunktion hos membranproteiner
orsakar och bidrar till olika sjukdomar. Studiet av membranproteiners
struktur och funktion kommer att hjélpa oss att forstd dem péd en
djupare niva. Kryoelektronmikroskopi (cryoEM) med
singelpartikelanalys (SPA) kan inte bara ge oss hogupplosta strukturer
av membranproteiner utan dven mdjliggor studier av proteindynamik
och de heterogena komplex de bildar. I denna avhandling tillimpade
vi SPA tillsammans med elektrofysiologi, ytplasmonresonans (SPR)
och mikroskalig termofores (MST) for att undersdka de strukturella
och funktionella egenskaperna hos flera membranproteiner och
proteinkomplex.

I Artikel I studerade vi Pannexin 1 (PANX1), en kanal for ATP-
frisdttning som &r inblandad 1 neurologiska sjukdomar och
inflammation. Elektrofysiologi och masspektrometri identifierade
aminosyran Y308 som en viktig fosforyleringsplats. CryoEM-
strukturer avsldjade att fosforylerad PANX1 och PANXI1 R75A-
mutanter har konformell flexibilitet i transmembrandoménen. Véra
data visar att PANX1 véxlar mellan ett smalt och ett brett tillstand.
Denna 6verging gor att N-terminalregionen antingen blir ordnad (bred)
eller oordnad (smal). En fosformimetisk Y308E-mutant visar enbart
en bred konformation med en ordnad N-terminus. Elektrofysiologi
visar att denna mutation omvandlar PANX1 till en konstitutivt dppen
kanal. Detta tyder pa att Y308 &r en fosforyleringsplats som laser
PANXI1 1 den breda konformationen och mdjliggoér ATP-frisdttning.

Artikel II presenterar ett modifierat arbetsflode for att identifiera och
bestimma strukturerna av membranproteiner i ett heterogent prov,
utan forkunskaper om proteinsekvensen eller en modell. Vi anvédnde
ett konventionellt SPA-arbetsflode for att erhélla cryoEM-kartor.
Dessa kartor modellerades odvervakat med ModelAngelo och en
HMMER-s6kning gjordes for att f4 sekvensinformation. Véra data
gjorde det mojligt for oss att generera tre olika kartor frén ett
heterogent prov. Vi kunde identifiera varje protein enbart baserat pa
kartorna. Resultaten stoddes av masspektrometri. Bland de ménga



proteiner som identifierades fanns de tre E. coli-membranproteinerna
cytochrom bo3 oxidas (2.72 A), ActB (3.27 A), och ett tidigare
okarakteriserat E. coli ArmC-protein (2.72 A). En annan viktig
upptdckt 1 denna studie dr att MSP2N2-nanodiskar anpassar sin
sammansittning runt olika proteiner, vilket antyder att
stallningsarkitekturen beror pé proteininteraktioner.

I Artikel III undersokte vi SMCTI-interaktioner med PDZKI.
SMCT1 é&r ett viktigt membranprotein som transporterar
monokarboxylat-substrat som butyrat, laktat eller niacin. PDZK1 har
ansetts vara en viktig regulator som paverkar transporttakten hos
SMCT]I. Vi testade affiniteten for SMCT1 med olika assay. Vara
pulldown-, SPR- och MST-assays tyder dock pd att bindningen é&r
mycket svag och sannolikt fysiologiskt irrelevant utom under
forhallanden med lokal PDZK 1-anrikning.

Sammanfattningsvis demonstrerar detta arbete kraften i SPA for att
16sa dynamiska membranproteiner, ge strukturella och funktionella
insikter, och etablera arbetsfloden for att studera okédnda eller
heterogena proteinkomplex.

Nyckelord

Membranprotein, jonkanal, transportoér, pannexin 1 (PANX1),
natriumkopplad monokarboxylattransportdr 1 (SMCT1),
kryoelektronmikroskopi (cryoEM), singelpartikelanalys (SPA)
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Chapter 1. Membrane proteins

1 Membrane proteins

The cell membrane functions as a selective barrier that defines the
boundaries of the cell, maintaining internal homeostasis while
allowing communication and exchange with the external environment
[1], [2]. The membrane consists mostly of phospholipids, cholesterol

and membrane proteins [2].

Membrane proteins constitute 27% of the human proteome and play
important roles in cellular processes, such as cell signalling (receptors),
enzyme catalysis, membrane scaffolding and solute and
macromolecular transportation (transporters and channels) [3].
Dysfunction of membrane proteins causes and contributes to diverse
diseases, such as amyotrophic lateral sclerosis (Glutamate transporter
1) [4], schizophrenia (glycine transporters) [5], and cancer (Sodium-
coupled monocarboxylate transporter 1) [6]. For these reasons, there
is a lot of interest to study membrane proteins.

Membrane proteins themselves can be classified based on their
structural ~ features, namely as integral, including lipid/
Glycosylphosphatidylinositol (GPI) anchored proteins, and peripheral
membrane proteins (Fig.1) [7], [8]. In this PhD thesis, I focus on
integral membrane proteins with multiple transmembrane helices

(alpha helices).

Generally, membrane proteins can also be classified functionally,
namely as scaffold proteins, structural/adhesion proteins, enzymes,
transporters and ion channels (Fig. 2) [9]-[16]. Depending on the
perspective, some membrane proteins belong to more than one group.

In the following section, I will briefly introduce each class and give
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examples for each class. This will serve also as an introduction to the

membrane proteins I investigated in this PhD thesis.

integral membrane proteins

w5 g

monotopic bitopic polytopic polytopic
with alpha-helices with beta-sheet
integral membrane proteins peripheral membrane proteins
lipid-anchored GPI-anchored

Figure 1. Schematic illustration showing two categories of membrane
proteins based on their structures: integral membrane proteins and peripheral
membrane proteins. Integral membrane proteins include proteins with
transmembrane domains, lipid-anchored proteins and GPI-anchored proteins.
Based on the topology of transmembrane proteins, it can be further divied
into monotopic when protein only embeds into one side of the membrane;
biotopic when protein crosses the membrane and has only one
transmembrane domain; polytopic when protein crosses the membrane
several times. Peripheral membrane proteins are proteins associated with the
membrane surface through membrane or other transmembrane protein.
Membrane proteins are indicated in both blue and grey; the blue ones
represent those in each category. The yellow circles with two tails are
membrane lipids, and the red ones represent lipids that interact with
membrane proteins or GPI (green stars).
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enzyme structural/adhesion protein

AmC
E
undecaprenyl . E
phosphate undecaprenyl
§ phosphate-L-AradFN
UDP-L-Ara4FN

cadherin cvtos
extracellular cytosol

intercellular

cytosol space

cytosol

B-catenin
a-catenin

transporter scaffold protein channel receptor

1 monocarboxylate

2Na' @ \

extracellular

cytosol

SMCTI1 pannexin P2X7R
PDZ1 1\ PDZ2 [\ PDZ3 1\ PDZ4 P @D
. downstream
PDZK1 signalling

Figure 2. Representative examples of an enzyme, Undecaprenyl-phosphate
4-deoxy-4-formamido-L-arabinose transferase (ArnC); a structural/adhesion
protein (cadherin); a transporter, the Sodium-coupled monocarboxylate
transporter 1 (SMCT1); a scaffold protein, PDZ domain containing 1
(PDZK1); a channel, Pannexin 1; and a receptor, the P2X purinoceptor 7
(P2X7R) are illustrated (P2X7R is a channel as well). Most of the proteins
shown here were subject of the PhD thesis. The illustration also shows that
membrane proteins need to work together to accomplish their function in
cells. Membrane proteins are indicated in blue. The yellow circles with two
tails are membrane lipids
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1.1 Scaffold proteins

Scaffold proteins act as an assembling platform for proteins, and
cluster membrane proteins, often found in cell signalling. Scaffolding
proteins not only bring receptors and enzymes together, thereby
facilitating their interactions, but also control their localization in the
cell.

Postsynaptic density protein 95 (PSD-95) is one of most thoroughly
studied scaffolding proteins in the excitatory synapse, where it binds
to receptors, enzymes and other scaffold proteins [17], [18]. For
instance, PSD-95 binds to both the N-methyl-D-aspartate receptor
(NMDAR) and the neuronal nitric oxide synthase (nNOS) to form a
complex. In this way, it couples NMDAR-mediated calcium flux with
nNOS activation [19].

One of the proteins I investigated in this study, SMCT1, contains a
PDZ binding motif as well. PDZ Domain Containing 1 (PDZK1) binds
to SMCT1 through this PDZ binding motif and increases its substrate
uptake (Fig. 2) [12], [20].

1.2 Structural/adhesion proteins

Cell adhesion proteins help cells to adhere to each other and the
extracellular matrix; examples are cadherin, integrin and nectin [21],
[22]. All three of them are integral membrane proteins with a single
transmembrane helix [22], [23].

Cadherin is worthwhile to highlight, because it plays an important role
in tissue morphogenesis and tumor suppression [24]. Figure 2
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illustrates cadherin binding between two cells. The extracellular
domain of cadherin is responsible for binding to another cadherin
molecule on an adjacent cell, whereas the cytoplasmic domain protein-

proteins interactions are involved in signalling pathways [23].

1.3 Enzymes

Enzymes are proteins that catalyze a chemical reaction. The most
common enzymes found in membrane are oxidoreductases,

transferases, hydrolases, lyases, isomerases and ligases[3].

The Undecaprenyl-phosphate 4-deoxy-4-formamido-L-arabinose
transferase (ArnC) is an example for a modifying enzyme. It is one of
the proteins described in paper II. ArnC catalyses the transfer of 4-
deoxy-4-formamido-L-arabinose from uridine diphosphate (UDP) to
undecaprenyl phosphate (Fig. 2). The modified arabinose (which is
positively charged) is then attached to lipid A (the lipid moiety in
lipopolysaccharide) to reduce the negative charge of the outer bacterial
membrane. This makes bacteria resistant to polymyxin (positively
charged) and cationic antimicrobial peptides [14], [25].

14 Receptors

A receptor is a protein that receives a signal via binding to a ligand and
initiates a cellular response. In this thesis, I will focus on membrane
receptors. Membrane receptors play a key role in communication

between the cell and its external environment.
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The most common membrane receptors are G protein-coupled
receptors, ligand gated ion channels and receptor tyrosine kinases [26].
G protein-coupled receptors are the largest receptor family, with
around 800 members in humans [27], [28]. In short, upon ligand
binding to G-protein-coupled receptor, they activate a G-protein
(through dissociation into a-subunit and PBy-subunit complex). The
released G-protein triggers downstream signalling pathways such as
neurotransmission, immune response and hormonal regulation by

activation of proteins, like the adenylyl cyclase [28], [29].

Receptor tyrosine kinases trigger downstream signalling pathways by
phosphorylating themselves and target proteins [30]. Ligand gated ion
channel receptors, like the adenosine triphosphate (ATP) activated
P2X7R receptors (Fig. 2), allow the flow of ions along the
electrochemical gradient between both sides of the membrane in
response to a ligand [16].

1.5 Ion channels and transporters

The cell membrane is mostly impermeable to small, charged and polar
molecules, like metabolites and ions. Yet, there are three ways to
transport small molecules (carbohydrates, amino acids, nucleosides,

and ions) across membrane with the help of a dedicated protein [1].

First, passive diffusion through a pore/channel; second; facilitated
diffusion through a transport protein; and third active transport through
a transport protein. Facilitated diffusion needs no external source of
energy because molecules travel along their concentration gradient.
On the other hand, active transport requires energy, because this mode

transports a substrate against its concentration gradient.
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1.5.1 1Ion channels

Ion channels are membrane proteins, which allow ions (like K*, Na*,
CI, or Ca*) to pass through membrane by following their
electrochemical gradient [1], [11], [31]. Based on the channel
activation mechanism, ion channels can be gated by various stimuli,
including ligands, voltage, mechanical stimulation or even light [11],
[31], [32]. Once a channel is activated, it undergoes conformational
changes and opens a aqueous pore to allow specific ions to pass
through [33].

In addition to their mode of activation, ion channels can also be
classified according to their ion selectivity. Some ion channels are
highly ion-specific (e.g., sodium channel or potassium channels),
while others like NMDA receptors are permeable to multiple ions,
including Na*, Ca**, and K* with different permeabilities [33].

Among the various ion channel families, large pore channels have the
broadest spectrum of ion permeability. In addition to small ions, these
channels also permeable to larger molecules, such as ATP, adenosine
diphosphate (ADP), nicotinamide adenine dinucleotide (NAD"), and
glutamate [34]. These molecules serve as signalling molecules and
play important roles for physiological responses.

Connexins were the first members of large-pore channels to be
discovered. They can be activated by voltage, pH, and extracellular
Ca®" [35]-[37]. There are more than twenty connexin isoforms and
with various stoichiometries [38], [39]. Nevertheless, all connexin
share similar structure with four transmembrane domains per
monomer. Six monomers assemble to form a hemichannel and two

hemichannels from adjacent cells form a gap junction.
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Structural studies of connexins have shown that the gating of
connexins involves both electrostatic and steric factors [34]. Calcium
binds to the extracellular region of connexins and changes the
electrostatics of the protein, thereby mediating gating [40], [41]. The
N-terminal region also serves as a gate and moves dynamically in the

pore between open and close conformations [42].

After connexin, additional large-pore channels were discovered,
including innexin, pannexins, leucine-rich repeat-containing
8 (LRRC8) and calcium homeostasis modulators (CALHM) [34].
Although these channels share similar functional properties
(permeable to large molecules, like ATP), their sequences have little
homology [43].

Despite their sequence variability and the subunit length, the
transmembrane helices are arranged in a highly similar topology
across these families (with four transmembrane helices per
monomer) [44]-[48]. But the oligomer states are different among them
(range from 6-mers to 13-mers). This structural variability influences
their gating properties, pore size, and selectivity. Notably, CALHM

channels can form oligomers ranging from 8-mers to 13-mers [48].

1.5.1.1 Pannexin 1

ATP is generally considered the ‘energy currency’ inside the cell, but
it also plays a crucial extracellular role as a signalling molecule in a
process known as purinergic signalling [49], [50]. ATP binds to
purinergic receptors P2 (P2X and P2Y) on the cell surface to activate
its downstream signalling pathway and thereby regulating cellular
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functions, such as cell proliferation, growth and development, immune

and inflammatory responses, neuropathic pain [49]-[51].

Given the importance of extracellular ATP signalling, understanding
how ATP is released from cells becomes crucial. ATP can be released
either passively from necrotic cells or actively and controlled through
vesicular exocytosis and various ion channels (e.g. connexin,
pannexins, CALHMTI) [43].

Pannexins (PANX) are major ATP release channel. Pannexins were
first identified by homology search for gap junction [52]. There are
three members of Pannexin family (PANX1-3). PANXI1 is the most
ubiquitously expressed and studied protein in its family [43].

Due to its role in ATP release PANXI1 has been increasingly
recognized as a key player in multiple pathological conditions,
including breast cancer, melanoma, stroke, epilepsy, inflammation,
and chronic pain [53], [54]. Inhibition of PANXI1 suppresses tumour
growth and metastasis and relieves inflammatory responses and

neuronal hyperexcitability [55], [56].

These findings highlight the importance of understanding how
PANXI1 can be specifically inhibited. There are already few inhibitors
for PANXI include probenecid, carbenoxolone, brilliant blue FCF
[56], [57]. However, many of them are also inhibitors for other
channels and transporters. For example probenecid can also inhibit
other organic anion transport channels, and carbenoxolone is known
to block PANX2 as well as multiple connexins, affecting both gap
junctional and hemichannel activity [58], [59].

For this reason, the structural study of PANX 1 at different states could

provide more information for rational drug design. Such as,
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probenecid was found not simply block the channel but instead may
stabilize PANX1 in a non-resting closed conformation [60].
Understanding how different compounds bias PANX1 toward specific
functional states can inform the rational design of conformation-
selective modulators with improved specificity and therapeutic
potential.

Before the release of cryo-EM structures, PANX1 was widely
misclassified as a hexameric protein. This misconception arose largely
from the limitation of biochemical methods used to characterize Panx1.
native-PAGE, which is imprecise at high molecular weights, makes it
difficult to distinguish between hexameric and heptameric assemblies.
However. in 2020, six independent groups [46], [61]-[65] have
released their PANX1 cryo-EM structures and all of them show
PANXI1 is a heptameric ion channel (Fig. 3) [46].

All current structures confirm earlier functional studies that the
narrowest part of the pore is formed by a tryptophan at residue 74 (in
both human and mouse). The extracellular W74 is believed to be the
size selective gate for substrates [64], which is unique for PANXI.
Neither PANX2 or PANX3 have a tryptophan in this position [66],
[67]. Depending on the method to determine the substrate passing
through PANX1, molecules up to 1 kDa can pass PANX1 with ATP
being the most important one [68], [69]. W74 also forms cation-nt
interaction with R75 on the adjacent chain (Fig. 3), which provide the
basis for anion selectivity for PANXI1 [65]. Although the structures
shed light on the architecture of PANXI, a knowledge gap remains
about the activation mechanism of ATP conduction [70].

PANXI1 has at least 3 different states, the closed, the small pore (low
conductance, Cl specific) and large pore (high conductance, ATP
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release) state. The small pore conformation is activated by voltage

stimulation and at that conforamtion, it only conducts CI" [71], [72].

There are several ways to activate the large pore state, which can
release ATP and other large molecules, like the positively charge
molecule YoPro [53]. One stimulus is mechanical force on the cell
membrane [73], another stimulus is intracellular calcium or
extracellular potassium [74], [75]. Last, proteolytic cleavage of the
distal C terminus [46], [68], application of lysophospholipids [76] and
phosphorylation by the Src family kinase have been shown to activate
the ATP permeability [77].

Caspase cleaved PANXT1 has been proposed to release ATP and the
pore has been proposed to be large enough for ATP to pass [46].
However, structural comparison raises doubt about this proposal [70].

Although caspase cleavage activates PANXI, this process is
irreversible and typically occurs during apoptosis. Therefore, the
measured ATP could have its origin from dying cells [78]. It is
unlikely that proteolysis represent the main physiological activation
mechanism when ATP release is reversable. Therefore,
phosphorylation mediated activation may potentially provide a
reversible activation mode for PANXI1, which needs further
investigation, as explored in Paper I.
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Bottom view Top view W74 interact with R75

Figure 3. CryoEM structure of wide type PANX1 (6WBF). Both bottom view
and top view of PANX1 structure shows it is a heptamer. Zoom in view of
W74 interacting with R75 on its adjacent chain and form a cation-n
interaction (red dash line).

1.5.2 Transporters

Transporters are membrane proteins, which transport ions, peptides,
small molecules, lipids, and big molecules across the cell membrane.
Based on the transportation method, transporters can be divided into:
Passive transporters/facilitated diffusion/carrier proteins, meaning the
molecule is transported along its concentration gradient without
additional energy; Active transporters, meaning the molecule is
transported against the concentration gradient by using some form of

energy [1].
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Examples of passive transporters are glucose transporter (GLUT)
family glucose transporters, that transport glucose from the
extracellular space into the cell without any need of energy [79]. The
energy for active transport is usually provided by ATP hydrolysis
(primary active transport) or the electrochemical gradient of co-
transported substrates (secondary active transport) [80]. Examples are
ion pumps that transport ions across the membrane by hydrolysis of
ATP [80]. An example for co-transport of ions is the multidrug efflux
pump subunit AcrB (Acriflavine resistance protein B) that transports
drugs outside the cell by counter transport of H" into the cell [81].
Another example is the Sodium-coupled monocarboxylate transporter
1 (SMCT1) which transports monocarboxylates into the cell by
cotransport of 2 Na* into the cell [15].

The substrate transport from the extracellular space to the cytosol can
be simplified by a transport cycle with a minimum of three states: an
outward facing, occluded and inward facing state (Fig. 4) [82]. In the
outward facing state, the transporter presents its high affinity binding
sites to substrates on the outside. Once substrates bind to the
transporter a conformational change is induced which will end access
of the transporter to the outside side: the occluded state. Next the
transporter will change its conformation with the binding sites for the
substrate facing the opposite side. The substrate affinity in this state
decreases and causes the substrates to be released from the transporter
(inward facing). The substrate release will cause another
conformational change and reverting the transporter to present the
binding sites to face outwards, thereby resetting the transporter to its
original state [82], [83].

The transport cycle is in principle reversable, because it is coupled to
electro-chemical gradient across the membrane [82]. This is important
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when the gradient changes, e.g. if a cell dies. This cycle is essential for
the controlled movement of molecules across cell membranes,
allowing cells to maintain homeostasis and perform critical
physiological functions. The structural study of each state in the
transportation cycle is important to understand transporter function in
health and disease [84].

outward occluded inward

extracellular ¥ ?
! o

I\
\ (]

cytosol

Figure 4. Schematic representation of the transportation cycle: outward-
facing, occluded, and inward-facing. Membrane proteins are indicated in
blue. The yellow circles with two tails represent membrane lipids. Ligand
binding (red dot) triggers conformational changes that mediate substrate
translocation across the membrane.

1.5.2.1 Sodium-coupled monocarboxylate transporter 1

Monocarboxylic acids are a broad class of small molecules like
metabolites such as lactate, pyruvate, ketone bodies or nutrients like
vitamin B3. These molecules play essential roles in the cellular
metabolism, particularly as alternative energy sources and signalling
molecules [85], [86].
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The transport of these acids is achieved by two transport systems:
sodium independent monocarboxylate transporter (MCT, belonging to
the solute carrier (SLC) 16 family); and the sodium dependent
monocarboxylate transporter (SMCT, belonging to SLCS5 family) [85],
[87], [88]. Unlike MCTs, which functions via proton coupling, SMCTs
use the sodium gradient to drive transport [88]. There are two
members in SMCT family, SMCT1 and SMCT?2 [88].

SMCT1 is expressed in the brain, where it transports lactate and ketone
bodies into neurons as energy source [87]. Other than in the brain,
SMCT1 is abundantly expressed in colon, kidney and thyroid. In colon,
it absorbs short chain fatty acids; in kidney it reabsorbs lactate acid
and nicotinate; in thyroid, it releases iodide [88]. SMCT1 expression
is silenced by DNA methylation in colon cancers and smct/ was later
identified as a tumour suppressor gene [6]. The SMCT1 substrate
butyrate is an inhibitor of histone deacetylase (HDAC), which
decreases the acetylation level of histone, alters the structure of
chromatin (closed chromatin), and in turn changes gene expression
[89], [90].

As mentioned earlier SMCT1 is an active transporter. It transports one
monocarboxylate together with 2 Na* ions into the cell, which
generates one net positive charge per cycle. Currently there is only one
structure of SMCT1 stabilized by Lauryl maltose neopentyl glycol
(LMNG) detergent in an inward facing state, presumably in complex
with butyrate [91].

Studying the structure of SMCTT in different states and in complex
with various substrates or inhibitors would provide valuable insights
into its transport mechanism and the molecular determinants of
substrate recognition and inhibition.
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2 Sample preparation of membrane proteins

Portions of membrane proteins’ primary sequence are hydrophobic.
The translation machinery recognizes these and insert these into the
membrane. This fact presents a challenge that cytosolic or secreted
proteins do not have [92], [93].

Integral membrane proteins need to be stabilized, and the hydrophobic
parts needs to be shielded from the aqueous environment, when
investigated in isolation [94]. Further, depending on their origin, these
proteins may have post-translational modifications and require a
specific insertion machinery [95]. This restricts the options how to
produce the membrane protein. Here I will present several strategies

for membrane protein preparation.

2.1 Choice of the protein expression host

Producing sufficient membrane proteins is essential to study their
biophysical and biochemical properties. While some membrane
proteins can be extracted directly from organisms in which they are
naturally abundant (endogenous sources), many proteins of interest
require overexpression in a heterologous host system (exogenous
sources) [96]-[98]. These expression systems are broadly classified
into two categories based on the host organism: prokaryotic systems
and eukaryotic systems (including yeast, insect, and mammalian cells)
[98], [99].
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2.1.1 Prokaryotic expression systems

The bacterium Escherichia coli (E. coli) is one of the most frequently
used host to produce recombinant membrane proteins, due to well-
established protocols, cost-efficiency, and ease of genetic
manipulation. This system offers rapid growth rates and inexpensive
media, making it particularly appealing for large-scale protein
production [100], [101].

In E. coli, membrane proteins are first translated and then targeted,
inserted, and folded into the cytoplasmic membrane. Specialized E.
coli expression strains, such as C41 and C43, have been developed
from BL21 (DE3) to enhance the yield of potentially toxic proteins
and membrane proteins with slowing transcription of T7 RNAP (RNA
polymerase) [102], [103]. Other strategies, including low-temperature
expression, slow protein synthesis allow proper folding [104].
Additionally, osmotic stress, e.g. induced by adding sorbitol to the
growth medium, can increase the expression of heat shock proteins
(HSPs), which assist in protein folding [105]-[107]. Signal peptides
like the pelB signal from Erwinia carotovora can also be introduced

to facilitate protein translocation across the membrane [108].

Despite its advantages, the E. coli system has several limitations. It
lacks the lipids, molecular chaperones, and the post-translational
modification (PTM) machinery required for proper folding and
function of many eukaryotic membrane proteins [92]. Also, the codon
usage difference between organisms is a problem [92]. Although
numerous modifications have been made to address these
shortcomings, E. coli remains unsuitable for proteins requiring
complex PTMs. As such, alternative host systems are often necessary
for producing eukaryotic membrane proteins.
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2.1.2 Eukaryotic expression systems

Compared to prokaryotic systems, eukaryotic hosts are more complex,
expensive, and time-intensive to maintain [109]. However, they
provide significant advantages, including the ability to perform
complex PTMs like glycosylation, which is critical for the localization
and function of certain proteins [109], [110].

Yeasts, such as Saccharomyces cerevisiae and Pichia pastoris, are the
most widely used eukaryotic host. Yeast systems share many benefits
with E. coli, including rapid growth rates, ease of genetic manipulation,
and scalability [111]. Additionally, yeasts can perform some
eukaryotic PTMs, such as disulfide bond formation (in bacteria this
happens in the periplasm), phosphorylation, acylation, prenylation,
and limited O- and N-linked glycosylation. These modifications are
essential for proper folding, activity, and membrane insertion of
certain proteins [112], [113]. However, glycosylation patterns in yeast
differ across strains and rarely match native mammal/vertebrate
patterns [114], [115].

Insect cell systems, such as the Sf9 cell line derived from Spodoptera
frugiperda ovaries, are another popular choice for protein expression.
These systems offer several advantages, including the ability to
perform extensive PTMs and glycosylation patterns that are closer to
mammalian cells. It also has a translocation machinery closer to
mammalian cells, plus the chaperones [116]-[118]. SfY cells are
commonly used with baculovirus-mediated expression systems and
have proven successful for expressing proteins requiring complex
modifications [46], [116], [119]-[121].

For membrane proteins that demand specific PTMs and unique

subcellular environments, mammalian cell lines (like Chinese hamster
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ovary (CHO) cells and human embryonic kidney (HEK293) cells) are
the preferred expression system [122], [123]. These systems are
particularly suitable for producing functional mammalian proteins, as
they provide the native folding and PTM machinery required for many
proteins to be active [124], [125].

2.1.3 Cell-free systems

An alternative to cellular expression systems is the use of cell-free
platforms, which allow in vitro protein translation. These open systems
utilize translation machinery derived from cell lysates of various
organisms [126]. Cell-free systems are versatile and enable precise
control over reaction conditions, offering a powerful tool for
producing proteins that are challenging to express in traditional host
systems and for specific labelling of amino acids [127]-[129].

2.2 Protein purification

A reason to use exogenous produced proteins is the ease to genetically
engineer a purification tag to enrich the protein. Recombinant proteins
can be designed with an affinity tag at the N or C-terminal end so the
protein can be captured on chemically modified resins. The most used
affinity tags is the His-tag (with 6 His amino acid added to the target
protein). However, many proteins can bind to immobilized metal ion
chromatography resins, like Nickel-NTA column non-specifically
[130]-[132].
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There are many other affinity tags with higher specificity, such as the
Strep-tag (Strep-Tactin resin), the GST-tag (glutathione-coupled
resin), the AVlI-tag (streptavidin, avidin resin or anti-AVI-tag
antibody-conjugated resin) and biotin-tag (avidin or streptavidin resin).
Aside from affinity tags, recombinant proteins can carry tags that
improve solubility, assist protein export or help to monitor the protein
production.

The GFP-tag (green fluorescent protein) is frequently used to monitor
the protein expression and purification. In addition, GFP is stable
enough to retain its fluorescence in SDS-PAGE (Sodium dodecyl
sulfate polyacrylamide gel electrophoresis), which saves time
compared to a western blot (WB) to identify the protein.

Size exclusion chromatography is typically performed at the end of the
purification to verify the homogenous state of the protein and to
remove protein aggregates and other impurities based on protein size
[133].

To enrich endogenous proteins, one would have to generate a specific
antibody that targets the endogeneous protein or use other physico-
chemical methods to enrich the protein (ultracentrifugation, ion
exchange chromatography, etc).

23 Membrane protein extraction and solubilization

As mentioned above, membrane proteins need to be stabilized when
they are removed from the membrane. In principle there are two

options to extract membrane proteins: detergent extraction or direct
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extraction (e.g., utilizing SMALPs [Styrene maleic acid lipid particle] )
(Fig. 5).

Detergent extraction is the most widely used method for solubilizing
membrane proteins. Detergents are amphipathic molecules that
contain both hydrophobic and hydrophilic regions. The hydrophilic
"head" interacts with water molecules via hydrogen bonding, while the
hydrophobic "tail" interacts with the protein's hydrophobic regions
during solubilization [97]. Detergents are classified based on the
nature of their hydrophilic head group into three categories: ionic

(anionic or cationic), non-ionic, and zwitterionic [97].

Ionic detergents are highly effective but are often too harsh for
membrane protein solubilization due to their ability to disrupt protein-
protein interactions [97]. For instance, sodium dodecyl sulfate (SDS),
an anionic detergent, is efficient for solubilizing membrane proteins
but is generally denaturing [134], [56]. Some proteins, such as
bacteriorhodopsin, can be renatured by transferring them from SDS to
a suitable lipid or non-denaturing detergent environment [137].

Non-ionic detergents are milder compared to ionic detergents, as they
primarily disrupt lipid-lipid and lipid-protein interactions without
significantly affecting protein-protein interactions [97]. This property
makes them more suitable for membrane protein solubilization [97],
[138]. Common non-ionic detergents include DDM (n-dodecyl-B-D-
maltoside), LMNG (Lauryl Maltose Neopentyl Glycol) and
GDN (Glyco-diosgenin).

Zwitterionic detergents possess both positive and negative charges on
their head group, combining properties of ionic and non-ionic
detergents [97]. However, like ionic detergents, zwitterionic
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detergents can disrupt protein-protein interactions, making them less

ideal for solubilizing membrane proteins.

Beyond their chemical classification, an important physico-chemical
property of all detergents is the critical micelle concentration (CMC),
the minimum concentration at which detergent molecules aggregate to
form micelles [139]. For effective solubilization, the detergent
concentration in the buffer must exceed the CMC [140].

The effectiveness of a detergent for solubilizing a membrane protein
is difficult to predict and often requires an empirical approach.
Different detergents may show varying success depending on the type
of integral membrane protein. Previous research has highlighted
preferences for certain detergents in specific applications [138], [141].
Therefore, optimizing detergent selection often involves a trial-and-
error process to determine the most suitable conditions for
solubilization and stabilization, including detergent, ionic strength,
buffer components like ions, pH etc.

After solubilization, membrane can be kept in detergent during the
purification. Many detergents allow for imaging by cryoEM,
especially, detergent with lower CMC, such as GDN and LMNG [134],
[142].
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Figure 5. Three different methods of membrane protein extraction and
stabilization are shown. Left panel direct extraction method, where SMA
(styrene maleic acid) is used to extract membrane proteins from the cell
membrane together with the surrounding membrane lipids directly. For this
method, no additional lipids are needed. Right panel membrane proteins are
first solubilized in detergent, then saposin or MSP (membrane scaffold
protein) is used to form a nanodisc with the membrane protein and additional
lipids. The yellow circles with two tails represent both the membrane lipids
and the lipids added later.
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2.4 Membrane model systems

The cell membrane is not a passive carrier for membrane proteins. The
opposite is true, in many cases membrane proteins like ion channels or
transporters actively interact with lipid species [143]-[146]. Therefore,
it is interesting to incorporate the lipid membrane into the investigated

samples.

Various methods have been developed to incorporate extracted
membrane proteins into model membranes to preserve their native
structure and activity. One example is liposomes, which are self-
enclosed lipid vesicles composed of a lipid bilayer. Many membrane
proteins have been successfully reconstituted in liposomes [147]—
[149], but controlling protein orientation remains a challenge [150].
Nanodiscs offer a potential solution for some of these challenges
associated with other model membrane systems [150].

Nanodiscs are disc-shaped structures composed of membrane scaffold
proteins (MSPs) and phospholipids, providing a native-like lipid
environment that enhances membrane protein stability [151]-[153].
MSPs are derived from apolipoproteins for nanodisc formation and
engineered to produce nanodiscs of varying diameters, typically
between 9 and 17 nanometers [155], [156].

The assembly of nanodiscs begins by solubilizing phospholipids and
MSPs in a detergent mixture. Upon detergent removal—through
dialysis or styrene beads (Bio-Beads) adsorption—a nanodisc self-
assembles, forming a phospholipid bilayer domain encircled by MSPs
in a belt-like configuration [154].

The appropriate MSP and the optimal ratio of membrane protein, lipid,
and MSP are selected based on the size and characteristics of the target
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membrane protein [152], [155]. This setup allows for customizable
lipid composition, which 1is critical for studying protein-lipid
interactions [152].

The advantage of nanodiscs is the ability to keep membrane proteins
in an aqueous solution, while they are in a native-like lipid
environment [151], [152]. However, a limitation of nanodiscs is that
they may constrain the structure of some membrane proteins [157] and

manuscript II.

In addition to MSPs, saposin, a small lysosomal protein, can also form
nanodiscs [158]. Unlike MSPs, saposin adapts to a variety of
membrane protein sizes by various stoichiometries around the

membrane protein to form the nanodisc structure [159].

Like saposin, styrene maleic acid lipid particles (SMALPs) are
polymers composed of styrene and maleic acid group at various ratios
that surround the lipids [160]. It has various size as MSPs. The
advantage of direct isolation is that it perseveres native protein lipid
interactions [161].

2.5 Protein identification

We need to ensure that the purified protein is the desired protein. A
widely used method for protein identification is SDS-PAGE followed
by Western blotting. However, additional information about post-
translational modifications (PTMs), such as glycosylation and
phosphorylation, is sometimes required. Although PTM-specific
antibodies can be generated for WB applications, this approach is
time-consuming, costly, and may lack specificity [162]-[164].
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Mass spectrometry-based bottom-up proteomics offers a valuable
alternative for both protein identification and PTM analysis [165],
[166]. In traditional bottom-up proteomics, protein fragmentation is
achieved by using enzymatically digestion before undergoing LC-
MS/MS  (Liquid Chromatography-Tandem Mass Spectrometry)
analysis. Software is then used to identify the sequence of the peptides
to reconstruct the original protein by matching the identified peptides
to a comprehensive proteomic database [167], [168].
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3 Functional and structural studies of membrane
proteins

Functional studies of membrane proteins represent a challenge, and
some functions can only be studied with asymmetric conditions
between cytosolic and extracellular part. In the following I present
several methods to study their function and structure.

3.1 Functional methods

3.1.1 Electrophysiology

The cell membrane is formed by lipids, which functions as barrier to
keep ions and other charged and polar molecules from moving freely
between compartments [2]. For charged molecules, the concentration
difference across the membrane creates an electrochemical potential
[11], [169]. Membrane proteins that allow ions to pass across the
membrane close the circuit and allow us to measure the potential,

current and conductance.

Ion channels are the simplest case to create a connection between the
inside and outside of the cell: when the channel (e.g. pannexin) opens,
ions can pass and create a current depending on their electrochemical
gradient [44], [170]. The same is true for a transporter if a transporter
(e.g. SMCT1) moves a net charge across the membrane, also known
as electrogenic [171], [172]. This movement of ions generates currents
across the cell membrane and changes the electric potential. A special

case are transient currents, when charges are moved temporarily, e.g.
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only steps of the transport cycle move charges, or charged

substrates/parts of the protein move and relax into a new state [173].

Electrophysiology is a collection of methods that can measure
electrical properties in biological systems [174]. For single cell
electrophysiology, a cell is placed in a bath and a glass micropipettes
are used to measure electric properties. The electrodes are positioned
so that membrane proteins close the circuit (Fig. 6a) [175], [176].
There are many different configurations to measure electric properties,
often one electrode is placed inside the cell. This way it can measure
the current and potential change of the whole cell. Most commonly,
electrical properties of proteins in cells are measured under constant
conditions [174], [176].

There are two ways to set up an electrophysiology experiment, one is
current clamp, the other is voltage clamp. In the current clamp method,
the amplifier maintains a constant current and by applying and
measuring the membrane potential needed to maintain the current. On
the other hand, voltage clamp measures the current necessary keep the
membrane potential constant [176]. Variations of the clamp technique
are patch clamp, where a tight seal is formed between the electrode
and cell membrane and the two-electrode voltage-clamp [176]-[178].

Two-electrode voltage clamp (TEVC) (Fig. 6b) is a common
electrophysiological technique used to control the membrane
potential (m) of large cells to study the properties of electrogenic
membrane proteins, especially ion channels [178][175]. TEVC uses
two intracellular electrodes—a voltage electrode as J'm sensor and a
special current electrode for current injection to adjust the ¥m. The
membrane potential at desired values is maintained by a differential
amplifier, which records the membrane current as well. To analyse ion

channel properties, we not only see when a channel opens, measured
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by a change of resistance, but we also know how much current goes
through it at different conditions. TEVC is necessary, because of the
large currents that need to be injected, due to the size of the
experimental system like giant axons or large cells, such as Xenopus
oocytes. Xenopus oocytes are often used to study the function of
exogenous expressed ion channels and receptors, since its membrane
has low expression of endogenous channels and receptors. Exogenous
proteins are expressed by injecting DNA or RNA into oocyte. The bath
composition is adjusted to test different ligands or ion permeability.
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Figure 6. Electrophysiology setups. (a) Schematic illustration of a voltage-
clamp configuration, in which membrane potential is held constant while
measuring current through membrane proteins. (b) Two-electrode voltage
clamp (TEVC) setup, commonly used in large cells such as Xenopus oocytes
to record ion channel or transporter activity under controlled conditions.
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3.1.2 Methods to study protein interactions

Protein—protein interactions play essential roles in biological processes.
As mentioned in section 1.1, PDZK1 has been described to bind to
SMCT1 through its PDZ binding motif and increases substrate
uptake [12].

There are many ways to study protein interactions, qualitatively by
Western blot, or co-immunoprecipitation, and quantitively by
microscale thermophoresis (MST) and Biacore™ surface plasmon
resonance (SPR).

MST is a fluorescence-based biophysical technique and measures the
temperature-induced change in fluorescence. This change can be
caused by temperature related intensity change of the fluorescent
probe and movement of fluorescent labelled protein (thermophoresis).
Both of them will be affect by binding events [179]. The reduction of
the fluorescence is proportional to the concentration of potential
binding partner (non-fluorescent labelled) if the fluorescently labelled
and the unlabelled protein interact (Fig. 7). MST allows measurement
of interactions directly in solution without the need of immobilization

to a surface.

Biacore™ SPR measures biomolecular interactions by a change in
refraction index caused by mass change when potential binding partner
binds to the immobilized protein on sensor surface (Fig. 8) [180]. It
does not require a label but a need to immobilize one of the interacting

proteins onto the sensor surface.
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Figure 7. Schematic representation of Microscale Thermophoresis (MST).
Capillaries are loaded with sample mixture containing a fluorescently (green)
labelled protein (purple). Each capillary has a different concentration of a
non-labelled partner (blue). Laser induced temperature change and causes
the movement of proteins. The instrument records the fluorescence intensity
over the time. The intensity change correlates with the concentration-
dependent binding of the non-labelled partner.
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Figure 8. Schematic representation of Biacore™ Surface Plasmon
Resonance (SPR). The protein (purple) is immobilized on the surface of the
chip. When its binding partner (blue) flows past the chip surface, it will bind
to the protein. The causes a change in the refractive index at the sensor
surface and is recorded by the detector.

3.2 Structural methods

3.2.1 X-ray crystallography

X-ray crystallography provides high-resolution, three-dimensional
structural information of proteins, often at atomic detail, and is
considered a fundamental technique in structural biology. It requires
the protein to form ordered crystals. Exposure of the crystal to an x ray
beam causes a diffraction pattern (Fig. 9). The spacing in the crystal
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lattice causes constructive and destructive interference which creates
these patterns. The diffraction patterns can be used to back calculate
structural information about the protein [181].

The challenge in x-ray crystallography is to form ordered protein
crystals, which is difficult for membrane proteins. One of the reasons
is that the detergents and membrane mimetics surrounding the
transmembrane part of membrane proteins, leave a small surface
area (loops and hydrophilic region) for it to form crystal contacts. Also,
it is often difficult to produce large amount of membrane protein that
is stable over a long time to form crystals.

Various crystallization techniques exist, such as, liquid-liquid
diffusion methods, crystallization under dialysis and vapor diffusion
technique [181], [182]. In meso crystallization/ lipid cubic phase is a
method developed to overcome the obstacles associated with
crystallizing detergent-solubilized transmembrane proteins [183],
[184].

All crystallization methods require empirical determination of
parameters like protein concentration, precipitating agents, pH and
temperature [181], [182]. The use of commercial crystal screen kits
and automation (mosquito®) reduced labour and speeds up the
process [185]. Currently, around 80% of structures in the PDB
database are from x-ray crystallography (chart 1) [186].
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Figure 9. Schematic representation of an X-ray crystallography setup. The
X-ray beam is generated from the X-ray source and passes through the
protein crystal. The beam is diffracted by the protein crystal, forming a
diffraction pattern that is captured by the X-ray detector. This diffraction
pattern is used to determine high-resolution protein structures.

Protein entries in PDB with different
structural method

m X-ray
= EM
mNMR

m other

Chart 1. Protein entries in PDB with different structural method.
Around 82% of the protein entries in PDB is from X-ray crystallography,
12% from EM, 6% NMR and very few from other methods.
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3.2.2 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) is another
technology to obtain protein structures. It uses the phenomenon that
nuclei align with a strong constant magnetic field. An oscillating
magnetic field (in the radio frequency range) causes the nuclei to
change their orientation. Once the signal is switched off, the nuclei
relax into their initial state and produce an electromagnetic signal with
a frequency characteristic of the magnetic field at the nucleus. This
signal is characteristic for the chemical environment around the
nucleus and can be used to identify chemical components and their
interactions [187].

Not all nuclei are NMR active, and proteins used for NMR study may
need to be isotope labelled, which adds an additional challenge during
expression (minimum media reduce the yield) and cost (isotope
labelled media) [188]. The protein-induced signal is relatively weak,
so high sample concentrations are required [189].

Unlike x-ray crystallography, NMR also provides dynamic
information of a protein. The limiting factor for NMR is the protein
size. It is difficult to interpret spectra if the proteins larger than
30kDa [190].

There are new technical developments to try to break the size
limitation, including NMR spectrometers with increased experimental
sensitivity, and specific isotope labelling and TROSY (Transverse
relaxation-optimized spectroscopy)-type experiments [191].
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3.2.3 Transmission Electron microscopy

The electron microscope was invented in 1931 by Ernst Ruska and
Max Knoll [192][193]. It can use either backscattered electrons for
imaging the surface of a sample, known as scanning electron
microscope (SEM) or transmitted electrons for imaging the internal
structure of a sample, known as transmission electron microscope
(TEM) [194].

A schematic of an electron microscope is illustrated in figure 10 [195].
In general, a transmission electron microscope (TEM) consists of an
electron source (or gun) at the top, which emits electrons that are
accelerated and focused by a series of electromagnetic lenses. The
electron beam then passes through a thin specimen, and the transmitted
electrons are further focused to form an image on a detector at the
bottom of the column. The entire system operates under high vacuum
to allow electrons to travel freely [193].

With technological advancements in the electron sources and detectors,
TEM has seen significant improvements [196]. Early electron
microscopes used traditional thermionic (heat-emission) guns, which
were later replaced by more stable and brighter cold field-emission
guns [197]. Similarly, image recording progressed from photographic
film to CCD (charge-coupled device) cameras (which were sometimes
used in parallel with film), and eventually to direct electron detectors
(DEDs), which significantly enhanced image quality [198].

Because biological samples are sensitive to radiation damage and
vacuum conditions, special precautions must be taken. One solution
was negative stain, which envelops biological samples with a coat of
heavy metal salt and makes the specimens beam resistant, but the stain
limits the resolution [199]. One option is embedding the sample into a
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sugar to make the sample vacuum resistant without the resolution

limitation of negative stain [200].

The development of methods for freezing biological samples in liquid
ethane, to produce non-crystalline (vitreous) ice for imaging,
revolutionized high resolution TEM. The preservation in vitreous ice
(Fig. 10) not only makes the sample more resistant beam damage and
vacuum, but also maintains the protein structure close to its native state.
This breakthrough laid the foundation for cryo-electron
microscopy (cryoEM) [201], [202]. In 2017, the Nobel Prize in
chemistry was awarded to three biophysicists, Jacques Dubochet,
Joachim Frank, and Richard Henderson, for their pioneering
contributions to the development of cryoEM for the high-resolution
structure determination of biomolecules.
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Figure 10. Schematic representation of cyroEM grid preparation and electron
microscope setup. Protein sample is applied onto the grid and extra liquid is
blot away before vitrification. Vitrification is performed with liquid ethane
at -180°C cooled by liquid nitrogen. Nowadays, the grid is transferred into
an automatic sample handling mechanism inside the microscope, which still
contains same key components of a transmission electron microscope,
including the electron source, lenses, specimen stage, and detector.
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3.2.3.1 Cryogenic Electron Microscopy

CryoEM can also be used in different modes. In microcrystal electron
diffraction (MicroED), the TEM magnifies the diffraction patterns in
the back focal plane (around one of the intermediate lenses) [203].
Like x-ray crystallography, crystallization is the bottleneck of this
technique, but small crystals are easier to obtain than larger crystals
[203]. Until 2025, there are around 272 PDB entries from MicroED
[186].

So far, I discussed protein structure generated in vitro. Although,
proteins themselves are in near-native states in vitreous ice, studying
proteins directly in cells with cryogenic electron tomography (cryoET)
preserves more of their native environment. Also, single objects like
nucleus and Golgi apparatus can be imaged [204], [205]. In cryoET
we generate different images of the object by tilting the sample. The
knowledge of the imaging angle can be used to reconstruct the 3D
structure. Although the typical resolution of cryoET is around 20A
[206], recent publications show, that resolutions observed in single-
particle analysis (SPA) can be achieved by subtomogram averaging
[207]-[209].

SPA which is the method used in this thesis, will be discussed in the

next section.
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4 CryoEM single particle analysis

Single particle analysis has evolved into the dominant technique in
cryoEM, and is the technique used to solve the structures of the protein
complexes in this thesis. For this technique we are recording the
images of individual proteins and protein complexes. In this chapter I
will describe some considerations to get an 3D object from an
image (Fig. 11).

As anecessity, thousands of 2D images of the sample must be recorded
from all angles. The angular sampling is achieved imaging the sample
in randomly spread orientations or by tilting the specimen (if the
particle images show preferred orientation).

Computational algorithms align these 2D images to increase the signal
to noise ratio through averaging. Those aligned images together with
determined angles are used to reconstruct a 3D volume of the sample
(Fig. 11). The initial 3D model is refined to get more accurate angles
and shifts to increase resolution. This allows for detailed visualization
of the molecular structure. Information about the workflow can be
found in the following subsections.
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Figure 11. Schematic representation of the cryo-EM grid and single-particle
analysis workflow. (Top) This shows a copper grid (200 1.2/1.3), where each
square contains a carbon layer. The carbon layer has holes with defined
diameters and spacing. Images (micrographs) are collected from the holes
filled with frozen solution containing protein samples. Dark spots on the
micrographs, which resemble proteins, are selected as particles. Particles
with the same orientation are grouped together to form 2D classes. Through
3D reconstruction, the angles and shifts between particles are determined. A
3D model of the protein is then built based on the 3D structure.

4.1 CryoEM SPA sample preparation

Sample preparation is important step during cryoEM. Protein size,
sample purity, homogeneity, ice thickness and grid choice can all
effect the final results.

4.1.1 Increasing protein size and protein stability

SPA is well suited for proteins larger than 100 kilodaton (kDa), the
smaller proteins are, the less likely is it that a project will be successful,
especially for non-symmetric proteins smaller than 50 kDa. A
straightforward way to increase the sample size is a complex of the
target protein with an interaction partner. If the protein does not have
a suitable interaction partner, because either the affinity is not high
enough or the interaction partner is too flexible, it is possible to screen
for artificial binding partner, such as antigen-binding fragment (Fab),
Nanobody (Nb) or a Monobody (Mb) [183].

Yet, the binding partner could induce conformational change of the
interested protein. This may be beneficial for SPA, e.g. if the protein
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becomes more stable or is locked into certain conformation which
means it is less dynamic. It is also possible to generate the preferred
state by adding inhibitors or ligands to the protein, which makes the

protein more stable and homogeneous.

4.1.2 Variables considering vitrification

Vitrification in cryoEM is achieved by using plunge-freezing with
liquid ethane as described above [210]. Multiple rounds of sample
application and blotting can be performed before plunge-freezing to
increase the protein density on grid [211]. Since the liquid surrounding
the protein sample scatters electrons as well, it generates background
noise, thin ice is generally preferred to improve the signal-to-noise
ratio [210].

The plasma during glow-discharging grids deposits charges on the
grids, making the grids less hydrophobilic [212]. The amount of
charge will change the liquid behaviour and influence particle
distribution [213]. The blotting conditions (blotting time and force) are
different for each protein sample as the sample concentration and
buffer composition differ from each other, which changes viscosity of
the solution [214], [215]. From these parameters empirical

optimisation is necessary.

New methods have been developed as an alternative to blotting, such
as, spraying  (Surface  Acoustic =~ Waves [216] and
polydimethylsiloxane-based sprayer [217]), inkjet dispensing
(Spotiton  [218] and Chameleon [214]), microcapillary
cryoWriter [219] and contact pin printing VitroJet [220].
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4.1.3 Grid choice

The most two common grid materials are copper and gold. Gold grids
reduce the specimen motion during cryoEM imaging [221] and result
in better data. The mesh size ranges usually from 200 to 400
mesh (Fig 11 is an example of copper gird with 200 mesh). The larger
the mesh size the smaller the distance between metal bar. This provides
more support to the film, which minimizes the damage to the support
film caused by handling. If a support for the sample is needed, e.g.
because of low sample concentration carbon films are avoided because
they contribute substantially to the background signal. Graphene oxide
could be an alternative to reduce the background signal if one collects
data on a continuous film [222].

4.1.4 Orientation bias

Orientation bias means that protein particles adopt preferred
orientation on the grid, resulting in 2D images that do not capture all
possible particle views. This negatively impacts the cryoEM 3D maps.
One of the major reasons for orientation bias is protein particle
aggregation at the air-water interface and cause preferred orientation
[223].

There are several strategies to overcome orientation bias: adding
detergent at low concentrations (such as, Fluorinated Fos-Choline 8,
3-([3-Cholamidopropyl]dimethylammonio)-2-hydroxy-1-
propanesulfonate) [134], [224]; collect data using a solid support layer
over holes [213] and collect data with a tilted stage [225].
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4.2 Image correction

The images generated in an electron microscope are collected with
various defects, which need to be corrected to generate a true
representation of the 3D object with a high resolution.

4.2.1 Motion correction

While imaging objects in an electron microscope, the sample does not
stay still. The movement of the stage and vibration of the microscope
can cause motion of the whole grid, which is referred to as stage
drift [226], [227]. When electrons pass through the sample, they cause
beam-induced ice deformation. The ice becomes bent in the grid holes,
causing the movement of each particle in the sample (Fig. 12) [228].
The movement is three-dimensional, and each position moves

differently (anisotropic). All this causes blurring in the final image.

In addition, the electrons cause radiation damage to the sample, which
leads to the loss of high-resolution features over time [229]. Instead of
taking a single long-time exposure, cameras/detectors capture images
as multi-frame movies [230], [231]. In this way, high spatial
frequencies would be recorded in the first few frames [231] and beam
induced motion can be corrected, known as motion correction [232].

During motion correction each frame is aligned with respect to the
preceding and following frame(s). Additionally, the high-frequency
signals from the later frames is down-weighted when the images of a
corrected movie are averaged to reduce noise [233].
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Figure 12. Schematic representation of beam-induced ice deformation. When
the electron beam reaches the grid, it causes deformation of the vitreous ice
layer.

4.2.2 CTF estimation

The point spread function (PSF) describes, in real space, how the true
particle is altered into the final image in cryoEM [234]. The contrast
transfer function (CTF) is the fourier transform of the PSF [235]. CTF
describes how contrast is generated by microscope imperfections
(spherical aberration), electron absorption (amplitude contrast) and
defocus dependent phase contrast [236]-[238].

If we observe particles at perfect focus, particle contrast is very weak
due to the weak phase contrast. Therefore, imaging is performed in
under-defocus conditions to enhance the contrast [239], [240]. In
addition, since the sample is not perfectly flat, there is uneven defocus
across the field of view [241]. These factors cause the final image to
be distorted.

The CTF can be estimated by performing a Fourier transform on the
cryoEM image and then numerically fit the oscillating contrast
pattern (thon rings) to the equation of the CTF [239]. From the CTF
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fit, we can estimate the precise defocus and astigmatism for each
micrograph. Therefore, we need to perform CTF estimation for every
micrograph and later correct these distortions to obtain an accurate
structure [242].

The correlation of the estimated CTF with the experimental Thon rings
also provides an estimate for the overall resolution of the
micrograph [242].

4.3 Particle selection and curation

After image correction, the micrograph is ready for identifying and
extracting images of the protein, also known as particle picking. There
are different methods to identify particles. The most traditional way is
to pick particles manually. This is not feasible for large datasets.
However, the results of manual picks, can be used to generate
templates for template picking (cross correlation between template and
micrograph) or train deep neural network picking programs (such as
such as, topaz, crYOLO, DRPnet, APPLE) to improve the picking
results and to collect data for large datasets [243]-[246].

The identified protein images are extracted in a box with the size
determined based on the particle size. Usually, 1.5 or 2 times larger
than the particle, because the CTF/Fourier information extends a
couple of pixels beyond the visible particle [247], [248]. Using a box
too small would be the same as applying a low pass filter. The particles
can be down sampled to increase the speed of data processing at the
cost of resolution.
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4.4 2D classification

During 2D classification, particles are aligned by means of rotation
and translation with respect to each other [249]. Maximum likelihood
approaches are frequently used to achieve this [250]. Here each
particle is assigned a pose probability in relationship to a reference.
Based on these estimated poses a new reference will be generated. This
process is repeated. As a result, particles with similar shapes are
grouped into the same class [251]. The advantage of the maximum
likelihood approach is that the particles are not hard classified [252].
This reduces the chance of carrying over wrongly assigned particles
through each iteration. This happens in early stages of the
classification [253], [254].

The class average is important to improve the signal-to-noise ratio by
reducing random noise. The resulting averages can provide
information about composition, shape, assembly state and secondary
structure elements. For curation, class averages are useful for
identifying and discarding non-particle or ‘junk’ classes. This method
can efficiently eliminate unrelated particle images [255]. Additionally,
class averages can help distinguish and separate classes representing
different proteins [256].

4.5 Ab-Initio reconstruction

The particles are 2D projections of the 3D volume, but the angle and
shift (aka pose) between the 2D projections and the 3D structure are
unknown. The goal of the 3D reconstruction is to determine the
projection poses for each particle [257]. To achieve this, an initial
reference volume is typically required, and the projection angles are
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refined iteratively. However, using an initial reference volume can

introduce model bias and is not suitable for unknown proteins [258].

Ab-Initio reconstruction (CryoSparc) or De novo 3D model generation
(Relion) is a method that creates a randomly generated 3D volume
without using an user-provided reference model, thereby reducing the
risk of model bias [254], [259]. The principle behind this
reconstruction is once again maximum likelihood but adding another
dimension for the estimation of the poses. Similar to 2D classification,
multiple 3D volumes/maps can be generated from one particle set.
This approach not only identifies volumes with distinct features. As a
result, this approach provides the possibility to removing junk particles
in addition to 2D classification.

4.6 3D refinement

Once an initial 3D volume has been reconstructed from a
homogeneous dataset, 3D refinement is performed to further improve
the alignment of individual particles. This process iteratively
optimizes orientation and shift parameters (poses) by with finer
sampling, to achieve higher-resolution maps [260], [261].

To avoid overfitting (treat noise as real structural signal therefore
correlating it to higher resolution), the Fourier shell correlation (FSC)
is calculated in the gold-standard way to estimate the resolution . To
perform this, the dataset is randomly split into halves and refined
independently. The FSC is calculated between the two volumes in
fourier space to quantify the similarity between the two, independently
generated volumes [262], [263]. A high FSC value means strong

agreement between the reconstructions at any given resolution. Any
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correlation in the FSC curve drops below a threshold value of 0.143 is
considered random and therefore acts as an indicator for the resolution
of the reconstruction [262]. However, the actual threshold is still
debated in the field [264].

4.7 Conformational variability

As mentioned above, ab-initio reconstruction can identify distinct
maps. Heterogeneous refinement is usually performed afterward to
reassign particles to different volumes generated from the ab-initio
results and refine these [265]. This allows for the detection of subtle
differences between structures that may not be apparent at low

resolutions.

3D classification and 3D wvariability analysis (3DVA) are two
additional methods used to identify heterogeneity (such as
conformational changes) within the sample [266]. Those two function
in CryoSparc can be performed at various resolutions to focus on
structural changes at different levels of detail. Since the variance is
negatively influenced by noise, it is important to test masks. This is
particularly true for the transmembrane region, due to the noise of the
unstructured detergent micelle or lipids. The difference between 3D
variability analysis and 3D classification is, 3D classification
assuming a limited number of rigid conformations, but 3DV A models
a continuous family of 3D structures. This allows it to explore both
discrete and continuous motions within the sample [266].
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4.8  Post-processing

The downweighing of contrast at high frequencies of cryoEM 3D
maps due to the envelope function of the microscope, makes it difficult
to interpret the density. Therefore, post-processing tools like
sharpening methods (using different contrast restoration algorithms)
can employed to improve its interpretability.

The most common approach is global sharpening with a single B-
factor, such as Relion and CryoSparc. However, the approach will
boost noise if there is no information at a given resolution of the map
[267].

Local sharpening algorithms have been proposed to only manipulate
the B factor at the maximum local resolution in cryoEM maps, such as
LocScale, LocalDeblur and LocSpiral [267]-[270]. All of them need a
priori information about the target map, namely the independently
reconstructed maps (‘Half-Maps”).

DeepEMhancer is a fully automatic deep learning-based local
sharpening algorithms which do not need priori information and
instead rely on training parameters derived from all models and maps
in the PDB database [271].
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5 Present investigation

PANX1 is an membrane channel that controls the release of signalling
molecule ATP. The activation mechanism of PANXI that lead to ATP
release is not full understood. Therefore, we aim to investigate the
machinsm of PANXI1 activation by using cryoEM to study the
structure and electrophoysiology to study the function.

Besides using cryoEM to study a specific protein in homogenous
sample, we also would like to develop a workflow for identifying and
determining the structures of membrane proteins in a heterogeneous
sample; without prior knowledge of the protein sequence or a model.
Meanwhile, we are also exploring another membrane protein, SMCT1
transporter and conducting prelimily studies to investigate its
interaction partner PDZ1.

5.1 Paper I: Structural basis of ATP release and ion selectivity
in Pannexinl channels

ATP is the primary energy source of cells, in addition, it also plays
important role as a signalling molecule. Pannexin 1 (PANX1) is one
of the key channel responsible for ATP release. Aberrant Panx1
activity has been associated with several neurological disorders
including seizure, stroke, migraine headache and chronic pain.
Previous studies suggest there are two ways to activate Panx1 release
ATP, either by irreversible caspase-mediated cleavage or reversible
phosphorylation. In this study, I aimed to determine whether
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phosphorylation acts as a reversible switch for PANX1 activation, how

the structure changes during activation by phosphorylation.

To confirm that phosphorylation does activate PANX1, TEVC was
employed to measure the electrophysiology of mouse-PANXI-
expressing Xenopus oocytes while injecting them with a constitutively
active form of SRC (v-SRC is a kinase). Outward currents were only
observed when a single v-SRC injection but not with albumin
injection (as control) or v-SRC with without PANX1. This confirmed
the theory phosphorylation can active PANX1.

To further investigate which sites are phosphorylated by SRC, mass
spectrometry were performed on both dephosphorylated and re-
phosphorylated Panx1. We identified four potential phosphorylation
site (Y10, S181, Y308, S406). Electrophysiological recordings in
Xenopus oocytes and ATP release assays with phosphomimetic and
phosphosuppressive mutants (Y10E, Y198E, Y308E, YI198F)
revealed Y308E mutant converts Panx1 into a constitutively open
channel. It suggests phosphorylation at Y308 may serve as a potential
switch.

CryoEM structure of SRC phosphorylated PANX1 (PanxSRC) were
obtained with a resolution of 3.56A. Movement of the transmembrane
domain were observed during 3DVA analysis. The structure moving
between narrow and wide confromation with N-terminal relaxed and

ordered, respecitvely. The same phonomenon was also observed with
R75A mutant.

CryoEM structure of the Y308E mutant showed that the channel
adopts a wide conformation with N-terminal ordered.
Electrophysiology data also confirmed its permeability to ATP.
Further conformational variability analysis (both 3DVA and 3D
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classification), shows there is no flexibility in transmembrane region.
However, there is twist moving in the intracellular region, which is the

worse resolved part of the structure.

In conclusion, our MS and electrophysiology data confirmed PANXI1
is not only phosphorylated by SRC, but also that the phosphorylation
activates it. CryoEM data shows, suggest that the transmembrane
region of both PanxSRC and R75A mutant is flexible and moving
between narrow and wide conformation with different arrangement of
N-terminal end. Y308 mutant were only observed with wide
conformation and with ATP permeability. This suggests Y308 is a
phosphorylation site that may switches Panx1 into wide conformation,
enabling ATP release.
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5.2 Paper II: In silico classification and identification co-
purified protein complexes yield new structures and multiple MSP
assembly states

Traditional methods, like X-ray and NMR require a homogeneous and
stable sample. Single-particle analysis (SPA), on the other hand,
enables high-resolution reconstruction of proteins in a heterogeneous
sample. 2D and 3D classification can be used to identify and determine
structures of multiple proteins in one heterogeneous sample. In
previous workflows, mass spectrometry (MS) was needed to identify
proteins. Here we present a modified workflow for identifying and
determining the structures of membrane proteins in a heterogeneous

sample; without prior knowledge of the protein sequence or a model.

We enriched E. coli membrane proteins by immobilized metal (nickel)
affinity chromatography (IMAC) and reconstituted the proteins into
MSP2N2 nanodiscs. The mixture was then fractionated by SEC and
concentrated for SPA and MS for independent verification. We sorted
protein populations by 2D classification. After ab-initio reconstruction
and refinement in the CryoSparc software, we were able to generate
three different maps.

To identify proteins, we used ModelAngelo to build models with the
maps. Since the identity of the proteins was not known we only
supplied the entire E. coli proteome to perform an HMMER search
with the unsupervised built model fragments. In this way we identified
and resolved three proteins: the cytochrome bo3 ubiquinol
oxidase (BO3, 2.72 A), the multidrug efflux pump subunit
AcrB (AcrB, 3.27 A), and the new undecaprenyl-phosphate 4-deoxy-
4-formamido-L-arabinose transferase (ArnC). Independent MS
analysis identified the three proteins in our sample.
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Notably, MSP2N2 in nanodiscs, assembled differently (dimeter,
number of helical rungs, shape) around these three proteins. We also
found membrane protein sidechains are close to the predicted
MSP2N2 density suggesting that embedded proteins actively shape
nanodisc assembly.

In summary, we present a streamlined workflow for recognizing and
modelling membrane proteins in a heterogenous sample. The
workflow delivered a new structure (ArnC) and provides evidence that
nanodisc architecture is not a passive but depends on specific protein—
scaffold interactions.
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5.3 Paper III: SMCT1 has a low affinity to PDZ domain
containing 1 protein

Sodium-coupled monocarboxylate transporter 1 (SMCT1) is a
membrane transporter abundantly expressed human body such as,
colon, kidney, thyroid, brain. It transports monocarboxylic acids with
little specificity into cells. A Study shows that two PDZ
domains (PDZ1 and PDZ3) of the scaffolding protein PDZ Domain
Containing 1 (PDZK1) interact with SMCT1 and increases its
transport activity. This study aims to investigate whether the affinity
between SMCT1 and PDZ1/3 is physiologically meaningful.

We first performed pull-down assays with SMCT1-GFP to catch
PDZ1-MBP and PDZ3-MBP in solution. SDS-PAGE confirmed
binding between SMCT1-GFP with PDZ1-MBP (Maltose binding
protein) and PDZ3- MBP.

To quantify the affinity between these two proteins, we employed
surface plasmon resonance (SPR). To simplify the system we
synthesized a PEPTIDE containing the PDZ motif from SMCTI1. We
first immobilize the peptide on SPR chip, but no binding between
PEPTIDE and either PDZ1-MBP or PDZ3-MBP construct was
observed. We reversed the mobile and stationary component to rule
out the possibility that immobilization the obstructed the PDZ motif.
This time the sensorgram showed that the PEPTIDE bound to both
PDZ1-MBP and PDZ3-MBP, with rapid association and dissociation
rate and the equilibrium dissociation constant (KD) could not be
calculated.

We used microscale thermophoresis (MST) to measure the affinity
between full-length SMCT1-GFP and PDZ1 and PDZ3-MBP, to see if
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there is more to the binding than the isolated peptide. But we never
reached saturation and the KD was estimated in the mid uM range.

In summary, all experiments including pull-down assays, SPR and
MST shows binding between PDZ1 /3 and SMCT1 (or PEPTIDE from
SMCTT1). Yet, the affinity is weak. We therefore suggest that the
interaction between PDZ1/3 and SMCT1 is likely physiologically
irrelevant, except in special cases, where PDZK1 is locally enriched at
membrane.
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5.4 Conclusion and future perspective

Cryo-EM SPA is a powerful technique. It allows us to visualize small
proteins such as SMCT1, when in a homogeneous protein prepation.
Or we can study heterogeneous samples, whether it is protein
flexibility (conformational heterogenous), as in PANXI, or a mixture
of proteins (compositional heterogeneous) (paper II). Together with
biophysical, functional methods like electrophysiology, SPR, and
MST, we can comprehensively correlate structural information with

functional properties, revealing the underlying molecular mechanisms.

In the future, the PANXI1 project should be continued by including the
WT. It will be important to confirm whether WT PANXI1 also has
flexibility in the transmembrane region. In addition, the R217H
mutation, a natural PANX1 variant with significantly reduced activity,
could be an interesting candidate.

The modified workflow presented in paper II could be applied to study
proteins that are pulled out of a lysate with a common binding motif,
say the PDZ binding motif. Specific affibodies or nanobodies can be
raised to bind strongly to specific PDZ binding motifs and used to
purify proteins containing PDZ binding motifs from cell mixtures.
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