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Abstract

Cytoplasm of the living cell is highly crowded by biomacromolecules which occupy around 5-
40% of the available volume and have a significant effect on thermodynamic and kinetic
properties of vital biological processes, like protein folding and aggregation, enzymatic
reactions, etc. Crowding effects are not limited to the cytoplasm, however, less attention has
been paid to the crowding of biological membranes, where the integral membrane proteins can
occupy from 25 to even 80% of available space thereby affecting lateral protein diffusion,
oligomerization equilibria, favor formation of protein clusters and microdomains, whereas the
presence of densely packed proteins at the membrane interface can affect membrane-
associated processes like protein targeting and translocation, signaling and even lead to
spontaneous membrane deformations. A comprehensive understanding of the implications of
macromolecular crowding is essential for obtaining valuable insights how cellular organization

and essential biological processes are influenced by complex cellular environments.

Simulation and study of crowding effects in artificial systems requires a systematic
reconstruction of crowding-induced confinement in the physiologically relevant range.
However, so far only a limited number of approaches exist that would allow characterizing the
extent of macromolecular confinement on the membrane surface. To work towards overcoming
this limitation, a set of the genetically-encoded FRET-based sensors with different designs for
probing the macromolecular crowding at the membrane interface were developed and
characterized. The sensors allow for measurements of lateral confinement on membranes in
vitro and are suitable for non-invasive crowding quantification and for study of membrane

organization in living cells.

In this thesis the development of model membranes systems with reconstituted SecYEG
translocon was aimed to elucidate the effects of macromolecular crowding on post-
translational protein targeting and translocation. A set of synthetic polymers as well as protein-
based crowder were employed to simulate the complex and native-like conditions in solution
or on membrane surfaces. It could be shown, that the synthetic polymers such as Ficoll PM70
and PEG of different sizes were able to inhibit the translocation rates and activity being
dependent on the crowder’s type, size and concentration. Simulated macromolecular
confinement on the surfaces of liposomes with synthetic polymers has also shown a reduction
in transport efficiency, whereas protein-based crowder showed both, positive and negative
modulating effect of translocation activity of preprotein. In summary, the establishment of these
systems provides a starting point for study of macromolecular crowding effects in vitro and

identifies associated methodological challenges.
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Zusammenfassung

Das Zytoplasma der lebenden Zellen ist stark mit diversen Bio-Makromolekilen, wie Proteinen
und Nucleinsduren gefillt, deren Konzentrationen bis zu 50-400 mg/mL erreichen kdnnen.
Diese hohen intrinsischen Konzentrationen kénnen bis zu 40% des verfugbaren Volumens
einnehmen, wahrend die heterogene Oberflachenbeschaffenheit von komplexen
Makromolekulen die unspezifischen Wechselwirkungen zwischen ihnen fordert. Dieser
Zustand wird in der wissenschaftlichen Literatur als ,macromolecular crowding, oder als
makromolekulare Beengung bezeichnet. Vorhandene wissenschaftliche Untersuchungen
haben gezeigt, dass die makromolekulare Beengung einen tiefgreifenden Einfluss auf die
vitalen biologischen Prozesse in lebenden Zellen hat, darunter Diffusion, Proteinfaltung
und -aggregation sowie die Kinetik der enzymatischen Reaktionen. Die gleiche Situation findet
auf und in den biologischen Membranen statt, welche in speziellen Fallen sogar bis zu 80%
mit integralen Proteinen gefillt sind. Auch hier sind vielfaltige Auswirkungen von
makromolekularer Beengung, wie Oligomerisierung und anomale Diffusion von
Membranproteinen, sowie die durch die Proteinansammlungen hervorgerufenen

morphologischen Veranderungen der Membranoberflachen, beschrieben.

Die biologischen Prozesse, die in vitro in verdinnten Lésungen Ublicherweise untersucht
werden, spiegeln nicht die komplexen Bedingungen im Zytoplasma oder Membranen lebender
Organismen wider. Um ein umfassendes Verstandnis der komplexen Prozesse zu bekommen,
ist es wichtig die makromolekulare Beengung in den Experimenten zu bericksichtigen. Dies
erfordert die Nachahmung von Crowding-Bedingungen in physiologisch relevanten Umfang
und einen Vergleich mit der tatsachlichen Situation in vivo. Bis jetzt existiert nur eine begrenzte
Anzahl von Ansatzen, die es ermoglichen das Ausmalfl der makromolekularen Beengung auf
den Membranoberflachen zu charakterisieren. Daher wurde eine neue Generation genetisch-
kodierter und membran-adaptierter Sensoren entwickelt, die eine Quantifizierung des
Crowding auf der Membran in vitro erméglichen und flir Messungen in einer lebenden Zelle

eingesetzt werden kdénnen

In dieser Dissertation wurden synthetische sowie protein-basierte Crowders eingesetzt, um
die komplexen und nativ-ahnlichen Bedingungen in der Losung oder auf Membranoberflachen
zu simulieren und die Auswirkungen auf die Funktionalitat von SecYEG Translocon von E. coli
zu charakterisieren. So konnte gezeigt werden, dass die synthetischen Polymere wie
Ficoll PM70 und PEG in unterschiedlichen Grélien eine Inhibierung von Transportprozessen
hervorgerufen hat, die wiederum von dem Crowder-Typ, -Grél3e und -Konzentration abhangig
war. Die simulierte makromolekulare Beengung auf den Oberflachen von Liposomen hat

ebenfalls eine Verringerung der Transporteffizienz gezeigt.
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Die Etablierung und Charakterisierung dieser Systeme ermdglicht es, ein umfassenderes
Verstandnis zu bekommen, wie biologische Prozesse von komplexer zellularer Umgebung

beeinflusst werden und hilft damit verbundene methodologische Herausforderungen zu
identifizieren.



1 Introduction

1 Introduction

1.1 Macromolecular crowding

All vital biological processes, like gene expression, protein translation, cellular respiration,
signaling, division and even apoptosis, occur in a unique, highly confined and non-ideal
environment that is predestinated to affect the macromolecules and the interactions between
them (Ellis, 2001). Cellular interiors exhibit complex media where the constituents vary widely
in sizes, from micrometer-sized eukaryotic organelles to comparably smaller macromolecular
species, like proteins and ribosomes in cytoplasm, mixtures of proteins and DNA in the nucleus
or in the cytoplasm of prokaryotes. Although in general no single macromolecular compound
exists in the cellular environment at high concentration, the sum of the all present
macromolecular species occupies a considerable portion of the volume (figure 1.1). Such
solution is referred as crowded and the first obvious consequence of the presence of different
macromolecules at high concentrations which occupy certain volume fraction the space, is the
decrease of the available free solvent. In the cytoplasm of E. coli, the total concentration of
proteins and nucleic acids was estimated to reach up to 300-400 g/L (Zimmerman and Trach,
1991). Comparably, the concentration of hemoglobin in erythrocytes was estimated to be more
than 300 g/L (Ross and Minton, 1977). Macromolecular concentration inside the nucleus of
eukaryotic cells depends on the cell type, but lays in the range of 100 g/L (Hancock, 2007).
The corresponding volume occupancy depends also on size distribution of macromolecular

compounds and can vary between 5-40% (Ellis and Minton, 2003).
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Figure 1.1: Crowded interior of the living cell
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A simple model simulation of the volume exclusion suggests that if 30% of a given space is
filled by spherical species of defined size, that is a model representation of proteins, there will
be no available volume for more species of the same size, since the molecules are mutually
impenetrable (Minton, 2001). Smaller particles or solute molecules in this model are less
affected by the excluded volume, since with the decreasing particle size the available volume
fraction will increase and vice versa, the addition of another large particle would not be possible
without displacement of the already existing species. The mobility of the large co-solutes is
restricted leading to entropy decrease in confined environment compared to the diluted

solutions, which in turn increases the free energy of solute (Ralston, 1990).

The excluded volume effect is only a part of the phenomenon that was termed macromolecular
crowding. The macromolecules e.g. proteins and nucleic acids present in high concentrations
in cellular environment, that act as crowders, are commonly simplified in models to the quasi-
spherical ideal compounds, but they nevertheless exhibit non-ideal behavior and the wide-
ranging heterogeneity of their surfaces, e.g. due to the differences in the primary sequence,
spatial configuration and, for proteins, post-translational modifications. Those give rise for so-
called soft or quinary interactions, including attractive and repulsive forces govermned by
hydrogen-bonding, electrostatic, polar, and van der Waals interactions providing another
degree of complexity for the crowding characterization (McConkey, 1982; Minton, 2013; Sarkar
et al., 2013). Additionally, the altered viscosity of the medium in crowded solutions leads to the
lowered translational and rotational diffusion of the macromolecules, even if to a smaller extent
than protein-protein contacts (Nawrocki et al., 2019; Schavemaker et al., 2018; Wang et al.,
2010). The excluded volume effect and the quinary interactions are two primary factors that
render the effects of the physiological crowding in the living cell, which potentially affect every
biological process. Diffusion of macromolecules, folding, stability, oligomeric state and
aggregation of proteins, enzymatic activities, interactions between proteins and nucleic acids
were shown to affected under crowded conditions (Berg et al., 1999; Kuznetsova et al., 2014;
Lowe et al., 2020).

The first evidences that the behavior of proteins in volume-excluded environments are different
from the studies in the dilute solutions arouse more than 60 years ago, upon studying changes
in the osmotic pressure of serum albumin and hyaluronic acid mixtures, which exceeded the
sum of the osmotic pressures from separate solutions (Laurent and Ogston, 1963). The
difference was attributed to the exclusion of the protein from the hyaluronic acid-containing
volume fraction (Edmond and Ogston, 1968; Ogston and Preston, 1966). In the year 1971
Laurent reported on the first attempts to characterize the enzymatic activity of hyaluronate
lyase, lactate dehydrogenase and trypsin in the presence of PEG and dextran creating the
environment that would simulate the intracellular confinement. The addition of the polymers

had only moderate influence though causing lower enzymatic activity with a decrease of Ky,
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1 Introduction

values by excluded volume (Laurent, 1971). The pioneer research continued with
characterization of hydrolysis of fructose-1,6-bisphosphate by aldolase in the mixtures with
different concentrations and sizes of poly(n-vinylpyrrolidon) and polyvinyl alcohol. Experiments
showed an enhancing effect of low polymer concentrations on reaction rates followed by the
inhibition, which was more pronounced for low-molecular weight polymers, suggesting an
influence on the enzyme stability (Jancsik and Keleti, 1979; Jancsik et al., 1976). Additionally,
specific activity of glyceraldehyde-3-phosphate dehydrogenase showed a complex behavior,
including inhibition and activation, depended on the polymer concentration and the enzyme
oligomerization (Jancsik and Keleti, 1979). In year 1981, Minton suggested a theory on how
the excluded volume effect may alter kinetics of enzymatic reactions and influence the
structure of macromolecules, i.e. their shape and the oligomeric state (Minton, 1981). Although
the theory is oversimplified and it neglects the naturally occurring quinary interactions between
the macromolecules, the predictions of the models show qualitative agreement with
experimental data that was not only available to time of publication, but also with research on

the crowding effects made nowadays.

A growing attention among researchers worldwide interested in exploring the effects of
macromolecular crowding, as well as technical progress and emergence of new advanced
measurement techniques and computational simulations have allowed a more comprehensive
characterization of the phenomenon. For the role of model crowders that mimic the excluded
volume effect, synthetic polymers like polyethylene glycol (PEG), dextran, Ficoll of various
sizes or hydroxypropyl cellulose (HPC) are widely used. Proteins as crowders (lysozyme,
BSA, B-lactoglobulin, hemoglobin, ovalbumin) modulate a more complex crowding system.
Generally, an appropriate candidate should not actively interfere with the probe and the
measurement system, be chemically stable and can be concentrated to the levels that would
reflect the physiologically relevant crowding conditions (Breydo et al., 2014; Junker et al., 2019;
Kuznetsova et al., 2014; Léwe et al., 2020; Uversky et al., 2002; Wang et al., 2010).

Most of crowding-oriented research has focused on mobility of biological macromolecules in
complex environments. The ability of bio-macromolecules to undergo translational and
rotational motion to enable contacts with their interaction partners is necessary to fulfill their
functions within the living cell (Schavemaker et al., 2018). In crowded environments, the
macromolecules occupying a certain volume fractions provide steric barriers and alter the
diffusion coefficients predicted for the ideal (diluted) solutions by Stokes-Einstein equation
(Eq. 1). According to this law, translational (Dr) and rotational (Dr) diffusion coefficients in
Stokes-Einstein-Debye equation (Eq. 2) are inversely proportional to the particle radius and
the viscosity of the solvent:

11



1 Introduction

kgT
Dy = (Eq. 1)
T 6mnR
kgT
=B (Eq. 2)
R~ 8mnR3

This relation can be still applied for small molecules acting as “crowders”, for example sucrose
or glycerol, since their size is much smaller than the macromolecules of interest, but with the
increasing crowder size the rise of the deviations on diffusion coefficients are observed and

show the power law dependence:

DT'R qT,R
0= ("_C) (Eq. 3)
D’ Mo

where D¢ and Dy are the diffusion coefficients, and n¢ and no are the viscosities of the medium
with and without crowding, respectively. The exponent q equals 1 for the diluted solution in the
Stokes law, but it changes with emerging crowding, being dependent on both crowder and
probe sizes. Several studies with synthetic polymers have shown that in crowded solution with
emerging crowder size the diffusion of the particles gets less dependent on the overall solution
viscosity, known as macro-viscosity. The particles experience the micro-viscosity which
depends on the size relation of the crowder and the probe, whereas the translational diffusion
is more hampered than the rotational one and the corresponding g-value decreases for the
solutions with synthetic crowders (Junker et al., 2019; Lavalette et al., 2006; Wang et al., 2010).
However, in the solutions where crowding is modulated by proteins, an opposite effect on the
diffusion coefficients in relation to the predictions have been observed. In the study with
chymotrypsin inhibitor 2 in presence of BSA, lysozyme and ovalbumin, the translational
diffusion have shown to be only slightly affected, whereas the rotational one was strongly
attenuated with corresponding g-values larger than 1. Here, likely reason is the rise of the soft
interactions between the crowders and the probe. Moreover, the experiments in E. coli lysate
were comparable with the results using protein as crowders: The rotational diffusion
coefficients were decreased, whereas the translational diffusion coefficient was not
significantly affected compared to the predictions by the laws highlighted above (Wang et al.,
2010).

The induced confinement of the crowded medium favors the compaction and stabilization of
the proteins in the folded over the denaturated form. The molten globule structure of
cytochrome C can be restored by addition of 200 g/L dextran at pH 2, as recorded by circular
dichroism (CD) spectra, where in the absence of the crowder the protein is completely unfolded

(Sasahara et al., 2003). The melting temperature (T») of apoflavodoxin increased up to 20°C
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in solution containing 40% Ficoll PM70 (w/v) (Stagg et al., 2007). However, this stabilization
effect is limited to the hard-core repulsions and is entropically driven. In the crowded solution,
where soft interactions take the lead, the enthalpy becomes a determinant of the stabilizing
effect, as was shown by destabilization of ubiquitin in BSA- or lysozyme-crowded solutions at

different temperatures (Wang et al., 2012).

The structural conformation of intrinsically disordered proteins (IDPs) may be favored in the
crowded environments, as was shown for immunoglobulin G binding domain of protein L
from Streptococcus magnus (Adén and Wittung-Stafshede, 2014) and for FigM protein, a
flagellar synthesis regulator from Salmonella typhimurium, in solutions with synthetic polymers
and proteins, respectively (Dedmon et al., 2002). Though, it should be noted that it was not
clear whether the secondary structure induced by crowding was comparable to the natural fold
upon the binding to 6?8, a subunit of the RNA polymerase holoenzyme. However, folding of
other several IDPs was shown not to be affected by the macromolecular confinement (Flaugh
and Lumb, 2001; Sharma et al., 2022). The conformation of a-synuclein was only barely
affected in presence of high PEG concentrations with various sizes. However, macromolecular
crowding was shown to enhance the rates of amyloid formation of a-synuclein, whereas the
lagtime for nucleation and the rate of fibrillation was dependent on the type of crowder in terms
of their size and charge as well as the concentration used (Munishkina et al., 2004; Uversky
et al., 2002). Accelerated amyloid formation was observed as well on the example of apoC-ll

protein by the means of volume exclusion with dextran T10 (Hatters et al., 2002).

Modern research developments in the field of cell biology offered new insights on cellular
organization and on the physiological state of biological fluids. Instead of being uniformly
crowded with macromolecules, the cytoplasm of various cells contains distinct structures, like
condensates, cytoplasmic bodies, stress and germ granules, nucleoli etc., that are segregated
from liquid environment forming a class of dynamic, membrane-less micro-compartments.
Their formation arises through the condensation and clustering of distinct proteins and nucleic
acids into droplets with liquid-like characteristics as a response to the environmental changes,
oxidative stress or cell cycle phase (André and Spruijt, 2020; Hyman and Brangwynne, 2011).
This phenomenon is known as liquid-liquid phase separation (LLPS). Synergy of the excluded
volume effect, which increases the effective protein concentration, and the quinary interactions
between the biomacromolecules promotes the reversible segregation of condensates in LLPS.
The low-complexity domains (LCDs) of intrinsically disordered proteins which show a low
diversity of amino acid composition, promote LLPS via multivalent interactions between
proteins and other biomacromolecules. The a-synuclein which carries two LCDs was shown
to undergo LLPS either in the presence of PEG or upon reducing pH or upon addition of copper
and iron ions. With time the liquid droplets with accumulated a-synuclein convert into solid-like

state, accompanied by accumulation of fibrillar structures (Ray et al., 2020). The LCD of
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heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) is also able to induce LLPS which
can be facilitated either by Ficoll and PEG or by changes of the ionic strength or by the
presence of RNA. The missense mutations in the class of hnRNPs, typical components of the
stress granules, are linked to the development of the stable condensates in pathological
disorders (Molliex et al., 2015). LLPS is not only a feature of proteins with intrinsically
disordered regions, but can be observed for the globular proteins like human serum albumin
in the presence of PEG 8000, Dextran 70 and Ficoll 400 and was shown to be driven by

hydrophobic interactions rather than by electrostatic interactions (Patel et al., 2022).

Protein-protein and protein-nucleic acid interactions, protein assembly and changes in
oligomeric stoichiometry are favored by macromolecular crowding effects (Minton, 2000). The
equilibria of fibrinogen association to dimers was facilitated by BSA concentrations above 40
g/L as well as formation of soluble tubulin oligomers was induced upon addition of dextran in
the conditions where the assembly is unfavored (Rivas et al., 1999). The excluded volume
effect effectively “concentrates” the interactions partners thus favoring their interactions, as
was shown on the example of blunt-end DNA ligation. Under dilute conditions, DNA ligases
from E. coli or rat liver nuclei were unable to perform the reaction, whereas addition of Ficoll
PM70, PEG 6000 or BSA induced effective joining of the DNA fragments (Zimmerman and
Pheiffer, 1983). Alike, the activity of E. coli DNA polymerase | was enhanced in the crowded
solitons with elevated ionic strength, which otherwise inhibits the reaction and leads to increase
of Ki, values. Presence of the 12% of PEG 8000 decreased the estimated K, value more than
20-fold in 200 mM KCl in comparison to the non-crowded solution, and the effect was attributed
to the increased DNA-protein interaction under crowding conditions (Zimmerman and
Harrison, 1987).

As can be seen, the phenomenon of the macromolecular crowding in the cytoplasm plays a
significant role in the cellular organization, but it is only a part of the entire story. It is important
to recognize that similar situation is observed in biological membranes. The cellular
membranes fulfill various functions including transport of molecules, energy metabolism, signal
transduction and communication of the cell with the environment and between intrinsic
organelles and essentially produce segregated environments for reactions that require
specialized conditions. While the lipid bilayer provides a physical boundary and defines the
cell and the cellular compartments, the majority of functions of the membrane are ensured by
integral proteins spanning the membrane, and peripheral proteins, that are anchored at the
interface via lipid contacts or by interactions with the integral proteins. Around a quarter of the
whole cellular proteome consists of membrane proteins, and the occupied cellular membrane
area ranges from 25% to 80% depending on the cell and membrane type (Dupuy and
Engelman, 2008; Kirchhoff, 2008; Liu and Scheuring, 2013; Lowe et al., 2020; Sowers and

Hackenbrock, 1981). The structural stability and functionality of membrane-anchored proteins
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1 Introduction

depend strongly on the lipid bilayer, which physico-chemical properties are clearly different
from the conditions the cytoplasmic proteins are exposed to. The lipid content of the cellular
membranes has also an impact on the membrane organization, as lipids are the primary
building blocks and their composition and distribution modulate membrane fluidity, flexibility
and function. Biological membranes are highly dynamic and show lateral heterogeneity
(Mitchison-Field and Belin, 2023; Mueller et al., 2012; Simons and Sampaio, 2011).

The subject of macromolecular crowding in the membranes is substantially less studied than
in cytoplasm, but comparable effects are observed in both systems. In contradiction to the fluid
mosaic model proposed by Singer and Nicolson, suggesting unhindered diffusion of proteins
within the fluidic membrane (Singer and Nicolson, 1972), the diffusive behavior within the
membrane leaflets, which is restricted to the lateral diffusion in 2D dimension, is dependent
not only on the protein size and fluidic characteristics of the lipid bilayer, but also on the degree
of crowder-protein occupancy and soft interactions with the lipids as the solvent. (Démery and
Lacoste, 2018). In eukaryotic cells, specific interactions between lipids within the plasma
membrane, primarily cholesterol and glycosphingolipids, with proteins lead to formation of
functional units termed as lipid rafts, which commonly contain a distinct set of proteins involved
in signal transduction, cell adhesion and membrane trafficking (Harder et al., 1998; Sezgin et
al., 2017) and can be seen as example of phase separation in the crowded membranes.
Coarse-grained molecular dynamics simulations of Kir potassium channels in membranes at
physiologically relevant crowding levels and complex lipid composition reconstructed
clustering and reduced protein and lipid diffusion (Duncan et al., 2017). Most affected were the
lipids with the tight contact to the protein since, the proteins themselves can modulate their
proximate lipid environment and so influence the lipid composition and lead to the changes in
membrane structure (Corradi et al., 2018; Marsh, 2008). Conversely, lipids with different acyl
chain length can segregate and locally change the membrane thickness thus mediating protein
localization and mobility according to the size of the transmembrane domains which avoid the

exposure to the aqueous solutions (Sezgin et al., 2017).

The heterogeneous membrane organization is not restricted to the eukaryotic cells, but
formation of microdomains similar to lipid rafts were observed in the membranes of prokaryotic
organisms and archaea (Bramkamp and Lopez, 2015). High densities of the proteins, for
example in the nanodomains or rafts as well as the high protein abundance in the membrane
leads to anomalous diffusion that deviates from the predicted behavior outlined in the diffusion
laws in non-crowded systems (Démery and Lacoste, 2018; Jeon et al., 2016; Peters and
Cherry, 1982). In general, the lateral diffusion rates are reduced with increasing protein
density, as was predicted by molecular simulations (Javanainen et al., 2017) and verified by
experiments including FRAP measurements of plasma membrane of mammalian cells (Frick

et al., 2007) and fluorescence correlation spectroscopy (FCS) studies of selected membrane
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proteins in giant unilamellar vesicles (GUVs) (Ramadurai et al., 2009). Complementary, the
diffusivity of the peripheral membrane protein was shown to be affected as well and being

dependent on the interfacial membrane occupancy (Houser et al., 2016)

High protein crowding on the membranes can induce deformations of lipid bilayers and even
lead to the emergence of the structures like buds and tubules. Next to the well-studied scaffold
mechanism, which includes clathrin-mediated and Bin-Amphiphysin-Rvs (BAR)-dependent
membrane bending, and insertion of amphipathic helices at the membrane interface
(Zimmerberg and Kozlov, 2006), it was shown that even globular proteins with various sizes
applied via His-tag to the surface of GUVs was sufficient to induce the formation of the tubules
due to the increasing lateral pressure on the membrane surface (Stachowiak et al., 2010). The
selected examples show that high concentrations of biomacromolecules have significant
influence on function and organization of biological membranes. Multifaceted effects of the
macromolecular crowding on protein monomer/oligomer equilibria, protein folding and
aggregation events, and even on more severe morphological changes like membrane
remodeling are described and discussed in detail in the Chapter 3.1 of this thesis based on

the systematical review of available research literature (Léwe et al., 2020).

The concentrations of macromolecules in the cytoplasm and in the biological membranes are
much higher than the concentrations employed in the vast majority of laboratory experiments
nowadays and in the past. It does not necessarily imply that the research conducted in diluted
solutions is false, the concepts of molecular biology postulated over decades are still working
and moreover primary structural research or some experimental setups like SAXS, mass
spectrometry, X-ray crystallography would require highly pure targets and may lead to
interferences with added crowder molecules. Moreover, a direct readout from the interior of
the living cell is still challenging and is often limited by experimental methodology. The
measurements in diluted solutions still account various vital physiological parameters like pH
or the ionic strength, but a direct application of the results gained in the diluted solution to
describe the physiological state of the system should be approached with caution, as the
experimental outcome may not be directly transferable, as not all factors that cause effects in
complex systems may be accounted. To get an in-dept understanding on how the biological
processes are influenced by the complexity of cellular organization, the consideration of

crowding in research should be involved on the routine-based level.

1.2 Protein transport via Sec machinery

Even through the synthesis of membrane proteins is initiated in the cytosol, the subsequent

biogenesis is more complex in comparison to their soluble counterparts. From the

16



1 Introduction

thermodynamic point of view, the localization of the membrane proteins in the aqueous phase
is unfavorable since the transmembrane segments of membrane proteins are composed of
non-polar amino acids that raise the overall hydrophobicity of protein. The insertion into the
apolar membrane leaflet is necessary, otherwise the proteins would undergo aggregation in
the polar cytoplasmic environment. If spontaneous, the insertion of membrane proteins into
the membranes occurs with low efficiency, so targeting to the membrane surface, insertion
and correct folding of membrane proteins in the cell is facilitated via a few evolutionarily
conserved pathways (Hedin et al., 2011). In all domains of life, the integration and transport of
proteins in or through the membrane is facilitated by the Sec translocon, which forms a protein-
conducting channel: In the inner membrane of bacteria it is known as SecYEG complex, and
in eukaryotes the translocon Sec61 is localized to the membrane of endoplasmic reticulum
(Bolhuis, 2004; Oswald et al., 2021; Rapoport et al., 2017).

The transmembrane transport and insertion via SecYEG in bacteria can generally occur in two
different ways: Co-translationally via direct interaction of the translocon with the ribosome, and
post-translationally i.e. when the protein precursor, or preprotein, has been already completely
synthesized in the cytoplasm (figure 1.2). In case of co-translational insertion of membrane
proteins, the highly hydrophobic signal sequence on the N-terminus of the nascent chain
synthesized by a ribosome is recognized by the signal recognition particle (SRP). The complex
is delivered to the membrane surface where it interacts with FtsY receptor and can be
transferred to the translocon. Less hydrophobic proteins are not recognized by SRP, but
completely translated in the cytoplasm and translocated via a post-translational pathway. In
case of the post-translational transport, the nascent precursor protein is stabilized by binding
to chaperones to avoid misfolding events and aggregation in the cytoplasm. In gram-negative
bacteria the chaperone SecB is involved in the pathway (Steinberg et al., 2018). The active
transport of unfolded preproteins through the inner membrane is facilitated by the motor protein
SecA, an ATPase which binds to SecYEG on the cytosolic side (Kusters and Driessen, 2011).
SecA protein is abundant only in prokaryotic organisms and requires interactions with the
anionic lipids like phosphatidylglycerol (PG) or cardiolipin for the high-affinity binding to the
SecYEG translocon in order to transport the substrates (Breukink et al., 1992; Kamel et al.,
2022; Koch et al., 2016, 2019; Lill et al., 1990)

17



1 Introduction

: SRP
co-translational

cytoplasm

1R i \
ISR @W?@m ?Wﬁtl

AN SR

SecYEG periplasm

Figure 1.2: Scheme of SecYEG translocon-mediated co-translational and post-translational transport

of pre-protein.

In the highly crowded cytoplasm of living cells targeting of newly synthesized proteins and their
recognition at the membrane surfaces can become more than challenging. In vitro studies of
membrane protein insertion and folding are commonly conducted under diluted conditions,
with the aim to reduce protein:protein interactions or off-pathway compact intermediates and
associated aggregation of highly hydrophobic proteins. As has been reported previously, the
aggregation of the proteins increases in the crowded solutions (Breydo et al., 2014; Ellis and
Minton, 2003). The role of the chaperones for the stabilization of the unfolded form of newly
translated proteins prior to translocation becomes critical. As machineries for targeting,
translocation of secretory and insertion outer membrane proteins have been described in great
detail (Oswald et al., 2021; Rollauer et al., 2015; Ye et al., 2013) and the primary interactions
are well-known, they offer a suitable model system for probing their functioning under crowded
conditions. Stability studies performed with the precursor and the mature form of maltose
binding protein (MBP) showed that addition of SecB chaperone could completely inhibit protein
aggregation even in the crowded environment mediated by Ficoll-70. Addition of SecB led to
disaggregation of the mature MBP, but not of the precursor form. However, direct binding of
SecB to preMBP prevented a subsequent aggregation, while reducing the fraction of unfolded
protein and supporting proper folding (Kulothungan et al., 2009). However, no other study has
addressed so far the dynamics of the Sec machinery in crowded environments, where a range
of the essential protein:protein and protein:lipid interactions may be modulated by excluded

volume and the quinary interactions.
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1.3 Crowding sensors

Mimicking of the crowding in vitro may appear to be straightforward and simple. The estimates
of the volume fraction occupancy or measurement of the diffusive behavior of probes in cells
allow an application of the crowders in the similar range, which is true to a certain extent. As
described above, the influence of macromolecular crowding depends on two factors, the
excluded volume effect and quinary interactions between the macromolecules. The overall
synergistic influence of the crowding in the living cells is defined by the amount, morphological
characteristics of the solutes, like size and shape, as well as their surface properties. As the
synthetic polymers can change their hydrodynamic radius as a function of polymer
concentration and form aggregates (Junker et al, 2019), the question arises whether the
results from in vitro experiments can be correlated with the naturally occurring conditions. A
complementary, possibly non-invasive method for the direct readout and quantification of the
macromolecular confinement in cells and in vitro systems would be needed. For that purpose,
a range of sensors has been lately developed for studying crowding levels under various
conditions (Boersma et al., 2015; Gnutt et al., 2015; Liu et al., 2017; Murade and Shubeita,
2019). The sensors were developed on the basis of Forster's resonance energy transfer
(FRET) and exist in different configurations: The FRET-pair can be built up out of synthetic
fluorophores or fluorescent proteins and the linker connecting the fluorescent moieties can be
of synthetic (PEG polymer) or biomolecular origin, like single-strand nucleotides or sufficiently
flexible polypeptide chains. Once placed in the crowded environment, either in vivo or in vitro,
the sensor undergoes a steric compression by the co-solutes thus reducing the distance within
the introduced FRET pair, so the crowding may be assessed and compared in various

conditions.

However, the understanding of the quantity and the impact of crowding in the membrane and
membrane interfaces remains largely uncertain. First attempts to probe the membrane
crowding were done by employment of fusion constructs with glycophorin A and fluorescent
proteins forming a FRET pair, and the crowding-dependent dimerization of the glycophorin
was monitored by FRET (Chen et al., 2010). Next to the crowding within the membrane, there
is a need for a quick and simple evaluation of the induced confinement on the membrane upon
simulation of the interfacial crowding. To this moment several solutions for the problem were
proposed: Membrane-grafted PEG polymer with the attached donor fluorophore and the
acceptor fluorophore present in the membrane can be applied for sensing of the induced steric
confinement of the membrane interface, since the polymer will elongate with increasing
crowder abundance leading to the decrease of the FRET signal (Houser et al., 2020). Another
approach to characterize the surface occupancy employs antibody binding to the antigen

exposed on the crowded surface, as the efficiency of binding will depend on the amount of
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crowder and generated the repulsive interaction (Takatori et al., 2023). However, both
approaches have specific limitations for application and measurement in vivo and on the
biological membrane interfaces. Recently, another method was introduced to measure spatial
heterogeneities on plasma membranes of living cells. Here the fluorescein isothiocyanate
(FITS) fused to cholesterol anchors via PEG linker of various sizes can be inserted or
reconstituted into the membrane. The quantification of effective binding avidity of anti-FITC
IgG antibody serves as report being dependent on the antigen height and the surface crowding
(Arnold et al., 2023). These examples underscore the significant interest to explore novel
methods for interfacial crowding characterization. In this thesis the new generation of
genetically-encoded and membrane-adapted sensors with different application designs is
presented which allows for monitoring of the in vitro crowding levels on the membrane and can

be employed for the measurements in the living cells.
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2 Aims of the thesis

The excluded volume and quinary interactions between macromolecules in the cytoplasm and

at membranes influence thermodynamic and kinetic equilibria in the living cells.

The first chapter of this thesis provides a comprehensive overview of the effects of
macromolecular crowding on biological membranes based on reviewing the available research
literature (to early 2020). The consequences of the crowding with regard to peripheral protein
and lateral protein diffusion in the crowded membranes, their oligomerization and clustering
behavior as well as aggregation are summarized. Moreover, the significance of
macromolecular crowding with regard to membrane deformations like membrane remodeling
and fission are discussed. Additionally, Chapter 1 underlines an essential need for qualitative
and quantitative characterization of the macromolecular crowding in vivo, i.e. the

physiologically relevant environment and in vitro.

The second and third chapter of the thesis aimed to adapt the sensor developed by Boersma
and coworkers (Boersma et al., 2015) for the quantification of the crowding in the membrane
proximity. For this, several designs of the sensor were developed: Appropriate hydrophobic
anchoring domain was introduced and two different linking regions for the connection the
transmembrane domain with fluorescent proteins were evaluated. Protocols for the protein
isolation and anchoring for a stable incorporation of the sensor in the membrane were
established. Finally, the sensor performance was characterized by employing diverse
crowding agents of synthetic and proteinaceous origin and the first implementation of the
sensor in the physiologically relevant environment was shown. In addition to the developed
sensor constructs, different anchoring strategies and alternative sensor designs were
proposed and characterized. In the third chapter of the thesis two different proteins, Mistic and
transmembrane domains of RseC protein, were characterized as potential candidates for the

membrane anchoring.

The biochemical research is most commonly conducted in diluted environments which do not
represent the natural confinement of the biological systems. Based on the research data
available on the effects of the crowding in the solution and in the biological membranes, it is
assumed that the targeting and transport of proteins through SecYEG translocon from E. coli
are also affected. The fourth chapter of this thesis aimed to elucidate the effects of
macromolecular crowding on targeting and translocation of preprotein pOmpA via SecYEG
channel under crowded conditions in terms of protein translocation activity and kinetics.
Solution crowding was induced by synthetic polymers, e.g. Ficoll PM70 and PEG of different
sizes, whereas the crowding on the membrane interface was mimicked by both synthetic and

proteinaceous crowding agents. Furthermore, the interaction of the motor ATPase SecA with
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crowded and non-crowded membranes was evaluated by biochemical and biophysical

methods.
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Proteins are essential and abundant components of cellular membranes.
Being densely packed within the limited surface area, proteins fulfil essen-
tial tasks for life, which include transport, signalling and maintenance of
cellular homeostasis. The high protein density promotes nonspecific inter-
actions, which affect the dynamics of the membrane-associated processes,
but also contribute to higher levels of membrane organization. Here, we
provide a comprehensive summary of the most recent findings of diverse
effects resulting from high protein densities in both living membranes and
reconstituted systems and display why the crowding phenomenon should
be considered and assessed when studying cellular pathways. Biochemical,
biophysical and computational studies reveal effects of crowding on the
translational mobility of proteins and lipids, oligomerization and clustering
of integral membrane proteins, and also folding and aggregation of pro-
teins at the lipid membrane interface. The effects of crowding pervade to
larger length scales, where interfacial and transmembrane crowding shapes
the lipid membrane. Finally, we discuss the design and development of flu-
orescence-based sensors for macromolecular crowding and the perspectives
to use those in application to cellular membranes and suggest some emerg-
ing topics in studying crowding at biological interfaces.

Introduction

Biological membranes are essential and intrinsically
complex boundaries for individual cells and intracellu-
lar organelles. Amphipathic lipid molecules arranged
into an anisotropic bilayer form the elementary mem-
brane that is capable to prevent the passage of ions,
polar solutes, and macromolecules, and to maintain
the unique and specific lumenal contents (Fig. 1A).
Next to this barrier function, cellular membranes serve

Abbreviations

as interfaces for biochemical reactions within vital cel-
lular pathways, such as energy metabolism, signal
transduction and transport processes, and the mem-
brane organization largely determines the identity and
functionality of the cells and their compartments [1,2].
The vast majority of functions are carried out by inte-
gral proteins, whose hydrophobic domains are stabi-
lized by interactions with apolar acyl chains of lipids,
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but also peripheral proteins that are adsorbed on the
membrane via interactions with lipids or membrane-
embedded proteins [3].

While the research on cytoplasmic proteins and
their functional networks continuously flourished
over the last half a century, the understanding of
the membrane spatial organization lagged far
behind. The early ‘fluid mosaic model’ of the mem-
brane, which implied that proteins freely diffuse in
the lateral directions within the fluid-like membrane,
was based on the sparse data available on the mem-
brane structure and dynamics (Fig. 1A) [4,5]. The
model dominated the following decades, until techni-
cal developments in biophysical techniques, such as
fluorescence, electron and atomic force microscopy,
but also high-resolution proteomics and lipidomics,
made it possible to visualize the actual complexity
of the cellular membranes [6-12]. Today, cellular
membranes are seen as heterogeneous mosaic envi-
ronments, where structurally distinct domains with
sizes ranging from tens of nanometers to microme-
ters serve as platforms for specific reactions, such as
cell adhesion [13], chemoreception [14] or signalling
[15].
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The intrinsic complexity of cellular membranes

Both the phospholipid and the protein contents of cel-
lular membranes are highly diverse and dynamic: in a
single eukaryotic cell, hundreds of different lipid struc-
tures are unevenly distributed between organelles, and
up to 25% of proteins synthesized in cells are inserted
into membranes in a broad range of topologies [1,16].
The lipid composition greatly determines physico-
chemical properties of the membrane, such as fluidity,
curvature and the asymmetric charge distribution. In
the most general view, the endoplasmic reticulum (ER)
membrane is relatively thin and loosely packed, while
the plasma membrane is a rigid interface of a higher
thickness, as determined by abundant sphingolipids
and sterol molecules. Notably, the difference in the
membrane composition between organelles is main-
tained despite the extensive vesicle trafficking, and the
decisive sorting takes place within Golgi complex [2].
Fundamental roles of the lipids in the spatial organiza-
tion of the membrane proteome have been revealed
over the last two decades. Sphingolipids and sterol
molecules abundant in the plasma membrane facilitate
the separation of ordered and disordered phases at the

Fluid mosaic

Fig. 1. Complexity of biological membranes.
(A) Lipid bilayer (left) is an essential basis of
a biological membrane. The membrane
identity and functioning are determined by
the composition of lipid molecules and
proteins incorporated and anchored at the
lipid bilayer. Low protein density is

& approximated by the ‘fluid mosaic’ model
Receptor:ligand interactions

L/

Rttt
[\, y

(right), while dense and specifically
organized mosaic packing is commonly
observed in membranes of living cells
(bottom). Extensive interactions with the
actin cytoskeleton affect the plasma
membrane dynamics, and specific lipid:
protein interactions build the ground for the
assembly of densely packed membrane
nanodomains, or rafts. (B) Macromolecular
crowding affects a broad range of

& ) processes in biological membranes and
Aggregation contributes to the membrane morphology.
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submicron scale and ensure the assembly of the func-
tional raft domains with specific composition of den-
sely packed proteins [6]. These domains are stabilized
via protein:protein and protein:lipid interactions, as
well as contacts with the cytoskeleton at the cytoplas-
mic side of the membrane (Fig. 1A), and their organi-
zation, dynamics and regulation have been recently
reviewed elsewhere [15,17]. Furthermore, organelle-
specific membrane thickness appears to determine the
localization of integral membrane proteins along the
trafficking pathway, so the optimal matching is
achieved between the acyl chains and the hydrophobic
transmembrane domains [18].

Membrane proteins constitute large part of cellular
membranes and include not only integral proteins with
transmembrane domains, but also soluble proteins
peripherally bound to lipid leaflets via lipid anchors,
hydrophobic interfaces or amphipathic helices, or
docked on transmembrane proteins to form functional
complexes [19,20]. The membrane proteome is highly
dynamic, and substantial changes upon the develop-
ment of pathologies, viral infections and between pri-
mary and immortalized cell cultures have been
described [21-23]. Being abundant, membrane proteins
may dominate the total membrane mass. Differences
in membrane proteomes and protein abundance build
a basis for the fractionation analysis of cellular orga-
nelles [24]. Literature provides several estimates for the
area occupied by proteins in cellular membranes. In
red blood cells (RBCs), one of the simplest mam-
malian cell types, transmembrane proteins such as the
band 3 anion transporters and glycophorins occupy
approximately 25% of the cellular membrane area, as
suggested by the buoyant density and the dry mass
measurements [25]. In a comprehensive analysis, the
composition and the architecture of a synaptic vesicle
from rat brain were described, offering an average pro-
tein:lipid mass ratio of 2 : 1 [26]. Data available on
immortalized cell lines show a membrane protein occu-
pancy around 40 000 to 50 000 per um> in HeLa cells
[21]. Alike, analysis of the protein synthesis rate and
the density of the Golgi apparatus and ER membranes
in hamster kidney cells provided estimates of around
30 000 to 40 000 individual membrane proteins per
um? [27].

It is important to emphasize the diversity of protein
densities naturally occurring in different cell types and
even on individual membranes within the single cell
[22]. Specialized membranes or mesoscopic membrane
domains commonly demonstrate higher protein densi-
ties, as those may be beneficial for assembly of func-
tional complexes within the membrane and at the
membrane interface. High protein density, 40 to 50%

Macromolecular crowding in biological membranes

of the surface area, was reported for the inner mito-
chondrial membranes based on electrophoretic dis-
placement experiments [28]. The density roughly
corresponds to an average protein:lipid mass ratio of
4:1, with a substantial contribution of protein
extramembrane domains, such as F; component of the
ATP synthase. The density of rhodopsin packed in the
specialized rod outer segment disc membranes is esti-
mated to be 30 000 to 55 000 monomers per um>. This
density corresponds to 50% of the surface area, using
a monomer surface area of approximately 10 nm? in
agreement with atomic force microscopy (AFM) imag-
ing [29]. Probably, the highest degree of protein pack-
ing of ~ 80% is reached in plant thylakoid membranes
and phototrophic microorganisms, where the high den-
sity of the light-harvesting complexes (LHCs) and
reaction centres is vital for the efficient electron trans-
fer within photosynthetic units [30,31].

Macromolecular crowding in solution and in the
membranes

Macromolecular crowding has been commonly associ-
ated with the cytoplasm that contains a dense and
highly diverse pool of macromolecules, the largest
share of which are proteins and nucleic acids. The
total concentration of macromolecules seen as crowd-
ing agents, or crowders, varies between 50 and
400 g-L~', depending on cell type [32,33]. Both in
solution and in the membrane, the crowders nonspecif-
ically exclude volume from other cosolutes, providing
an entropic penalty for larger cosolutes and reducing
their configurational entropy [34]. The system attempts
to reach a thermodynamic state of maximum entropy
by providing more space to the crowders, which is
commonly achieved by reducing the volume of another
process. In addition to these sterics excluded volume
effect, crowders present ample surface to interact
promiscuously by noncovalent interactions. Hydrogen-
bonding, hydrophobic, electrostatic and van der Waals
interactions with other macromolecules, often referred
as soft or quinary interactions, provide additional
attractive and repulsive forces [35]. Different nature
and shapes of crowders modulate the intermolecular
interactions, but may also contribute to the change of
the solvent properties, enhancing the effective intracel-
lular viscosity and perturbed, or anomalous, diffusion
[36,37]. Together, these contributions modulate trans-
lational mobility, conformational dynamics, assembly
and functionality of macromolecules, determining the
cellular organization and homeostasis. A multitude of
effects of crowding on protein aggregation, folding,
stability and oligomerization as well as catalytic
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activity of enzymes and protein:protein interactions in
solution has been documented and extensively
reviewed elsewhere [34-36,38-40]. However, these
effects, in particular the contribution of the quinary
interactions, remain hard to predict because they
depend on the size, shape, concentration of both the
crowder and the biochemical reaction under investiga-
tion [36,41-43].

When the complexity and the patchwork-like organi-
zation of cellular membranes became evident, the sig-
nificance of macromolecular crowding for the
membrane-associated processes was rapidly antici-
pated, and the steadily accumulated data from
multidisciplinary studies since reveal the diverse mani-
festations of crowding [44,45]. The consequences of
macromolecular crowding in membranes and their
interfaces may be more complex than observed in the
solution due to the lipid membrane anisotropy and
asymmetry observed in living cells [46]. Although
smaller than proteins, lipids cannot be compared to
water as a solvent and should also be seen as crow-
ders, which extensively interact with embedded pro-
teins via hydrophobic and electrostatic interactions.
Vice versa, abundant proteins are changing the mem-
brane structure within the hydrophobic core and at
the polar interface, with a putative effect on the proxi-
mate aqueous solvent. Even at low protein:lipid ratios,
the mobility of proteins within the lipid bilayer is lim-
ited to two-dimensional diffusion and it is largely
determined by the bilayer viscosity [47]. Furthermore,
lipid dimensions and physico-chemical properties may
lead to sorting and clustering of membrane proteins in
a concentration-dependent manner [18,48]. On the
other hand, membrane proteins interfere with and
restructure their proximal lipid environment, and pro-
tein crowding in lipid membranes may cause immense
changes in the lipid packing and the membrane mor-
phology. Finally, macromolecular crowding in the
aqueous phase affects interactions at the membrane as
well. It enhances protein adsorption to the membrane,
affects their assembly and dynamics, and ultimately
modulates biochemical pathways, as it is described
throughout this Review.

Mimetics of macromolecular crowding for
in vitro studies

Simplified and well-defined model systems allow scruti-
nizing complex effects of macromolecular crowding.
Diverse crowders can be included in biochemical reac-
tions in vitro with physiological relevant volume frac-
tions [36]. A good rule of thumb is that the crowder
should be smaller than the protein under investigation

M. Lowe et al.

but much larger than the solvent molecule to obtain
the most substantial effects. A common crowder is the
synthetic polyethylene glycol (PEG), which is a water-
soluble linear polymer available in different sizes.
Another common crowder is Ficoll, a chemically
cross-linked sucrose-based polymer. Ficoll is well
hydrated and usually assumed to be roughly spherical
with fewer interactions with biomolecules than PEG.
Dextran is a sugar-based polymer with varying degrees
of branching, depending on the origin species. Protein-
based crowders should be somewhat more relevant to
understand in vivo crowding as they are able to mimic
the surface heterogeneity of biological macromolecules.
Inert proteins, like bovine serum albumin (BSA) or
lysozyme, can be considered for crowding studies since
they are available in the sufficient amounts and can be
concentrated to naturally abundant crowding levels
[43,49]. However, crowding studies in vitro should be
interpreted with care. Concentrating crowders may
lead to decrease in effective crowder radius [50], or
self-association and phase separations [51,52], which
are not always easily detectable but can deviate crowd-
ing effects. Furthermore, induced effects are often
specific for a crowder and may arise from quinary
interactions with the molecule under investigation [41],
and the complexity in these infarctions as well as the
challenges to scrutinize those experimentally have been
recently reviewed elsewhere [35,36,53]. Hence, to draw
a general conclusion on the effect of crowding, differ-
ent crowders need to be compared to determine the
contributions of the excluded volume and soft interac-
tions.

Synthetic lipid membranes offer a competitive tool
to study dynamics of proteins and lipids in a well-de-
fined, although their simplified environment lacks the
physiological complexity of protein and lipid composi-
tion. Synthetic membranes have been extensively
employed to study effects of macromolecular crowding
in biochemical and biophysical experiments, and sev-
eral approaches to mimic abundance of macro-
molecules have been implemented up to date. As
described below, a broad range of studies has been
focused on effects of crowding at the membrane inter-
faces, when anchoring solvent-exposed macromolecules
to the membrane surface at varying densities. Different
soluble proteins could be docked via specific bonds
with functional head groups of synthetic lipids, for
example streptavidin:biotin or polyhistidine:Ni**-NTA
interactions [54,55]. Alternatively, commercially avail-
able conjugates of PEGs with lipid molecules are
reconstituted into lipid bilayers at defined ratios to
mimic crowding at the interface [56], while considering
that loosely coiled PEG molecules may block protein:
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lipid interactions [57] or build up interactions with
hydrophobic and nonpolar side chains of solvated pro-
teins [38]. Aiming to study crowding effects within the
lipid membrane core, purified integral membrane pro-
teins or detergent-stabilized extracts from cellular
membranes are reconstituted into synthetic lipid bilay-
ers at varying densities [58—60], though careful control-
ling for potential protein aggregation is required. On
the other hand, native biological membranes, such as
giant plasma membrane vesicles (GPMVs), or isolated
organelle membranes can be used to monitor the
dynamics of proteins and lipids down to single-mole-
cule level, for example by means of fluorescent micro-
scopy [46,61], but also intact cells with overexpressed
membrane proteins have been successfully employed to
probe the physiological effects of crowding [62].

In this review, we summarize findings from bio-
chemical, biophysical and computational studies,
which show the multifaceted effects of macromolecular
crowding on membrane-associated processes. We
describe the translational mobility of proteins and
lipids within crowded membranes and sum up observa-
tions on how the crowding modulates the oligomeric
state and clustering of integral membrane proteins.
Further, we focus on dynamics of membrane-associ-
ated proteins under crowded conditions and specifi-
cally address the effects of crowding on membrane
transport processes. We also present the most recent
findings on the role of crowding-induced entropic
forces in shaping the lipid membrane. Finally, we dis-
cuss the design and development of fluorescence-based
sensors for macromolecular crowding and the perspec-
tives to use those in application to cellular membranes.

Diffusion in crowded membranes and
at the interfaces

Two-dimensional diffusion in lipid membranes

Translational mobility of macromolecules determines
the kinetics and equilibria of larger complex assembly
and interactions of proteins with substrates. The trans-
lational mobility of lipids and proteins within the cel-
lular membrane is limited to two-dimensional
diffusion, with an exception for relatively rare events
of topology inversion. Upon Brownian motion of
molecules, their mean square displacement < > s
proportional to time ¢ and the diffusion coefficient D
(Fig. 2A). According to Saffman—Delbriick model [47],
D of a particle, protein or lipid, within the idealized
fluid membrane is largely determined by the viscosity
of the membrane (p, ~ 0.05-0.1 Pa*s, [63,64]) and
weakly influenced by the low viscosity of the
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surrounding medium. D shows a linear dependence on
the depth of embedding into the membrane (#) and a
logarithmic dependence on the particle radius (R)
(Fig. 2A). The particle radius for the transmembrane
protein is determined not only by its own structure,
but also by the tightly associated annular lipid shell
[65,66]. Validity of Saffman—Delbriick model was
experimentally confirmed, for example, by measuring
diffusion coefficients of membrane proteins of different
sizes of diffusion in homogeneous lipid bilayers at low
protein:lipid ratios [58,64].

However, Saffman-Delbriick model does not
account for the heterogeneous composition of native
cellular membranes and specific protein:lipid contacts,
which may occur even in model membranes. For
instance, individual membrane proteins change their
mobility when forming clusters together with the prox-
imal solvating lipids [66,67]. Changes in the membrane
thickness and the associated hydrophobic mismatch
between lipids and incorporated proteins can modulate
the diffusion behaviour in a complicated manner, up
to the transition from a weak dependence D ~ In(1/R)
to the more pronounced size-dependent Stokes-like dif-
fusion, where D ~ 1/R [45,67-69]. Interactions of the
membrane-embedded proteins with the cytoskeleton
and confinement induced by protein crowding in cellu-
lar membranes further lead to subdiffusion (Fig. 2B).
To characterize those deviations from the Brownian
diffusion, an anomalous diffusion parameter o is intro-
duced when analysing the molecule displacement
(Fig. 2B). For the Brownian diffusion, o equals 1, but
it is lower for the confined motion, which is a common
case in cellular, but also model membranes. As elabo-
rate descriptions and analyses of diffusion processes in
the membrane have been broadly reviewed [45,70-72],
we will briefly outline here how macromolecular
crowding modulates translational dynamics within the
membrane plane.

Macromolecular crowding hinders the lateral
mobility in membranes

The effect of a densely packed environment on protein
mobility was illustrated by an early study of bacteri-
orhodopsin in reconstituted liposomes via fluorescence
microphotolysis [73]. The diffusion coefficient of the
protein was reduced by 20-fold upon increasing the
protein:lipid ratio from 1 : 210 up to 1 : 30. The effect
could not be assigned solely to changes in the mem-
brane viscosity but implied steric hindrance within the
crowded membrane. The conclusion was corroborated
by studies in vivo. As one example, diffusion of trans-
membrane and peripherally bound proteins was
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Fig. 2. Non-Brownian diffusion in crowded membranes. (A) A particle (brown) demonstrates Brownian diffusion within an idealized
homogeneous membrane, as illustrated by its trajectory (below). The mean square displacement (MSD) of the particle linearly depends on
the diffusion coefficient D and time t. Diffusion coefficient D is approximated by the Saffman-Derbruck model and shows a weak
logarithmic dependence of the particle size R, but also depends on the viscosity of the membrane (u,) and solvent (us) and the depth of the
membrane anchoring h. y is Euler constant. (B) Within the nonhomogeneous and/or crowded membrane, a particle may experience
transient confinement events and deviate from Brownian diffusion, so the anomalous diffusion parameter o is below 1. The diffusion
coefficient D in the crowded membrane may strongly depend on the particle size.

strongly affected upon changing the membrane protein
density in COS-7 cells [74]. More recently, high-sensi-
tivity approaches have made it possible to characterize
diffusion in more detail. In particular, diffusion of
proteins and lipids in membranes of giant unilamellar
vesicles (GUVs) was systematically analysed by fluo-
rescence correlation spectroscopy (FCS) upon varying
the protein:lipid ratio [58]. The experiment showed a
linear decrease in the diffusion coefficients of several
o-helical membrane proteins, but also lipids, upon
increasing the protein content. The study suggested a
modest contribution of the anomalous diffusion
(o0 ~ 0.9) for the highest protein density examined (mo-
lar protein:lipid ratio of 1 : 1500) but anticipated fur-
ther reduction in the mobility upon increasing the
protein content towards the naturally occurring levels.
GPMVs detached from the cell surface upon a chemi-
cal treatment offer a competitive, physiologically rele-
vant mimetic of a cellular membrane [75]. GPMVs are
characterized by a high protein content, but lack the
membrane-associated cytoskeleton. Diffusion of pro-
teins and lipids within the GPMV membrane is
reduced 3- to 5-fold in comparison with GUVs, likely
due to the higher protein density [76,77]. However,
limited protein:protein and protein:lipid cross-linking
upon the GPMYV formation may also have an influence
on the dynamics and mobility within the membrane
[75].

Origins of anomalous diffusion in crowded
membranes

Single-molecule imaging techniques, in particular, sin-
gle-particle tracking (SPT) and high-speed AFM [78-
80], reveal further details of lipid and protein diffusion
in native and model membranes. Surprisingly, even

simple systems, such as a homogeneous lipid mem-
brane, may manifest a substantial dynamic heterogene-
ity at the single-molecule level: individual lipid
molecules were observed in two mobility modes with
characteristic  diffusion coefficients of 0.07 and
4.4 ym?/s, suggesting a nonuniform structure of the
membrane, where local ‘corrals’ areas with a diameter
of 100-200 nm exist [78]. Cellular membranes provide
a more complex matrix for protein diffusion, where
the heterogeneity of the protein and lipid content is
accompanied by interactions with the tethered actin
cytoskeleton, forming a so-called picket fence structure
[17,81,82], and the actin:membrane tether points are
commonly associated with densely packed raft nan-
odomains [83,84]. Protein diffusion in the cellular
plasma membrane occurs at lower rates than in corre-
sponding GPMVs, which lack the cytoskeleton [77],
and the effect of minimal actin cortex on the lateral
diffusion and lipid organization can be reconstituted
in vitro [85,86]. SPT in native plasma membranes
revealed a ‘hop diffusion’ for proteins trapped within
200-500 nm-sized membrane areas defined by the actin
mesh. Proteins were able to cross, or ‘hop over’ the
actin barrier and get into a neighbouring ‘cage’, and
their diffusion was sensitive to the dynamic actin
remodelling [81,87,88]. Complementary to fluores-
cence-based detection, high-speed AFM visualizes sin-
gle proteins in the native environment down to sub-
nanometer resolution based on variations in their
height in time frames below 100 ms [80]. High-speed
AFM was employed to characterize lateral movements
of label-free outer membrane protein (OMP) OmpF
reconstituted in model membranes at a high density,
where the proteins occupied ~ 50% of the membrane
surface [89]. Distinct diffusion modes were observed
for OmpF trimers: a substantial fraction of protein
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was found to be nearly immobile and preferentially
assembled into large clusters. At the same time, indi-
vidual porins showed increased displacement velocity
up to 15 nm-s~! and could switch between a freely dif-
fusing state and being associated with OmpF clusters.
Collisional interactions of individual porins with clus-
ters led to rearrangements within the membrane, and
the dynamic heterogeneity in diffusion of single mole-
cules determined a static heterogeneity at the meso-
scopic level. Later studies performed with lysenin, a
pore-forming protein, revealed up to four distinct dif-
fusion regimes within the densely packed protein
arrays at the membrane interface [60]. Lysenins cap-
tured by their neighbouring molecules formed a solid
and sliding glass-like phase, where proteins can be
trapped over several minutes, while the average resi-
dence time in the nonhampered state was shorter than
10 s.

Multiple simulation studies on the atomic and
coarse-grained levels corroborate the drastic decrease
in the lipid and protein mobility upon increasing the
protein concentration [90-93]. These studies predict
anomalous diffusion and pronounced deviations from
Saffman—Delbriick model towards Stokes-like depen-
dence of the diffusion coefficient on the molecular size.
Large protein:lipid clusters observed in simulations
substantially affect the diffusion: when individual
molecules transiently interact with clusters, their
mobility is temporarily hindered. The resulting
dynamic heterogeneity determines the pronounced
Stokes-like diffusion of proteins at the native-like pro-
tein:lipid ratios from 1 : 300 and higher [93]. Thus, the
mobility of membrane-embedded proteins has a stron-
ger size dependence at the physiological levels of
crowding: proteins with smaller radii can neglect the
effect of lateral confinement more efficiently in com-
parison with the larger species, and diffusion of pro-
teins clusters> 10 nm in diameter will be significantly
hindered [94]. Reduction in net mobility and an
increased contribution of the anomalous diffusion in
crowded lipid membranes are also observed for trans-
membrane f-barrel proteins. Coarse-grained simula-
tions suggested that the diffusion rates of lipids
reduced by approximately twofold, from 8 to 4*107
em?s”~!, and the parameter o dropped to 0.8 when the
sizable B-barrel OMPs OmpF or FhuA of E. coli occu-
pied 40% of the membrane surface area [91]. The lat-
eral mobility of the proteins themselves decreased
linearly with the increasing packing density, which
could be attributed to transient collisional protein:pro-
tein interactions in agreement with experimental obser-
vations [89]. Increasing the protein density led to the
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almost complete immobilization of FhuA because the
protein readily formed large clusters, as described in
the following chapters.

Formation of densely packed membrane protein
clusters raises a challenge for the quality control and
repair/degradation of damaged or misfolded proteins,
as in the case of the large LHCs in photosynthetic
membranes [30,31]. One described recycling mechanism
is based on the phosphorylation and disassembly of
the damaged complexes within the densely packed
regions of grana membranes [95]. Higher mobility of
individual subunits allows them to diffuse out of the
crowded environment and accumulate at the peripheral
grana margins. These highly curved membrane areas
are enriched with the quality control components such
as Deg and FtsH proteases, which serve for degrada-
tion or recycling of the LHC subunits. The nascent
LHCs are assembled in the less crowded stroma mem-
brane and localize to the grana upon the lateral diffu-
sion, where they are stably embedded via protein:
protein and protein:lipid interactions.

Diffusion of peripheral membrane proteins

Although much less studied, the lateral diffusion of
peripheral proteins is also sensitive to the crowding
level. According to Saffman-Delbriick model
(Fig. 2A), the mobility of peripheral proteins should
be higher than for integral membrane proteins, due to
limited interactions with the viscous lipid bilayer.
Indeed, the diffusion coefficient D~2 pum?/s determined
by FCS for the membrane-anchored avidin, a protein
of 60 kDa, in a planar lipid bilayer could be compared
to that of highly mobile lipid molecules, despite ~ 100-
fold difference in their molecular masses [55]. Increas-
ing the avidin density led to anomalous diffusion, once
the protein occupied as little as 5% of the membrane
surface — a threshold remarkably close to the one
observed for integral membrane proteins [58]. The
anomalous diffusion parameter approached 0.7 at
higher concentrations of avidin, though the enhanced
crowding was accompanied with the phase separation
at the membrane interface [55]. Diffusion at the
crowded membrane interface was further studied by
Stachowiak and coworkers [96]. Soluble polyhistidine-
tagged proteins of sizes ranging from 5 to 150 kDa
were anchored to synthetic Ni*’-NTA chelating lipid
groups within the supported lipid bilayer. The protein
density could be tuned by changing the abundance of
the chelating lipids. Upon switching from the diluted
to the densely packed state, an approx. 7-fold decrease
in diffusion coefficients was measured by FCS for all
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studied proteins. The diffusion coefficients were inver-
sely proportional to the peripheral protein density at
the membrane interface rather than the size of the dif-
fusing particle. It must be noted here that increasing
the density of macromolecules, such as peripheral pro-
teins or coiled polymers, at one of the membrane leaf-
lets may cause the membrane deformation, either due
to changes in the leaflet area upon binding or due to
steric repulsion between bulky moieties at the inter-
face. The effects of the peripheral crowding on the
membrane morphology in vitro and in vivo are dis-
cussed in details below.

Experimental observations made in diverse model
systems confirm that the high density of protein pack-
ing within the lipid membrane and at the interface has
a prominent effect on the lateral diffusion of proteins,
but also lipids. The non-Brownian mobility and
decreased diffusion coefficients reflect hindrances for
the lateral diffusion due to extensive interactions
within the nonhomogeneous crowded membrane or
with the proximate cytoskeleton cortex. The membrane
complexity causes dynamic heterogeneity of diffusion
as individual molecules switch between confined to
freely diffusing states. Enhanced transient interactions
within the crowded membrane may be important for
the assembly of functionally important protein clusters
and oligomers, as discussed below.

Quaternary structure of proteins in
crowded membranes

The functionality of soluble and membrane proteins
often depends on their association into homo- or het-
erooligomeric complexes. The apparent affinity of the
interaction is modulated by naturally occurring
crowding via the excluded volume effect and either
attractive or repulsive quinary interactions [43]. How-
ever, crowding changes the lateral diffusion with an
effect on the kinetics of protein complex assembly
[97]. The concentration-dependent oligomerization of
membrane proteins has been reported in several in sil-
ico studies for systems composed of lipids and pro-
teins at varying densities, so that the effect of the
excluded volume on protein:protein interactions could
be examined [91,98,99]. It should be noted though,
that similar to ‘wet-lab’ studies on macromolecular
crowding, the developments of computational mod-
elling of those processes are still in their early phase.
Thus, suboptimally tuned force fields may result in
non-native oligomeric structures and excessive irre-
versible aggregation of protein in simulated mem-
branes [100,101].
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Oligomerization of p-barrel membrane proteins

The simulations of B-barrel proteins from the outer
membrane of E. coli suggested that their propensity to
form clusters within the lipid bilayer varied substan-
tially, being the highest for the iron transporter FhuA
[91]. In contrast, the intrinsically trimeric porin OmpF
was not able to assemble into higher oligomers in
small-scale simulations. However, elongated clusters
were reported for the more extensive micrometer-sized
membranes [91,102]. The clustering of OMPs was
mediated by aromatic and hydrophobic amino acid
residues and lacked the specificity in geometry. There-
fore, formed oligomers were heterogeneous in pro-
tomer orientation, and also clusters of different OMPs
could be observed, while transmembrane o-helices
(TMHs) were excluded from the interaction [102,103].
Notably, high-resolution imaging of the outer mem-
brane of E. coli revealed large proteinaceous ‘islands’
of 500 nm in diameter. These islands were centred
around BAM complexes involved in the insertion of
nascent proteins, and they also induced clustering of
proteins in the inner membrane via proteinaceous
bridges [103,104]. The OMP ‘islands’ diffused passively
to the cell poles before the division; hence, these age-
ing proteins were distributed unequally between
daughter cells. Thus, the propensity of OMPs to form
large clusters in the crowded membrane could be cru-
cial for the protein turnover in the bacterial outer
membranes.

Oligomerization of a-helical membrane proteins

The effects of the crowded environment on protein:
protein interactions were experimentally probed for
glycophorin A (GpA, single TMH), the abundant
membrane protein in RBCs and G protein-coupled
receptors (GPCRs, 7 TMHs). GpA oligomerization
was studied in RBC-extracted vesicles as a reliable
mimic of the cellular membrane [105]. Measuring
Forster’s resonance energy transfer (FRET) efficiency
between fluorescent proteins (FPs) genetically fused to
GpA revealed an equilibrium between GpA monomers
and dimers. The monomer fraction ranged between 20
and 70%, which depended on GpA expression levels.
GpA exists solely as a dimer in detergent micelles and
reconstituted proteoliposomes, and hence, the heterol-
ogous crowding in cellular membranes reduced the
apparent affinity of GpA assembly, and could be a
vital factor tuning protein:protein interactions in the
lipid environment. This hypothesis was further sup-
ported by direct measurements of the GpA dimer sta-
bility in membranes [59]. To this end, biotinylated

8 The FEBS Journal (2020) © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

31



3 Results — Chapter 3.1

M. Lowe et al.

GpAs were coupled to bulky monovalent streptavidin
molecules at the membrane interface, so that only one
protomer within a GpA dimer could bind streptavidin.
At the same time, the other site on the GpA dimer
was not accessible due to the steric overlap. The
shielded site occasionally opened by dimer dissocia-
tion, so that the dimer kinetic stability determined the
efficiency of GpA-biotin:streptavidin assembly. The
elegant assay was employed to study whether the GpA
dimer was affected by a native-like crowding mimicked
by co-reconstituted membrane protein extract from
E. coli. The experiments revealed a substantial destabi-
lization of GpA dimers by 5 kcalmol™' when the
crowders were present at relatively low protein:lipid
mass ratio of 1: 7. The effect was attributed to com-
petition for the binding surface of GpA with other
potential protein partners in the crowded membrane.
Those quinary interactions could involve common
dimerization motifs, such as GxxxG glycine zippers
within TMHs [106]. On the other hand, elevated
crowding and large excluded volume within the ER
membrane may trigger the oligomerization of Irel sen-
sor kinases and promote the unfolded protein response
(UPR) [107]. Contacts between the luminal domains of
Irel protomers mediate the oligomerization of this sin-
gle-pass membrane protein. Oligomerization is trig-
gered by interactions of Irel with unfolded proteins in
the ER lumen, but also by the stress within the lipid
membrane that attenuates the topology of the amphi-
pathic helix within the kinase [107,108]. A similar
effect on the amphipathic helix can be achieved by
increasing the apparent protein density in ER, for
example, upon the accumulation of saturated lipids
and the formation of protein-depleted islands: the
islands and the expelled membrane proteins contribute
to the excluded volume within the ER membrane and
correlate with Irel clustering and UPR activation
[109].

GPCRs are the most abundant class of eukaryotic
membrane receptors with utmost biomedical impor-
tance. Their oligomerization has been considered as a
general mechanism to tune the signal transduction
[110]. In contrast to structural studies, where only
monomers of GPCRs have been visualized despite
being trapped in different functional states, homo- and
heterodimers and higher oligomers have been observed
in cellular membranes. GPCRs are often found in seg-
regated clusters within cellular membranes, where their
density may influence their quaternary dynamics and
function. The abundance levels of GPCRs of different
classes may define the balance between homo- and het-
erooligomers. Coarse-grained simulations of the sphin-
gosine-1-phosphate receptor 1 (S1P1) in a native-like
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asymmetric lipid membrane revealed rapid dimer for-
mation, which involved approximately 20% of GPCRs
[90]. The dimer fraction remained in a dynamic equi-
librium with S1P1 monomers along the simulation
time, while both symmetric and asymmetric orienta-
tion of protomers were observed. FRET-based analysis
in simplified liposomal membranes confirmed that for-
mation and dissociation of dimers and higher oligo-
mers is a highly dynamic process, and the association
energy is a GPCR-specific parameter that varied
between 3.9 kcal-mol™" for B,-AR adrenergic receptor
and —15 kcal-mol™" for cannabinoid receptor type 1
[111]. Importantly, the fraction of homooligomers
depended on the density of receptors in the membrane,
with an exception for rhodopsin, which could be
detected only as a homodimer, which has the lowest
association energy. It should be noted that reducing
the density of rhodopsin molecules in native rod disk
membranes by 50% accelerated the flash response of
the receptor by 1.7-fold. Thus, the high-density pack-
ing within the specialized membrane suppresses the
conformational dynamics, but likely enhances the pho-
ton capture efficiency [112].

In brief, the excluded volume generated by trans-
membrane crowders thus promotes clustering of mem-
brane proteins. Sterically confined proteins may then
assemble into functional oligomers of a specific geome-
try or function within large phase separated clusters
[113]. Differently, quinary interactions with crowders
are capable to compete with specific protein contacts
and greatly reduce their stability. To ensure the effi-
cient protein:protein assembly under natively crowded
conditions, specific lipid molecules, such as cardiolipin,
cofactors or axillary protein subunits and the
cytoskeleton may contribute to the binding interfaces
and stabilize functional oligomers in cellular mem-
branes.

Cluster assembly and recognition
reactions at the membrane interface

Clustering of dedicated proteins, cadherins and inte-
grins, at focal adhesions within the plasma membrane,
is crucial to mediate cell:cell and cell:surface interac-
tions [114]. While the cytoskeleton contributes to the
assembly and the stability of these clusters, membrane
proteins not involved in the adhesion should be
expelled from the contact areas. Similarly, protein seg-
regation takes place within membranes of the immuno-
logical synapse. When a contact focus between a T cell
and major histocompatibility complexes of an infected
cell is built, clustered T-cell receptors cause the local
exclusion of other membrane proteins, such as CD45
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phosphatase [115,116]. The formed membrane domains
enriched with the receptors cannot be categorized as
rafts due to the absence of conventional markers, and
their assembly principles are not fully understood. A
simple mechanism based on crowding and size-depen-
dent protein segregation has been recently derived
from a model system, where modular binding and
nonbinding proteins were reconstituted into opposing
GUYVs to study membrane:membrane interactions and
protein localization at the interface [117]. The length
and the density of reconstituted proteins were altered
systematically, and the protein enrichment at the
intermembrane contact interface was subsequently
quantified. Coupled binding proteins from opposing
membranes accumulated at the adhesion interface.
Their length, and therefore the intermembrane distance
within the adhesion area, set a threshold on the dimen-
sions of nonbinding proteins allowed to partition.
Nonbinding proteins, which long extramembrane
domains exceeded the intermembrane distance, were
largely expelled from the adhesion interface or might
be engulfed into the membrane invaginations, once the
membrane deformation was possible. This model-
based mechanism translates to cellular systems in the
example of clustered T-cell receptors and isoforms of
CD45 reconstituted into GUVs [118]. Potential lateral
cis-interactions between the enriched binding proteins
[119] and recruitment of specific accessory proteins to
the adhesion interfaces further contribute to the
excluded volume effect and reduce the accessible area
within the adhesion. Therefore, nonbinding proteins
are preferentially distributed over the free-standing
membrane in a size-dependent manner.

Receptor clustering is mediated by crowding in
solution

The postsynaptic density (PSD) within a synapse is
another example of a crowded membrane interface,
where the ubiquitous receptors of neurotransmitters,
such as glutamate, NMDA and AMPA, ensure the
transduction of the signal across the membrane to initi-
ate the response cascade (Fig. 3) [120]. Early electron
microscopy images visualized PSD as a layer of ~ 25 nm
at the cytoplasmic side of the membrane. This layer
shows a remarkable contrast due to an anomalously
high density of soluble scaffold proteins, such as PSD-95
that interacts with the membrane-embedded receptors.
Astonishingly, the density of AMPA receptors within
the PSD, which is ~ 1000 moleculesum’z, exceeds its
density in the extrasynaptic membrane by 100-fold [121].
While the receptors demonstrate normal diffusion in the
extrasynaptic membrane, their lateral diffusion within
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the PSD is anomalous, and a significant fraction of
receptors are nearly immobile. Potential involvement of
macromolecular crowding in retaining the receptors
within the functional spot was probed in Monte Carlo
simulations [122]. These simulations suggested that
increasing the density of unspecific crowders within the
PSD leads to the accumulation of AMPA receptors, and
their residence time within the PSD may go beyond sev-
eral hours. Surprisingly, super-resolution fluorescence
revealed that, under highly crowded conditions within
PSD, scaffold proteins PSD-95 undergo phase separa-
tion and form clusters near the synaptic membrane sur-
face [123]. These clusters are ~ 80 nm in diameter and
colocalize with membrane domains enriched with
AMPA receptors, so PSD-95 may contribute to either
the assembly of the membrane domains or their reten-
tion within the PSD [124]. Such stabilization of mem-
brane clusters by their soluble counterparts was recently
also implied for phase-separated proteasomes at the sur-
face of the ER [125]. In this case, the proteasomes clus-
tered in the ribosome-rich environment and engaged in
the processing of membrane-bound substrates. In this
manner, the requirements for Cdc48/p97 ATPase were
bypassed, but it also suggests that components of ER-as-
sociated degradation machinery are colocalized and
clustered within the membrane [126]. It also seems plau-
sible that the ubiquitous intrinsically disordered regions
(IDRs) within membrane proteins, such as NMDA
receptors and various kinases, have a particular contri-
bution to protein oligomerization and clustering under
crowded conditions [127,128]. These largely unstruc-
tured polypeptides regulate recognition events, receptor-
mediated signalling and protein oligomerization. The
conformational dynamics of IDRs in a crowded envi-
ronment have been recently evaluated [36,129]. The con-
formational flexibility of loosely packed IDRs can be
affected by the crowded environment, and their com-
pacted states commonly associated with protein:protein
binding may be favoured. However, more complex sce-
narios cannot be ruled out, as certain intrinsic disor-
dered proteins (IDPs) are insensible to the elevated
crowding or may even undergo further crowding-in-
duced destabilization/unfolding [129]. Preservation of
their disordered state in crowded environment may be
one of the key features for the appropriate functionality
maintenance.

Lipid droplet proteome is sensitive to the surface
crowding

Binding of peripheral proteins to the membrane is
facilitated by weak interactions and may be particu-
larly sensitive to the steric exclusion at the interface
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[19]. The case was recently illustrated by studying the
proteome dynamics of lipid droplets (LDs). LDs are
micrometer-sized intracellular organelles which store
neutral lipids, and their solid core is enveloped by a
lipid monolayer [130]. The lipid monolayer does not
allow the integration of transmembrane proteins but
forms an interface for peripheral binding of proteins
containing amphipathic helices or apolar anchors.
These proteins are often involved in fatty acid and
lipid metabolism and mediate LD transformations
according to the cellular needs. Among those, CTP-
phosphocholine cytidylyltransferase (CCT) mediates
PC synthesis during the growth phase of LD. CCT is
anchored to the lipid monolayer with an unusually
long amphipathic helix (54 amino acid). This contact
is lost upon the lipid starvation and LD shrinking, so
CCT is released into the cytoplasm and nucleus when
its activity is not required. Cellular and reconstituted
systems were used to demonstrate that the association
of CCT with the LD interface strongly depends on the
crowding level at the surface [131]. Shrinking of the
available surface area led to higher collision rates with
tightly bound proteins, such as lipases and acyltrans-
ferases, but also a synthetic mimetic (PEG), resulting
in a loss of CCT:monolayer contacts. The crowding at
the LD surface could be also tuned by overexpressing
enzymes, allowing determination of the competitive
protein interactions with the lipid monolayer. The
analysis of known structures of LD-associated proteins
revealed that hydrophobic helical hairpins ensure tight
binding of competing enzymes. At the same time, the
affinity of CCT could be enhanced by increasing the

Fig. 3. Crowded environment of the
postsynaptic density (PSD). PSD is a
dynamic assembly of receptors, scaffold
proteins and actin cortex within and
proximate to the neuronal postsynaptic
membrane. The high density of
neurotransmitter (AMPA, NMDA) receptors
is a prerequisite for the efficient signal
transduction. The receptor density within
the PSD is 1000-fold higher that within the
plasma membrane. The enrichment and low
mobility of receptors within the synaptic
membrane is maintained via their
interactions with abundant scaffold proteins,
such as PSD-95 in the cytoplasm. Thus,
macromolecular crowding at the membrane
interface induces restructuring within the
lipid bilayer.
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length of its amphipathic helix. Therefore, the propen-
sity to anchor at the crowded interfaces may be a LD-
specific targeting factor [132].

Hence, steric exclusion and protein clustering at the
membrane interface provide simple but efficient tools
to orchestrate cellular pathways, from adhesion to sig-
nal transduction and metabolism. These physical inter-
actions contribute to the mosaic organization of the
biological membranes, together with specific protein:
protein and protein:lipid contacts. The described inter-
play between the membrane organization and the
crowding within the proximate aqueous phase also
indicates that membrane-associated processes are sensi-
tive to the cellular homeostasis and crowding levels in
the cytoplasm, as reviewed in the following sections.

Crowding in solution modulates
membrane:protein interactions

Exclusion of molecules from the solvent and their
accumulation at the membrane interface may play a
key role in their activity and interactions with lipids
and membrane-anchored receptors. Several studies
demonstrated that localization and condensation of
soluble proteins at the lipid membrane interface is sen-
sitive to the macromolecular crowding and, occasion-
ally, phase separation in solution. In a simplified
interpretation, the excluded volume in the aqueous
phase favours the accumulation of membrane-binding
proteins at the membrane interface [133,134]. Their
enhanced local concentration promotes protein:lipid
and protein:protein interactions, oligomerization and/
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or aggregation, while soluble proteins and crowders
that do not associate with the membrane are largely
excluded from the interface [135]. Thus, a twofold
higher affinity to lipid vesicles was reported for the
phospholipase Al, when as little as 2 % (w/v) of the
inert polysaccharide Ficoll 400 was added to the solu-
tion [136]. A comparable crowding level imposed by
Ficoll PM70 strongly enhanced the virus:receptor
recognition on the surface of living cells. In this case,
sterically excluded large viral particles accumulated in
the proximity to the membrane, while small inhibitor
peptides remained distributed in the aqueous phase
[137]. Notably, the excluded volume effect recently
allowed optimization of the production of universal
donor RBCs via enzymatic cleavage of antigen
oligosaccharides [138]. The biotechnological process
commonly requires substantial amounts of RBC-modi-
fying enzymes, which raises the cost significantly. To
increase the concentration of enzymes proximate to
the membrane, inert soluble crowders such as Ficoll
PM70, dextran and hyperbranched polyglycerol were
introduced. Fluorescence imaging confirmed the crow-
der-dependent accumulation of enzymes on the cell
surface, in agreement with the excluded volume effect.
As a result, the efficiency of the RBC-modifying
enzymes could be increased up to 440-fold [138].

Crowding-dependent assembly of cell division
proteins

Protein:lipid interactions and associated membrane
remodelling form a basis of cell division. The process
has been extensively studied in bacterial systems and
shows a remarkable sensitivity to the macromolecular
crowding. Bacterial protein FtsZ, a homolog of tubu-
lin essential for the cell division, forms ribbon-like fila-
ments in the presence of polysaccharide crowders, such
as dextran and Ficoll. These filaments undergo further
phase separation in PEG:dextran and PEG:DNA mix-
tures [139,140]. A cofactor, DNA-binding protein
SImA mediates the phase separation of FtsZ. Notably,
once encapsulated inside lipid vesicles, FtsZ:SImA con-
densation occurs mostly at the membrane surface in a
GTP-sensitive manner. This localization may be
important for the downstream interactions of FtsZ
with membrane-associated proteins FtsA and ZapA,
as well as the subsequent formation of an active divi-
sion site in a living cell. Crowding effects may further
facilitate the cell division process, as the accumulation
of FtsA, a bacterial homolog of actin, at the lipid
membrane interface induces membrane instability of
liposomes, that is, tubulation and formation of smaller
vesicles, in the presence of ATP [141]. Anchoring FtsA
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to the membrane is mediated by its amphipathic helix,
but neither binding alone nor FtsA oligomerization in
the absence of ATP causes changes in the lipid mem-
brane morphology. It seems plausible that ATP bind-
ing triggers a conformational change within
preassembled FtsA clusters, which repositions the
amphipathic helices within the scaffolding membrane
and provides the deformation force. Whether this
membrane remodelling constitutes a natural part of
the divisome formation remains to be tested. Comple-
mentary insights on membrane-associated crowding
have recently been gained by studying oligomerization
of another actin homolog, MreB. MreB maintains the
elongated shape of bacteria and assembles into aligned
filaments in the lumen of liposomes, thus stretching
vesicles on the micrometer scale [56]. Similar to FtsA,
spontaneous binding of MreB to the lipid leaflet is not
sufficient to initiate protein oligomerization. The fila-
ment growth is triggered instead by crowding at the
membrane interface, as shown by lipid-conjugated
PEG polymers as crowders. Oligomerization of mem-
brane-bound MreB was dependent on the size of PEG,
ranging between 350 Da and 5 kDa, as well as the
density of the polymer on the surface. Once PEG cov-
ered the entire surface, filament formation was rapidly
abolished because the prerequisite membrane partition-
ing of MreB cannot occur [142]. It was concluded that
the reduction in the accessible surface area stimulates
the self-association of the membrane-bound MreB pro-
tomers, in agreement with the excluded volume effect.
However, more complicated scenarios involving phase
separation on the surface before the filament forma-
tion cannot be ruled out.

Membrane-associated protein
aggregation under crowded
conditions

Protein folding and aggregation under native-like
crowded conditions have been extensively studied in
solution. Under the steric pressure, unfolded polypep-
tide chains tend to interact with cellular chaperones
[143,144], but also aggregate and assemble into fibrils
due to compaction into non-native states and
enhanced protein:protein interactions [145,146]. Fibril-
logenesis is associated with several neurodegenerative
diseases mediated by IDPs, such as AP, synuclein and
prion protein [147]. Interactions of IDPs with mem-
branes containing anionic lipids promote the forma-
tion of the secondary structure and contribute to
aggregation [148,149]. The theoretical considerations
predict that a large exclusion volume in the aqueous
phase enhances the IDP association with the lipid
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surface. The increased surface density of the proteins
would trigger the oligomerization and conversion into
B-helical fibres. Indeed, aggregation of A on the sur-
face was enhanced when Ficoll PM 70 was present in
solution in concentrations of up to 200 g/L [150]. The
aggregation was much reduced at 350 g/L of Ficoll,
however, where the elevated viscosity hindered AP dif-
fusion and thus shielded the excluded volume effect. A
more sophisticated system composed of the synuclein,
lipid vesicles and the membrane-associated chaperone
Hsp27 was studied by fluorescence anisotropy and sin-
gle-molecule FRET [151]. As Hsp27 sterically blocked
the binding sites on the membrane, it nonspecifically
reduced the synuclein accumulation and promoted the
soluble form of the IDP. The assay led to a discovery
of a bimodal binding of the synuclein to the lipid
membrane via its N-terminal and central domains.
While Hsp27-induced crowding mainly affected the N-
terminal binding, the central part of the synuclein
molecule could interact with the lipid leaflet even in
the presence of the crowder. The resulting partially
folded conformation of the synuclein was resistant to
aggregation, suggesting that the abundance of mem-
brane-bound proteins in living cells likely affects the
conformational equilibrium of IDPs [151]. Somewhat
differently to IDPs, folding of a small, 31 amino acid
long zinc finger protein covalently anchored to a lipid
monolayer at a high density could not be accom-
plished, likely due to steric repulsion between other-
wise structured domains [152]. Under these crowded
conditions and reduced degrees of freedom, the protein
acquired partial a-helical fold. The remaining polypep-
tide chain remained unstructured, possibly in an
extended, polymer brush-like conformation. The com-
plete folding of the zinc finger could be restored once
a 5-fold excess of lipids was supplied to the mono-
layer, releasing the steric constraints.

In vitro studies on membrane protein folding are
commonly conducted under diluted conditions, to
reduce unwanted protein:protein interactions and off-
pathway compact intermediates that result in aggrega-
tion of the highly hydrophobic proteins. However, B-
barrel membrane proteins are usually less hydropho-
bic, as their transmembrane domains are composed of
alternating polar and apolar residues. Therefore, inser-
tion of two OMPs of E. coli, OmpA and OmpT, into
liposomes was studied to probe the effect of macro-
molecular crowding [153]. The highly crowded interior
of the periplasm that is built from a layer of peptido-
glycan, substrate-binding domains of transporters and
secretion factors, was mimicked by Ficoll PM70
[154,155]. The presence of 20% Ficoll had no signifi-
cant effect on the membrane insertion rate of OmpT

Macromolecular crowding in biological membranes

but reduced the overall efficiency, likely causing some
aggregation of the protein. In contrast, the insertion of
OmpA approached 100% both in the absence and
presence of the crowder. The higher solubility of
OmpA was attributed to the chaperoning function of
its sizeable periplasmic domain. Notably, the insertion
kinetics of OmpA decreased 8-fold in the presence of
Ficoll. This decrease was attributed to the excluded
volume effect, albeit that the mechanism deserves fur-
ther investigation. One possible scenario is that the
sterically hindered OmpA adopts a compact or an oli-
gomeric form, which undergoes slow conversion and
insertion at the membrane interface. As the BAM and
chaperoning machinery for OMP targeting and inser-
tion has been described in great detail, probing its
functioning and requirements under crowded condi-
tions would be of major interest [104].

Described examples illustrate how dynamics of
peripheral proteins at the membrane interface may be
affected by macromolecular crowding. The steric
exclusion from the solvent causes protein accumulation
at the interface and modulates the avidity for the com-
plex assembly or aggregation/phase separation at the
interface. Thus, protein localization to the membrane
interface depends not only on the intrinsic protein:lipid
affinity, but also on the crowding status in the
surrounding solvent and at the available membrane
surface.

Crowding-mediated transport through
biological membranes

The influence of soluble crowders on membrane-asso-
ciated processes via the steric exclusion plays a funda-
mental role in the cellular homeostasis. Swelling and
shrinking of cells by differences in the osmotic pressure
across the membrane alters the concentration of
solutes and macromolecules in the cytoplasm. Dedi-
cated cellular systems sense these changes and activate
solute transporters and ion channels in the cytoplasmic
membrane to restore the osmotic equilibrium. Early
experimental data on the volume recovery of RBCs
after osmotic stress showed that the albumin content
determined the final RBC volume [156]. This implies
that the RBC senses the intracellular protein concen-
tration. These data were explained by the function of
an ion transporter that set the osmotic strength
accordingly. Minton et al. provided a theoretical
explanation in which the effect of the cytosolic crowd-
ing on kinases and their interactions with the mem-
brane proteins within the two-component system was
considered based on scaled particle theory [133]. The
developed framework suggests that the
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kinase:transporter association and the phosphorylation
efficiency depend on the concentration of macro-
molecules in the cytoplasm and the volume they take
up. This earlier work provides a tentative two-compo-
nent pathway for crowding homeostasis.

Conformational dynamics of transporters and
channels is mediated by crowding

Direct modulation of the transport activity by crowd-
ing has been lately shown for bacterial transporters
and channels. Functioning of ATP-binding cassette
(ABC) transporters is determined by conformational
changes within their bulky ATPase domains exposed
to the cytoplasm, where they may be affected by the
crowder molecules. Indeed, in vitro analysis of a bacte-
rial ABC transporter that couples betaine uptake to
ATP hydrolysis revealed its sensitivity to high molecu-
lar weight PEGs [157]. The activation profile of the
transporter reconstituted into lipid-based nanodiscs
shifted to lower ionic strength, and maximum activity
was reached at 75 mm KCIl when the reaction was sup-
plemented with 8 % PEG 6000. The activation of the
transporter is linked to electrostatic interactions within
its ATPase domains, so the crowder-induced excluded
volume effect counters the -electrostatic repulsion
between the two lobes of the domain at low ionic
strength. The crowding sensitivity was also reported
for the secondary transporter ProP, where the proline
uptake was significantly stimulated in the presence of
either PEG or BSA [158]. The modulation mechanism
has not yet been completely understood, but it may
involve long C-terminal domains, which activate or
regulate osmotically sensitive transporters [158,159].
The C-terminal domain of ProP either forms a coiled-
coil with neighbouring protomers or interacts with the
lipid bilayer. Macromolecular crowding near the mem-
brane interface may shift this conformational equilib-
rium, affecting the protein functional response.
Members of a broad class of mechanosensitive chan-
nels found in bacteria and eukaryotes switch between
closed and open conformations to allow flux of water
and ions in response to changes in the membrane ten-
sion. The macromolecular crowding near the mem-
brane interface tunes the activity of MscS channel, as
crowders interact with the large extramembrane
domain of the channel [160]. Another well-studied
example, the mechanosensitive channel of large con-
ductance, MscL of E. coli, allows rapid efflux of water
and aqueous solutes under hypotonic conditions. The
channel lacks extramembrane domains, and its gating
is achieved by forces within the lipid bilayer. Increas-
ing turgor pressure and the associated tension within
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the lipid membrane cause tilting of TMHs within the
channel in a diaphragm-like fashion, thus opening a
sizeable central pore of ~ 25 A [161]. A theoretical
study by Linden and coworkers suggested that the gat-
ing-associated expansion of MscL reduces the mem-
brane area available for other proteins and thus
contributes to the excluded volume [162]. The associ-
ated entropic cost was estimated to be ~ 2 kgT, which
is a remarkably high value in comparison with the gat-
ing energy of MscL, which can be as low as 4 kgT in
the lipid bilayer [161]. Although the experimental vali-
dation of the crowding-dependent ion currents has yet
to be provided, and the net effects involved may be
somewhat lower than predicted, it likely remains a fac-
tor in the functioning of mechanosensitive channels,
both in prokaryotic and eukaryotic cells.

Polymer translocation under crowded conditions

Translocation of unfolded polypeptide chains through
cellular membranes is an essential reaction taking place
in the cytoplasmic membrane of bacteria and at the
surfaces of eukaryotic organelles [163]. Statistical phy-
sics analysis suggests that the macromolecular crowd-
ing itself may be a driving force for the translocation
because extensive steric pressure and repulsive interac-
tions on the cis-side of the membrane will target poly-
mer transport through the membrane-embedded pore
[164,165]. Once crowders are present on both sides of
the membrane, the substrate will predominantly local-
ize in the compartment with larger crowders, as those
result in a lower osmotic pressure [166]. However,
specific attractive interactions with crowders may have
a dominant effect on the direction of the transport
[165]. Most recently, protein transport through a mem-
brane-embedded o-haemolysin nanopore with a
crowded solution phase was studied experimentally
[167]. Haemolysin, a pore-forming bacterial toxin, has
extensive use in nanotechnology applications where its
wide transmembrane channel allows translocation of
synthetic and biopolymers, such as DNA strands and
polypeptide chains [168]. Single-channel conductivity
of the membrane-embedded haemolysin pores was
recorded in the presence of Syn B2, a 23 amino acid
long polypeptide, with PEG crowders at both sides of
the membrane. Small PEG molecules of 1000 and
2000 Da could partition into the pore and inhibit the
protein translocation. Instead, both PEGs 4000 or
8000 kinetically favoured interactions between the hae-
molysin and the polypeptide. This effect is likely due
to the entropic crowding-out of Syn B2 from the solu-
tion phase, resulting in trapping the polypeptide within
the pore. Notably, PEG 8000 had a weaker effect on
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Syn B2:haemolysin association than PEG 6000, which
could not solely be explained by the excluded volume.
Instead, the observed size dependence was related to
the osmotic pressure arising from the small and large
crowders, in agreement with the theoretical predictions
[166,167], although also different effects of PEGs on
diffusion and compaction state of Syn B2 peptide
could play a role.

As illustrated above for membrane transport reac-
tions, individual cellular pathways may be sensitive to
different and, potentially, additive factors of macro-
molecular crowding. Membrane and cytosolic crowd-
ing may affect conformational dynamics of the
transport machinery, but also its macromolecular sub-
strates. Importantly, crowding may be a triggering fac-
tor for cellular pathways, for example via two-
component system activation at the lipid membrane
interface.

Membrane remodelling and fission

Steric repulsion at the interface induces the
membrane deformations

Dynamic morphology of cellular membranes, as well
as their ability to undergo fusion and fission, is prereq-
uisites for a variety of cellular processes including
motility, cytokinesis, vesicle budding and cell signalling
[3,169,170]. Changing the membrane shape involves
local distortions of the lipid packing, and the arising
lateral tension forces should be attenuated to stabilize
the new architecture. Because the lipid bilayer packing
is determined by structures of lipid head groups and
acyl chains, its mechanical properties depend on the
lipid composition [171]. These mechanical properties
are highly dynamic, as cells tune their lipid composi-
tion in response to a changing environment or upon
switching between growth phases. Moreover, biological
membranes commonly show an asymmetry in the lipid
composition between the leaflets, which is built and
maintained by lipoactive enzymes and transmembrane
flippase proteins and may contribute to the membrane
curvature [170]. However, tuning the membrane shape
with a high temporal and spatial precision can barely
be achieved via restructuring of the cellular lipidome,
but instead relies on several protein-based machineries
[170,172]. These dedicated soluble proteins insert into
the membrane with their amphipathic domains to
increase the leaflet area on one side of the membrane.
For example, Epsin and Arf proteins bind to the mem-
brane in a crescent-shaped conformation characteristic
for Bin/Amphiphysin/Rvs (BAR)-domain containing
proteins, and sufficiently strong electrostatic
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interactions with lipid head groups serve to remodel
the bilayer. Oligomerization of the membrane-associ-
ated proteins commonly enhances membrane deforma-
tion. It stabilizes the altered structure, which is the
case for COPI-, COPII- and clathrin-coated vesicles,
or bacterial FtsA/FtsZ proteins, as described above
[141]. Membrane remodelling by these mechanisms has
been extensively studied and could be reproduced
in vitro, inspiring the engineering of synthetic mem-
brane scaffolds based on DNA origami of varying
structures [173].

Complementary to these specialized systems, accu-
mulated experimental evidence indicates that macro-
molecular crowding shapes lipid membranes in vitro
and in vivo. The membrane-deforming proteins Epsin,
with its N-terminal homology domain (ENTH), and
Sarlp, did not require amphipathic helices to induce
the membrane tubulation and fission once the proteins
were anchored at a sufficiently high density at the
GUV  surface via polyhistidine tags (Fig. 4A,B)
[54,174]. Moreover, even the histidine-tagged green flu-
orescent protein (GFP) and, to a lower extent, mOr-
ange, but not the maltose-binding protein, could
induce the formation of thin membrane tubules with a
diameter of approximately 28 nm [175,176]. The tubu-
lation effect was assigned to the entropy-based steric
repulsion between proteins bound to the lipid bilayer
at high density, though protein oligomerization may
be also required, as shown for the matrix protein M1
of the influenza A virus [177]. A surface coverage of
20% could be estimated as a minimal threshold for
tubulation if proteins were to be considered as hard
spheres bound to the elastic membrane. Increasing the
crowder size causes a rapid nonlinear stimulation of
the tubule growth [54]. In agreement with this, larger
crowders, for example, full-length Epsin, are able to
induce membrane curvature at a lower coverage den-
sity. Comparing two proteins of similar molecular
weights, GFP and the N-BAR domain of endophilin,
showed that the BAR-induced tubulation required sub-
stantially lower protein density, though enhanced
membrane remodelling via GFP has been recently
reported [178]. However, the moderate effect of the
steric pressure between compactly folded proteins on
the membrane morphology may vanish when peripher-
ally bound proteins are present at both sides of the
cellular membrane [170,176].

Membrane remodelling by disordered
biopolymers

More than 40% of human proteins contain IDRs,
which include domains in cytoplasmic loops of integral
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membrane proteins or membrane-remodelling proteins
[128,179]. Experiments on the crowding-induced tubu-
lation revealed that IDRs within Epsin and the adap-
tor protein AP180 strongly enhanced the membrane
remodelling, as it would be expected from the contri-
bution of IDRs to the steric repulsion [54,174,180].
The role of IDRs in membrane tubulation and fission
was further investigated using membrane-remodelling
proteins amphiphysin and FCHol/2, in which BAR
domains are extended with disordered regions [181].
BAR domains alone caused extensive growth of stable
tubules on the surface of large unilamellar vesicles
(LUVs). On the other hand, full-length amphiphysin
and FCHol disintegrated LUVs into highly curved
vesicles of 10-fold smaller diameter (20 vs. 200 nm of
the intact vesicle). A similar effect was achieved when
isolated IDRs were bound to the vesicle surface. Thus,
BAR domains stabilize the curved tubular structure of
the membrane, while IDR extensions enhance the
steric pressure, therefore allowing membrane fission
(Fig. 4C). Similar to IDRs, unfolding of lipid-an-
chored proteins could induce membrane deformations
[182]. Anchoring of the folded human serum albumin
to the surface of GUVs or liposomes resulted in minor
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membrane deformations, but enhanced tubulation was
induced when the protein was chemically unfolded.
Although the experimental evidence does not entirely
explain the physiological role of IDPs/IDRs on mem-
brane tubulation and fission in living organisms, it
highlights a potential contribution of protein crowding
to these processes.

While proteins are highly abundant at the mem-
brane interfaces, other macromolecules may also con-
tribute to crowding. Most recently, a direct
connection between the density of the cell surface gly-
cocalyx and the morphology of the plasma membrane
was identified [62]. Glycocalyx is built of extensively
glycosylated mucin proteins forming ‘bottlebrush’
structures of up to 20 MDa at the extracellular side
of the plasma membrane. Increasing the expression
levels of different types of mucin led to the membrane
tubulation and shedding of small vesicles, similar to
the effect of IDRs described above [181]. These mor-
phological changes were dependent on the glycosyla-
tion status of mucins, as enzymatic ‘shaving’ of
polysaccharides caused smoothening of the cell sur-
face. The elevated surface density of glycosylated
mucin molecules was recognized as a primary factor

DEECARANES DTN EOEA RSV ER

Cone-shaped membrane proteins

Oligomer-
induced
curvature

Fig. 4. Membrane remodelling via macromolecular crowding. (A) In the absence of membrane-anchoring domains, soluble proteins are
largely excluded from the lipid bilayer interface. (B) Abundant membrane-bound globular proteins cause deformation and tubulation of the
lipid bilayer due to entropic forces. (C) Entropy-based tubulation and membrane fission are strongly induced by unstructured synthetic
polymers, intrinsically disordered protein domains, and polysaccharides. (D) Cone-shaped membrane proteins cause local membrane
deformations and induce vesicle budding. (E) Angular-shaped dimers of the ATP synthase stabilize highly curved structure at the edge of the

mitochondrial cristae.
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to trigger membrane remodelling, where mucins
switched from the ‘mushroom’ to the ‘brush’ packing-
mode at a concentration 700-1,000 molecules/ymz.
The mucin-covered tubules were stabilized by the
actin cytoskeleton, and once the actin was depolymer-
ized, the tubules manifested high elasticity and a
propensity to form small vesicles. Because vesicle
spreading and extensive tubulations are hallmarks of
many cancer cell types, a key role of the enriched gly-
cocalyx and associated membrane morphologies in
tumorigenesis was proposed [62].

Densely packed membrane proteins may stabilize
membrane curvature

The shape of the membrane is affected by the incorpo-
rated proteins [3]. Advances in structural analysis
revealed the universe of three-dimensional folds
acquired by integral membrane proteins and their
complexes, which may strongly deviate from a simpli-
fied cylindrical perspective [183]. Because the structure
of the proximal lipid bilayer is affected by the protein
shape, the intrinsically high and diverse protein con-
tent in cellular membranes will considerably contribute
to the distribution of the lateral forces [99,184]. Func-
tionally important membrane remodelling has been
shown for the matrix protein M2 of influenza A virus
[185,186]. The protein is assembled from four individ-
val transmembrane o-helices and is involved in the
budding of nascent viral particles without the recruit-
ment of the host ESCRT machinery. Electron param-
agnetic resonance-based analysis and simulations
suggested that the conical shape of a single M2 protein
is sufficient to deform the fluid lipid bilayer locally.
The entropy-driven accumulation and clustering of
multiple M2 proteins cause mesoscopic membrane
deformations towards the scission event (Fig. 4D).
Another remarkable example of membrane remod-
elling by clustered proteins is mitochondrial F,F, ATP
synthase: its transmembrane domain consists of a
highly symmetric ring of F,c subunits and the F,a
subunit, which forms the passage for protons. This
complex can be seen as a cylinder in the membrane
[187]. However, within the physiological dimer, ATP
synthases are strongly tilted, with an angle ranging
between 55 and 90°, thus preventing the steric clash
between the sizeable ATPase domains. Notably, the
tilt between protomers causes a marked bending of the
lipid bilayer, and, once clustered in rows, dimers of
the ATP determine the architecture of mitochondrial
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Steric repulsion at the interface modulates the
phase separation within the lipid bilayer

A different feature of crowding-mediated membrane
remodelling was reported for phase-separated lipid
bilayers [190]. Once peripheral proteins were densely
bound within patches of gel-phase lipids in GUVs,
they exerted a steric hindrance-induced pressure and
caused partial or complete mixing of the initially sepa-
rated lipid phases. The effect had a clear dependence
on the protein size, as transferrin receptors (150 kDa)
required 10%, and GFP (26 kDa) 25% of receptor
lipids to trigger phase mixing. In contrast, only partial
mixing was observed for ubiquitin (5 kDa) even in the
presence of 50% receptors. Also, both nanodiscs,
which are large discoidal protein:lipid particles, and
bulky synthetic polymers bound to phase-separated
membranes caused substantial mixing [191,192]. Nota-
bly, once the crowders were displaced from the mem-
brane surface by EDTA treatment, the macroscopic
phase separation restored within several minutes.

The entropy-driven propensity to remodel the lipid
membrane is a unique manifestation of the macro-
molecular crowding which is only possible within the
two-dimensional setting. Bulky and unstructured mole-
cules, either proteins or polysaccharides, accumulated
at the lipid bilayer interface cause membrane deforma-
tions, such as tubulation and fission. It remains to be
shown how the membrane deformation in the presence
of crowders correlates with the mechanical properties
of the lipid bilayer and also specific crowder:lipid
interactions. Nevertheless, results from in vitro and
in vivo studies suggest that the interfacial crowding
may sculpture cellular membranes on the macroscopic
scale and, together with the cytoskeleton, determine
the morphology of living cells.

Quantification of macromolecular
crowding

To mimic the physiological macromolecular crowding
in vitro, quantitative analysis of crowding in vivo is
required. In principle, cell volume changes [156,193],
dry cell mass [33,194], cell buoyant density [195], water
content by Raman scattering [196] and other methods
provide the solute content of the cytoplasm or the
periplasmic space of bacteria. The solute content is less
predictive though for the actual magnitude of crowding
effects: the cumulative effect depends on the size, shape
and surface properties of all molecules involved. More-
over, the magnitude of crowding effects close to the

cristae, stabilizing  their sharp edges (Fig. 4E) intracellular side of the membrane is mostly unknown,
[188,189]. despite its importance for membrane function.
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Molecular probes offer complementary insights into
the magnitude of macromolecular crowding. For
example, diffusion of a fluorescent tracer protein in
solution or within the lipid membrane provides infor-
mation on the macromolecular crowding because the
lateral and rotational diffusion decrease upon colli-
sions [197-199]. However, the intrinsic dependence of
diffusion on multiple factors, such as confinement or
transient interactions with lipids, may hamper the
determination of macromolecular crowding. [81,200—
202]. Instead, monitoring protein conformation or
folding would give insight into the magnitude of the
steric exclusion that generally favours polymer com-
paction, albeit that attractive quinary interactions with
the target proteins may diminish the effect of excluded
volume [35,41,203-205].

Currently, three probes have been presented that
sense the excluded volume from crowding in aqueous
solutions. These probes are based on PEG polymers
[206], DNA [207] or a disordered polypeptide chain
[208]. These are all flexible constructs that compress
with increasing macromolecular crowding. The result-
ing end-to-end distance within the probe is easily mea-
sured by FRET, either by conjugation with small-
molecule fluorescent dyes or FPs. Thus, the protein
probe contains two FPs with a flexible polypeptide lin-
ker in between extended with two a-helices (Fig. SA,
B). FPs have little interaction with the cytoplasm, and
the o-helices are rigid and well-hydrated to prevent
additional interactions. The protein probe has the cru-
cial advantage that it is entirely genetically encoded,
allowing expression in many different hosts, genetic
fusions with localization tags or other proteins, and
manipulation of its structure through genetic engineer-
ing. The majority of applications involve this protein-
based class of probes, which function in bacteria [208—
211], yeast [210,212] and mammalian cell lines
[208,213,214], as well as their compartments [210,215].
It allowed crowding determination under stress condi-
tions, such as osmotic stress [211,213] and ageing
[212].

What do such probes measure? Various theoretical
models and simulations attempt to predict polymer
compression induced by macromolecular crowders. No
theory captures the experimental observations com-
pletely, which is in part a consequence of the confor-
mational complexity of polymers. However, the
depletion force is a useful theoretical framework and
explains observations at least qualitatively [216-218].
In these terms, the macromolecular crowders do not fit
cavities of given protein conformations, leading to
spaces depleted of crowder. The difference in osmotic
pressure with the crowded medium outside the protein
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is relieved by compression of the protein, which in
turn provides more configurational entropy for the
crowders. In another model, scaled particle theory
adapted for polymers, the polymer would be placed in
a crowded solution, which leads to a decrease in con-
figurational entropy of all the crowders, which also is
relieved by polymer compression [219].

Development of the genetically encoded sensors
for crowding

To systematically characterize the probe dynamics, a
set of nine probes with varied linker composition was
recently designed, so the effects of unstructured and o-
helical domains were systematically investigated [209].
Inducing crowding with a range of different synthetic
polymers and proteins showed that compression of
probes is higher with higher crowder concentration
and with the size of the crowder until it reaches a pla-
teau at ~ 4 nm radius (the diameters of the probes are
in the range of 6-8 nm). Further, the larger the probe,
the more it is compressed by crowding. These observa-
tions follow partially a scaling law derived from deple-
tion force arguments, where the compression scales
with the size of the probe and concentration of the
crowders. This theory is not yet complete because the
size of the crowder is not yet incorporated correctly.
Nonetheless, these probes measure the crowder con-
centration when the crowders are> 2 nm, freely diffus-
ing, and do not have attractive interactions with the
probes.

The expression of the FP-containing probes in cells
allows measuring the FRET efficiency and thus the
macromolecular crowding in vivo. In the absence of an
accurate description of the probe conformational
dynamics, we content with the comparison of FRET
ratios with those obtained in solutions crowded with
Ficoll PM70 to indicate the crowding (Fig. 5B,C)
[208]. In E. coli cells, the cytoplasm crowding is equiv-
alent to ~ 18% w/w Ficoll PM70 and can increase up
to 30 % w/w with osmotic upshift of 1 OsM. These
values are similar, albeit somewhat lower than
biopolymer volume fractions previously determined by
cell dry weight. FRET efficiency recorded in HEK293
cells, on the other hand, corresponds to 5 % w/w
Ficoll equivalents, so the eukaryotic cytoplasm is less
crowded, while a 450 mOsM upshift results in ~ 20 %
w/w Ficoll equivalents. Interestingly, the compression
of the probes scales with the solute concentration in
E. coli cells as they do in a crowded buffer, with the
caveat that this requires o-helices in the linker of the
probes [209]. We hypothesize that the a-helices reduce
associative interactions of the linker with the
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Fig. 5. Compression of a FRET-based
macromolecular crowding probe. Genetically
encoded probes/sensors of macromolecular
crowding rely on measuring Forster's

resonance energy transfer between two
fluorescent proteins coupled by a

semiflexible linker domain. (A) The probe
occupies a continuum of conformations that
become more condensed on average with
increasing macromolecular crowding.
Changes in the spatial dimensions and the
distance between the fluorescent proteins
result in changes in FRET efficiency.
Schematic of homogeneously (B) and
heterogeneously (C) shaped and sized
macromolecular crowders. Both the

crowder size and shape affect crowding-
sensitive proteins.

proteome. Next to the cytoplasms of the different spe-
cies, these FP-based probes can be specifically targeted
to subcellular compartments, that is, the ER lumen
and the nucleus [210,215]. Also, the changes in FRET
can be determined by fluorescence lifetime imaging,
which provides high resolution and allows untangling
putative sensor populations [215,220].

New generations of macromolecular crowding
probes with increased robustness allowed better assess-
ment of crowding under challenging conditions, to
address questions on how crowding and the biomacro-
molecular organization changes with environmental
stresses, and how the cell responds. To this end, con-
stitutive instead of inducible promoters, as well as fas-
ter maturing FPs, overcame artefacts resulting from
slow FP maturation [210]. The measurement under
these conditions showed that the crowding levels after
adaptation of E. coli to osmotic stress provided simi-
lar, or even slightly lower levels than in unstressed cells
[211]. The biopolymer volume fraction was previously
determined to be higher in adapted cells, which means
that a change in biomacromolecular organization, such
as phase separation, must have taken place [221]. A
similar conclusion could be drawn by depleting the
cells of ATP, suggesting the importance of the organi-
zation compared to the total protein content [211].

Substituting the cyan/yellow (mCerulean3 or mTur-
quoise2/mCitrine or mVenus) FPs for green/red
(Clover/Ruby, GFP/mCherry or EGFP/mScarlet-I)
provides probes that can be used under less autofluo-
rescence, with less pH sensitivity and allows for more
straightforward normalization (Ngrget) due to a lower
bleed through [212-214]. The probes were applied to

Homogeneous crowding

Heterogeneous crowding

study adaptation of mammalian cells to osmotic stress
and under the very challenging conditions of yeast
replicative ageing [212,213]. The latter experiments
tracked the ageing of an individual cell over ~ 2 days,
with drifting cell physiology and pH. Here, somewhat
surprisingly, the macromolecular crowding is main-
tained and is even more stable than the difference
between individual cells despite an increasing organel-
lar crowding and pH [212]. This observation suggests
tight regulation of macromolecular crowding. Alto-
gether, probes for macromolecular crowding under
stress conditions strongly suggest that macromolecular
crowding is maintained in a window, that is, crowding
homeostasis [39].

The advances in the development of the genetically
encoded FRET-based probes may be further employed
to design probes for measuring crowding at lipid mem-
brane interfaces. Two major challenges here are to tar-
get and anchor the probe to the membrane interface in
a suitable geometry, and to tune the structure of the
probe, so a sufficient sensitivity to the interfacial
crowding is achieved. In the simplest scenario, the
probe can be docked to NTA-containing liposomes via
a polyhistidine tag. However, such design allows only
in vitro analysis, thus limiting the spectra of applica-
tions. One potent strategy would be to express FPs as
a fusion with a ‘carrier’ membrane protein of a known
structure, so inter-FP distances can be determined.
Here, targeting mechanisms of membrane proteins
should be taken into account, as large extramembrane
domains within the membrane protein may distort the
membrane partitioning and result in aberrant and
degradation-prone conformations. Alternatively,

The FEBS Journal (2020) ® 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 19

Federation of European Biochemical Societies

42



3 Results — Chapter 3.1

Macromolecular crowding in biological membranes

anchoring of the probe can be achieved post-transla-
tionally, via moderately hydrophobic domain, such as
helical hairpin or Mistic protein [222], fused between
FPs. Tuning the composition of the linkers within the
probe may minimize their interactions with the lipid
head groups. Furthermore, introducing linkers of dif-
ferent lengths may pave the way to measure crowding
levels at various distances from the membrane inter-
face deeper in the cytoplasm.

Conclusion and perspectives

Advances in structural and cellular biology witnessed
over the last decades have offered insights in molecular
mechanisms of membrane proteins and their com-
plexes, but also the overall architecture of cellular
membranes [46]. The highly mosaic, asymmetric and
heterogeneous compositions of these membranes have
indicated that their functionality cannot be described
solely by composition deduced from ‘-omics’
approaches, but detailed insights on the spatial and
temporal dynamics is essential. Furthermore, the
observed high and nonuniform density of proteins
within the heterogeneous lipid bilayer and at the inter-
face evidences that macromolecular crowding is an
intrinsic feature of the cellular membrane. Two effec-
tive mechanisms of crowding are steric exclusion and
quinary interactions. The entropy-based steric exclu-
sion favours compaction of individual structures and
leads to protein clustering within the lipid bilayer and
at the membrane interface. The less predictive quinary
interactions can counterbalance these effects. As sum-
marized here, macromolecular crowding affects a
broad range of membrane-associated cellular pathways
and, next to specific protein:protein and protein:lipid
contacts, determines the membrane organization at
various scales. Importantly, membrane-associated pro-
cesses demonstrate a strong dependence on the crowd-
ing in the aqueous phase both in vitro and in the
cytosol of a living cell, as steric exclusion by solute
crowders causes protein accumulation at the surface.
Vice versa, crowding at membrane interface modulates
the competitive binding of proteins and may result in
protein release back into the aqueous phase. Further-
more, the macroscopic effect of the steric exclusion at
the membrane interface is illustrated by extensive
membrane remodelling and fission.

Despite the general appreciation of the macromolec-
ular crowding effects, their role in most cellular pro-
cesses remains to be elucidated. On the one hand,
well-characterized  cellular pathways should be
employed as model systems to evaluate the effects of
crowding. One prominent example is the universally
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conserved Sec pathway for protein translocation and
membrane insertion [223]. Here, crowding may affect
the initial targeting of polypeptide chains to the mem-
brane by altering their folding state and/or interactions
with chaperones, may modulate its interactions with
the membrane-embedded protein channel Sec61/
SecYEG and may interfere with the assembly of larger
complexes between the channel and the accessory
chaperones or, occasionally, the degradation machin-
ery. Also interactions of lipoproteins, such as small
Ras GTPases, with the membrane may be sensitive to
the interfacial crowding [224], and their medically rele-
vant dynamics should be investigated under physiolog-
ically relevant conditions. On the other hand, the
effects of macromolecular crowding obviously go
beyond individual pathways and likely contribute to
the global organization of cellular membranes. For
instance, formation of phase separated raft nan-
odomains in the plasma membrane has been largely
attributed to protein:lipid interactions, but also the
involvement of the actin skeleton has been acknowl-
edged [86,225]. Recent evidences for the effects of
interfacial crowding on the lipid phase separation
reviewed here point to the potential role of crowding
to serve as a regulator for the raft dynamics and their
spatial dimensions. Moreover, the crowding effects
induced by ubiquitous IDRs within membrane pro-
teins have been barely addressed, although an exten-
sive knowledge on IDR dynamics has been
accumulated from studying disordered proteins. The
ability of IDPs/IDRs to undergo phase separation in
solution further strengthens the potential of membrane
crowding to contribute to raft assemblies, although the
roles of the steric repulsion and attractive quinary
interactions should be examined.

Understanding the dynamics of such multicompo-
nent systems will essentially require a combination of
in vitro, in silico and in vivo studies, where different
aspects of crowded environment can be assessed in
future. Molecular dynamics simulations performed
either at the atomic or the coarse-grained level are a
powerful tool to study protein interactions, as exempli-
fied by the analysis of densely packed membrane pro-
teins. To get insights on cellular membrane dynamics,
dynamics of multiple species of proteins within simu-
lated membranes have to be studied in future, so both
steric exclusion and quinary interaction effects are
probed. Protein:lipid interactions and the conforma-
tional dynamics of proteins at the membrane interface
under crowded conditions are among other prominent
aims for computational analysis. Real-life experiments
need to provide input for in silico studies and vice
versa. Visualization of the native cellular milieu is,
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probably, the most direct approach to study the mem-
brane organization. Next to the super-resolution micro-
scopy, cryo-electron tomography (cryo-ET) is rapidly
developing into a ‘magic bullet’ to tackle processes in
crowded cellular environments, including those within
the cellular membranes [8,226]. With ongoing improve-
ments in its spatial resolution, cryo-ET will help to
identify not only the localization and association of
macromolecules within a cell, but also their distribution
in terms of density and effects of those on the mem-
brane morphology. Quantification of crowding effects,
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Abstract

Biochemical processes within the living cell occur in a highly crowded envi-
ronment, where macromolecules, first of all proteins and nucleic acids, occupy
up to 30% of the volume. The phenomenon of macromolecular crowding is not
an exclusive feature of the cytoplasm and can be observed in the densely
protein-packed, nonhomogeneous cellular membranes and at the membrane
interfaces. Crowding affects diffusional and conformational dynamics of pro-
teins within the lipid bilayer, alters kinetic and thermodynamic properties of
biochemical reactions, and modulates the membrane organization. Despite its
importance, the non-invasive quantification of the membrane crowding is not
trivial. Here, we developed a genetically-encoded fluorescence-based sensor for
probing the macromolecular crowding at the membrane interfaces. Two sensor
variants, both composed of fluorescent proteins and a membrane anchor, but
differing by flexible linker domains were characterized in vitro, and the proce-
dures for the membrane reconstitution were established. Steric pressure
induced by membrane-tethered synthetic and protein crowders altered the sen-
sors' conformation, causing increase in the intramolecular Forster's resonance
energy transfer. Notably, the effect of protein crowders only weakly correlated
with their molecular weight, suggesting that other factors, such as shape and
charge contribute to the crowding via the quinary interactions. Finally, mea-
surements performed in inner membrane vesicles of Escherichia coli validated
the crowding-dependent dynamics of the sensors in the physiologically rele-
vant environment. The sensors offer broad opportunities to study interfacial
crowding in a complex environment of native membranes, and thus add to the
toolbox of methods for studying membrane dynamics and proteostasis.
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1 | INTRODUCTION

The interiors of a living cell are recognized as crowded
environments, where the concentration of biological
macromolecules, predominantly proteins, polynucleo-
tides and their complexes lays in the range of 150-
200 mg/mL for eukaryotic cells, and it may reach
400 mg/mL for the bacterial cytoplasm (Speer
et al., 2022; Srere, 1980; Zimmerman & Trach, 1991). In
the most generalized view, those macromolecules are
seen as hard-core spheres due to their compact folded
state. Repulsive entropic interactions during their ran-
dom collisions render the “excluded volume”, that is, the
space not accessible for biological molecules, which may
account for 10%-30% of the cytoplasm volume (Rivas &
Minton, 2018). More recently, intrinsic surface properties
of the macromolecules gained attention, as it has become
evident that the charge and shape of interacting mole-
cules determine the patterns of more complex crowding
effects (Guseman et al., 2018; Kuznetsova et al., 2015;
Speer et al., 2022). Those properties define the so-called
“quinary” interactions, and together with the excluded
volume they typically decrease diffusion rates of mole-
cules (Nawrocki et al., 2017), affect their conformation
and folding (Bai et al, 2017; Guseman et al., 2018;
Kuznetsova et al., 2014; van den Berg et al., 1999), and
modulate thermodynamic and kinetic properties of bio-
chemical reaction involving one or a few molecules
(Minton & Wilf, 1981; Rohwer et al., 1998;
Zimmerman & Pheiffer, 1983). For the more detailed
overview of the theory and implications of the macromo-
lecular crowding, first of all in solution, we refer the
reader to the recent reviews on the topic (Rivas &
Minton, 2022; Speer et al., 2022).

Although less investigated so far, macromolecular
crowding has been also described for the cellular mem-
branes, where the heterogeneous lipid bilayer and
ubiquitous integral and peripheral proteins build a
complex fluid mosaic structure (Engelman, 2005;
Robertson, 2018; Sezgin et al., 2017). The crowding
levels mediated by the membrane proteins, anchored
cytoskeleton and eventually polysaccharides are highly
specific for cell types and intracellular localization. In
red blood cells, proteins occupy 25%-30% of the total
plasma membrane area (Dupuy & Engelman, 2008),
but the protein content may reach 50% within the
light-sensitive membrane of the eye rod (Fotiadis
et al., 2003), and further up to 80% in the densely
packed thylakoid membranes (Kirchhoff, 2008; Liu &
Scheuring, 2013). This high spatial density of proteins
within the lipid bilayer or associated with the mem-
brane interface affects essential cellular processes,

including transport across the membrane, cell signal-
ing and energy metabolism, but may also mediate pro-
tein distribution within the membrane and affect the
membrane morphology on the meso-scale (Guigas &
Weiss, 2016; Lowe et al., 2020). Despite being an intrin-
sic property of the cellular membranes, the macromo-
lecular crowding is rarely addressed in molecular
studies performed either in native or reconstituted
membrane systems. One bottleneck here is quantifica-
tion of the crowding level and mimicking it appropri-
ately with either proteinaceous or synthetic crowding
agent. Previously, a few attempts have been taken to
assess the crowding in lipid membranes using non-
invasive fluorescence-based approaches. In an early
example, crowding-dependent dimerization of the
fluorescently-labeled glycophorin A was studied when
monitoring changes in Forster's resonance energy
transfer (FRET) (Chen et al., 2010). Another approach
for the measurement of the interfacial membrane cov-
erage was proposed by the group of Stachowiak and co-
workers (Houser et al., 2020). The developed synthetic
system comprised a polyethylene glycol (PEG) chain
anchored at the liposome interface and bearing a donor
fluorophore on its free end, and acceptor fluorophores
incorporated into the membrane plane. Upon binding
of protein crowders to the lipid membrane, the steric
pressure forced the PEG molecules to elongate and
extend over the surface, thus causing decrease in the
FRET efficiency. Most recently, functionalized PEG
molecules could be also anchored into the plasma
membrane and their crowding-dependent accessibility
was tested by antibodies, offering a tool for measuring
crowding at the outer border of a living cell (Arnold
et al., 2023; Takatori et al., 2023).

Here, we describe a genetically-encoded sensory pro-
tein that is suitable for probing the interfacial crowding
in synthetic and native membranes. The sensor consists
of two fluorescent proteins forming a FRET pair
(Boersma et al., 2015), which are connected via a flexible
linker and a hydrophobic domain. The hydrophobic
domain serves as an anchor, so the sensor is stably incor-
porated into synthetic liposomes or the cytosolic interface
of the cellular membrane. The sensor is sterically com-
pressed by the soluble and membrane-coupled crowders,
so the associated changes in FRET efficiency report on
the lateral confinement at the membrane surface. We
demonstrate that the crowding induced by either proteins
or polymers of varying sizes may be assessed using the
sensor, and the measurements may be carried out also in
native cellular membranes, thus offering a robust
approach  for crowding analysis in complex
environments.
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The recent structure of the membrane-embedded
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2 | RESULTS

at the same side of the membrane.
2.1 | Design and expression of the

crowding sensors

The primary elements of the FRET-based protein sensor
are two fluorescent moieties, such as mCerulean and
mCitrine fluorescent proteins, which emission and exci-
tation spectra partially overlap, and a flexible linker,
whose structural properties may be altered (Boersma
et al., 2015; Liu et al., 2017). Designing a membrane-
associates sensor further required: (i) stable anchoring of
the sensor within the lipid bilayer or at the interface
of the native and reconstituted membranes; (ii) cis-
configuration of two fluorescent proteins relative to the
membrane plane; and (iii) sufficient flexibility of
the intramolecular linkers to allow the crowding-
dependent conformational dynamics. A transmembrane
helical pair, or hairpin, was considered as a suitable
membrane anchor, where the fluorescent proteins could
be positioned at its N- and C-terminal ends. First,
membrane-embedded helical pairs play an important role
in membrane protein folding and manifest high stability
within the lipid bilayer (Engelman & Steitz, 1981; Kedrov
et al., 2007). Second, a helical hairpin would ensure the
appropriate topology of the sensor, so the fluorescent

aH-SecE

SecYEG translocon of Escherichia coli visualized a helical
hairpin built of TMHs 1-2 of SecE (Kater et al., 2019)
(Suppl. Figure 1A). Although being a part of the quater-
nary complex, the hairpin has minimal contacts with
other TMHs of the translocon or within the translocon
dimer, and so it forms a stably folded structural unit
(Breyton et al., 2002). Indeed, the SecE TMH 1-2 hairpin,
optionally extended with either a N- or C-terminal solu-
ble domain, was efficiently expressed in E. coli as a mem-
brane protein, validating the choice of the potential
anchor (Suppl. Figure 1B). Next, the SecE hairpin was
cloned into the middle of the soluble crowding sensor
(Boersma et al., 2015) resulting in two constructs, where
the intramolecular linkers either consisted of flexible
Gly-Ser-Gly repeats (further referred as (GSG)s-SecE) or
also contained Glu-Ala-Ala-Ala-Lys repeats forming solu-
ble a-helices (aH-SecE; Figure 1a). Both sensors were
overexpressed in E. coli and incorporated into mem-
branes as the full-length proteins, while the degradation
products were largely localized to the cytoplasmic frac-
tion (Suppl. Figure 2). Repetitive washes of the mem-
brane fraction, also with either sodium carbonate or
urea, which remove loosely attached peripheral proteins,

(GSG)s-SecE

S FRET-pair
- 4'@
g
Linker
) ‘; ) WON) Membrane
NI GYIOV! VN Anchor
FIGURE 1 Design and
expression of membrane
crowding sensors. (a) Schematic (b) Na;COs  Urea Buffer Na,CO; Urea  Buffer
representation of the designed S M P S P Sn P Sn S M P Sn P Sn P Sn
sensors. (b) SDS-PAGE of crude
membrane extract containing s —_—- 0 S G B 0. S0
L o [kDa] [kDa]
the indicated sensor prior (“M”) 18 = — — aH-SecE 1 % - = - (GSG)e-SecE
and after incubation/washing 100 o0
with either Na,COjs, urea or the 70 | S - -— — 70 |
«pr “qn? 55 ! 55 S5 e - -
storage buffer. “P” and “Sn”, P 4
pellet and supernatant fractions - 8 < -t — -

after the incubation,
respectively. “S”: PageRuler
Prestained Protein ladder
(Thermo Fisher Scientific). Top:
In-gel fluorescence; bottom:

25

25

Coomassie-stained gels.
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FIGURE 2 Isolation and characterization of the membrane crowding sensors. (a) SDS-PAGE of purified aH-SecE and (GSG)s-SecE

sensors, with and without thermal denaturation. (b) SEC-MALS profiles of the purified sensors constructs and determination of the molar
masses. (c) Fluorescence emission spectra of purified and detergent-solubilized sensors (normalized at 500 nm). (d) Calculated Forster's

resonance energy transfer (FRET) efficiency for the detergent-solubilized sensors.

did not affect the localization of the sensor molecules

(Figure 1b). Thus, the hydrophobic helical hairpin

ensured stable anchoring of both constructs within the

membrane.

To isolate the sensors for further characterization, the

membranes were solubilized with 1% n-dodecyl p-D-

maltoside (DDM) and the tagged sensors were purified

via the metal affinity and size exclusion chromatography
(SEC; Figure 2a, b). The migration of the sensors on SEC
was unexpectedly fast for the proteins of ~70 kDa, but
could be potentially explained by the presence of DDM
micelle of 76 kDa (Strop & Brunger, 2005), extended pro-
tein conformations and/or protein oligomerization. The
molecular weights and the oligomeric state of both
sensors were analyzed then by SEC coupled to multi-
angle light scattering (SEC-MALS; Figure 2b). After sub-
tracting the predicted mass of the DDM micelle, the aver-
age molecular weights were 84 + 3 kDa for oH-SecE and
92 + 1kDa for (GSG)s-SecE sensors. These values
exceeded the weights of the monomeric sensors and
suggested partial dimerization, which could be induced
at the elevated protein concentration of 0.55 mg/mL
in the SEC-MALS experiment. To tackle whether

the dimerization is dependent on the hydrophobic
anchor, we examined a mutant sensor where the anchor
domain was substituted with a polar polypeptide. While
the calculated molecular mass of the protein is 59 kDa,
the apparent mass determined in SEC-MALS experi-
ments ranged from 72 kDa at 0.5 mg/mL to 80 kDa at
3.4 mg/mL (Suppl. Figure 3), and even larger species
with the mass to 130 kDa could be resolved. Thus, the
oligomerization propensity of the sensors at high concen-
trations could be related to the constituting fluorescent
proteins, but unlikely to have substantial influence at the
low levels of the sensor required for the spectroscopy
applications.

2.2 | Spectroscopic characterization of
the crowding sensors

The absorbance spectra of purified and detergent-solubilized
aH-SecE and (GSG)s-SecE sensors manifested the specific
peaks for mCerulean and mCitrine at 433 and 515 nm,
respectively (Suppl. Figure 4), and the difference in the peak
intensities correlated with the extinction coefficients of the
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FIGURE 3 Reconstitution of the crowding sensors in liposomes. (a) Forster's resonance energy transfer (FRET) efficiencies manifested

by the sensors reconstituted at indicated protein-to-lipid (P/L) ratios. (b) Topology determination of the liposome-reconstituted sensors via
limited proteolysis by trypsin, “T”, or proteinase K, “PK”. “DDM”, detergent-solubilized sensors, “Liposomes (DDM)”, sensors in
proteoliposomes reconstituted using DDM. (c) Same as (b), but using Triton X-100 for the reconstitution. (d) Scheme of the flotation assay.
Fractions collected after centrifugation: T (top), M (middle), B (bottom). (e) In-gel fluorescence and fluorescence emission spectra of the
sensors in crude liposomes and in fractions collected from the flotation assay.

fluorescent proteins (emceratean - = 33,000 M~' cm ™,
Emcigin. " = 94,000 M ! cm ™). The emission spectra of
both sensors (Figure 2c) and the ratio between the acceptor
and donor fluorescence at 525 and 475 nm, respectively (fur-
ther indicated as F,/Fp ratio), provided the information
about the FRET efficiency, and so the sensor conformation.
Fa/Fp ratios measured for the detergent-solubilized sensors
were 0.74 + 0.01 for aH-SecE, and 1.56 + 0.03 for (GSG),-
SecE (Figure 2d). Thus, the folded helices within the linker
domains of aH-SecE ensured wider spacing between the
fluorescent moieties. Interestingly, the values correlated
with those previously measured for soluble sensors (Liu
et al., 2017): In absence of the membrane anchor the soluble
sensors with comparable linker architectures manifested
Fa/Fp ratios of 0.55 for the sensor GE (analog of aH-SecE)
and 1.4 for the sensor G12 (analog of (GSG)s-SecE).

The detergent-solubilized sensors were examined for
their propensity to respond to crowding upon increasing
concentrations of PEG 6000 in solution (Suppl. Figure 5).
PEG is an inert synthetic polymer commonly used as a
mimetic crowding agent (Aumiller et al, 2014;
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Kuznetsova et al., 2015; Liu et al., 2017). The hydrody-
namic radius of PEG 6000 is 2.5nm (Armstrong
et al., 2004) that can be compared to the dimensions of
lysozyme (2.2 nm) or GFP (2.8 nm) (Elowitz et al., 1999;
Nemzer et al., 2013). Increasing PEG 6000 concentration
from 0% to 30% (w/v) led to the substantial increase of
the acceptor fluorescence, and so the FRET efficiency for
both sensors (Suppl. Figure 5). In the presence of 30%
PEG, the FA/Fp ratio reached 1.85 + 0.04 for aH-SecE
and 3.20 = 0.06 for (GSG)s-SecE, suggesting compression
of the flexible sensor molecules under the steric forces.
Diluting PEG 6000 from 20% to 10% caused a decrease of
FA/Fp ratios, so both sensors possessed sufficient flexibil-
ity to reversibly react to the crowding levels.

2.3 | Reconstitution of the sensors into
lipid membranes

To characterize the performance of the sensors at the
lipid interface, they were reconstituted into liposomes
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composed of DOPC:DOPG lipids (molar ratio 7:3). Vary-
ing the sensor-to-lipid ratio allowed determining the
effect of intermolecular FRET between the reconstituted
sensors: The F/Fp values measured in liposomes at the
ratios 1:3000, 1:10,000 and 1:20,000 were comparable
with each other, with variations typically within 5%
(Figure 3a). However, when the sensor-to-lipid ratio
reached 1:1000, the FRET efficiency rapidly increased by
approximately 20% for each sensor. Similar concentration
dependence was observed for mCerulean-SecE and SecE-
mCitrine  co-reconstituted in liposomes (Suppl.
Figure 6A, B), thus pointing to intermolecular FRET at
elevated protein-to-lipid ratios, either due to random
contacts or due to clustering of the sensors in the lipid
membrane. Based on those insights and the optimal
signal-to-noise level, further experiments were conducted
at the reconstitution ratio of 1:3000, where a single sensor
molecule would occur on average over 1000 nm? area of
the lipid bilayer (Hills & McGlinchey, 2016; Kamel
et al., 2022).

Next, we examined the topology of the reconstituted
sensors, and so, their accessibility to the crowding agents,
which could be added in the following steps. Aiming to
incorporate the sensors with their fluorescent domains
facing out of the liposomes, a mild detergent DDM was
added to swell the liposomes, so the SecE hairpin could
be inserted into transient pores within the membrane
(Suppl. Figure 7A) (Knol et al., 1996). After removing the
detergent, the topology was determined based on the sen-
sor susceptibility to trypsin and proteinase K, two prote-
ases with a broad specificity, which could completely
degrade the detergent-solubilized sensors (Figure 3b and
Suppl. Figure 8). For the reconstituted sensors, the prote-
ases can only process the accessible parts of the molecule
exposed to the exterior of the liposome, such as the linker
domains, and the degradation may be monitored via
SDS-PAGE. Upon the proteolytic treatment of the
liposome-anchored sensors, the bands for the full-size
proteins disappear for all samples, with an exception for
the (GSG)s-SecE FRET sensor treated with trypsin. Here,
the digest has not been accomplished completely. While
the lysine-containing a-helices in the aH-SecE construct
offer multiple cleavage sites, those not present within the
linkers of (GSG)s-SecE, resulting in the partial proteoly-
sis. The results implied that the majority of the liposome-
reconstituted sensors had the outward-facing orientation.
As a control, we performed the same experiment with
proteoliposomes where the lipids were treated with 0.5%
Triton X100 detergent prior to reconstitution (Figure 3c).
Under these conditions, the liposomes were not swelled,
but solubilized (Suppl. Figure 7B), which favored dual,
stochastically-driven orientation of the sensor in the lipo-
somes upon their re-assembly (Geertsma et al., 2008;

Knol et al., 1996). The pattern of the protected bands
observed on SDS-PAGE after the protease treatment sug-
gested that 30%-50% of sensors indeed acquired the
inward-facing orientation (Figure 3c and Suppl
Figure 8). Thus, DDM-based reconstitution protocol was
used for further experiments.

Notably, even at low sensor-to-lipid ratios Fa/Fp
values in liposomes was by 25%-30% higher than those
recorded for the detergent-solubilized sensors
(Figure 2d). To examine whether the increased FRET sig-
nal is caused by the off-pathway aggregation, we ana-
lyzed the sensor reconstitution efficiency. Once loaded
into the sucrose gradient, the liposomes could float to the
top due to the density difference between the aqueous
interior and the external solution (Figure 3d). Only
reconstituted sensors were able to co-migrate with the
liposomes, while the non-reconstituted and aggregated
proteins remained at the bottom of the gradient. The
analysis of the collected fractions by SDS-PAGE showed
that both sensor variants predominantly appeared in the
top fraction (Figure 3e). The reconstitution efficiency
reached 96% for aH-SecE and 84% for (GSG)s-SecE sen-
sors. The proteins remaining in the minor bottom frac-
tion manifested a high FRET efficiency, as Fa/Fp ratio
reached 2.59 + 0.10 for (GSG)e-SecE sensor (not deter-
mined for aH-SecE due to the low concentration in the
bottom fraction), as could be expected from the clus-
tered/aggregated molecules. The FRET efficiency of
(GSG)g-SecE sensor in the top fraction was 2.08 + 0.01,
that matched closely the value measured for the crude
reconstituted sensor, 2.13 + 0.02. For «aH-SecE sensor
prior and after the flotation assay the values were nearly
identical, 1.03 +0.02 and 1.012 + 0.004, respectively
(Figure 3d). Thus, we concluded that the sensors were
successfully reconstituted into liposomes, and the result-
ing relatively high FRET efficiencies were due to altered
conformations of the sensors in presence of the proxi-
mate lipid interface.

2.4 | Sensitivity of the sensors to
crowding at the membrane interface

Increased FRET efficiency for the liposome-reconstituted
sensors suggested that the proteins acquired more com-
pact conformations at the membrane interface. We ques-
tioned whether the sensors remained sufficiently
dynamic to respond to the changes in the proximate
crowding. To test that, soluble PEG 2000 and 6000 were
added to the proteoliposome suspension. Upon increas-
ing PEG 6000 concentration up to 30% (v/v), FRET effi-
ciency increased up to 3.00 + 0.03 for aH-SecE (increase
by 175%, Figure 4a—c) and to 3.78 + 0.04 for (GSG)s-SecE
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FIGURE 4  Sensitivity of the membrane-anchored sensors to soluble crowders. (a) Scheme of the reconstituted aH-SecE sensor in

presence of polyethylene glycol (PEG) molecules in solution. (b) Fluorescence emission spectra of aH-SecE in presence of PEG 6000 at
indicated concentrations (w/v). The spectra are normalized at 500 nm. (C) Forster's resonance energy transfer (FRET) efficiencies of aH-
SecE in presence of PEG 6000 or PEG 2000 (mean + SD, n = 2). Samples “10*” correspond to two-fold dilution of 20% PEG 6000 for testing
the reversibility of the sensor compaction. (d-f) Same as (a—c), for the liposome-reconstituted (GSG)s-SecE sensor.

(increase by 87%; Figure 4d-f), and the change in FRET
was reversible for both sensors, when the crowders were
diluted back to 10%. To examine the potential contribu-
tion of the sensor clustering, which may be stimulated
within the two-dimensional membrane (Grasberger
et al., 1986), the response of co-reconstituted individual
fluorophores to soluble PEG was measured (Suppl.
Figure 6C). As the FRET efficiency showed substantially
weaker dependence on the crowders and even in pres-
ence of 30% PEG 6000 the increase did not exceed 50%
(to be compared with the full-length aH-SecE, Fa/Fp
ratio increase by 175%), we concluded that the effect of
the protein clustering was rather limited. Thus, despite
the constraints set by the membrane interface, both oH-
SecE and (GSG)¢-SecE sensors were responsive to the
crowding levels, and the response was largely ensured by
the intramolecular conformational changes.

In the next step, the performance of the sensors was
studied in the presence of the interfacial polymer crowd-
ing. For this purpose, PEG-grafted lipids (DOPE-PEG
2000) were incorporated into the liposomes. PEG 2000 at
the interface should render the lateral pressure (Marsh
et al., 2003), which may cause steric compression of the
membrane-anchored sensors (Figure 5a). Indeed, both

60

sensors responded to the changes in the interfacial
crowding, as the FRET efficiency increased nearly line-
arly with increasing concentration of DOPE-PEG 2000
(Figure 5b-e). In presence of 10 mol% DOPE-PEG 2000,
the FRET efficiency reached 1.20 + 0.02 for the aH-SecE
(increase by 16%), and 2.86 + 0.17 for the (GSG)s-SecE
construct (increase by 33%).

Synthetic polymers, such as PEG, are commonly
employed as inert crowders, which render steric repulsive
forces. However, the proteins found at the cellular mem-
branes are heterogeneous in their physico-chemical prop-
erties, such as size, shape and charge distribution, and so
the physiological crowding goes beyond the “exclusion
volume” effect, but also involves quinary interactions
(Guseman et al., 2018; Kuznetsova et al.,, 2015; Speer
et al., 2022). Thus, we set out to analyze the response of
the developed crowding sensors to proteins coupled to
the membrane interface. To generate protein-based
crowding, proteins of choice ranging in their sizes and
properties could be anchored at the membrane interface
in a controlled way via either Ni*'-NTA:histidine or
biotin:streptavidin coupling. To ensure anchoring of vari-
ous poly-histidine-tagged proteins, 18:1 DGS-NTA lipids
were incorporated into liposomes, while the tag-less
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membrane-anchored sensors to
interfacial polymer crowding.

(a) Scheme of the reconstituted aH-SecE
sensor upon compaction induced by a
polymer at the membrane interface.

(b and c) Fluorescence emission spectra
and corresponding Forster's resonance
energy transfer (FRET) efficiencies
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sensors were employed for the reconstitution. The follow-
ing poly-histidine-tagged proteins were used then as
crowders: monomeric streptavidin (mSA; molecular mass
15.5 kDa) (Demonte et al., 2014), SecB chaperone (mono-
mer size 20.3 kDa), and SecA ATPase with either N- or
C-terminal poly-histidine-tags (SecAN and SecA®, mono-
mer size ~100 kDa) (Figure 6a, b). Among those, SecB
forms a stable tetramer, thus reaching approximately
80 kDa mass (Smith et al., 1996), while SecA may exist
both in monomeric and dimeric forms, but predomi-
nantly monomeric once it is bound to the membrane
(Roussel & White, 2020).

Various amounts of the crowders were incubated with
proteoliposomes to achieve either partial or complete
coverage of the surface-exposed Ni*"-NTA groups
(Figure 6¢) (Raghunath & Dyer, 2019). All the examined

(mean + SD; n = 2) of aH-SecE sensor
in presence of DOPE-PEG 2000 lipids at
indicated concentrations (mol%). (d, e)
Same as (b, c), for the reconstituted
(GSG)g-SecE sensor.

0 1 2 5 10

1 PEG 2000 PE (mol%)

0 1 2 5 10

18:1 PEG 2000 PE (mol%)

protein crowders induced the concentration-dependent
response of the aH-SecE sensor, but the measured FRET
efficiencies were protein-specific. Thus, titration of the
ATPase SecA, the largest examined crowder, induced a
rapid increase in the F,/Fp ratio followed by a plateau,
indicating saturation of the liposome surface with the
bound crowder. Notably, different FRET efficiencies were
achieved when using SecA variants, with the maximal
increase of 14% for SecAN and 8% for SecAC. Strikingly,
the relatively small protein mSA induced an equal
increase in the FRET efficiency as the N-terminally
bound SecAN ATPase, while the tetrameric SecB caused
the minimal change in the FRET signal (Figure 6c).
Thus, although the sensor was responsive to all tested
crowders, their molecular weights were not the decisive
factor for the intensity of the response. At the end of the
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Sensitivity of the membrane-anchored sensors to interfacial protein crowding. (a) Scheme of the reconstituted aH-SecE

sensor in presence of protein crowders, for example, SecA (green) anchored at the membrane interface via specific protein: lipid contact sites
(red dots). (b) SDS-PAGE of purified proteins applied as crowders. (c) Forster's resonance energy transfer (FRET) efficiencies of the sensors
in presence of increasing concentrations of the protein crowders. “Imidazole”, FRET signal after adding 300 mM imidazole to detach the
crowders. “DDM”, FRET signal after adding detergent to extract the sensor from the membrane. “Free sensor”, FRET signal of the sensor

prior to the liposome reconstitution.

experiment, the proteoliposomes were incubated with
imidazole to dissociate the crowders from the surface,
and the FRET efficiency dropped to the initial crowder-
free values. Disrupting the proteoliposomes with 1%
DDM caused further decrease of the F,/Fp ratio to 0.74,
matching the value measured for the detergent-isolated
sensor (Figure 2d). The non-tagged streptavidin variant
Strep®* of 60 kDa served as a negative control, which did
not affect the fluorescence, and so the sensor conforma-
tion (Howarth et al., 2006).

Qualitatively similar results were obtained when
employing proteoliposomes with (GSG)s-SecE sensor, as
the N-terminally anchored SecAN and mSA induced the
most prominent increase in FRET (Figure 6d). However,
addition of imidazole could only partially restored the
FRET signal of the sensor, and not for all tested crowders.
Notably, the signal even increased for the Strep™ protein
that served as a negative control. Since the reversibility of
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the sensor dynamics in response to changes in crowding
was previously confirmed (Figure 4f), we suspect that the
elevated imidazole concentration caused unpredicted
conformational rearrangements within the flexible
linkers, not related to the crowding per se. Nevertheless,
excess of the detergent added to proteoliposomes trig-
gered the decay in the FRET efficiency to the level of
membrane-free sensor (Figure 6d).

In an alternative approach, the liposomes with oH-
SecE sensor were supplemented with 18:1 biotinyl cap
PE lipids, so the crowder proteins could be deposited at
the lipid membrane interface via biotin: streptavidin
coupling (Suppl. Figure 9). Here, mSA played the role of
the crowding agent, and its effect on the sensor confor-
mation could be compared for two binding modes, that
is, via NTA and biotin anchoring, as the protein con-
tained a poly-histidine tag (Figure 6¢). For the biotin-
functionalized liposome containing oH-SecE sensors,
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continuous increase in the FRET efficiency was observed
upon titrating mSA suggesting compression of the sensor
(Suppl. Figure 10). At the highest examined mSA concen-
tration, the F,/Fp reached 1.37 + 0.03, which indicates
increase of the FRET efficiency by 22%, and the response
of the sensor to the increasing mSA concentration was
similar between biotin and Ni*"-NTA surface anchors.

Finally, we examined whether aH-SecE or (GSG)e-
SecE are responsive to the crowding within the lipid
bilayer. For this purpose, the sensors were reconstituted
into liposomes (protein-to-lipid ratio 1:3000) in presence
of the membrane protein complex SecYEG (Suppl. Fig-
ures 1 and 11A). E. coli SecYEG consists of 15 TMHs con-
nected by relatively short loops, and it lacks large
extramembrane domains, so the protein should not ren-
der substantial interfacial crowding. Indeed, even at the
molar ratio of SecYEG to lipids of 1:300 that corresponds
to mass ratio of 1:3 neither of the crowding sensors mani-
fested higher FRET efficiency (Suppl. Figure 11B). The
observation does match the initial intuitive prediction,
but it also suggests that the crowding within the mem-
brane does not induce clustering of the sensors, that oth-
erwise would result in high inter-molecular FRET.

2.5 | Crowding analysis in cellular
membranes

The broad interest in genetically-encoded sensors arises
from the opportunity to probe the conditions within the
native cellular environments. Characterization of
the crowding sensors in synthetic membranes provided
above demonstrates their fitness for the proposed task,
and we further set out to employ them for measuring the
interfacial crowding in a physiologically relevant envi-
ronment, the inner membrane of E. coli. As unambiguous
analysis in the living cell would be complicated at this
stage due to the intrinsically high crowding in the cyto-
plasm, we pursued measurements in isolated bacterial
membranes.

While the low density of the sensors, and so minimal
intermolecular FRET in model liposomes could be
achieved by adjusting the protein: lipid ratio upon the
membrane assembly (Figure 3a), the density of the sen-
sors in the cellular membrane may be controlled by tun-
ing their expression level. For this purpose, expression of
both aH-SecE and (GSG)e-SecE sensors was carried out
using a tightly regulated arabinose-inducible promoter in
presence of 0.001% ir-arabinose. To validate the mem-
brane localization of the expressed sensors, E. coli host
cells were imaged by super-resolution structured illumi-
nation microscopy (SR-SIM) (Figure 7a). For both sen-
sors, fluorescence signal of the acceptor fluorophore

mCitrine was observed along the contour of individual
bacteria verifying the localization of the proteins at the
membrane. Though the expression level was notably
higher for aH-SecE, the fluorescence signal of both vari-
ants was homogeneously distributed over the cell surface
without cluster formation or accumulation at the poles.

The presence of both sensor in the membrane was
further confirmed by SDS-PAGE in-gel fluorescence of
the crude membrane extracts, and the fluorescence inten-
sities correlated with SR-SIM results (Figure 7b). The
inner and outer membrane vesicles (IMVs/OMVs) were
then separated from each other by sucrose density gradi-
ent, and the sensors were predominantly found in the
IMV-containing fractions (Figure 7c). To estimate the rel-
ative amount of the expressed sensors, we determined
the total inner membrane protein concentration by a col-
orimetric assay, and the concentration of the sensor by
SDS-PAGE in gel-fluorescence, where the independently
purified sensor served for the signal calibration (Suppl.
Figure 12). aH-SecE sensor constituted 3.3% of the total
inner membrane protein mass, and the fraction of weakly
expressed (GSG)s-SecE did not exceed 2% of the total pro-
tein content.

For the extracted IMVs, the F,/Fp ratios were 1.17
+ 0.01 and 2.19 + 0.03 for aH-SecE and (GSG)s-SecE sen-
sors, respectively (Figure 7d), being within the value
range measured previously for the synthetic membranes,
either in the presence of PEG or proteinaceous crowders
(Figures 5 and 6). To test whether intermolecular FRET
had substantial contribution, we analyzed the signal of
aH-SecE sensor expressed upon varying arabinose con-
centration (Suppl. Figure 13). While the sensor amount
scaled with the arabinose concentration, the FRET effi-
ciencies between the samples differed by less than 5%.
Importantly, in each sample the sensors were equally
responsive to soluble crowders (10% PEG), while treat-
ment of IMVs with sodium carbonate reduced F/Fp
ratio by nearly 10%, as may be expected from forced dis-
sociation of peripheral membrane proteins. With that rel-
atively low abundance of the sensors, and absence of the
aggregation clusters in the cells (Figure 7a), we assumed
that the intermolecular FRET would not substantially
contribute to the fluorescence read-out, and the FRET
signal could be related to the crowding-dependent con-
formations of the sensors. Addition of Strep®* did not
influence the sensor conformation, as the F,/Fp ratios
were not affected (1.15 +0.01 for aH-SecE and 2.21
+ 0.01 for (GSG)e-SecE; Figure 7d), and the protein was
not expected to interact with the membrane surface. To
induce the interfacial crowding, we employed the ATPase
SecA, as the protein contains an amphipathic N-terminal
helix essential for docking SecA at the membrane inter-
face (Kamel et al., 2022). Addition of SecA had a weak,
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FIGURE 7 Crowding sensors in cellular membranes. (a) Super-resolution fluorescence (top) and corresponding transmitted microscopy

images (bottom) of the Escherichia coli cells expressing aH-SecE and (GSG)s-SecE Forster's resonance energy transfer (FRET) sensors.
Uninduced cells bearing aH-SecE expression plasmid served as control (“-Ara”). (b) SDS-PAGE of total cell protein extracts with and
without sensor overexpression. Left: Coomassie stained gel; right: in-gel fluorescence. (c) SDS-PAGE of sucrose density gradient fractions to
separate inner and outer bacterial membranes. Top: in-gel fluorescence; bottom: Coomassie stained gel. Fractions 4 and 5 demonstrate the
characteristic pattern of ribosomal proteins, followed by inner membrane vesicles (IMVs) (fractions 6-8). (d) FRET efficiencies of the
crowding sensors recorded in IMVs and in presence of either Step®* or membrane-binding SecA (mean + SD, n = 3).

but reproducible effect on both sensors, as the FRET effi-
ciencies increased to 1.20 + 0.01 and 2.29 + 0.03 for aH-
SecE and (GSG)e-SecE, respectively (Figure 7d). Thus, we
concluded that the developed sensors achieve membrane
localization in living cells, and may be implemented for
studying the dynamics of the macromolecular crowding
at the biological interface.

3 | DISCUSSION

Macromolecular crowding is a physiological cellular con-
dition, where the high density of proteins and nucleic
acids inevitably induces steric repulsion between those,
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but may also build transient quinary interactions based
on their surface properties, thus affecting thermodynamic
and kinetic properties of cellular processes. While the
effects of the macromolecular crowding on biological
membranes are ubiquitous and diverse (Guigas &
Weiss, 2016; Lowe et al., 2020), the methods to study the
crowding in living cells and reconstituted systems are
currently limited (Chen et al., 2010; Houser et al., 2020).
In this work, we designed and characterized first geneti-
cally encoded FRET-based sensors for the quantification
of the crowding at the membrane interfaces and showed
that a straightforward reconstitution into model mem-
branes renders the sensors suitable for the assigned task.
The difference in the structure of the sensors' linker
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domains, that is, flexible Gly-Ser-Gly repeats vs. folded
a-helical domains, had a clear impact on the fluorescence
read-out, and so the sensor conformations: The a-helices
within the linkers of aH-SecE served as spacers within
the FRET pair in the absence of crowders, while the
unstructured Gly-Ser-Gly repeats rendered a rather com-
pact initial conformation, in agreement with the earlier
study (Liu et al., 2017).

Both sensors were sufficiently dynamic to respond
to the changes in macromolecular crowding induced
with either soluble or membrane-associated molecules.
When synthetic PEG was utilized as a non-charged
inert crowder that renders hard repulsion, prominent
concentration-dependent response of both sensors was
observed due to their compression in presence of the ste-
ric forces. Interested in the perspective to measure physi-
ological crowding in cellular membranes, we analyzed
the sensor performance in presence of the membrane-
anchored proteins, which possess unique sizes, shapes
and surface properties. Both sensors manifested elevated
FRET signal upon increasing the protein abundance, as
could be expected from solely steric repulsion. Notably
though, the increase in FRET efficiency did not correlate
with the molecular sizes of the crowders, as the small
protein mSA (16 kDa) and the large motor protein SecA™
(~100 kDa) triggered comparable responses. As the
FRET signal commonly reached saturation within
the probed crowders concentration range, incomplete
binding could be ruled out, though the amount of crow-
ders bound to the surface may differ due to the steric
repulsion between them at the membrane surface
(Minton, 2010). Alike, the geometry of the crowder bind-
ing may affect the response, as implied by two SecA vari-
ants anchored via either N- or C-terminal end, and the
tetrameric SecB protein that may acquire planar orienta-
tion at the membrane surface when building three or
four His:Ni*"-NTA contacts. Complementary, the shape
and surface charges of the crowders may play roles in
quinary interactions with the sensor molecules, both
within their linker domains and the bulky fluorescent
protein, so their effect may go beyond the excluded vol-
ume (Guseman et al., 2018; Kuznetsova et al., 2015;
Sarkar et al., 2014; Speer et al., 2022). It should be noted
though, that the broad variety of the surface-associated
proteins in a living cell, and their unique interaction pro-
files, cannot not be mimicked in a simple in vitro system.
Thus, it is the most important that the presented sensors
appear responsive to all tested crowders, including the
crude membrane proteome isolated with the inner
membrane vesicles, suggesting the dominant effect of the
steric forces and hard repulsion. Determining the com-
plex interactions of various crowders with the sensors is a

task for further analysis, where experimental approaches
may be combined with computational modeling.

Understanding the mechanisms of sensor:crowder
interactions at the membrane interface may be more
challenging than for the extensively studied soluble sen-
sors (Groen et al, 2015; Liu et al, 2017; Pittas
et al., 2021). While the membrane itself affects the sensor
dynamics and favors a relatively compact conformation,
the effect of crowders is dependent on their localization.
Thus, our in vitro experiments employing PEG variants
revealed moderate change in FRET when the crowder
was anchored to the membrane in comparison to the
free-floating state. On one hand, the conformational
dynamics of the PEG chains may play a role, as the poly-
mer undergoes an entropy-induced elongation at the sur-
face, known as “mushroom-to-brush” transition (Marsh
et al., 2003), which may reduce the steric pressure on the
sensor. Other reason could be the interface of
crowder:sensor interactions: While the membrane-
attached crowders, both PEG chains and folded proteins,
will primarily interact with the linker domains, the bulky
fluorescent proteins will be more accessible for the crow-
ders floating above the membrane plane.

The sensor response to the soluble crowders may be
utilized in particular applications, for example, if study-
ing dynamics of the actin cytoskeleton or assembly of
macromolecular condensates proximate to the membrane
(Bokvist & Grobner, 2007; Wang et al., 2023). However, it
may also challenge potential measurements of the intrin-
sic membrane crowding in living cells. Although the
cytoplasmic crowding levels in eukaryotic cells are sub-
stantially lower than those in bacteria (Speer et al., 2022),
unambiguous analysis would require further develop-
ments to uncouple the sensor dynamics from the solvent
conditions. Here, modifications of the linker architecture
may be envisioned, that the linkers determine the
dynamic range of the sensors, and so the achievable reso-
lution in crowding measurements. Structured domains,
such as a-helices in aH-SecE sensor, appear more suit-
able for design and controlled modifications. Here, intro-
ducing amphipathic helices may be a potent strategy, as
their crowding-sensitive interactions with the membrane
may be employed for switching the sensor conformations
(Prévost et al., 2018), while variations in the length,
charge distribution and flanking elements will serve for
further fine-tuning, for example, to enhance the effects of
the steric compression while minimizing the crowder-
specific quinary interactions. Furthermore, modifications
within the fluorescent domains may benefit the sensor
performance in the cellular environments. Here, fast-
maturating fluorescent proteins may be introduced
(Hofig et al., 2018), but also orthogonal moieties, such as
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HaloTag and SNAP-Tag (Hellweg et al., 2023; Zhang
et al., 2023), which ensure higher photostability and
brightness, and would reduce the sensor propensity to
form oligomers at the membrane.

Shown ability of the sensors to target and insert into
cellular membranes, together with their functionality
within the native membrane vesicles implies applications
of the sensors to study membrane proteostasis in vivo.
Once established in eukaryotic cells, crowding levels may
be measured within distinct cellular compartments, and
modification of the membrane anchor, that is, size
and hydrophobicity may be used for targeting the sensors
to specific organelles or the membrane nanodomains
(Sezgin et al., 2017; Sharpe et al., 2010). Temporarily-
resolved experiments may reveal changes in the crowding
levels, for example, due to protein over-expression, mem-
brane stress and cell aging (Karagoz et al., 2019; Mouton
et al., 2020), but may be also applied to study the density
and dynamics of the cell surface glycocalyx or bacterial
lipopolysaccharides. For the latter purpose, synthetic sen-
sors have been recently introduced by Takatori and co-
workers (Arnold et al.,, 2023; Takatori et al., 2023),
who combined extensive in vitro analysis of the polymer-
based sensor dynamics with the measurements on
the surface of living cells, where the sensors could be
easily delivered once added externally. The studies
provide unique insights on organization of the glycocalyx
of various cell types, as well as the heterogeneity
within the plasma membrane structure, and offer a
complementary approach to the genetically-encoded sen-
sors described here.

Studying organization and dynamics of cellular mem-
branes in a non-invasive manner remains a great chal-
lenge in biology, but the recent technical developments,
first of all in advanced fluorescence microscopy and
membrane-specific probes are providing new tools
and opportunities (Collot et al., 2022; Sezgin, 2017). We
envision that the protein-based sensors for crowding in
cellular membranes will be a valuable add-on for charac-
terizing the environment of the cell membrane interfaces,
and will also find their applications in crowding analysis
in reconstituted systems.

4 | MATERIALS AND METHODS
4.1 | Expression and purification of the
membrane crowding sensors

Gene fragments encoding for TMHs 1-2 of SecE E. coli
were introduced into the plasmid pRSET-A-FRET
(Boersma et al., 2015) via Gibson assembly (New England
Biolabs), so the encoded membrane anchor substituted
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the flexible linker between the mCerulean and mCitrine.
Additionally, a cleavage site for 3C protease (sequence
LEVLFQGPG) was added to each construct after the
N-terminal hexa-histidine tag. A soluble sensor contained
a polypeptide of 14 amino acids (AHIVMVDAYKPTK)
(Zakeri et al., 2012) instead of the anchor domain. Clon-
ing results were validated by sequencing analysis
(Eurofins Genomics). Resulting plasmids containing
genes for (GSG)s-SecE and aH-SecE sensors were trans-
ferred into the E. coli C43(DE3) strain. For the protein
over-expression, the cultures were grown at 30°C in LB
medium (10 g/L tryptone, 10/L g NaCl and 5 g/L yeast
extract) supplemented with 100 pg/mL ampicillin till
ODgqp of 0.6 was reached. The expression of the sensors
was induced with 0.1 mM IPTG and carried out over-
night at 25°C (Boersma et al., 2015). For tunable expres-
sion of sensors, the constructs were re-cloned into
pBADy;s vector, and expression was induced with 0.001%
L-arabinose. Expression of mCerulean-SecE (pBAD-based
vector) and SecE-mCitrine (pRSET-A) was performed
using the same protocol.

The cells were harvested by centrifugation at 5000x g
for 15 min (SLC-6000, Thermo Fisher/Sorvall), resus-
pended in 20 mM NaH,PO,/Na,HPO, pH 7.4 and
100 mM NaCl supplemented with 0.1 mM PMSF
and lysed by Microfluidizer (M-110P, Microfluidics Corp).
Cell debris was removed by subsequent centrifugation at
12,000x g for 15 min (SS34, Thermo Fisher/Sorvall). The
membrane fraction was collected by centrifugation for
45 min at 235,000x g (45 Ti rotor, Beckman Coulter).
The pellet was resuspended in 20 mM NaH,PO,/
Na,HPO, pH 7.4, 100 mM NaCl, 5% glycerol and 0.1 mM
PMSF. Further, the membranes were solubilized in 1%
DDM (Glycon Biochemicals GmbH), 50 mM NaH,PO,/
Na,HPO,, 500 mM NaCl, 200 pM TCEP and 0.2 mM
PMSF. The proteins were purified via metal ion affinity
chromatography (IMAC). The solubilized material was
loaded on the Ni*"-NTA-agarose resin (either QITAGEN
or Macherey-Nagel) and the resin was washed with
50 mM NaH,PO,/Na,HPO, pH 8.0, 300 mM NaCl, 0.1%
DDM and 20 mM imidazole. The proteins were eluted
with 50 mM NaH,PO,/Na,HPO, pH 8.0, 300 mM Nacl,
0.1% DDM and 250 mM imidazole. The elution fraction
was loaded on the Superdex 200 Increase GL 10/300 col-
umn (Cytiva) in 10 mM NaH,PO,/Na,HPO, pH 74,
50 mM NaCl and 0.05% DDM. Peak elution fractions of
SEC were pooled, aliquoted and stored at —80°C. The
expression of the sensor and each purification stage were
controlled via SDS-PAGE, followed by in-gel fluorescence
imaging and Coomassie staining (Quick Coomassie®
Stain, SERVA). To remove the N-terminal tag, 3C prote-
ase was added to the IMAC resin-bound sensors after
washing steps and incubated for 2 h. Afterwards, the
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released protein was eluted with the wash buffer followed
by SEC, as described above. For the spectrophotometric
analysis, the following extinction coefficients were used
to calculate the concentration of fluorescent proteins,
and the total protein concentration: mCerulean3 of
€433 = 33,000 M cm™}, mCitrine of &5, = 94,000-
M~ cm™! (Lambert, 2019). Both sensors, which differ
only by the linker sequence, had the extinction coeffi-
cient e,50 = 56,520 M~! cm™ . The calculated molar ratio
of individual fluorescent proteins to the sensor concentra-
tion provided an estimate for the folding efficiency.
mCerulean and mCitrine of (GSG)s-SecE were folded
with the efficiency of 61% + 15% and 73% + 7%, respec-
tively (three independent expression/isolation experi-
ments). Within the aH-SecE sensor, the folding efficiency
of the fluorescent domains reached 78% + 9% and 87%
+ 1%, respectively (n = 3), suggesting more efficient fold-
ing within the construct with the elongated and struc-
tured linkers.

4.2 | Sensor expression for
measurements in vesicula

The protein expression using pBAD-based plasmids was
conducted as described above, using 0.001% L-arabinose
(67 pM) as the inducer. The isolated crude membrane
extract was loaded on the continuous 20%-70% sucrose
density gradient in 20 mM NaH,PO,/Na,HPO, pH 7.4
and 100 mM NaCl prepared by the Gradient Station
(BioComp Instruments) and centrifuged for 16h at
30.000 rpm (rotor SW 40 Ti, Beckman Coulter). The gra-
dients were collected with the Gradient Station, and the
fractions were analyzed on SDS-PAGE. Selected fractions
were pooled together, diluted 5-fold with 20 mM
NaH,P0,/Na,HPO, and 100 mM NaCl, and pelleted via
centrifugation for 45 min at 235,000 g (45 Ti rotor, Beck-
man Coulter) to remove sucrose. The pellet was resus-
pended in 20 mM NaH,PO,/Na,HPO, pH 7.4, 100 mM
NaCl, 5% glycerol and cOmplete™ EDTA-free protease
inhibitor cocktail (Roche).

To determine the total inner membrane protein
content, the membrane preparations were solubilized
with 1% DDM and the total protein content was mea-
sured using Pierce™ 660 nm Protein Assay Reagent
(Thermo Scientific) against the BSA standard curve
(Thermo Scientific) in concentration range between
0.025 and 2 mg/mL. The concentration of the sensor in
the IMVs was determined from SDS-PAGE in-gel fluo-
rescence with ImageQuant TL (Cytiva), using titrations
of the purified sensors with known concentrations for
the calibration.

4.3 | Size exclusion chromatography
coupled to multi-angle light scattering

The oligomeric state of the purified sensor constructs was
analyzed by SEC coupled to multi-angle light scattering
(SEC-MALS) using Superdex 200 Increase GL 10/300 col-
umn coupled to connected to miniDAWN TREOS II light
scattering device and Optilab-TrEX Ri-detector (Wyatt
Technology Corp.). The sensors were applied at 0.55 mg/
mL concentrations in 10 mM NaH,P0,/Na,HPO, pH 7.4,
50 mM NacCl and 0.05% DDM. Experiments with the sol-
uble sensor construct lacking the transmembrane SecE
domain were conducted at the same conditions in the
buffer without DDM. The data analysis was performed
with ASTRA 7.3.2 software (Wyatt Technology Corp.).

4.4 | Expression and characterization of
the crowder proteins

The protein crowding agents were expressed and purified
as described elsewhere: mSA (Demonte et al., 2014; Lim
et al., 2011), Strep™* (Howarth et al., 2006), SecB (Fekkes
et al., 1998), SecAN and SecA® (Kamel et al., 2022). As
mSA was expressed as inclusion bodies and had to be
refolded, its functionality was additionally analyzed by
differential scanning fluorimetry (nanoDSF, Prometheus
NT48). 1 pM mSA was optionally incubated with 10 pM
biotin and the thermal denaturation of the protein was
examined between 25 and 85°C (heating ramp 1°C/min)
upon monitoring the intrinsic fluorescence at 330 and
350 nm, and the protein stabilization upon ligand bind-
ing was analyzed.

4.5 | Reconstitution of the crowding
sensors into model membranes

Lipids were purchased in chloroform-solubilized form
(Avanti Polar Lipids, Inc.) and were mixed together to
obtain required lipid compositions. For PEG-based
crowding experiments, liposomes composed of DOPC
(63 mol%) and DOPG (27 mol%) were supplemented with
10 mol% of 1,2-dioleoyl-sn-glycero-3-phosphatidylethanola-
mine (DOPE) and 1,2-dioleoyl-sn-glycero-3-phosphoethano-
lamine-N-[methoxy(polyethylene glycol)-2000] (DOPE-PEG
2000) at various ratios. For protein-based crowding experi-
ments, 20 mol% of anchor lipids, 1,2-dioleoyl-sn-glycero-
3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid)succi-
nyl] (18:1 DGS-NTA(Ni)) or 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(cap biotinyl) (sodium salt) (18:1
Biotinyl Cap PE), were added to DOPC:DOPG mixture
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(53 mol%: 27 mol%) were used for titration experiments.
Lipids were mixed in defined ratios, chloroform was
removed via vacuum evaporation (rotary evaporator RV
8, IKA) while incubating the samples at 40°C in a water
bath. Formed lipid film was subsequently rehydrated and
resuspended with 20 mM Tris-HCl pH 7.5 and 150 mM
KCl to achieve final lipid concentration of 5 mM.

The liposome suspensions were extruded with the
Mini-Extruder set (Avanti Polar Lipids, Inc.) via 0.2 pm
polycarbonate membranes (Nuclepore, Whatman) and
liposomes were swelled with 0.2% DDM at 40°C for
15 min (Suppl. Figure 7). Unless other is indicated, the
purified crowding sensors were added at the protein: lipid
molar ratio of 1:3000 and incubated for 30 min on ice.
Afterwards the samples were incubated with Bio-Beads
SM-2 sorbent (Bio-Rad Laboratories) overnight on the
rolling bank at 4°C to remove the detergent (Rigaud
et al., 1997). Proteoliposomes with the reconstituted sen-
sor were pelleted at 162,000x g for 30 min (S120-AT3
rotor, Discovery M120 SE, Thermo Fisher/Sorvall) and
then resuspended in 50 mM Tris-HCl pH 7.5 and
150 mM KCl to the final lipid concentration of 5 mM.

The reconstitution efficiency of the membrane-
anchored crowding sensors was examined upon centrifu-
gation in the sucrose density gradient. A 50 pL of
reconstituted proteoliposomes were mixed together with
60% sucrose (w/v), 50 mM Tris-HCI pH 7.5 and 150 mM
KCI to final sucrose concentration of 30% in 200 pL, and
loaded at the bottom of the centrifugation tube. A 250 pL
of 20% sucrose solution and 50 pL of 5% sucrose solution
were loaded on top, thus forming a step gradient of
sucrose. The samples were centrifuged for 1h at
29,000 g (S120-AT3 rotor, Discovery M120 SE, Thermo
Fisher/Sorvall) and then harvested from the bottom into
3 fractions (bottom” of 250 pL, “middle” 125 pL, and
“top” of 125 pL). The presence of the sensor in each frac-
tion was analyzed by SDS-PAGE: The intensity of fluores-
cent bands in SDS-PAGE was quantified (ImageQuant
TL, Cytiva) and the relative amount of the reconstituted
sensor was calculated by dividing band intensity of the
individual fractions by the cumulative intensity of all
fractions. Flotation experiments were carried indepen-
dently at least two times for each sensor construct.

For studying the topology of the membrane-
embedded sensors, DOPC:DOPG liposomes were incu-
bated with 0.2% DDM or 0.5% Triton X-100, and oH-SecE
or (GSG)e-SecE sensors were reconstituted as described
above. Formed proteoliposomes were mixed with either
42 pM trypsin (from porcine pancreas, Sigma-Aldrich) or
17 pM  proteinase K (Thermo Fisher Scientific).
Detergent-solubilized sensors were equally incubated
with proteases and served as controls in this experiment.
The proteolysis reaction proceeded for 2 h at 22°C, then
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the samples were incubated for 5 min at 90°C to inacti-
vate the proteases and were analyzed by SDS-PAGE.

4.6 | Fluorescence spectroscopy

Purified and optionally reconstituted sensors were diluted
in 20 mM Tris-HCI pH 7.4 and 150 KC], and the emis-
sion spectrums of the probes were recorded on either
Fluorolog-3 or FluoroMax-Plus (Horiba™ Scientific). The
excitation wavelength was set to 420 nm, slit width 5 nm,
so only the donor fluorophore mCerulean was excited,
and the fluorescence emission spectra were recorded in
the range of 435-620 nm, where the emission of mCeru-
lean (donor) was measured at 475 nm, and mCitrine
(acceptor) at 525 nm. Dilution series of PEG 6000 as a
soluble crowder were prepared in 20 mM Tris-HCl
pH 7.4 and 150 mM KCI based on 50% stock solution
(w/v). For measurements that included the detergent-
solubilized sensors, 0.05% DDM was additionally supple-
mented. To induce protein crowding at the liposome
surface, crowders were titrated stepwise to the liposomes
with reconstituted sensors until the crowder/ligand-lipid
ratio of 1.1 was reached. To probe crowding in IMVs,
Strep™ and SecA were added to vesicle suspension in
concentrations of 13 pyM for aH-SecE and 8 uM for
(GSG)e-SecE samples. For all the samples the background
spectrum of the corresponding buffer or crowder solution
was subtracted.

4.7 | Super-resolution structured
illumination microscopy

Cells transformed with pBAD-based plasmids containing
genes for either (GSG)e-SecE or aH-SecE sensors were
grown as described earlier, and the expression was
induced by 0.001% vr-arabinose. Additional cell culture
with aH-SecE sensor was prepared as a control and was
not induced with arabinose. The harvested cells were
resuspended in PBS and the ODggo was adjusted to 1.2.
Cover glasses for the microscopy were cleaned with 70%
ethanol and coated by 0.1% (w/v) poly-L-lysine solution.
Next, the cover glasses were placed into 12-well plates
with 1 mL PBS and 5 pL of bacterial cell suspension and
centrifuged at 1500 rpm (ROTOR) for 15 min at 4°C. The
supernatant was removed and the attached cells were
washed with 1 mL of fresh PBS. Structured illumination
microscopy was performed using the Zeiss ELYRA PS.1
microscope system (Zeiss Microscopy GmbH, Oberko-
chen, Germany) equipped with a Plan-Apochromat
63x/1.4 oil immersion objective lens. For excitation of
the sensors, a 488 nm diode laser was used at 1.5%-2.5%
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emission intensity. Signals were detected by a front illu-
minated Andor iXon3 DU-885K camera, a BP 495-575
+ LP 750 emission filter, exposure time of 100 ms and an
EMCCD gain of 100-200. Individual stacks of 256 x 256
px (pixel) and a Z-axis interval of 110 nm were acquired
at 542 pm SIM-grid rotations and with no averaging.
Each acquired z-stack was processed internally with the
ZEN black SIM feature with the same 3D signal-to-noise
filter of —3.3 for all data.
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Supplemental Figure 1. Transmembrane anchor for the crowding sensors. (A) SecYEG
translocon in the lipid membrane (PDB: 6R7L), view in the membrane plane (left) and from the
periplasm (right). The membrane plane is shown by red lines, as resolved by cryo-EM .
Individual subunits are indicated and color-coded. SecE TMHs 1-2 used for anchoring the
crowding sensors are shown in dark purple. The connecting periplasmic loop of four amino
acids is not resolved in the cryo-EM structure. (B) SDS-PAGE of crude membrane extracts

containing SecE-mCitrine and mCerulean-SecE fusion proteins. Left: Coomassie stained gels;

right: In-gel fluorescence.
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Supplemental Figure 2. Expression of the crowding sensors. SDS-PAGE (left) and in-gel
fluorescence (right) of the cytoplasmic (“Cyt.”) and crude membrane (“M.”) fractions of the cells

expressing the indicated crowding sensor.
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Supplemental Figure 3. Soluble sensor undergoes concentration-dependent
oligomerization. SEC-MALS profiles of the membrane anchor-free sensor at 0.47 and 3.38
mg/mL concentrations revels a shift towards higher molecular mass at the elevated
concentration. For the sample injected with 0.47 mg/mL (green), only one peak in MALS with
70.4 + 1.5 kDa was measured. For the elevated concentration (purple), several peaks were
detected at 269 + 16 kDa, 110 + 1 kDa and 75 + 1 kDa, thus showing a concentration-
dependent oligomerization of the sensor in absence of the hydrophobic anchor.
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Supplemental Figure 4. Absorption spectra of the purified crowding sensors. The

characteristic absorption spectra confirm presence of two fluorescent proteins with specific

peaks for mCerulean (~430 nm) and mCitrine (515 nm).
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Supplemental Figure 5. Sensitivity of the detergent-solubilized sensors to the polymer-

induced crowding. (A) Scheme of the aH-SecE sensor in detergent micelle upon compaction

induced by the polymer in solution. (B) Fluorescence emission spectra of aH-SecE sensor in

presence of PEG 6000 at indicated concentrations (w/v). (C) Corresponding FRET efficiencies

of aH-SecE sensor (mean £ SD, n = 2). Sample “10%*” correspond to two-fold dilution of 20%

PEG 6000 for testing the reversibility of the sensor compaction. (D-F) Same as (A-C), for the

detergent-solubilized (GSG)s-SecE sensor.
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Supplemental Figure 6. Individual membrane-anchored fluorophores manifest weak
dependence of FRET on macromolecular crowding. (A) Scheme of co-reconstituted
fluorophores fused with individual membrane anchors. (B) FRET efficiency is dependent on
the protein-to-lipid ratio used for reconstitution. Elevated protein density facilitates
intermolecular FRET. (C) FRET efficiency of the crowding sensor aH-SecE vs. individual co-
reconstituted fluorophores at P/L ratio of 1:3,000 in response to soluble crowders PEG 2000
and PEG 6000.
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Supplemental Figure 7. Destabilization of liposomes prior reconstitution of the
crowding sensors. Optical density for DOPC:DOPG (70:30 mol%) liposomes in presence of
DDM (A) and Triton X-100 (B). The liposomes were titrated with detergents and the optical
density at 540 nm was recorded after each step until the suspension was completely
solubilized. At the beginning of the titrations the liposome swelling in observed for both
detergents resulting in increase of the optical density, followed by disintegration/solubilization

of liposomes and decrease in the optical density.
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Supplemental Figure 8. Topology determination of the liposome-reconstituted sensor

using limited proteolysis. Topology determination of the liposome-reconstituted sensors via
limited proteolysis by trypsin (T), or proteinase K, (PK) for DDM-based reconstitution. “DDM”,
detergent-solubilized sensors. (B) Same as (A), but using Triton X-100 for the liposome

reconstitution.
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Supplemental Figure 9. Functional test of the refolded monomeric streptavidin (mSA).
(A) Structure of mSA with bound biotin molecule (PDB ID: 4JNJ). Tryptophan residues are
shown in orange, biotin in green. (B) Differential scanning fluorometry of mSA and mSA:biotin
complex. Biotin binding induces prominent thermodynamic stabilization of mSA, as the thermal
denaturation point shifts from 43 °C to 59 °C. Complete shift to the higher denaturation

temperature indicates that all mSA molecules were competent for the ligand binding.
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Supplemental Figure 10. mSA-induced crowding at the membrane interface is detected

by the sensor. Two approaches for binding mSA to the membrane surface, either via biotinyl

cap PE lipids or DGS-NTA lipids resulted in nearly identical response of the reconstituted

sensor aH-SecE.
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Supplemental Figure 11. Interfacial sensors do not respond to the crowding within the

membrane.

(A) Protein content of the proteoliposomes with either sensors alone or also

SecYEG translocon added at the indicated protein-to-lipid molar ratios. (B) FRET efficiencies

of both sensors in each type of proteoliposomes.
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Dilution series of purified Dilution series of purified
aH-SecE (GSG)s-SecE
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Supplemental Figure 12. Determination of the sensor abundance in the bacterial
membrane. In-gel fluorescence images of SDS-PAGE show IMVs containing the sensors
loaded next to the serial dilutions of the purified sensors of known concentrations (range 166

pug/mL to 5 pg/mL).
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Supplemental Figure 13. Dynamics of the crowding sensor in native membrane vesicles.
(A) Increasing arabinose concentration promoted expression of the aH-SecE sensor in E. coli
C41(DE3). Bottom: Coomassie-stained SDS-PAGE of isolated IMVs; top: in-gel fluorescence.
(B) Expression levels of aH-SecE had minimal influence on the FRET signal (light grey bars).
At all conditions, the sensors were responsive to the crowding in solution rendered by 10 %
PEG 6000 (grey bars). Incubation of IMVs (0.001 % arabinose as inducer) with 0.2 M sodium
carbonate reduced the FRET signal (dark grey bar), likely due to dissociation of peripheral

proteins and so decrease in the interfacial crowding.
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aH-SecE sensor amino acid sequence:

MHHHHHHLEVLFQGPGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLK
FICTTGKLPVPWPTLVTTLSWGVQCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNY
KTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNAIHGNVYITADKQKNGIKANFGLNC
NIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITL
GMDELYKGSGGSGGSGGSGGSGGSGAEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKAGS
GGSGGSGGSGANTEAQGSGRGLEAMKWVVVVALLLVAIVGNYLYRDIMLPLRALAVVILIAA
AGGVALLTTKGKGSGGSGGSGGSGAEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKAGSG
GSGGSGGSGGSGGSMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLK
FICTTGKLPVPWPTLVTTFGYGLMCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNY
KTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRH
NIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSYQSALSKDPNEKRDHMVLLEFVTAAGITL

GMDELYK

(GSG)s-SecE sensor amino acid sequence:

MHHHHHHLEVLFQGPGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLK
FICTTGKLPVPWPTLVTTLSWGVQCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNY
KTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNAIHGNVYITADKQKNGIKANFGLNC
NIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITL
GMDELYKGSGGSGGSGGSGGSGGSGSANTEAQGSGRGLEAMKWVVVVALLLVAIVGNYL
YRDIMLPLRALAVVILIAAAGGVALLTTKGKGSGGSGGSGGSGGSGGSMVSKGEELFTGVV
PILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTFGYGLMCFARY
PDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNI
LGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDN

HYLSYQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

mCerulean is highlighted in blue, mCitrine in orange, SecE in red, a-helices of the linker region

in green
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3.3 Development of anchoring strategies and other sensor designs

3.3.1 Transmembrane anchor domains for the crowding sensors
3.3.1.1 Introduction

To characterize the membrane properties, e.g. macromolecular crowding, efficient targeting of
the sensor molecules is an essential prerequisite. In the Chapter 3.2 we accomplished that
task by utilizing the transmembrane helical hairpin of SecE. Besides the SecE hairpin, several
other anchors were tested within the project, aiming to increase the robustness of the approach

and also avoid pitfalls, such as anchor-mediated clustering.

Among the tested anchors were Mistic (Membrane-Integrating Sequence for Translation of
Inner-membrane protein Constructs) from Bacillus subtilis and RseC protein from E. coli.
Intrinsically, Mistic plays a role in the biofilm formation (Lundberg et al., 2013), while it is a
quite peculiar protein with hydrophilic properties due to a high abundance of polar and charged
amino acids on the surface but remains associated with membranes when expressed in E. coli
(Roosild et al., 2005). The protein consists of 110 amino acids that form a four-helix bundle
structure in detergent micelles (figure 3.1), however the structure in the membrane remains
unknown and changes of the protein conformation upon the membrane insertion are
hypothesized (Roosild et al., 2005). Mistic can assist the membrane targeting and insertion of
inner membrane proteins: When used as a fusion tag on the N-terminus of the protein of
interest of either prokaryotic or eukaryotic origin, it allows for the high expression yield in E. coli
potentially avoiding the known translocation machineries (Chowdhury et al., 2012; Dvir and
Choe, 2009; Ji-Ann Lee and Dien et al., 2010; Roosild et al., 2005). The spontaneous
association with the membrane makes Mistic a potential candidate for anchoring of the

membrane sensors.

Figure 3.1: Ribbon diagram of the Mistic structure from Roosild et al. (2005)

Another potential candidate for the sensor membrane anchoring was the RseC protein, a

positive regulator of of (RpoE) transcription factor. The o®-mediated system regulates the
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gene expression as a stress response to accumulation of unfolded/aggregated outer
membrane proteins in periplasm (Mitchell and Silhavy, 2019). RseC is one of the four proteins
encoded in the gene operon containing RpoE (De Las Penas et al., 1997). RseA and RseB
proteins were shown to be a negative regulators of RpoE transcription activity (Missiakas et
al., 1997), while RseC may be also involved in reduction of iron-sulfur center of SoxR system
after its activation upon oxidative stress response (Lee et al., 2022). The structure of RseC
protein is currently unsolved, but models generated by the AlphaFold2 (figure 3.2) and
sequential analysis predicts the presence of two transmembrane helices forming a tight hairpin
in the lipid bilayer. Experimental evidences suggest that RseC is an inner membrane protein
involved in modulation of ot activity (Missiakas et al., 1997) and in reduction of SoxR (Lee et
al., 2022).

Cytoplasm

E. coli inner membrane

Periplasm

Figure 3.2: AlphaFold model of RseC protein (UniProt ID:P46187). Topology of the RseC protein is
shown accordingly to the proposed model (Lee et al., 2022)

For characterization of Mistic as a potential candidate for the membrane anchoring, the SecE
transmembrane domain of aH-SecE sensor was replaced, and the new sensor aH-Mistic was
characterized. The sequence of potential helical hairpin of RseC protein was encoded instead
of SecE transmembrane domain of (GSG)e-SecE sensor resulting in (GSG)s-RseC construct.
Both sensors, aH-Mistic and (GSG)s-RseC, were examined on their association with the
membrane upon expression, purification and reconstitution efficiency into model membranes

as well as the ability to respond to the macromolecular crowding.
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3.3.1.2 Materials and Methods

Expression and purification of sensor constructs
aH-Mistic

Gene fragments containing sequence encoding aH-Mistic construct bearing N-terminal poly-
histidine tag were cloned via Gibson Assembly into plasmid pRSET-A, which was transferred
into E. coli C43(DE3) strain. The cells were grown in LB medium (Carl Roth) supplemented
with 100 pug/mL ampicillin till ODsego of 0.55 and the expression of the protein was induced upon
addition of 0.1 mM IPTG and proceeded overnight at 25°C and 180 rpm. The cells were
harvested for 10 min at 5000xg (SLC-6000 fixed angle rotor, Thermo Fisher/Sorvall). The cell
pellet was resuspended in 10 mM NaH;PO4/NaHPO, pH 7.4, 100 mM NaCl and
0.1 mM PMSF and lysed by Microfuidizer (M-110P, Microfluidics Corp). The first centrifugation
at 12000xg for 15 min (SS34, Thermo Fisher/Sorvall) was applied to remove cell debris and
the second at 235000xg for 45 min (Ti45 rotor, Beckman Coulter) was used to collect the
membrane fraction, which was resuspended in 10 mM NaH;PO4+/Na;HPO4 pH 7.4,
100 mM NaCl, 5% glycerol and 0.1 mM PMSF. The solubilization of the membranes was
performed in 50 mM NaH2PO4/Na;HPO4 pH 7.4, 500 mM NacCl, 200 uM TCEP, 1 mM AEBSF
and 1% LDAO. The solubilized material was centrifuged at 5000xg for 10 min and the
supernatant was loaded at Ni**-NTA agarose resin (Macherey-Nagel). The resin was washed
with 50 mM Na NaH2PO4/Na;HPO4 pH 7.4, 500 mM NaCl, 200 uM TCEP, 1 mM AEBSF, 10
mM imidazole and 0.1% LDAO and the sensor was eluted with 50 mM Na NaH2PO4/Na;HPO,
pH 7.4, 500 mM NaCl, 200 uM TCEP, 1 mM AEBSF, 300 mM imidazole and 0.1% LDAO. The
eluted protein fraction was loaded on the Superdex 200 Increase GL 10/300 column (Cytiva)
in 10 mM NaH2PO4/Na;HPO4 pH 7.4, 50 mM NaCl and 0.1% LDAO. The peak elution fractions
containing the sensor were polled, supplemented with 5% glycerol and stored at -80°C for
further experiments. The purification process was analyzed with SDS-PAGE by in-gel

fluorescence and subsequent staining with Coomassie (Quick Coomassie® Stain, SERVA).
(GSG)s-RseC

The (GSG)s-RseC construct was purified by the identical protocol described for (GSG)s-SecE

sensor from the Chapter 3.2.

Reconstitution of the sensor constructs into liposomes

Chloroform-solubilized stocks of lipids (Avanti Polar Lipids, Inc.) were used to prepare two
different types of liposomes — either DOPC (70 mol %) and DOPG (30 mol %) or DOPC (54
mol %), DOPG (26 mol %) and 18:1 Biotinyl Cap PE (20 mol %). The lipids were mixed in
defined ratios, the chloroform was evaporated at 40°C (rotary evaporator RV 8, IKA) and the
lipid film was rehydrated and resuspended in 20 mM Tris/HCI pH 7.5 and 150 mM KCI to a
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final lipid concentration of 5 mM. The vesicle suspensions were extruded via 200 nm
polycarbonate membranes with mini-extruder lipids (Avanti Polar Lipids, Inc.) to obtain
unilamellar liposomes. For the reconstitution the liposomes were mixed with either 0.3% LDAO
for aH-Mistic or 0.2% DDM for (GSG)s-RseC constructs, incubated for 15 min at 40°C and then

mixed with purified and detergent solubilized sensors with protein:lipid molar ratio of 1:3,000.

Detergent removal by sorbent beads

After the 30 min incubation period on ice, the protein:lipid:detergent mixtures were transferred
on pre-washed Bio-Beads SM-2 sorbent (Bio-Rad Laboratories) and the detergents were
removed overnight on the rolling bank at 4°C. The proteoliposomes were pelleted at 162000xg
for 30 min (S120-AT3 rotor, Discovery M120 SE, Thermo Fisher/Sorvall) and resuspended in
20 mM Tris/HCI pH 7.5 and 150 mM KCI to the final lipid concentration of 5 mM.

Dialysis

After 30 min incubation period on ice, the protein:lipid:detergent mixtures were loaded into the
3 mL Slide-A-Lyzer dialysis cassettes with 3.5 MWCO (Thermo Fischer Scientific) and the
samples were dialyzed against 2 L of fresh 20 mM Tris/HCI pH 7.5 and 150 mM KCI buffer for

24h. The proteoliposomes were pelleted and resuspended as described above.

Dilution

The protein:lipid:detergent mixtures (500 uL) were incubated on ice for 2 h and then diluted
with 20 mL fresh 20 mM Tris/HCI pH 7.5 and 150 mM KCI in 1 mL steps under continuous
stirring. The proteoliposomes were pelleted at 160000xg for 30 min (50.2 Ti rotor, Beckman
Coulter) and resuspended in 20 mM Tris/HCI pH 7.5 and 150 mM KCI to the final lipid

concentration of 5 mM.

Sensor reconstitution efficiency and fluorescence spectroscopy

The reconstitution efficiency was analyzed via the flotation assay described in Chapter 3.2.
Recording the emission spectra and calculation of corresponding Fa/Fp ratios were performed

as described in Chapter 3.2.
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3.3.1.3 Results

A. Mistic as a potential candidate for the sensor anchoring
The aH-Mistic construct was expressed and the membrane fraction was extracted via
ultracentrifugation. The aH-Mistic sensor was found to be present in both the cytoplasmic and
the membrane fractions (data not shown). The collected membrane fraction was solubilized
with lauryldimethylamine N-oxide (LDAQ), since the protein requires ionic detergent (Roosild
et al., 2005) and the solubilized material was subsequently purified with IMAC. The resulting
sensor construct (theoretical molecular weight of 77 kDa) appeared in the elution fraction as a

single band of approx. 70 kDa and it was further purified with size exclusion chromatography
(figure 3.3).
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Figure 3.3: SDS-PAGE analysis with corresponding in-gel fluorescence of (A) IMAC purification with
applied crude membranes (M, flow through (FT) after protein binding, wash (W1-W3) and elution fraction

(E) and (B) size exclusion of aH-Mistic sensor construct.

The purified aH-Mistic was reconstituted into liposomes consisting of either DOPC/PG
(70:30 mol %) or 18:1 biotinyl cap PE:DOPC:DOPG (20:54:26 mol %) using Bio-Beads to
remove the detergent. The emission spectra of LDAO-solubilized as well as liposome-
reconstituted sensor construct were recorded (figure 3.4). The Fa/Fp ratios upon reconstitution
increased from 0.692 + 0.002 to 1.21 + 0.02 for DOPC/PG liposomes, but only 0.90 + 0.01 for
the liposomes containing 20 mol % biotinyl cap PE.
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Figure 3.4: Emission spectra of aH-Mistic solubilized in LDAO and reconstituted to the liposomes with

different lipid compositions

The reconstitution efficiency was analyzed via the flotation assay, as described in Chapter 3.2.
After centrifugation, aH-Mistic was found in the top and the bottom fractions for both types of
liposomes, and the estimated reconstitution efficiency was around 60% (figure 3.5-A). The
emission spectra of the top fraction showed a decreased Fa/Fp ratio of 0.868 + 0.001 in
comparison to the crude liposomes after reconstitution in DOPC/PG (figure 3.5-B) and a slight
decrease of Fa/Fp ratio of 0.81 £ 0.02 for liposomes containing 20 mol % biotinyl cap PE (data
not shown). To probe aH-Mistic sensitivity to the macromolecular crowding in the solution, the
collected top fraction of DOPC/PG reconstitution was mixed with PEG 6000 to achieve the
crowder concentration of 10% (w/v). The Fa/Fp ratio increased by 14%, so the resulting

construct was able to detect crowding in solution.
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Figure 3.5: (A) Flotation assay with reconstituted aH-Mistic proteoliposomes and (B) corresponding
emission spectra of the crude DOPC:DOPG liposomes and the top fraction with and without 10% (w/v)
PEG 6000

Relatively low reconstitution efficiency of aH-Mistic was likely accompanied by aggregation of

the sensor, thus resulting in remarkable changes of Fa/Fp ratios recorded for the crude
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liposomes. The removal of the detergent with Bio-Beads in the reconstitution protocol may be
not suitable for this type of the sensor construct, so alternative reconstitution strategies were
tested, i.e. dialysis and rapid dilution methods. The liposomes were mixed with 0.3% LDAO
and the solubilized aH-Mistic, incubated for 2 h and were left for dialysis for 24 h. Another
method tested was the proteoliposomes formation using rapid dilution. After incubation of the
protein with the liposomes, the solution is diluted with fresh detergent-free buffer under stirring,
so LDAO concentration falls below CMC (0.023 %). Afterwards, the liposomes were pelleted
via ultracentrifugation, resuspended in fresh buffer to achieve back the concentration of the
lipids employed in this experiment and analyzed via flotation assay (figure 3.6-A). In the
proteoliposomes formed with rapid dilution method, the amount of aH-Mistic was very low: only
faint bands with residual protein were detected in the bottom fraction of the flotation assay and
even less was found in top fraction, which implies that this method is not suitable for aH-Mistic

reconstitution.
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Figure 3.6: (A) Flotation assay with aH-Mistic proteoliposomes reconstituted with either dialysis or
dilution method and (B) corresponding emission spectra of the crude dialyzed DOPC:DOPG liposomes
and the top fraction with and without 10% (w/v) PEG 6000 (right graph).

The dialyzed aH-Mistic sample have shown same result as in the initial sorbent-based
reconstitution trial. Remarkably, the Fa/Fp ratio of the crude liposomes was smaller -
1.01 £ 0.01 upon reconstitution with dialysis compared to Bio-Beads reconstitution with 1.21 £
0.02 with the same liposome composition. Still in the top fraction the Fa/Fp ratio was found to
be 0.86 £ 0.04. Notably, upon mixing of the sample with PEG 6000 (final concentration 10%
(w/v)), the response of the sensor reached 1.07 + 0.04 which is higher than by reconstitution
with Bio-Beads, possibly due to the reduced tendency to aggregation and/or clustering of the

construct during slower detergent removal.

B. RseC as a potential candidate for the sensor anchoring
The transmembrane domain from RseC protein composed of two TMHs was introduced into
the (GSG)s-SecE sensor. The E. coli BL21(DE3), C41(DE3) and C43(DE3) strains were
transformed with pBAD-based plasmid containing the sequence for the new (GSG)s-RseC

sensor. The expression of the protein induced with 0.02% w/v arabinose was comparable
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between all tested strains and resulted in the formation of multiple fluorescent species with
different molecular weights (figure 3.7)
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Figure 3.7: Expression test of (GSG)s-SecE sensor in the different E. coli strains upon 0.02% arabinose

induction

BL21(DE3) strain expression was employed for further tests, where the concentration of

arabinose was varied, which affected the synthesized product (figure 3.8-A). While two-fold

reduction of the arabinose did not affect the sensor expression, further reduction to 0.001%

(w/v) lowered the formation of degradation products (figure 3.8-A). The cells from this

expression condition were lysed, the cell debris was removed and the membrane fraction was

separated from the lysate via ultracentrifugation. The sensor appeared in the membrane
fraction as a single band on SDS-PAGE (figure 3.8-B), whereas in the cytoplasmic fraction the

degradation products and a low amount of the full-size sensor were detected.
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Figure 3.8: (A) SDS-PAGE analysis of the expression of (GSG)s-SecE sensor in E. coli BL21 (DE3)
strain upon 0.001% and 0.1% arabinose induction. (B) Analysis of the separated cytoplasmic (L) and
membrane fraction (M) with overexpressed (GSG)s-SecE construct .
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Figure 3.9: SDS-PAGE analysis with corresponding in-gel fluorescence of (A) IMAC purification, where
flow-through (FT) after protein binding, wash (W+-Ws3) and elution fraction (E) are applied and (B) size
exclusion chromatography of (GSG)s-SecE sensor.

Next, the membranes containing (GSG)s-RseC sensor were solubilized with DDM. The His-
tagged sensor construct was purified with IMAC (figure 3.9-A) and the elution fraction (E) was
applied on SEC. The main peak at 10.75 mL manifested a shoulder at around 10 mL, which is
possibly coming from the impurities after Ni®-NTA purification. The purest fractions were

collected and employed for reconstitution experiments.

(GSG)s-RseC sensor was reconstituted into liposomes consisting of DOPC/PG (70:30 mol %)
with P/L ratio of 1:3,000 upon Bio-Beads assisted detergent removal. The emission spectra of
DDM-solubilized and reconstituted (GSG)s-RseC were recorded (figure 3.10) and the Fa/Fp
ratios were calculated to be 1.17 £ 0.01 and 3.02 + 0.02, respectively. The addition of PEG

6000 with final concentration of 10% (w/v) led to minor decrease of the acceptor fluorescence
intensity.
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Figure 3.10: (A) Recorded emission spectra of (GSG)s-SecE DDM-solubilized sensor and reconstituted

to the liposomes consisting out of DOPC/PG. Addition of PEG to the proteoliposomes resulted in

decrease if the acceptor fluorescence.
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Figure 3.11: (A) Flotation assay with reconstituted (GSG)s-SecE proteoliposomes and (B) corresponding

emission spectra of the crude DOPC:DOPG liposomes and collected fractions. (C) Reaction of the

sensor in the top fraction on solution crowding induced by 10% (w/v) PEG 6000. (D) Reaction of the

membrane reconstituted of (GSG)s-SecE sensor upon interfacial crowding with mSA.

Such an intensive increase of the Fa/Fp ratio upon reconstitution may be an indication on

sensor aggregation, so the reconstitution efficiency was verified with flotation assay (figure
3.11-A). As can be seen on the SDS-PAGE, the (GSG)s-RseC sensor was predominantly
found in the top fraction suggesting the high reconstitution efficiency. The emission spectra of
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the top fraction manifested a decrease of the acceptor fluorescence intensity with
corresponding Fa/Fp ratio of 2.34 £0.01 (figure 3.11-B), and the reconstituted sensor
responded to the crowding mimicked by PEG 6000 in solution (increase of 8%, figure 3.11-C).
Upon the reconstitution of the sensor construct into liposomes containing 20 mol % biotinyl
cap PE, the calculated FaFp ratio was 3.090 + 0.002. After addition of mSA protein to mimic
the crowding on the interface of the membrane, the Fa/Fp ratio suddenly dropped to 2.40 £ 0.04
(figure 3.11-D). The reconstitution efficiency for 20 mol % biotinyl cap PE liposomes was
comparable to the DOPC/PG and the Fa/Fp ratio of the tor fraction also decreased to 2.53
+ 0.02 (data not shown).

Same as for the aH-Mistic, the dialysis and dilution method were tested for the reconstitution
of the (GSG)s-RseC sensor construct, and the reconstitution efficiency was examined (figure
3.12). The reconstitution efficiency within both reconstitution methods was comparable, but the
Fa/Fo ratios of the collected top fractions showed a significant difference to each other and
also to the firstly tested method which involved Bio-Beads detergent removal. In comparison
to the Bio-Beads method, the Fa/Fp ratios of the top fractions deceased to 50% for the dialyzed
sample and increased to 19% for the diluted sample: For the dialyzed sample the calculated
values were 340 +0.01 and 1.17 £0.01 for the crude liposomes and top fractions,

respectively, and for the diluted sample 3.22 + 0.04 and 2.79 £ 0.02.
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Figure 3.12: SDS-PAGE analysis of flotation assay with (GSG)s-SecE proteoliposomes reconstituted
with either dialysis or dilution method with corresponding emission spectra of the crude liposomes and

collected top fractions
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3.3.1.4 Discussion

A prerequisite for accurate crowding sensor readout on the membrane surface is the correct
and stable insertion into the membrane. For this, several candidates for the anchoring domain
were tested, among them Mistic protein and the transmembrane helical hairpin of RseC
protein. Both generated constructs, aH-Mistic and (GSG)s-RseC were expressed and purified
from E. coli membranes and their reconstitution efficiency and the ability to response to
crowding-induced environment were examined. Additionally, anchors like PgaD and EmrE
were examined within the Bachelor projects of Samet Kurt (2019, Appendix, Supervised

student projects) and Anastasiia Romenska (2022, Appendix, Supervised student projects).

aH-Mistic sensor construct faced two major problems. First, upon expression of this construct
in E. coli a large fraction of the protein was found in the cytoplasm. Quantification of
macromolecular crowding in vivo with this type of the sensor would be ambiguous, as the
signal from the membrane-anchored population would be perturbed by the uninserted protein
in the cytoplasm. Second, the purified aH-Mistic showed relatively low reconstitution efficiency,
as approximately 50% of the protein remained in the bottom fraction in flotation assay
experiments. Additionally, the recorded emission spectra of the sensor in liposomes with
different compositions (DOPC:DOPG versus DOPC:DOPG:biotinyl cap PE) reported varying
Fa/Fo ratios. Different reconstitution strategies beyond the conventional Bio-Beads detergent
removal, i.e. rapid dilution and dialysis, were tested for this construct improve the reconstitution
efficiency. In the rapid dilution approach, the mixture of detergent, protein and lipids is diluted
with fresh detergent-free buffer below critical micelle concentration (CMC) of the detergent
which leads to a spontaneous insertion of the protein and formation of proteoliposomes (Wang
and Tonggu, 2015). Although the rate of the detergent removal can be controlled, the diluted
sample has to be concentrated. The amount of aH-Mistic detected in the pellet was
substantially lower than the initial protein input, suggesting the limited applicability of the
method. Alternatively, slow detergent removal may achieved via the dialysis-based approach,
where the detergent-solubilized protein is mixed with the liposomes and after incubation the
mixture is dialyzed against a detergent-free buffer (Skrzypek et al., 2018). In the case of aH-
Mistic, the dialysis approach did not improve the reconstitution efficiency, as was shown in
flotation assay (figure 3.6-A). Notably, the resulting Fa/Fp ratio of the crude liposomes was
smaller in comparison to the Bio-Beads-based reconstitution trial. As the Fa/Fp ratios of the top
fractions were comparable between these reconstitutions, less aggregates were likely formed
upon the dialysis. Moreover, the sensitivity of the reconstituted aH-Mistic to PEG-induced
crowding was approximately 8% higher than of the Bio-Beads reconstituted sample under

identical conditions.
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In case of the (GSG)s-RseC construct, expression of the sensor cloned into pBAD vector could
be modulated by the inducer concentration. At high arabinose concentration several
fluorescent entities differing by their molecular weights were observed, which could represent
degradation products, as it was the case for SecE-based sensors upon high overexpression
(Suppl. Information, figure 2, Chapter 3,2, Léwe et al., 2023). Appearance of those species
was substantially reduced for (GSG)e-RseC at arabinose concentration of 0.001%, resulting in
a dominant fluorescent band of the full-length sensor on SDS-PAGE. After the membrane
extraction the degradation products were found in the cytoplasm, whereas the (GSG)s-RseC
sensor was present in the membrane fraction. After purification, the proteoliposomes with the
sensor were formed and the reconstitution efficiency in model membranes consisting of
DOPC/PG was comparable to the original (GSG)s-SecE sensor described in Chapter 3.2. The
Fa/Fp ratios in the crude liposomes increased to 159% in comparison to the DDM-solubilized
sample. This striking increase in the FRET efficiency and the absence of response to PEG
crowding implied that the protein aggregated or clustered within the model membranes.
Different reconstitution methods allowed for high yields, but also resulted in substantially
different acceptor/donor ratios in the top fractions. Thus, the reconstitution conditions should
be carefully analyzed for this sensor construct, and the detergent screen for the sensor

isolation and handling may be required.

Comparison of the expression, isolation and performance of aH-Mistic, (GSG)s-RseC and
SecE-based sensors in terms of response upon crowding is summarized in the Table 1. As
can be seen, Mistic is not optimal for the anchoring of the sensors due to the problematic
expression in the cells and challenged reconstitution. On one hand, the expression yield can
be tuned by the choice of different vector or by altering the expression conditions, as shown
for other constructs. But on the other hand, the low reconstitution efficiency of the purified
construct makes Mistic a bad candidate for the evaluation of the sensor performance in vitro.
Additionally, the conformation of the anchor domain in the membrane not known. As already
mentioned above, the outer surface of Mistic is more hydrophilic than an average
transmembrane domain of many IMP (Roosild et al., 2005), which can be the reason for a poor
reconstitution efficiency. The response of the sensor upon PEG crowding was achieved only

after separation of liposomes with reconstituted aH-Mistic from the crude liposomes.

The same behavior upon PEG-crowding was observed for (GSG)e-RseC sensor, whereas a
decrease of the Fa/Fp ratio was observed upon mSA attachment to the biotinylated liposomes
even after flotation assay. It can be concluded, that among the tested transmembrane domains
for the sensor anchoring, SecE-based constructs from Chapter 3.2 revealed as the best
candidates for the further sensor development because of the tight association with the

membranes and synthetic liposomes, reproducible reconstitution and sensor response.
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3.3.2 Two-component crowding sensor design development
3.3.2.1 Introduction

Upon the development of the sensor for the interfacial crowding quantification, various designs
and membrane-docking approaches were tested. Next to the single-chain constructs encoding
the fluorescent moieties and the membrane anchor as one protein (Chapters 3.2 and 3.3.1),
we also aimed to apply the sensor to the membrane interface in a flexible modular manner.
Here, we proposed a membrane anchor which is able to bind the soluble sensor externally
added in the aqueous phase. For that purpose, the SpyTag-SpyCatcher assembly was utilized
as it spontaneously forms a covalent isopeptide bond upon mixing two components, SpyTag
peptide and SpyCatcher globular domain (Keeble and Howarth, 2019; Zakeri et al., 2012).
SpyTag and the binding partner SpyChatcher were initially derived from Steptococcus
pyorenes fibronectin-binding protein FbaB by splitting its CnaB2 domain into a peptide and the
remaining part of the domain combined with rational protein engineering of resulting products.
SpyTag is composed of 13 amino acids with the sequence AHIVMVDAYKPTK that can be
introduced at either C- or N-terminal ends or within the protein sequence. The reaction with
the binding partner SpyCatcher, a small protein of approx. 15 kDa, results in the isopeptide
bond formation between aspartic acid of SpyTag and €-amino group of lysin from SpyCatcher
catalyzed by adjacent glutamic acid. The reaction is robust and may be performed in
conventional buffer and a broad pH range, being also compatible with detergents and

efficiently working inside of the cytosol of a living cell (Zakeri et al., 2012).

The previously developed FRET-based sensor for quantification of macromolecular crowding
in solution (Boersma et al., 2015) was modified by introducing the SpyTag-peptide between
the two fluorescent proteins, either instead of the helices or between them, resulting in (GSG)s-
SpyTag and aH-SpyTag sensors, respectively (figure 3.13). In its turn, SpyCatcher was fused
via flexible (GSG)s-linker to a transmembrane anchor consisting of the SecE helical hairpin of
the E. coli SecYEG translocon (Léwe et. al., 2023) resulting in SecE-SpyCatcher membrane

anchor.

The modified sensor constructs alone as well as the resulting complexes with SpyCatcher and
SecE-SpyCatcher were expressed, purified and characterized on their ability to respond to
macromolecular crowding in vitro. Additionally, the structures of soluble sensors with and

without bound SpyCatcher were analyzed by SAXS.

100



3 Results — Chapter 3.3

SpyTag:SpyCatcher M M
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Figure 3.13: aH-SpyTag FRET-based sensor (left), fused with SpyCatcher (middle) and the design of
membrane-anchored sensor with SecE fused to SpyCatcher via GSG-repeats. Protein structures
adopted from PDB: mCerulean in cyan (4ENI), mCitrine in yellow (3DPW), SpyTag in red and
SpyCatcher in blue (4MLI), SecE (in orange) and the linker helices (green) are free drawn in Pymol and
Adobe Photoshop.
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3.3.2.2 Materials and Methods
Expression and purification of SpyTag-sensor constructs

The constructs bearing SpyTag, as well as N-terminal poly-His-tag and 3C cleavage site were
cloned into pRSET-A vector and expressed in E. coli C41(DE3). The overnight cultures were
grown from a single picked colony in 20 mL LB medium (Carl Roth) supplemented with
1% glucose and 100 pg/mL ampicillin at 30°C. The expression of the sensors was performed
in 2 L LB-medium (Carl Roth) supplemented with 100 pg/mL ampicillin inoculated with the
saturated overnight cultures via dilution 1:100. The cells were grown on 30°C till ODggo of 0.6
was reached and the expression of the proteins was induced with 0.1 mM IPTG and proceeded
overnight at 25°C to achieve proper folding of both mCerulean and mCitrine domains. The
cells were harvested at 5000xg for 10 min (SLC-6000 fixed angle rotor, Thermo Fisher/Sorvall),
resuspended in 20 mM NaH2PO4/Na;HPO, pH 7.4, 100 mM NaCl and 0.1 mM PMSF and lysed
by Microfuidizer (M-110P, Microfluidics Corp). Cell debris was removed by subsequent
centrifugation at 12000xg for 10 min. The clarified lysate was supplemented with 10 mM
imidazole and loaded on the pre-washed Ni*-NTA agarose resin (Qiagen). After 1 h incubation
at 4°C the beads were washed with 50 mM NaH.PO./Na;HPO4s pH 8.0, 300 mM NacCl,
20 mM imidazole and both types of sensor were then eluted with 50 mM NaH.PO4/
Na;HPO4 pH 8.0, 300 mM NaCl and 250 mM imidazole. The elution fraction was loaded on
Superdex 200 Increase 10/300 column (Cytiva) in 10 mM NaH;PO4/Na;HPO4 pH 7.4. The
peak fractions containing the purified sensor were pooled, supplemented with 5% glycerol,
aliquoted and stored at -80°C. The purity of the sensors was examined by 15% SDS-PAGE by
the in-gel fluorescence followed by Coomassie staining (Quick Coomassie® Stain, SERVA).

Expression and purification of SpyCatcher-based constructs

Soluble SpyCatcher was expressed in E. coli BL21(DE3) from the plasmid pDEST14
(Addgene). The cultures were grown at 37°C in LB medium (Carl Roth) supplemented with
100 pg/mL ampicillin till ODeoo of 0.6 was reached. The expression was induced by addition of
0.5 mM IPTG and proceeded for 3 h. The cells were harvested at 5000xg for 10 min (SLC-
6000 fixed angle rotor, Thermo Fisher/Sorvall) and resuspended in 50 mM Tris/HCI, pH 7.4,
150 mM KCI and 1 mM AEBSF. After cell lysis (Microfuidizer M-110P, Microfluidics Corp) the
cell lysate was clarified by centrifugation for 30 min at 235000xg (Rotor 45Ti, Beckman
Coulter). Next, the lysate was loaded on the pre-washed Ni*-NTA agarose resin (Qiagen) and
incubated on the rolling bench at 4°C for 1 h. The beads were washed with buffer containing
50 mM Tris/HCI, pH 8.0, 150 mM KCI and 10 mM imidazole. SpyCatcher was eluted with 50
mM Tris/HCI, pH 8.0, 150 mM KCI and 300 mM imidazole and loaded on Superdex 200 10/300
column (Cytiva) in 20 mM Tris/HCI, pH 7.4, 150 mM KCI. The peak fraction containing
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SpyCatcher was collected, supplemented with 5% glycerol, aliquoted and stored at -80°C.

Aliquots from each step of purification were collected and analyzed by 15% SDS-PAGE.

The SecE-SpyCatcher construct, a modified version of SpyCatcher for the membrane
anchoring, was cloned via Gibson assembly into pPRSET-A vector and was expressed in E. coli
C43(DE3) strain. The cells were grown in 2L LB medium (Carl Roth) supplemented with 100
pug/mL ampicillin till ODesoo of 0.6 was reached and the expression was induced by addition of
0.1 mM IPTG. The cells were harvested at 5000xg for 10 min (SLC-6000 fixed angle rotor,
Thermo Fisher/Sorvall), resuspended in 50 mM HEPES, pH 7.4, 150 mM KCI and 0.2 mM
PMSF and lysed by Microfuidizer (M-110P, Microfluidics Corp). The cell debris was removed
by centrifugation at 12000xg for 15 min (SS34, Thermo Fisher/Sorvall) and the membranes
were collected by subsequent centrifugation at 235000xg for 45 min (45 Ti rotor, Beckman
Coulter). The membrane fraction was solubilized in 50 mM HEPES, pH 7.4, 500 mM KCI, 200
uM TCEP, 0.1 mM PMSF and 1% DDM for 1 h at 4°C on the rolling bench. The solubilized
material was loaded on the Ni**-NTA-agarose resin (Macherey-Nagel), incubated for 1 hour at
4°C and then washed with 50 mM HEPES, pH 7.4, 150 mM KCl, 200 uM TCEP, 0.1 mM PMSF,
10 mM imidazole and 0.1% DDM. SecE-SpyCatcher was eluted with buffer containing with 50
mM HEPES, pH 7.4, 150 mM KCI, 200 uM TCEP, 0.1 mM PMSF, 300 mM imidazole and 0.1%
DDM and then loaded on Superdex 200 10/300 column (Cytiva) in 50 mM HEPES, pH 7.4,
150 mM KCl and 0.05% DDM. The fractions with purified protein were collected, supplemented
with 5% glycerol, aliquoted and stored at -80°C.

Purification and characterization of monomeric streptavidin

The pRSET-A plasmid containing encoded monomeric streptavidin (mSA) with N-terminal
Hise-tag and C-terminal FLAG tag (DYDDDDK) was purchased by Addgene (Cat. Nr.: 39860)
and transferred into E. coli BL21(DE3). The expression and purification of the target protein
was done by modified version of previously published protocol (Lim et al., 2011) as follows.
The overexpression of the mSA in inclusion bodies was induced with 0.1 mM IPTG at ODggo
of 0.9 and proceeded for 4 h at 37°C in 2 L LB medium (Carl Roth). Cells were harvested as
described above and the cell pellet was lysed in B-PER solution (Thermo Fischer Scientific)
supplemented with 100 ug/mL lysozyme (Carl Roth) and 20 uyg/mL DNAse | (Bio-Rad) upon
incubation for 15 min and vortexing. The inclusion bodies were pelleted upon centrifugation at
17000xg for 15 min (SS34, Thermo Fisher/Sorvall), the pellet was resuspended in inclusion
bodies wash buffer (50 mM Tris/HCI pH 8.0, 100 mM KCI and 0.5% Triton X-100) and vortexed
until the suspension became homogeneous. The inclusion bodies were pelleted and the
washing procedure was repeated in total for three times. The resulting pellet was solubilized
in 6 M guanidine hydrochloride, 50 mM Tris/HCI pH 8.0 and 100 mM KCI. The non-solubilized
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portion was pelleted upon centrifugation at 17,000xg for 15 min and the supernatant was
applied on pre-washed Ni**-NTA-agarose resin (Macherey-Nagel). After 1 h incubation on the
rolling bank at room temperature the agarose resin was extensively washed with 6 M guanidine
hydrochloride, 50 mM Tris/HCI pH 8.0 and 150 mM KCI and 10 mM imidazole, and mSA was
eluted with the buffer supplemented with 300 mM imidazole. The target protein was refolded
in PBS under rapid dilution at 4°C, as the denatured mSA was added dropwise to the upper
part of the vortex of the stirring buffer. The aggregated material was removed by centrifugation
at 46,000xg for 20 min (45 Ti rotor, Beckman Coulter). It was not possible to concentrate the
mSA using centrifugal filters (Amicon Ultra, Millipore) since the protein aggregated on the
membrane. To concentrate the refolded mSA, the protein was loaded again on the PBS pre-
washed Ni**-NTA-agarose resin and eluted with buffer supplied with 0.5 M imidazole. The
eluate was loaded on the Superdex 200 Increase 10/300 GL column (Cytiva) in 50 mM Tris/HCI
pH , pH7.4 and 150 mM KCI. Peak fractions with the purified protein were pooled,
supplemented with 5% glycerol, flash-frozen in liquid nitrogen and stored at -80°C for the
further experiments. mSA concentration was determined from the protein absorbance at 280
nm (&2s0 = 38,000 M"*cm™") . Samples from every purification stage were examined via SDS-
PAGE. The activity of the purified mSA was tested with ITC (Microcal ITC-200, GE) upon biotin
binding. 10 uM mSA in the sample cell was titrated stepwise with 100 uM biotin stock (Carl
Roth) loaded into the injection syringe. The raw data was fitted and the K, as well as the other

parameters were calculated with the software supplied by manufacturer.

Small angle X-ray scattering (SAXS)

Measurements were performed in collaboration with Dr. Jens Reiners in the Center for
Structural Studies (CSS) in Heinrich Heine University Dusseldorf. “All SAXS data was collected
on our Xeuss 2.0 Q-Xoom sytem from Xenocs, equipped with a PILATUS 3 R 300K detector
(Dectris) and a GENIX 3D CU Ultra Low Divergence x-ray beam delivery system. The chosen
sample to detector distance for the experiment was 0.55 m, results in an achievable g-range
of 0.05 - 6 nm™. All measurements were performed at 15°C with a protein concentration range
of 3.04 - 7.72 mg/ml. Samples were injected in the Low Noise Flow Cell (Xenocs) via
autosampler. For each sample, 18 frames with an exposer time of ten minutes were collected.

Data were scaled to absolute intensity against water.

All used programs for data processing were part of the ATSAS Software package (Version
3.0.2) (Manalastas-Cantos et al., 2021). Primary data reduction was performed with the
program PRIMUS (Konarev et al., 2003). With the Guinier approximation (Guinier, 1939), we
determine the forward scattering /(0) and the radius of gyration (Ry). The program GNOM

(Svergun, 1992) was used to estimate the maximum particle dimension (Dmax) with the pair-
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distribution function p(r). Low resolution ab initio models were calculated with GASBOR
(Svergun et al., 2001) (P1 symmetry). Superimposing of the predicted model was done with
the program SUPCOMB (Kozin and Svergun, 2001).”

Liposome preparation

The lipid stocks solubilized in chloroform (Avanti Polar Lipids, Inc.) were mixed to achieve
desired concentrations and the solvent was removed with a rotary evaporator (RV 8, IKA) at
40°C and 200 mbar. The resulting lipid film was rehydrated in 20 mM Tris/HCI, pH 7.4 and
150 mM KCI to achieve the final lipid concentration of 5 mM. The extrusion of lipid vesicles
was done using 0.2 um polycarbonate membranes (Nuclepore, Whatman) with the Mini-
Extruder set (Avanti Polar Lipids, Inc.). For the reconstitution of SecE-SpyCatcher anchor or
the pre-formed sensor:anchor complexes, DOPC:DOPG (70:30 mol %) liposomes were
prepared. In the case of the application of PEG to the surface of the liposomes, mixtures of
lipids with varying molar concentrations of PEG 1000 and PEG 2000 (1, 2, 5, 10 mol %) with
constant DOPC and DOPG and varying DOPE concentration (according to the amount of the
PEGylated lipids, in order to keep the negative charge constant) were produced, whereas the
non-crowded liposomes were made of DOPC:DOPG:DOPE (60:30:10 mol %) mixture. For
binding mSA to the liposomal surface, 20 mol % 18:1 biotinyl cap PE lipids in combination with
DOPC (54 mol %) and DOPG (26 mol %) were used.

Extraction of IMVs containing overexpressed SecE-SpyCatcher

The crude membranes with overexpressed SecE-SpyCatcher construct were applied on the
continuous sucrose density gradient (20-70%, w/v) in 20 mM NaH>PO4/Na;HPO4 pH 7.4 and
100 mM NaCl (Gradient Station, BioComp) and centrifuged for 16h at 30,000 rpm (SW 40Ti
swinging-bucket rotor, Beckman Coulter). After centrifugation, the gradient was fractionated
(Gradient Station, BioComp) and the protein content of each fraction was analyzed via SDS-
PAGE. Fractions containing IMVs were pooled together, diluted at least five-fold with
10 mM NaH2PO./Na;HPO. and 50 mM NaCl and centrifuged at 235000xg for 40 min at 4°C
(45 Ti rotor, Beckman Coulter). The pelleted IMVs were resuspended in 200 uL fresh buffer
(10 mM NaH2PO4/Na;HPO4, 50 mM NaCl, EDTA-free inhibitors, 5% glycerol), aliquoted and
stored at -80°C until further analysis.

To quantify the protein content of the extracted IMVs, the samples were diluted 1:2 and 1:10
with buffer containing 1 % DDM to the total volume of 10 pL and loaded into the 96-well plate
together with serial dilutions of BSA standard (Pierce™ BSA, 2 mg/mL, Thermo Fischer
Scientific) supplemented with DDM. The samples were mixed with 150 L of Pierce™ 660 nm
Protein Assay reagent (Thermo Fischer Scientific). After 5 min incubation at room temperature
the absorbance of the standards and the diluted samples was measured at 655 nm with iMark

Microplate Absorbance Reader (Bio-Rad) and the total protein content was quantified.
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Binding of the soluble sensor constructs to liposomes and IMVs

To test binding of the soluble sensor constructs to liposomes, SecE-SpyCatcher was
reconstituted into DOPC:DOPG (70:30 mol %) liposomes, as described above, at P/L ratio of
1:3,000. Resulted proteoliposomes were incubated overnight at 4°C with two-fold lower molar

amount of the SpyTag-sensors, ensuring an excess of reconstituted SecE-SpyCatcher.

In the case of IMVs with overexpressed SecE-SpyCatcher, 10 ul of extracted IMVs were mixed
with 0.2, 0.5, 1 and 5 pL of 15,5 uyM of aH-SpyTag or 17,1 uM (GSG)s-SpyTag sensors and
the samples were incubated overnight at 4°C. The binding of the sensor to proteoliposomes
and IMVs was analyzed with SDS-PAGE. Afterwards the emission spectra of the IMVs-bound

sensor samples were recorded as described in Chapter 3.2.
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3.3.2.3 Results

A. Purification and assembly of the sensor components

The SpyTag-modified soluble sensors were overexpressed with high yields, purified with IMAC
and analyzed with size exclusion chromatography (figure 3.14). The elution volumes for aH-
SpyTag and (GSG)s-SpyTag modified sensors were 11.7 mL and 12.8 mL, respectively. As
this was the case for SecE-containing sensors (Chapter 3.2), the elution for the SpyTag-
modified soluble sensors was surprisingly fast for the proteins with the theoretical mass of 65.9
kDa for aH-SpyTag and 58.4 kDa for (GSG)e-SpyTag. For the sensor constructs with the fused
transmembrane domain this fast migration could be potentially explained by the presence of
the DDM micelle around the hydrophobic section (Lowe et al., 2023). For the soluble sensors,
this unusual migration can be the consequence of the protein conformation and/or
oligomerization at high protein concentrations, as was shown in the analysis with SEC-MALS
dependent (Suppl. Information, figure 3, Chapter 3.2, Léwe et al., 2023). Also, the migration of
the sensors on SDS-PAGE was observed to be faster than expected from the theoretical
protein mass. Upon heating at 95°C for 5-10 min the proteins were fully denaturated, lost their

fluorescence and migrated on expected mass levels.
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Figure 3.14: Size exclusion profiles of purified aH-SpyTag and (GSG)s-SpyTag sensor constructs and
corresponding SDS-PAGE analysis of collected peak fractions with recorded in gel-fluorescence and

stained in Coomassie.

In the first step, the soluble SpyCatcher domain was used for the evaluation of the binding to
the soluble SpyTag-sensor constructs. The domain was purified with IMAC from the cleared
lysate (figure 3.15-A) and applied on size exclusion chromatography (Superdex 200 Increase
10/300 GL, Cytiva), where it eluted at 17.36 mL, in agreement with the calculated mass of 15.4
kDa (figure 3.15-B). For membrane anchoring, SpyCatcher was fused via flexible (GSG)e-
linker to the helical hairpin consisting of TMHs 1 and 2 of the SecE subunit from SecYEG
translocon, that was previously utilized in aH-SecE and (GSG)s-SecE sensors (Chapter 3.2).

Anchored in the membrane bilayer, SpyCatcher-SecE may serve for covalent attachment of
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SpyTag-modified sensors (figure 3.13). The SecE-SpyCatcher with encoded Hisg-tag on the
C-therminal side was purified from the extracted mebranes. For this, the membranes were
solubilized with 1% DDM and the target protein construct was purified with IMAC and SEC. On
SDS-PAGE the protein appeared as a single band matching its calculated mass of 22 kDa
(figure 3.16-A). The purified anchor was reconstituted into liposomes consisting of 18:1 biotinyl
cap PE, DOPC and DOPG mixture (20:54:26 mol %) and the reconstitution efficiency was
tested with the flotation assay (Chapter 3.2). The SecE-SpyCathcer was found in the top
fraction validating the efficient reconstitution, as required for the docking of SpyTag-modified

sensors (figure 3.16-B).
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Figure 3.15: SDS-PAGE analysis of the Ni-NTA purification, where FT represents the flow through
fraction after binding to Ni?*-NTA resin, Wy and W- are the collected samples from resin wash, E is the
elution fraction with SpyCatcher protein (A) and subsequent size exclusion chromatography of
SpyCatcher (B).
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Figure 3.16: (A) Purification of SecE-SpyCatcher, where FT represents the collected flow through
fraction after binding to Ni?*-NTA resin, W1, W2, and W3 are the collected samples from resin wash, E is
the elution fraction with target protein and SEC represents the pooled peak fractions after size exclusion
chromatography. (B) Flotation assay of reconstituted SecE-SpyCatcher in liposomes with 20 mol %
biotinyl cap PE with collected bottom (B), middle (M) and top (T) fractions.
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Binding of SpyTag-modified sensors with the purified SpyCatcher and SecE-SpyCatcher were
tested. The proteins were mixed and incubated for at least one hour at room temperature. The
mixtures were applied on the SEC and the distinct fractions were collected and analyzed via
SDS-PAGE (figures 5 and 6). Addition of SpyCatcher to either aH-SpyTag or (GSG)s-SpyTag
sensors should result in the mass changes due to formation of complexes referred as aH-
SpyTag:SC and (GSG).-SpyTag:SC with calculated masses of 82.2 kDa and 73.8 kDa,
respectively. SEC elution peaks showed a shift by approx. 0.5 mL towards higher molecular
weight species for both sensor types when bound to SpyCatcher: 11.15 mL for aH-SpyTag:SC
and 12.43 mL for (GSG).-SpyTag:SC (figures 3.17-A and 3.18-A). Free SpyCatcher added in
excess to ensure the complete binding to the soluble sensor constructs eluted in both cases
at around 17 mL. SDS-PAGE analysis of the collected peak fractions confirmed the complex
formation between two proteins, as a new band of higher molecular mass was observed in

each reaction (figures 3.17-B and 3.18-B).

Same behavior was observed for the complexes formed from mixtures of the SecE-
SpyCatcher with corresponding SpyTag-modified sensors resulted in formation of complexes
referred as aH-Spy-SecE or (GSG)es.Spy-SecE with calculated masses of 88.7 kDa and
81.2 kDa respectively. The reaction was performed with excess of the sensor molecules to
achieve better separation on SEC. As expected, two peaks appeared in the chromatograms
(shown in red), and the peak fractions of these particular SEC runs were additionally analyzed
via SDS-PAGE (data not shown) to identify the proteins. The aH-Spy-SecE complex and free
aH-SpyTag eluted at 10.53 mL and 12.48 mL, whereas the (GSG)s-Spy-SecE and free
(GSG)e-SpyTag eluted at 11.19 mL and 14.01 mL, respectively. Independent SEC runs with
same complex formations were highly reproducible, as characterized before (Samet Kurt,

Bachelor thesis 2019, Appendix, Supervised student projects)

aH-SpyTag - Complex formation B o.}é’ @gz

-
o
|

aH-SpyTag

-—
—— aH-SpyTag
[kDa] -

—— aH-SpyTag:SC 180
130
—— oH-Spy-SecE 100 - -
SpyCatcher 70 |

\

10 15 20
Elution volume (mL)

o
3
|

55
40

Normalized Absorption at 280 nm 3>

°
o

35

o

Figure 3.17: (A) Size exclusion chromatography of aH-SpyTag alone (blue) or coupled with either
SpyCatcher (green) or SecE-SpyCatcher (red). (B) Resulting complexes aH-SpyTag:SC and aH-Spy-
SecE, as well as free aH-SpyTag were analyzed via SDS-PAGE.
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Figure 3.78: (A) Size exclusion chromatography of the reaction mixes of (GSG)s-SpyTag with
either SpyCatcher or SecE-SpyCatcher. (B) Resulting complexes (GSG)s-SpyTag:SC and
(GSG)s-Spy-SecE as well as free (GSG)e-SpyTag were analyzed with SDS-PAGE.

Notably, the elution volume of free aH-Spy-SecE and (GSG)s.Spy-SecE on the size exclusion
column shifts in concentration-dependent manner, as was previously shown via SEC-MALS
(Suppl. Information, figure 3, Chapter 3.2, Léwe et al., 2023). For the size exclusion
chromatography (figure 3.17-A and 3.18-A) of pre-formed aH-Spy-SecE or (GSG)s-Spy-SecE
complexes (in red) a low concentration of reactants was used because of lower yield of SecE-
SpyCatcher purified from the crude membranes in comparison to the soluble sensor (in blue

and lilac), which explains the shift of the unbound sensor towards low molecular weight elution.
B. Structural analysis of the sensor with and without SpyCatcher

Free and SpyCatcher-bound sensors were further characterized via small-angle X-ray
scattering (SAXS). Obtained peak fractions from SEC were collected and the structure of the
soluble constructs were subject to SAXS analysis (figure 3.19). The molecular masses
determined from the forward scattering /(0) were slightly higher than the theoretical masses of
69.2 kDa for aH-SpyTag and 63.7 kDa for (GSG)s-SpyTag. This may be a consequence of the
partial oligomerization of the sensors at elevated protein concentrations of = 6 g/L employed
in the SAXS measurements. Upon SpyCatcher binding the estimated Dmax increased from
21.25 to 23.56 nm for aH-SpyTag and from 15.75 to 19.05 nm for (GSG)s-SpyTag sensors.
Additionally, structural models obtained from these measurements indicated the change of the
sensor conformation upon SpyCatcher binding, from an elongated to V-shaped configuration
(figure 3.19). The molecular masses of the SpyCatcher-bound sensors determined in SAXS
were higher than the theoretical masses of the complexes and were measured in the
independent experiments to be identical for both types of the sensor constructs with 96.9 kDa.
There is a chance that the presence of bound SpyCatcher and the high concentrations of the

complexes used in this experiment (=4 g/L) led to a partial di- or oligomerization of the proteins,
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as was described above, and requires further investigation. However, high protein
concentrations in SAXS greatly exceed those employed in the spectroscopic measurements,
and therefore the likelihood that the oligomerization of soluble constructs significantly

influences the results is low.

The solubilized aH-Spy-SecE or (GSG)s-Spy-SecE complexes were not subjected for SAXS
measurement due to the presence of DDM micelles in the buffer, which would interfere in the

measurement setup and affect the evaluation.

aH-SpyTag (GSG)4-SpyTag

Dmax =21.25nm D __=15.75nm

max

aH-SpyTag:SC (GSG)4-SpyTag:SC

Dmax =23.56 nm Dmax =19.05 nm

Figure 3.19:: Results of the SAXS analysis of aH-SpyTag (purple) and (GSG)6-SpyTag (green) in their
free and SpyCatcher-bound states. The structure model obtained on SAXS are superimposed with the
protein structures of mCerulean in cyan (PDB: 4ENI), mCitrine in yellow (PDB: 3DPW) with PyMOL.

C. Sensitivity of the SpyTag-sensors in crowded solutions
Soluble sensors

As the initial test for the sensor dynamics, the response of the soluble sensors to
macromolecular crowding in solutions were tested. Steric confinement provided by the
crowders changes the sensor conformation bringing the fluorescent proteins closer to each
other, which can be quantified by changes in FRET. The ratio of corresponding fluorescence
intensities of acceptor (mCitrine, 525 nm) and donor (mCerulean, 475 nm) were used to
calculate the FRET efficiency, further termed as FaFp ratio. The performance of the FRET-
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sensor derivates containing SpyTag sequence was systematically analyzed in solution in the
presence of PEG 2000 and 6000 in the range of 0-40% (w/v). Compression of the sensor was
observed by monitoring the changes in acceptor fluorescence, as increasing the crowder
fraction in the solution led to increasing Fa/Fp ratios. In the absence of the crowders the
acceptor/donor ratio was 0.80 + 0.01 and 1.73 £ 0.02 for aH-SpyTag and (GSG)s-SpyTag,
respectively, whereas in the 40 % PEG 6000 the Fa/Fp ratio shifted to 1.35 + 0.01 for aH-
SpyTag (68% increase) and to 2.17 + 0.01 for (GSG)e-SpyTag sensor (26 % increase).
Moreover, sensors were also responsive to crowders of different size. The Fa/Fp ratio was
measured smaller in the same setup when using PEG 2000: 1.16 £ 0.02 for aH-SpyTag (46%
increase) and 1.914 + 0.005 (GSG)s-SpyTag sensors (11% increase), as shown in figure 3.20.
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Figure 3.20: Performance of the aH-SpyTag and (GSG)s-SpyTag in PEG 2000 and PEG 6000 solutions.
Upper graphs: FRET sensor emission spectra recorded by increasing crowder concentrations. Acceptor
fluorescence increases with the increasing PEG 6000 (w/v) concentration. Lower Graphs: calculated
acceptor/donor ratios (F&/Fp, 525nm/475 nm) of soluble FRET sensors in presence of PEG 2000 and
6000.

SpyTag-sensors bound to SpyCatcher

Next, the ability of the soluble sensors with the covalently bound SpyCatcher to respond to
macromolecular crowding changes in solution was examined. As described above, the soluble
SpyTag-based sensors were incubated with SpyCatcher to allow a covalent bond formation

between them. The isolated soluble complexes showed a slight decrease their Fa/Fp ratios
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compared to the free SpyTag-modified sensors: 0.76 + 0.01 for the aH-SpyTag:SC construct
(decrease of 5%) and 1.15 + 0.03 for the (GSG).-SpyTag:SC sensor (decrease of 33%)
indicating wider distance between the fluorescent proteins. The structural data obtained with
SAXS may explain the significant change in acceptor/donor ratios of (GSG)s-SpyTag and the
less pronounced effect for aH-SpyTag upon SpyCatcher binding. Whereas the helices in the
linker of aH-SpyTag sensor contribute to increased spacing between the fluorescent proteins
of the FRET pair, the flexible linker in the (GSG).-SpyTag construct allows mCitrine and
mCerulean to come closer to each other (Liu et al., 2017; Léwe et al., 2023). The covalent
attachment of SpyCatcher, the protein of approx. 15 kDa, between the fluorescent proteins

introduces a steric hindrance which results in a larger distance and the lower Fa/Fp ratio.
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Figure 3.21: Emission spectra of the complexes aH-SpyTag:SC and (GSG)s-SpyTag:SC in PEG 2000
and PEG 6000 solutions recorded by increasing concentrations of PEG 2000 and PEG 6000 and

corresponding bulk diagrams with calculated acceptor/donor ratios (Fa/Fp, 526nm/475 nm).

The resulting complexes were tested on their ability to sense the macromolecular crowding
simulated with PEG 2000 and PEG 6000, as in the previous experiment (figure 3.21).
Surprisingly, the (GSG)e-SpyTag:SC sensor showed lower sensitivity upon crowder size
change in this experiment: At 40 % (w/v) PEG 2000 and PEG 6000 the Fa/Fp ratios were
calculated to be 1.96 £ 0.02 (increase of 70 %) and 2.12 £ 0.02 (increase of 84 %), whereas
the acceptor/donor ratios of aH-SpyTag:SC increased by 62 % for PEG 2000 (1.23 + 0.01)
and more than four-fold (3.29 + 0.21, increase of 334 %) in presence of 40 % (w/v) PEG 6000.
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SpyTag-sensors bound to SecE-SpyCatcher

The assembly of the soluble SpyTag-sensor with SecE-SpyCatcher was tested on the
liposomes. SecE-SpyCatcher serving as an anchor was reconstituted with P/L ratio of 1:3,000
into liposomes consisting of DOPC:DOPG lipids with varying DOPG content, either 10, 30 or
60 mol %. The reconstitution for 10 mol % DOPG was not successful as was analyzed by SDS-
PAGE: The protein was present in the liposomes in a very small amount in comparison to other
samples and was not used for binding experiment. The soluble sensor was added to the
proteoliposomes in approx. ten-fold lower concentration than SecE-SpyCatcher. The binding
proceeded overnight on the rolling bench and the complex formation was analyzed via SDS-
PAGE (figure 3.22-A). Appearance of a distinct high molecular weight band for each sample
indicated the complex formation. However, a fraction of the unbound sensor was sill detectable
despite the excess of the SecE-SpyCatcher. No significant differences in the binding efficiency
was observed by different DOPG concentrations: The increased abundance of negative

charges on the liposomal surface with 60 mol % DOPG had no effect on the sensor binding.
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Figure 3.22: (A) Binding of the soluble aH-SpyTag and (GSG)s-SpyTag to SecE-SpyCatcher
reconstituted into the model membranes with different DOPG content (either 30 mol % or 60 mol %).
The bound and unbound fractions of the sensors are visualized by in-gel fluorescence. (B)
Determination of the reconstitution efficiency of the pre-formed aH-SpyTag-SecE and (GSG)s-SpyTag-

SecE complexes via flotation assay. The collected fractions: bottom (B), middle (M) and top (T).

In order to ensure the accuracy of the measurement and to prevent the influence of the free-
floating sensor, aH-SpyTag and (GSG)s-SpyTag were first incubated with the detergent-
solubilized SecE-SpyCatcher and the resulting aH-Spy-SecE and (GSG)s-Spy-SecE sensors
were then purified via SEC. The isolated complexes were subsequently reconstituted into
liposomes made of DOPC/DOPG (70:30 mol %) with the identical protocol used in the Chapter
3.2. The reconstitution efficiency of the crowding sensors was examined with flotation assay

(figure 3.22-B), as was described above. The protein constructs were found in the top fractions
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denoting the efficient insertion of aH-Spy-SecE and (GSG)s-Spy-SecE into the vesicles. Upon
reconstitution, the acceptor/donor ratio increased for both sensor types: 1.12 + 0.01 for aH-
Spy-SecE (increase of 47 %) and 1.87 + 0.01 for (GSG)e-Spy-SecE (increase of 63 %) in
comparison to the soluble sensor constructs bound to SpyCatcher (figure 3.23). This can be a
result of two factors: Firstly, reduced degree of freedom of the sensor linker arms and as a
consequence changed sensor conformation on the membrane, which results in the decreased
distance between the fluorophores, and secondly, due to the partial clustering and random

contacts of the sensor in the membrane.

The membrane reconstituted sensors showed response to crowding in the solution induced by
PEGs (figure 3.23). Fa/Fp ratios for aH-Spy-SecE at 40 % (w/v) PEG 6000 increased to 3.72
+ 0.06 (increase of 128%) and at 30 % PEG 2000 to 2.90 + 0.05 (increase of 160%), but
suddenly dropped to 1.59 + 0.08 at 40 % PEG 2000. Similar response upon crowding in
solution was observed for the reconstituted (GSG)e-Spy-SecE sensor: In presence of 40%
PEG 6000 the Fa/Fp ratio reached 4.26 + 0.06 (increase of 128%) and 3.42 + 0.03 in 30 %
PEG 2000 3 (increase of 83 %), followed by a sudden drop to 1.61 + 0.07 at 40 % PEG 2000.
Notably, the net FRET efficiency of aH-Spy-SecE construct was higher with the increasing
PEG 6000 concentrations in comparison to (GSG)s-Spy-SecE sensor. Probably, the presence
of two a-helices in the linker region led to the improvement of sensors conformational dynamics

and higher sensitivity of the reconstituted aH-Spy-SecE construct.
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Figure 3.23: Sensitivity of the reconstituted aH-Spy-SecE and (GSG)es-Spy-SecE sensor constructs in
solutions with increasing PEG 2000 and PEG 6000 concentrations with corresponding bulk diagrams

with calculated Fa/Fp ratios.
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D. Crowding at the membrane interfaces with synthetic and proteinaceous

crowders

The response of the membrane-reconstituted aH-Spy-SecE and (GSG)s-Spy-SecE sensors to
synthetic and proteinaceous crowders at the interface was characterized. Crowding on the
liposomal surface was rendered and controlled by varying the molar fraction of PEGylated
lipids (1, 2, 5 and 10 mol %). With the increasing abundance of PEG 1000 and PEG 2000 the
lateral pressure on the surface increases thus leading to the compression of the membrane-

anchored sensors (figure 3.24).
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Figure 3.24: Sensitivity of the reconstituted aH-Spy-SecE and (GSG)es-Spy-SecE sensor constructs in
the model membranes with different concentrations (0, 1, 2, 5 or 10 mol %) of either PEG 1000 or
PEG 2000 conjugated lipids.

Upon reconstitution of aH-Spy-SecE and (GSG)s-Spy-SecE complexes into PEG-free
liposomes DOPC:DOPG:DOPE (60:30:10 mol %), the resulting Fa/Fp ratios were 1.36 + 0.02
and 2.45 * 0.03, respectively. The values were higher than in previous reconstitution using
DOPC:DOPG liposomes, indicating that the sensor may undergo clustering during
reconstitution. The aH-Spy-SecE showed no response to the crowding on the surface induced
by PEGylated lipids. Only for the (GSG)e-Spy-SecE a weak trend for both crowder types could
be observed: Here, the increase of the Fa/Fp ratios was estimated to be 5%, 9% and 13% for
the 1, 2 and 5 mol % of PEG 1000 PE compared to the non-crowded sample. However, this
trend was not reproduced in presence of PEG 2000 PE resulting in the decrease of the Fa/Fp
ratio of the sensors at 1 mol % of PEGylated lipids and a slight increase of 4 % for 2 mol %
and 5 mol % PEG 2000 PE. Moreover, in presence of 10 mol % of PEGylated lipids, the Fa/Fp

ratios substantially decreased for both sensors.

Inert in their nature, synthetic crowders cannot represent the natural complexity of
biomacromolecules, but can be applied for the simulation of the excluded volume effect. Unlike
synthetic ones, protein-based crowders allow for a native-like simulation of the crowding

effects on the membrane interfaces. One of the tested candidates was a monomeric mutant of
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streptavidin, mSA. Binding of the purified mSA to biotin was initially tested with ITC (figure 13).
The quantified Kp of mSA:biotin interaction was 10 nM with number of binding sites n=0.822,
which was comparable with previously published data measured with fluorescence polarization
spectroscopy (Kp= 2.8 nM) (Lim et al., 2013).
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Figure 3.25: Binding of purified mSA to biotin analyzed with ITC.

Binding of the soluble SpyTag-sensors to the membrane-reconstituted SecE-SpyCatcher was
tested on the liposomes containing 20 mol % biotinyl cap PE lipids. Formation of the Spy-
complex between two proteins occurred with a limited efficiency, as it was already shown for
DOPC:DOPG liposomes, as fractions of soluble (GSG)s-SpyTag and aH-SpyTag sensors
were present after incubation (figure 3.26). Due to the incomplete binding, the pre-formed
complexes aH-Spy-SecE and (GSG)s-Spy-SecE were reconstituted into the liposomes. Upon
reconstitution of the sensor, the Fa/Fp ratio was 1.13 £ 0.01 for aH-Spy-SecE, being
comparable to previous reconstitution into DOPC:DOPG with 1.12 + 0.01, whereas the
(GSG)s-Spy-SecE sensor constructs have shown a decrease in the initial Fa/Fp ratio: From
1.87 £ 0.01 in DOPC:DOPG to 1.30 £ 0.01 in the liposomes with 20 mol % 18:1 biotinyl cap
PE. Both types of proteoliposomes were titrated then with mSA protein to achieve saturation
of the surface-exposed biotin groups. Fa/Fp ratios were increasing with the increasing mSA
concentration reaching 1.24 + 0.01 for the aH-Spy-SecE (increase of 10 %) and 1.37 + 0.01
for (GSG)s-Spy-SecE (increase of 6 %) (figure 3.27)
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Figure 3.26: Binding of soluble (GSG)s-SpyTag (left) and aH-SpyTag (right) to the reconstituted
membrane anchor SecE-SpyCatcher incorporated into liposomes containing 20% biotinyl cap PE lipids
in DOPC:DOPG background.
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Figure 3.27: Response of aH-Spy-SecE (left) and (GSG)s-Spy-SecE (right) sensor reconstituted into

liposomes containing 20 mol % biotinyl cap PE lipids upon interfacial crowding mimicked by mSA.

E. Binding of the SpyTag-sensors to SecE-SpyCatcher in IMVs

Binding of the soluble SpyTag-modified sensors to the reconstituted SecE-SpyCatcher anchor
in the synthetic liposomes was only partially successful since not all soluble counterparts
formed the complex. To test binding of the soluble sensors to the physiologically relevant
samples, the inner membrane vesicles (IMVs) with overexpressed SpyCatcher were isolated
from the crude membranes using continuous sucrose density gradient (20-70 % w/v). The
gradient was collected and a recorded profile with absorbance at 280 nm is shown in
figure 3.28. In the eleven fractions of gradient the separation of ribosomes (fractions 2-5), inner

membranes (fractions 6-8) and outer membranes (fractions 8-10) are visualized.
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Figure 3.28: Sucrose density gradients (20-70%) profile performed with extracted bacterial crude
membranes for the isolation of the IMVs with membrane-incorporated SecE-SpyCatcher construct.

Fractions 6-8 (highlighted in red) containing the IMV's were collected for further experiments.

The fractions containing IMVs (highlighted in red) were collected, diluted at least five-fold to
reduce the sucrose concentration and then centrifuged again to pellet the IMVs. The pellet was
resuspended in fresh buffer and the total protein concentration was estimated using a
colorimetric assay to be 2.4 mg/mL. Varying amounts of either aH-SpyTag or (GSG)s-SpyTag
sensors were pipetted resulting in different IMVs/sensor ratios (ug/ug) and incubated
overnight, as it was done with synthetic membranes. The sensor abundance ranged between
0.9 and 20 % with respect to the total protein in IMVs. Differently to the synthetic liposomes,
no free SpyTag-modified sensor was detected after incubation, as can be judged from SDS-
PAGE (figure 3.29).
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Figure 3.29: Binding of the soluble aH-SpyTag (left) and (GSG)e-SpyTag (right) to extracted IMVs with
overexpressed SecE-SpyCatcher and formation of corresponding aH-Spy-SecE and (GSG)s-Spy-SecE
complexes with different sensor/IMVs ratios (g/g) expressed in sensor amount (%) to the total protein
mass quantified in IMVs. In order to maintain a uniform sensor concentration and to avoid signal

overload, the sample size for SDS-PAGE was adjusted accordingly.
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The emission spectra of the IMV samples with either of sensors were recorded. The calculated
Fa/Fp ratios for the aH-Spy-SecE constructs within 0.9 % and 2 % sensor stayed constant with
0.89 £ 0.01 and slightly increased to 0.92 + 0.01, when the sensor abundance reached 4%
IMVs (figure 3.30). In the sample with the highest sensor concentration (20%), the Fa/Fp ratio
was 1.17 £ 0.01 which implied the intermolecular FRET between multiple sensor molecules in
direct neighborhood. The same is observed for the (GSG)s-Spy-SecE sensor bound to the
surface of IMVs. Here the Fa/Fp ratio increased slowly from 1.29 £+ 0.01 in the sample with
0.9% sensorto 1.34 £ 0.01 and 1.38 £ 0.01 for 2% and 4%, respectively, and the highest signal
of 1.73 £ 0.01 was measured at 20% sensor, suggesting strong contribution of intermolecular
FRET.
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Figure 3.30: Estimated Fa/Fp ratios for the aH-Spy-SecE and (GSG)s-Spy-SecE constructs formed on

the surface of extracted IMVs with overexpressed SecE-SpyCatcher anchors.
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3.3.2.4 Discussion

This chapter introduces a membrane-anchoring strategy for the crowding sensor that would
complement the approach described in Chapter 3.2. There, the transmembrane helices 1 and
2 of SecE were genetically fused to the fluorescent proteins via linkers, resulting in a single-
chain protein. The design of the constructs developed in this chapter is based on the
SpyTag:SpyCatcher interaction and consists of two parts, i.e. SpyCatcher protein fused via a
flexible linker with the membrane-anchoring TMHs from SecE, termed as SecE-SpyCatcher
anchor, and the soluble sensor with the SpyTag-peptide in the central linker region. This design
allows binding of the soluble crowding sensor to the membrane interface in the robust manner
using an independent membrane anchor. The SpyTag-modified sensors, aH-SpyTag and
(GSG)s-SpyTag, as well as the complex formation of the sensor with the soluble SpyCatcher,
a precursor of the membrane anchoring domain SecE-SpyCatcher, were characterized in
solution as well as their sensitivity to macromolecular crowding mimicked by PEG of different

sizes.

The initial Fa/Fp ratios for aH-SpyTag and (GSG)e-SpyTag sensors were 0.80 £ 0.01 and 1.73
+ 0.02, respectively, i.e. slightly higher compared to the analogous sensor constructs GE with
around 0.6 and G12 with 1.4 (Liu et al., 2017) despite the elongation of the region between the
fluorescent proteins by the SpyTag peptide. Upon binding of the soluble SpyCatcher, the Fa/Fp
ratio of (GSG)s-SpyTag:SC decreased, suggesting larger distance within the FRET pair. The
decrease was also observed, though with a less extent, for the aH-SpyTag:SC complex, where
the presence of the a-helices in the linker region already provided an enlarged spacing (Liu et
al., 2017; Lowe et al., 2023). Additionally, the structural data obtained by SAXS showed an
elongation of the sensor upon SpyCatcher binding and the change of the sensors three-
dimensional conformation from an elongated, cylinder-like form to a V-shaped structure. Still,
the determined molecular weight of aH-SpyTag and (GSG)s-SpyTag were higher than
expected from their theoretical masses and moreover in the case of complexes aH-SpyTag:SC
and (GSG)e-SpyTag:SC were found to be surprisingly identical for both sensor despite their
molecular mass difference. High concentrations employed in the SAXS measurements may
be the reason for the partial formation of oligomeric species by interaction of the fluorescent
proteins, as was discussed in the Chapter 3.2, that would explain the increase of the estimated
molecular weights. However, the identical result for the SpyCatcher:FRET-sensor complexes
could serve as indication for the interaction between SpyCatcher molecules at high

concentrations and should be further analyzed.

The aH-SpyTag and (GSG)s-SpyTag sensors showed the response to crowding mimicked in
solution by PEG molecules of two different sizes resulting in the continuous increase of Fa/Fp

ratios with increasing crowder fraction in solution. For the complexes aH-SpyTag:SC and
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(GSG)s-SpyTag:SC, the binding of SpyCatcher not only preserved the structural dynamics of
the sensory domains, but also improved the sensors readout in terms of their FRET efficiency.
In the presence of PEG 2000 and PEG 6000 at 40% the FRET efficiency of the (GSG)s-
SpyTag:SC increased from 11% to 70% and from 26% to 84%, respectively, as compared to
the free (GSG)s-SpyTag. The FRET efficiency of the aH-SpyTag:SC complex in crowded
solution increased from 46% to 62% and from 68% to 334% at 40% PEG 2000 and PEG 6000,
respectively, in comparison to the unbound aH-SpyTag.

To anchor the soluble SpyTag-sensor to the membrane interface, the SecE-SpyCatcher
construct was generated and reconstituted into liposomes. However, binding of the soluble
aH-SpyTag and (GSG)e-SpyTag to the reconstituted membrane anchor occurred at relatively
low efficiency, as the fraction of the unbound sensor remained at 50%. Modulating the negative
net charge at the membrane interface did not affect the binding efficiency between aH-SpyTag
and (GSG)s-SpyTag and the membrane-incorporated SecE-SpyCatcher. Despite this negative
result, the experiment conducted on liposomes with neutral charge e.g. only DOPC to exclude

of the role of the negative surface charge should be considered in future.

To avoid that further measurement results are impaired by the unbound crowding sensor, the
pre-formed aH-Spy-SecE and (GSG)s-Spy-SecE complexes were reconstituted into the
liposomes. Both sensor types demonstrated the ability to respond to PEG 2000 and PEG 6000
added to the solution. The Fa/Fp ratios were increasing with increasing crowder concentration
except for the sample with 40% PEG 2000: Here, the acceptor fluorescence suddenly
decreased and the reason for this phenomenon remains currently unknown. Possibly the
interaction of the current PEG stock with the sensor itself or with the model membranes can
play a role, since it is known that PEG polymers are not completely inert and may interfere with
the probe (Wu et al., 2014).

A bottleneck for the sensor application was observed when employing the PEG-conjugated
lipids to mimic the crowding on the interfaces. In this experiment, only (GSG)s-Spy-SecE
incorporated into liposomes with PEG 1000 PE manifested a weak response. The (GSG)s-
linker together with SpyCatcher increases the distance from the sensor to the membrane
surface and thereby limits the effect of relatively small crowders, which are not able to generate
lateral compression that is required to bring the sensor to a more compact form. The response
of the (GSG)e-Spy-SecE can be most likely be explained to the more flexible nature of the
linker domains. However, already in the non-crowded liposomes, deviating Fa/Fp ratios were
observed after reconstitution upon addition of DOPE lipid (10 mol %), suggesting the need for
further research on influence of lipid composition on the sensor’s dynamics. Furthermore, both
employed sensor types the decreased acceptor/donor ratios at 10 mol % PEGylated lipids

were observed. Synergistic effect of the sensor clustering upon reconstitution and the
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presence of PEG on the surface of the liposome can impair the insertion of the sensor and
accurate sensor readout. Further research on optimization of reconstitution conditions and

characterization of the reconstitution efficiency is necessary for this type of the experiment.

To surpass the reconstitution constraint described above and to simulate physiologically
relevant environment on the liposomal surface, proteins were employed for the
characterization of aH-Spy-SecE and (GSG)s-Spy-SecE upon crowding. In this thesis, one of
the strategies for the attachment of the proteins to the membrane surfaces relied on 18:1
biotinyl cap PE lipids included in the liposomal formulations and streptavidin as a crowder of
proteinaceous origin. Streptavidin is a well-studied protein from Streptomyces avidinii and is
widely used in research since the interaction of streptavidin and biotin is shows a strongest
known binding affinity with K4 of approx. 10 fM (Dundas et al., 2013; Green, 1990). The
wildtype streptavidin is a tetramer, where each of the monomers binds a single biotin molecule.
The molecule was not applicable for this study, since it led to clustering and aggregation of the
biotin-containing liposomes. To overcome this limitation mutants of streptavidin were applied
and tested, i.e. the monovalent tetrameric streptavidin with a single biotin binding site A1D3
(composed of one functional “Alive” subunit and three inert “Dead” subunits) (Howarth et al.,
2006) and monomeric streptavidin mSA (Lim et al., 2013). The studies with monovalent A1D3
streptavidin were not included in this thesis, even though the binding to the biotinylated lipid
was achieved. The application of A1D3 led to controversial and non-reproducible responses
of the crowding sensor. Several experiments (data not shown) have indicated that A1D3
generally can be bound to the surface of biotin-functionalized liposomes, but is most probably
pulled out the bound lipid species from the vesicle making A1D3 not suitable for the current
applications. On the other side, the monomeric version of streptavidin (mSA) revealed as a
good candidate for the surface crowding experiments. Binding of mSA to the liposome
interface was observed and confirmed with developed SecE-based crowding sensor with high

degree of reproducibility.

Upon mSA titration of the liposomes consisting of 20 mol % biotinylated PE lipids, the Fa/Fp
ratios increased upon binding of mSA to the liposomal surface, but the response was weak in
comparison to the single-chain FRET-sensor described in the Chapter 3.2. The possible
explanation of these observations could be the final size and geometry of the FRET-sensor
constructs, as it was discussed before. SpyCatcher anchor increases the distance from the
sensor to the membrane surface and the small size of the mSA with 15.5 kDa led to a loss of

the sensor sensitivity to the crowding in the membrane proximity.
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3.4 Effects of macromolecular crowding on transport activity and

translocation via SecYEG

3.4.1 Introduction

The excluded volume effect induced by soluble crowders and the high abundance of proteins
within the membrane and at the membrane interfaces may significantly influence the
membrane-associated processes (Lowe et al., 2020). Transport across the cellular cytoplasm
and translocation of proteins across the membrane in the crowded environment of a living cell
can be significantly different in comparison to the diluted solutions due to the altered diffusion
and emerging quinary interactions between the target protein and the crowders. To study the
effects of the macromolecular crowding on targeting, complex assembly and transport
processes, we have to distinguish between three types of crowding, i.e. crowding in solution,
on the membrane surface and within the membrane itself, and characterize their effects on a
particular biological process to gain a more in-depth knowledge of the interplay between highly
confined environment and vital biological processes. Well-characterized membrane
constituents offer a useful platform for studying the macromolecular crowding effects in the

model systems with induced confinement.

The translocon SecYEG performs transport of proteins across the cytoplasmic membrane and
mediates the insertion of the a-helical membrane proteins. The complex consists of three
subunits SecY, SecE and SecG forming a dynamic channel that spans though the cytoplasmic
membrane. In E. coli the motor ATPase SecA is required for the post-translational transport of
unfolded preproteins via SecYEG. SecA associates with SecYEG at the cytoplasmic side and
is known to interact with anionic lipids even in the absence of the translocon. In the highly
crowded cytoplasmic environment, aggregation or premature folding of preproteins are likely
scenarios, but they can be stabilized in their largely unfolded state by chaperones. Especially
SecB demonstrated a specialized role by stabilization of the freshly synthesized preproteins,
preventing their folding and aggregation, and delivering the secretory preproteins to
SecA:SecYEG machinery (Bechtluft et al., 2010).

In this chapter, we employ Sec machinery as a model system to examine the effect of
macromolecular crowding on the complex process of protein translocation. The translocation
activity and kinetics of preprotein pOmpA via SecYEG channel and interactions between SecA,
lipids and SecYEG are studied under following conditions: (i) solution crowding rendered by
synthetic polymers and (ii) crowding of membrane interfaces rendered either by PEGylated

lipids or by attachment of proteinaceous model crowder mSA.
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3.4.2 Materials and methods

Expression and purification of proteins

SecYEG

Overexpression of the cysteine-less SecYEG and SecY®'EG translocons encoded in
plasmids pEK20 and pEK20-L148C, respectively, was induced in E. coli C41(DE3) upon
addition of 0.5 mM IPTG as the culture reached ODsoo of around 0.6 and was conducted for 3
h and 180 rpm. The cells were harvested, resuspended in cell buffer (CB, 20 mM Hepes,
150 mM KOAc, 5 mM Mg(OAc)2, 5% glycerol and 1 mM DTT, 0.2 mM PMSF), lysed
(Microfluidizer, M-110P, Microfluidics Corp) and centrifuged for 15 min at 12000xg (SS-34 fixed
angle rotor, Sorvall) to remove the cell debris. The crude membranes were pelleted upon
subsequent centrifugation of the supernatant for 50 min at 235000xg (rotor 45 Ti, Beckman
Coulter) and were resuspended in CB. Membranes were flash-frozen in liquid nitrogen and
stored in - 80°C.

The purification of SecYEG from the membrane crude started with solubilization. For this 1 mL
of the membrane suspension were mixed with 9 mL solubilization buffer (50 mM Hepes pH
7.2, 500 mM KCI, 1% DDM, 200 uM TCEP and EDTA-free protease inhibitor cocktail
(cOmplete™, Roche)) and were incubated on the rolling bench for 1 h at 4°C. The sample was
centrifuged for 15 min at 4000xg to remove the non-solubilized material. The supernatant was
supplied with 5 mM imidazole to avoid non-specific binding, loaded on pre-washed Ni**-NTA
agarose resin (Qiagen) and incubated on the rolling bench for 1 h at 4°C. The flow-through
was collected, the resin was washed with wash buffer (WB, 50 mM Hepes pH 7.2, 150 mM
KCl, 0.1% DDM, 200 uM TCEP, 10 mM imidazole and EDTA-free protease inhibitor cocktail)
and SecYEG was eluted with elution buffer (EB, 50 mM Hepes pH 7.2, 150 mM KCI, 0.1%
DDM, 200 uM TCEP, 300 mM imidazole and EDTA-free protease inhibitor cocktail). Next, the
sample was applied on the size exclusion column (SEC) Superdex 200 Increase GL 10/300
(Cytiva). Samples from expression and every purification stage as well as the peak fraction
from SEC were analyzed via SDS-PAGE. The purified protein was supplemented with 5%
glycerol and flash-frozen in liquid nitrogen and stored in -80°C for the further experiments. The

concentration was determined from protein absorbance at 280 nm (£2g0 = 70,945 M "*cm’™).

For the labeling procedure, purification was conducted as described. After the washing step,
Ni?*-NTA resin with bound SecY“®EG was supplied with 0.5 mL of WB and 100 uM of the
fluorescent dye ATTO 643-maleimide. The sample was incubated for 3 h at room temperature
on the rolling bank. The unbound dye was washed with fresh WB and the labeled protein was

eluted and further analyzed as described above.
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To remove the N-terminal His-tag, purification was proceeded until washing steps were
competed. The beads in the gravity flow column were supplied with 0.5 mL of WB and the in-
house produced 3C protease was added (80 ug/mL). The cleavage was performed for 2 h on
the rolling bank at 4°C. The tag-less target protein was collected in the flow-through fraction

and further analyzed as described above.

SecA

The gene encoding for E. coli SecA was cloned into pET21a vector to contain C-terminal His-
tag. SecA was overexpressed in E. coli BL21(DE3) in 2L LB-medium (Carl Roth)
supplemented with 100 ug/mL ampicillin. Expression was induced with 0.5 mM IPTG (at ODeoo
around 0.6) and was proceeded for 3 h. The cells were harvested upon centrifugation at
5000xg for 10 min (SLC-6000 Fixed Angle Rotor, Sorvall) and resuspended in cell buffer (50
mM Tris/HCI pH 7.6, 200 mM KOAc, 5 mM Mg(OAc)., 20% glycerol and EDTA-free protease
inhibitor cocktail). Cells were lysed as described above and the lysate was clarified for 30 min
235000xg (rotor Ti45, Beckman Coulter). The supernatant was loaded on the pre-washed Ni**-
NTA agarose resin and incubated for at least 45 min on the rolling bench at 4°C. The resin
with bound SecA was washed with 20 mM Tris/HCI pH 7.6, 500 mM KOAc, 5 mM Mg(OAc)a,
20% glycerol, 200 uM TCEP and EDTA-free protease inhibitor cocktail. SecA was eluted using
same buffer supplemented with 300 mM imidazole and then applied on Superose 6 Increase
10/300 GL column (Cytiva) equilibrated with 20 mM Tris/HCI pH 7.6, 50 mM KOAc, 5 mM
Mg(OAc)2, 20% glycerol and 200 uM TCEP. Peak fractions containing SecA were pooled,
analyzed with SDS-PAGE, aliquoted and stored at -80°C. The concentration of the protein was
obtained from the measured absorbance at 280 nm (£250 = 76,000 M"*cm™). For the removal
of the His-tag, the 0.5 mL aliquot with purified protein was mixed with 3C protease (80 ug/mL)
and incubated for 3 h. The solution was applied on Superdex 200 Increase GL 10/300 (Cytiva)
to remove the protease. Collected peak fractions with SecA protein were applied on pre-
washed Ni?*-NTA agarose resin (either Qiagen or Merck) and the flow-through fraction with

the tag-less SecA was collected.

SecB

The gene encoding for E. coli SecB was cloned into pPRSFDuet plasmid to contain N-terminal
His-tag. The chaperone SecB was overexpressed in E. coli BL 21(DE3) upon induction with
0.5 mM IPTG (culture ODgoo around 0.6) in 2 L LB-medium (Carl Roth) supplemented with 50
Mg/mL kanamycin and the expression was carried out for 2 h. The cells were harvested as
described above and were resuspended in buffer containing 20 mM Hepes pH 7.2, 50 mM
KCI, 5 mM Mg(OAc)2, 1 mM DTT and 0.1 mM PMSF and lysed with Microfluidizer (M-110P,
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Microfluidics Corp) and centrifuged for 15 min at 12000xg (SS-34 fixed angle rotor, Sorvall) to
remove the cell debris. For the purification, the supernatant supplemented with 5 mM imidazole
was applied on pre-washed Ni**-NTA resin and incubated for 1 h. The resin was washed with
20 mM Hepes pH 7.2, 50 mM KCI, 5 mM Mg(OAc)2, 40 mM imidazole, 1 mM DTT and 0.1 mM
PMSF, and the protein was eluted with the identical buffer, but with 300 mM imidazole
concentration. The eluted sample was subsequently applied on Superdex 200 Increase GL
10/300 (Cytiva) in 20 mM Hepes pH 7.2, 50 mM KCI, 5 mM Mg(OAc).. Peak fractions with
SecB were polled and supplemented with 5% glycerol. The protein concentration was
determined from the absorbance at 280 nm (£2s0,monomer = 14,690 M™*cm™) and the protein was

flash-frozen in liquid nitrogen and stored in -80°C

mSA

The overexpression and purification of mSA was performed with identical procedure described
in Material and Methods in Chapter 3.3.2.

Liposome formation and reconstitution of SecYEG

Lipids stocks solubilized in chloroform (Avanti Polar Lipids, Inc.) were mixed together in desired
lipid compositions. For the experiments involving soluble crowders, the DOPC:DOPG (70:30
mol %) mixture was used. For simulation of the interfacial crowding with synthetic crowders,
the liposomes were composed of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
methoxy(polyethylene glycol)-1000, -2000 and 5000 referred as PEG 1000 PE, PEG 2000 PE
and PEG 5000 PE respectively with different concentrations (0, 1, 3 and 10 mol %) with DOPC
(63 mol %), DOPG (27 mol %) and varying DOPE concentrations according to the amount of
PEGylated lipids, whereas the non-crowded liposomes were composed of
DOPC:DOPG:DOPE (63:27:10 mol %). For simulation of the interfacial crowding with proteins,
the 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid)succinyl]
(referred as 18:1 DGS-NTA(Ni2*)) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(cap biotinyl) (sodium salt) (referred as 18:1 biotinyl cap PE) in final concentration of 10 mol %
in DOPC (63 mol %), DOPG (27 mol %) were used. After the lipid mixtures were prepared, the
chloroform was evaporated at 40°C (rotary evaporator RV 8, IKA) and the resulting lipid film
was rehydrated and resuspended to a final lipid concentration of 5 mM in 20 mM Tris/HCI pH
7.5 and 150 mM KCI. Alternatively, 20 mM Tris/HCI pH 7.5 and 50 mM KCI buffer composition
was used for flotation assays, where indicated. The unilamellar liposomes were homogenized

via extrusion though 200 nm polycarbonate membranes (Whatman).

For the SecYEG reconstitution, the liposomes were swelled with 0.2% DDM (Léwe et al., 2023)

and incubated for 30 min on ice with the detergent-solubilized SecYEG at the molar
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protein/lipid ratio of 1:1,000. The detergent was removed overnight with the adsorbent medium
(Bio-Beads SM-2, Bio-Rad). The proteoliposomes were pelleted for 30 min at 162000xg (S120-
AT3 fixed angle rotor, Thermo Scientific™) and resuspended back to the initial 5 mM lipid

concentration. The reconstitution of SecYEG was controlled via SDS-PAGE.

Translocation assay of pOmpA via SecYEG

In vitro translocation assay with the fluorescently labeled preprotein OmpA was performed as
described previously (Kamel et al., 2022; De Keyzer et al., 2002) with minor modifications. The
components for the translocation assay were mixed together to the final volume of 50 pL in
20 mM Tris/HCI pH 7.4 and 150 mM KCI: either 10 pyL or 20 uL of SecYEG proteoliposomes
(5 mM lipid concentration with molar protein/lipid ratio of 1:1,000), 0.5 uM of fluorescein-
maleimide labeled pOmpA-FM as a substrate, SecB chaperone, 5 mM ATP, 0.1 mg/mL BSA,
10 mM DTT, 5 mM MgCl,, energy mix (0.05 mg/mL phosphocreatine kinase and
10 mM phosphocreatine) and Ficoll PM70 as crowder in desired amounts. The reaction
mixture was placed at 37°C for 2 min and the translocation of the substrate was induced upon
addition of SecA (0.8 uM). The reaction was kept at 37°C for 15 min and was stopped by
transferring the samples on ice. 5 uL of the reaction volume was set aside as a reference. The
non-translocated pOmpA-FM was degraded with 0.2 mg/mL proteinase K (Thermo Fisher
Scientific), whereas the translocated substrate remained protected within the liposome lumen.
Next, the samples were precipitated using trichloroacetic acid (TCA) with the final
concentration of 15% (w/v) for 30 min on ice. The samples were centrifuged for 15 min at
21000xg (table-top Eppendorf 5417 R centrifuge). The supernatant was carefully removed and
the pellet was washed with 0.5 mL ice-cold acetone. After second centrifugation for 5 min at
21000xg acetone was removed and the pellets were dried at 37°C. The pellets were
resuspended in 2x SDS-PAGE sample buffer, incubated for 5 min at 90°C and analyzed via
SDS-PAGE together with the untreated reference samples, which contained 10% of the total
pOmpA-FM in the reaction. The intensity of the bands (/) was quantified from in-gel
fluorescence of pOmpA-FM (ImageQuant TL, Cytiva) with the “Local Average” background

subtraction algorithm. The translocation activity was determined using following equation:

Ir

x 1009 Eq. 4
10 x I % ( )

Translocation activity(%) =

where It represents the portion of translocated substrate and /r the intensity of the refence

sample. Translocation assay was carried at least two times for each sample type.
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Real-time translocation assay

The translocation of the synthetic substrate pOmpA-DHFR, a fusion of the precursor protein
OmpA and dihydrofolate reductase (DHFR), via SecYEG was analyzed with real-time assay
in accordance to the previously published protocol (Kamel et al., 2022; Kedrov et al., 2011;
Koch et al., 2016). Upon the translocation, the folded DHFR domain blocks the protein
translocation and traps the unfolded pOmpA in the SecYEG channel. Formed translocation
intermediate allows for FRET between fluorophores on pOmpA and SecY, which come closer
together, and the increase of the acceptor fluorescence may be monitored in a real-time
manner. The urea-denatured pOmpA-DHFR was labeled with Cyanine3-maleimide (FRET
donor) at the unique cysteine position 282 within pOmpA, whereas the DDM-solubilized
SecY®BEG with a cysteine at position 148 of SecY subunit was labeled with ATTO 643-
malemide (FRET acceptor). Prior to the translocation experiment, the DHFR domain of
pOmpA-DHFR-Cy3 was folded and stabilized with methotrexate (MTX) and NADPH (Arkowitz
et al., 1993), whereas the unfolded pOmpA was stabilized with chaperone SecB. The
proteoliposomes with SecYEG were mixed with SecA (1 pM) either in 25 mM Hepes pH 7.4
and 150 mM KCL or in the crowder solutions ( 5% ,10%, 15% and 25% (w/v) Ficoll PM70, PEG
1500, PEG 4000 and PEG 8000 dissolved in the same buffer). The quartz cuvette with the
reaction mixture was incubated at 37°C for 5 min and the reaction was started upon addition
of ATP (5 mM) and the acceptor fluorescence was recorded for 800 s at 37°C with Fluorolog-
3 (Horiba Scientific) with 510 nm excitation wave length and the emission was recorded at 690
nm with slit of 3 nm for both. The baseline recorded prior to the ATP addition was subtracted
and the data points were normalized with respect to the initial value of reaction start to obtain
Yo=1. Translocation rate constants were estimated with GraphPad Prism software using the

one-phase association function for the curve fitting:

Y=Y, +A( —et) (Eq. 9)

where Y, is the starting point of the reaction, A is the amplitude (Plateau-Yo), k is the

association constant and t is the time (s).
Flotation assay

The liposome binding assay or flotation assay was performed by adapted version of previously
published protocol (Tronchere and Boal, 2017) as follows. The empty liposomes or
proteoliposomes with SecYEG were mixed with SecA at 1:5,000 molar protein/lipid ratio in
100 pL of buffer (20 mM Tris/HCI pH 7.4, 5 mM MgCl, with either 50 mM or 150 mM KCI).
Samples were incubated for 20 min at 25°C and mixed with 60% sucrose (w/v). The reaction

was loaded into the centrifugation tube and sequentially layered with 250 pL and 50 pL of
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buffers, containing 20% and 5% sucrose, respectively. The tubes were centrifuged for 1 h at
289000xg (Rotor S120-AT3, Thermo Scientific™) and the samples were carefully collected in
total to three fractions with Hamilton syringe starting with the bottom fraction (250 uL), followed
by middle (125 pL) and top fraction (125 pL). The proteins in the collected fractions were
precipitated upon addition of 300 uL of 20% TCA followed by incubation on ice for 30 min.
After centrifugation for 15 min at 21000xg (table-top Eppendorf 5417 R centrifuge) the resulting
pellets were washed with acetone as was described for the translocation assay and finally
resuspended in the diluted sample buffer and analyzed with SDS-PAGE. The intensity of the
bands was quantified with ImageQuant TL (Cytiva) with the “Local Average” background
subtraction algorithm. The recovery of the SecA or SecYEG associated with liposomes in the
top fraction was calculated by dividing the determined band intensity by the sum of band

intensities in all 3 fractions. Flotation assay was carried at least two times for each sample

type.

Surface plasmon resonance analysis of SecA binding

SecA binding was tested on two-channel surface plasmon resonance system (Reichert®
2SPR) with three types of vesicles: Empty non-crowded liposomes composed of
DOPC:DOPG:DOPE (63:27:10 mol %), surface-crowded empty liposomes composed of
DOPC:DOPG:DOPE:PEG 2000 PE (63:27:7:3 mol %), and surface-crowded proteoliposomes
with reconstituted SecYEG. For each measurement, the reference channel was coated with
DOPC liposomes. Prior the immobilization, the vesicles were homogenized using mini-
extruder with 50 nm polycarbonate membranes (Avanti Polar Lipids, Inc.). The system was
pre-equilibrated with SPR buffer (20 mM Tris/HCI pH 7.4, 150 mM KCI and 5 mM MgCl), the
surface of the LP chip (Xantec Bioanalytics) was activated with three injections 40 mM CHAPS
at the flow-rate of 10 pl/min for 1 min. For immobilization of the vesicles on the first channel,
solution with 2 mM liposomes or proteoliposomes was injected at the flow-rate of 10 pl/min for
10 min. For DOPC:DOPG:DOPE:PEG 2000 PE liposomes the injection time was 15 min
because of the slow accumulation on the chip surface. On the second channel, DOPC vesicles
were applied at the flow-rate of 10 pyl/min for 10 min. Both channels were washed with
50 mM NaOH (10 pl/min, 1 min), to wash-off the unbound vesicles followed by injection of
0.1 mg/mL BSA (10 pl/min, 1 min) to reduce the unspecific binding. After the baseline was
stabilized, 1 yM SecA was injected over both chip channels (10 pl/min, 3 min), followed by
dissociation phase of 10 min. The SecA binding response was referenced by subtraction of
the signal obtained on the reference channel and the data was processed with Trace Drawer
software. After every measurement, the surface of the chip was regenerated injection of 1%

DDM (10 pl/min, 3 min) and fresh vesicles were immobilized for the next measurement round.
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3.4.3 Results

A. Effects of the solution crowding on protein targeting and translocation via
SecYEG

The translocation activity of the SecYEG using the model substrate pOmpA-FM, precursor of
the outer membrane protein A, was determined in presence of Ficoll PM70 as crowder in
different concentrations ranging from 0 to 30% (w/v). The translocation was initiated upon
addition of SecA and the formed complex of SecA:SecYEG performed active transport of the
substrate into the interior of the liposomes upon ATP consumption. After 15 min, the non-
translocated substrate was degraded with the proteinase K, whereas the full-size translocated
pOmpA-FM remains protected in the liposomal interior. The fraction of translocated pOmpA-
FM was determined with respect to the reference taken prior the protease degradation. The

effect of Ficoll PM70 present as crowder on translocon activity is shown in figure 4.1-A.
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Figure 4.1: Translocation assay of pOmpA-FM via SecYEG in presence of different concentrations of
(A) Ficoll PM 70 (%, w/v) and (B) glycerol (%, v/v) analyzed with SDS-PAGE. Samples C, 0%C and
30%C represent control samples without addition of SecA. (C) Quantified and normalized translocation
activity in presence of either Ficoll PM70 (black circles) or glycerol (red squares) applied with different

concentrations (%, w/v)

The assay revealed that the translocation activity was inhibited upon increasing Ficoll PM70
concentration. The effect could be due to the macromolecular crowding, but also due to the
increased viscosity of the solution. To characterize the impact of the viscosity on the
translocation activity, the same assay was performed in presence of glycerol (figure 4.1-B).
The translocation activity dropped drastically in the samples with 10%, 20% and 30% (v/v)
glycerol and no translocation activity was observed 40% glycerol. To compare the results from
both translocation activity experiments, the glycerol concentrations were re-calculated from v/v
to w/v concentrations and the quantitated band intensity was normalized and plotted in figure
4.1-C. The viscosity of 10% (w/v) glycerol solution is 1.3 cP, while it is 2.1 cP for 10% Ficoll
PM70. For 30% solutions, the viscosity of Ficoll PM70 reaches over 20 cP, but remains at 2.5

cP for glycerol at room temperature (Acosta et al., 2017; Lecinski et al., 2022; Rashid et al.,
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2015; Segur and Oberstar, 1951). Thus, even though Ficoll PM70 shows significantly higher
viscosity compared to glycerol, the translocation activity measured in the polymer solution was
enhanced in comparison to the glycerol solution. The detected effect on the translocation
activity is more likely attributed to the excluded volume effect induced by Ficoll PM70 and not
to the increase of the viscosity, since the probe in crowded environment represented by
synthetic polymers experience not the overall bulk viscosities, but micro-viscosity and the
diffusion of the translocation components behave differently than predicted by Stokes law

(Eq.1).

Figure 4.2: Schematic representation of FRET-based translocation assay

The type of the crowder used for rendering the excluded volume and its physico-chemical
properties may have an impact on the studied biological process (Harrison and Zimmerman,
1984; Jiang and Guo, 2007). Translocation assays using PEG as a crowder, another
commonly used crowding agent, was not possible due to precipitation of PEG upon addition
of TCA in the assay protocol. To study the effects of macromolecular crowding with PEG, the
FRET-based assay was used. Differently to the protease-protection assay, where multiple
substrate molecules may be sequentially translocated by single SecYEG, the FRET assay
measures the translocation of the single substrate pOmpA via the SecA:SecYEG complex
(figure 4.2). The translocation is interrupted and blocked by the folded domain of DHFR
resulting in the formation of translocation intermediate (Kamel et al., 2022; Kedrov et al., 2011).
The real-time manifestation of the intermediate formation is given by the increase of the
acceptor emission (ATTO 643-malemide conjugated on the periplasm-facing position 148 of
SecY subunit), as the acceptor (Cyanine3-maleimide conjugated at position 282 of pOmpA-
DHFR fusion protein) is positioned close enough in the stalled translocation intermediate to
allow for FRET. FRET-based assay was performed with SecY®'EG-ATTO-643
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proteoliposomes in presence of Ficoll PM70 and PEG (1500, 4000, 8000) at different
concentrations. The resulting curves displaying the formation of translocation intermediate
were baseline-corrected, normalized, and fitted with one-phase association function
(figure 4.3).
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Figure 4.3: DHFR-FRET real-time kinetics analysis of assembly of the SecYEG:pOmpA-DHFR-Cy5
translocation intermediate in solution with crowders (Ficoll PM70, PEG 1500, PEG 4000, PEG 8000)

with different concentrations.

The presence of the crowders of different types, concentrations and sizes slows down the
formation of the intermediate complex. With the 25% Ficoll PM70 (w/v) as crowder the complex
formation can be still observed, but the amplitude is decreased more than two-fold in
comparison to the crowder-free sample, which is consistent with the previous results obtained
with the protease-protection assay (figure 4.1-A). PEG 1500 with hydrodynamic radius of about
1 nm (Adams et al., 2019), a small crowder in comparison to Ficoll PM70 with 5.5 nm (Chung
et al., 2019; Junker et al., 2019), showed comparable influence on the formation of the
translocation intermediate. PEG 4000 and 8000 with hydrodynamic radius 1.6 nm (Dong et al.
2018) and 2.7 nm, respectively (Ling et al. 2013), showed no pronounced effect at 5%
concentration, but led to a decrease of amplitude of the curve at 10% and 15%, whereas at
25% no intermediate formation was observed. The translocation rates (1/min) were determined

for each reaction and plotted against the corresponding crowder concentration (figure 4.4).

133



3 Results — Chapter 3.4

Apparent translocation rates
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Figure 4.4: Determined translocation rates (1/min) in presence of soluble crowders of different type, size

and concentrations.

The intermediate formation rate decreased with the increasing crowder concentration and it
was depended on the crowder type. Increasing concentrations of Ficoll PM70 and PEG 1500
had a moderate effect on the translocation rates, which even resulted in a slight stimulation at
5%, but decreased further with increasing crowder concentration, whereas the presence of
25% PEG 1500 had a stronger effect in comparison to the Ficoll PM70 at same concentration.
No significant difference was seen between PEG 4000 and 8000, but the overall effect of both
was larger than that of Ficoll PM70 and PEG 1500, leading to faster decay of the translocation
rates. The coefficient of determination (R?) indicated poor curve fit at the highest crowder
concentration, with 25% for PEG 4000 and 25% for PEG 8000. Moreover, visual inspection of
the recordings in figure 4.3 shows no translocation intermediate formation, which suggests that
the translocation rates of this reactions are tending toward zero and therefore are marked with

dashed line on the figure 4.4.

B. Crowding on the membrane interface: Effects on protein targeting and

translocation via SecYEG

As described in previous chapters, the most straightforward approach to induce crowding at
the lipid membrane interface is to supplement the membranes with defined amounts of
commercially available PEG-conjugated lipids. PEG is an inert synthetic polymer and is widely
used for simulation of excluded volume effect in the macromolecular crowding research. The
SecYEG translocon was reconstituted into the liposomes carrying different molar fractions of
PEGylated lipids for rendering crowding on the surface of model membranes (figure 4.5). PEG-
conjugated lipids with different concentrations (0, 1, 3 and 10 mol %) and polymer sizes (1000,

2000 and 5000 Da) were tested. The translocon reconstitution efficiency was examined via
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SDS-PAGE with regard of the protein amount in harvested proteoliposomes (figure 4.6). Visual
inspection suggested a uniform reconstitution between the presented samples which were

subsequently employed for the translocation assay.
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Figure 4.5: Schematic representation of translocation assay in SecYEG proteoliposomes with interfacial

crowding rendered with PEGylated lipids.
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Figure 4.6: Reconstitution of the SecYEG translocon to liposomes with different amount and sizes of

PEGylated lipids.

After mixing the components needed for the translocation, the reaction was started upon
addition of SecA. The amount of translocated substrate (P OmpA-FM) was analyzed via SDS-
PAGE as described above (figure 4.1). The intensity of the reference and corresponding bands

were quantified and the translocation plotted in the figure 4.7.
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Figure 4.7: Translocation of pOmpA via SecYEG reconstituted into liposomes with PEGylated with
different concentrations and sizes (n=3). (A) Concentration-dependent inhibition of translocation activity
with PEG 2000 at different mol %. (B) Size-depended inhibition of translocation activity using PEG 1000
(1K), PEG 2000 (2K) and PEG 5000 (5K) at 3 mol %.

The decrease in SecA:SecYEG translocation activity was observed and was dependent on
both the concentration and the size of the crowder on the liposomal surface. The translocation
efficiency in the non-crowded liposomes reached 39 % + 4 %. In the presence of PEG 2000
PE at 1 mol % and PEG 1000 PE at 3 mol % was comparable and shown a minor decrease of
translocation activity. At 3 mol % PEG 2000 PE the translocation activity decreased two-fold
to 17 % £ 1 % and no translocation activity was observed at the highest abundance of PEG
2000 PE lipids (10 mol %). The residual activity of 1.9 + 0.3 % was measured in the liposomes
with the largest crowder PEG 5000 PE with 3 mol %. The decrease in the translocation activity
can be related to two possible events: The accessibility of the SecYEG translocon for the SecA
is impaired due to the presence of the crowder and/or the SecA:lipid interaction is inhibited,
which were described to be crucial for modulation of translocation activity (Kamel et al., 2022;
Koch et al., 2016, 2019; Lill et al., 1990; de Vrije et al., 1988)

SecA:lipid interactions in surface-crowded membranes

The SecA:lipid interactions in presence of interfacial crowding were further examined. To test
the association of SecA with PEGylated liposomes, previously established flotation assay was
employed (Kamel et al., 2022). SecA was mixed with empty liposomes containing either
different concentrations or sizes of PEGylated lipids. The suspension was applied on the
bottom of the centrifugation tube and the discontinuous sucrose gradient was layered above

(figure 4.8). Upon centrifugation, the liposomes float upwards to the environment with the lower
136



3 Results — Chapter 3.4

sucrose concentration, while carrying the membrane-associated SecA. Thus, membrane-
associated SecA can be detected in the top fraction, whereas the bottom fraction contains the
unbound fraction of SecA. The fractions were analyzed via SDS-PAGE (figure 4.9), and the
bands were subsequently quantified to estimate the amount of the liposome-associated SecA.
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Figure 4.8: Schematic representation of the flotation assay in discontinuous sucrose density gradient

for study the SecA:lipid interactions in empty and SecA:lipid:SecYEG interactions in proteoliposomes.
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Figure 4.9: (A) SDS-PAGE analysis of flotation assay of SecA with liposomes with different
concentrations and sizes of PEGylated lipids. (B) Quantified band intensity shows concentration-
dependent inhibition with PEG 2000 at different mol % and (C) size-depended inhibition of SecA
interactions with liposomes containing either PEG 1000 (1K), PEG 2000 (2K) or PEG 5000 (5K) at
3 mol %.

SecA:lipid binding was strongly dependent on the degree of crowding on the liposomal surface.
In the non-crowded liposomes, the recovery of SecA in the top fraction was 66% + 2% (figure

4.9-B and 4.9-C). The association of SecA with PEGylated membranes decreased with
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increasing abundance of PEG 2000 PE on the surface: Already at 1 mol % the two-fold
decrease of SecA in the top fraction was observed (34% + 8%). A high standard deviation of
the obtained results is most likely related to the transition of the surface-conjugated PEG from
so called “mushroom” to a “brush” configuration, which is expected to occur at 1.4 mol % PEG
2000 (Marsh et al., 2003) and influences the SecA:lipid interaction. At 3 mol % and 10 mol %
PEG 2000, binding of SecA decreased to 8.2% + 1.9% and 3.4 £ 0.1%, respectively. By varying
the size of the surface-grafted PEG crowder at a constant molar concentration (3 mol %), a
size-dependent decrease of the SecA interaction with liposomes was observed. Again, the
interaction with non-crowded vesicles was reproducible, as was quantified in the previous
experiment, and decreased two-fold for liposomes with 3 mol % PEG 1000 PE and continued
to decrease with larger crowder PEG 2000 PE to 9.4% * 2.0% and with PEG 5000 to 2.2% *
0.8%.

However, SecA:lipid interaction alone does not explain the decrease of translocation activity,
since the interaction of SecA with the PEGylated vesicles at 3 mol % PEG 2000 decrease
around seven-fold whereas the translocation activity decreased only two-fold in the same type
of the membrane. Same is for the liposomes with PEG 2000 PE at 1 mol % and PEG 1000 PE
at 3 mol %, where binding of SecA to the membranes decreased two-fold, whereas
translocation activity was barely affected. Additionally, the salt concentration used in flotation
assay was shown to affect the SecA:lipid interactions (Kamel et al., 2022). The binding of SecA
in this experiment involving 50 mM KCl is predicted to decrease further in 150 mM KCI, which

is applied in translocation assay.

SecA:SecYEG interactions in surface-crowded membranes

To address the question to which extend SecYEG presence in the crowded membranes would
influence the SecA interactions in flotation assay, the proteoliposomes with the SecYEG
translocon were produced, incubated with SecA in the same manner, as in the previous
experiment with empty liposomes. Indeed, the SecA recovery in the top fraction with SecYEG
in the non-crowded proteoliposomes was improved from 66.5% * 2.0% to 88.5% + 5.5% in
comparison to the empty vesicles, and even for the PEGylated liposomes the SecA binding
was restored by the presence of incorporated SecYEG to 86.2% * 7.6% for PEG 1000 PE
(3 mol %), 55.7% = 1.5% for PEG 2000 PE (3 mol %) and 34.5% % 4.7% for PEG 5000 PE
(3 mol %) (figure 4.10):
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Figure 4.10: Comparison of the SecA binding to empty liposomes and SecYEG proteoliposomes with

PEGylated lipids of different size at 3 mol %.

To evaluate how the elevated salt concentration influences SecA:lipid and SecA:SecYEG
interactions in surface-crowded liposomes, the flotation assay was performed in presence of
150 mM KCI (figure 4.11-A). The bands of SecA were quantified and the SecA binding in 150
mM KCI (n=2) and 50 mM KCI (n=3) was compared (figure 4.11-B).
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Figure 4.11: (A) SDS-PAGE analysis of collected flotation assay fractions in 1560 mM KCI buffer. (B)
Influence of 50 mM and 150 mM KCI on SecA association with SecYEG proteoliposomes with

PEGylated lipids of different size at 3 mol %.

As expected, the elevated salt concentration deceased the SecA recovery in the top fractions
to 75.6% + 6.6% in the non-crowded liposomes, 49.9% + 0.1% in PEG 1000 PE (3 mol %),
30.3% £ 4.0% in PEG 2000 PE (3 mol %) and 13.4% = 0.9% in PEG 5000 PE (3 mol %). Same
experiment was performed with SecYEG-proteoliposomes containing PEG 2000 PE at

different molar concentrations (figure 4.12).
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Figure 4.12: SDS-PAGE analysis (A) and quantified corresponding band intensities (B) of SecA

interactions with liposomes containing PEG 2000 at different mol %.

Even though the SecYEG was reconstituted in the liposomes with 10 mol % PEG 2000 PE on
the membrane surface and residual SecA was found in the top fraction of the flotation assay,
no translocation activity was observed. Notably, the amount of SecYEG in the top fractions of
the flotation assay varied between reconstitutions, when using different size and
concentrations of PEGylated lipids (figure 4.13). The decrease of SecYEG reconstitution
efficiency was dependent on the type and the size of the crowder. In the non-crowded
liposomes, the reconstitution efficiency was in the range of 85% and 89%, whereas in the PEG
2000 PE with 1 mol % and 3 mol %, as well as in PEG 1000 PE and PEG 5000 PE with 3 mol
% it varied between 46% and 61%. The lowest reconstitution efficiency of 30% was observed
in the liposomes with 10 mol % PEG 2000 PE and for the largest crowder PEG 5000 PE at 3
mol %. The abundance of PEG on the liposomal surface hinders the efficient insertion of the
SecYEG during reconstitution. The non-reconstituted SecYEG can lead to incorrect readout of
the translocation assay since only reconstituted translocons can transport the substrate into
the vesicles interior and shelter it from the protease degradation. Nevertheless, in the binding
experiments with SecA the non-reconstituted or non-floated SecYEG can reduce the actual

amount of bound SecA in the top fraction

140



3 Results — Chapter 3.4

SecYEG reconstitution efficiency

Top fractions (n=2
100 P (n=2)

B D [}
o o o
| | |

SecYEG recovery (%)

N
o
|

s g g $° N gF &
PEG 2000 PE (mol%) PEG PE (3 mol%)

Figure 4.13: Quantified reconstitution efficiency of SecYEG in liposomes with different size and amount

of PEGylated lipids in previously performed flotation assays.

Under assumption that SecYEG may be indeed poorly reconstituted in the PEGylated lipids,
the translocation assays were repeated (n=2), but now in the presence of the control, where
the amount of the non-crowded proteoliposomes, and so the amount of active SecYEG, was
decreased two-fold (referred as 1/2 0% sample) in order to study the influence of the decreased
SecYEG abundance on the translocation activity outcome. The band with translocated
substrate were quantified, the translocation activity was calculated and normalized to 100%
with respect to the non-crowded sample with maximum possible reconstituted amount of
SecYEG (figure 4.14). As can be seen, the half-reduced amount of the proteoliposomes and
so a decreased amount of SecYEG in the reaction had no influence on the final amount of the
translocated substrate possibly due the limitation of the reaction by amount of SecA protein

and the saturation of the translocation reaction after 15 min reaction time.
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Figure 4.14: Normalized translocation activity of pOmpA via SecYEG in PEGylated proteoliposomes
with different crowder concentrations and sizes. Sample ¥z 0% represents the reaction with half-amount

of proteoliposomes used in 0% sample to decrease the number of active SecYEG translocons.

SecA:lipid and SecA:SecYEG interactions in surface-crowded membranes: SPR-based
analysis

For the verification of the results obtained by flotation assays, i.e. the ability of the reconstituted
SecYEG to restore the SecA binding in the presence of interfacial crowding, the experiment
surface plasmon resonance (SPR) was established with selected membrane compositions.
SPR allows the analysis of protein:lipid as well as membrane protein:protein interactions in the
real-time manner. The crowder-free liposomes composed of DOPC:DOPG:DOPE
(63:27:10 mol %), PEG-covered liposomes DOPC:DOPG:DOPE:PEG 2000 PE (63:27:7:3 mol
%), or crowded liposomes with reconstituted SecYEG were immobilized on the surface of LP
chip (XanTec bioanalytics GmbH). The LP chip carries a planar carboxymethyl dextran layer
with coupled alkyl chains providing lipophilic anchors for stable liposome immobilization. In
every round of measurement one type of liposomes was immobilized on one of the two
available channels in the instrument, the second channel carried the liposomes consisting of
DOPC serving as a reference, since previous experiments shown no interaction between
DOPC lipids and SecA (Kamel et al., 2022). The liposome suspensions were applied on the
corresponding chip channel until the plateau with maximum possible saturation of the chip
surface was reached. The immobilization levels for each type of liposomes was observed to
be different due to the physico-chemical properties of the resulting liposomes (figure 4.15).
Immobilization of DOPC liposomes was reproducible in each immobilization round and was

found to be the highest, reaching 8500 response units, whereas the immobilization of
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DOPC:DOPG:DOPE (63:27:10 mol %) resulted in 5500 response units. The reason for the
different immobilization levels is likely the presence of negative charges from DOPG lipids on
the surface of the vesicles contributing to electrostatic repelling of the liposomes and less
dense immobilization compared to zwitterionic DOPC in the reference channel. The lowest
immobilization level with 5000 response units was observed for the liposomes carrying PEG
2000 PE lipids: The presence of the synthetic crowder on the surface provided another steric
barrier around each vesicle thereby limiting the amount of possible immobilized liposomes.
Furthermore, the saturation of the chip surface was slower and required a longer contact phase
to archive saturation (figure 4.15). Notably, the same type of the liposomes but with
reconstituted SecYEG led to higher immobilization response. Attachment of the proteo-
liposomes resulted in immobilization levels around 7500 response units, probably due to higher

mass or divergency in the refractive index as a result of the reconstitution of SecYEG.
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Figure 4.15: Immobilization levels of empty liposomes and SecYEG proteoliposomes on LP chip for

SPR measurement of SecA binding.

For each measurement 1 yM SecA was injected for 180 s on both chip channels followed by
600 s dissociation phase. In each measurement round, binding of SecA to the reference
channel was found to be reproducible (figure 4.16). Since SecA protein does not interact with
DOPC lipids (Kamel et al., 2022), the unspecific binding to the carboxymethyl dextran layer is
assumed. In the independent preliminary tests, SecA flow over the bare sensor surface
resulted in high response supporting this hypothesis (data not shown). The reference channel
with DOPC was therefore subtracted from the actual measurement on the neighboring chip

channel to account for the unspecific interaction with the matrix of the sensor.
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Figure 4.16: Injection of SecA (1 uM) on the reference channel with immobilized DOPC vesicles

characterized by association (180s) and dissociation (600 s) phases.

Corrected SPR sensorgram of SecA binding to the immobilized liposomes are shown in the

figure 4.17. The highest response of approx. 580 units was measured with the non-crowded
liposomes consisting of DOPC:DOPG:DOPE (indicated as DOPC/PG/PE) . The interaction of
SecA with the PEG-coated liposomes was suppressed, as the maximal response of this

binding reached only 240 response units. Binding of SecA to SecYEG reconstituted in

liposomes with PEG 2000 PE showed the elevated response of around 400 response units.
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Figure 4.17: Interaction of SecA (1uM) with non-crowded and PEG 2000 PE (3 mol %) crowded

liposomes as well as with SecYEG proteoliposomes in presence of 3 mol % PEG 2000 PE.
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This experiment provides a qualitative information on the SecA binding yet delivers an
independent confirmation for the results observed in the flotation assay indicating that the
presence of SecYEG can restore the association of SecA with vesicles in presence of

crowders.

C. Proteinaceous crowding at the membrane interface

While the synthetic polymers are commonly used in the macromolecular crowding research
for simulation of excluded volume effect, it is important to keep in mind that the native
environment of the living cell is represented by various biological molecules, first of all proteins
and nucleic acids. Employment of the proteins as crowding agents creates a native-like,
physiologically relevant environment for the investigation of effects of macromolecular
crowding on biological systems. For simulation of the crowding on the liposome interface, the
recombinant mSA protein with molecular mass of 15.5 kDa was chosen as a proteinaceous
model crowder. mSA can be conveniently coupled to the liposomal surface via two different
binding modes, i.e. via mSA:biotin interaction through the biotinylated lipids or via
complexation of His-tag with DGS-NTA(Ni**) lipids incorporated into model liposomes, as
described in Chapters 3.2 and 3.3.2. For coupling mSA to the liposomal surface, lipid mixtures
were prepared containing 10 mol % of either 18:1 biotinyl cap PE or 18:1 DGS NTA(Ni?*) lipids
in combination with DOPC (63 mol %) and DOPG (27 mol %) mixture and reconstituted
SecYEG translocon.

The translocation assays were performed with the SecYEG-liposomes with different
concentrations of biotinylated lipids (0, 2, 5 and 10 mol %) to study the influence on the
translocation activity. Surprisingly, the translocation activity in liposomes was strongly
depended on amount of the biotinylated lipids even in the absence of crowder (figure 4.18),
and it was completely abolished in presence of 10 mol % of biotinyl cap PE lipids. Thus, this

crowding strategy appeared not suitable for the study.

% 18:1 biotinyl cap PE
0% 2% 5% 10%

—— pOmpA
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Figure 4.18: Translocation assay in non-crowded liposomes with different concentrations of 18:1 biotinyl

cap PE lipids.
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However, the liposomes composed of 10 mol % 18:1 DGS NTA(Ni?*) have shown a residual
activity (data not shown) and were applied for probing the effects of interfacial crowding on
protein translocation via SecYEG using mSA as crowder. Prior the experiments, His-tags of
purified SecYEG and SecA were proteolytically removed to prevent non-physiological
interactions of the translocation machinery with the NTA(Ni?*) lipids. The cleavage of the tag
present on SecB failed in multiple attempts, so it was considered to exclude SecB from the
translocation experiment. Lack of the stabilization of pPOmpA by a chaperone can be also the
reason why the translocation activity recorded in the following experiments was lower than

expected.

Binding of mSA to the liposomal surface was confirmed using aH-SecE crowding sensor from
the Chapter 3.2. Three identical reconstitutions were performed resulting in the
proteoliposomes containing either SecYEG translocon alone, aH-SecE alone or in co-
reconstitution of translocon with aH-SecE crowding sensor. The molar P/L-ratio for the
reconstitution was applied for the sensor with 1:3,000 and for SecYEG translocon with 1:1,000
and the reconstitution of both proteins was controlled via SDS-PAGE (figure 4.19-A). By the
visual inspection the samples containing either SecYEG alone or in co-reconstitution with the
crowding sensor showed similar reconstitution efficiency. Same was observed for the aH-SecE
sensor and upon its reconstitution with SecYEG. Emission spectra of the crowding sensor with
and without addition of mSA as crowder agent were recorded in both types of liposomes. Next,
the samples with the co-reconstituted translocon and the sensor, as well as the sample with
the sensor only were mixed with an appropriate amount of mSA needed to saturate the
available functional NTA(Ni?*) groups on the outer surface of the vesicles. The emission
spectra were recorded prior and after addition of mSA and the ratios of fluorescence intensities
of acceptor and donor (525 nm/475 nm) were estimated. The initial FRET Fa/Fp ratio was
comparable in both samples: 1.05 + 0.01 and 1.08 + 0.01 for liposomes containing either aH-
SecE sensor alone or co-reconstituted with SecYEG respectively. Co-reconstitution of
SecYEG with the sensor did not affect the signal of the sensor since SecYEG lacks large
extramembrane domains. Upon addition of mSA an increase of approx. 6% of Fa/Fp-ratio in

both samples indicating successful attachment of protein to the liposomal surface.
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Figure 4.19: (A)SDS-PAGE analysis with corresponding in-gel fluorescence of (co-)reconstitution of aH-
SecE crowding sensor from the Chapter 3.2 and Tag-less SecYEG in liposomes. (B) Response of the
aH-SecE sensor in proteoliposomes with and without SecYEG upon addition of mSA for mimicking of

native-like proteinaceous interfacial crowding.

In the next step, the translocation assay was performed in presence of mSA using non-
crowded liposomes as control. As already mentioned, the translocation activity drastically
dropped in presence of 10 mol % DGS-NTA(Ni?*) lipid in the model membranes. Upon
quantification of in-gel fluorescence for the control without mSA addition the residual
translocation activity was estimated to be 3.1% £ 0.5%. The amount of mSA protein added to
the reaction tube was varied to reach a specific coverage of the liposomal surface (figure 4.20).
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Figure 4.20: (A) SDS-PAGE analysis and (B) subsequent quantification (n=2) of translocation assay in
presence of proteinaceous interfacial crowding represented by mSA attached to the surface via His-tag
to DGS-NTA(Ni?*) lipids.

Surprisingly, the translocation activity increased to 3.6% + 0.2% and 5.2% + 0.1 in the samples
with crowder/DGS-NTA lipid of 0.1 and 0.3 %, respectively, but once the mSA/ DGS-NTA lipid
ratio of 1.0 was reached, the translocation activity decreased to 1.9% + 0.1%. The estimated
varying positive and negative effect on translocation activity upon different amounts of mSA
on the surface of the proteoliposomes can be seen as a consequence from the crowding

simulation.
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3.4.4 Discussion

Existing scientific research literature demonstrates the significant impact of macromolecular
crowding on diverse vital biological processes occurring in the dynamic environment of the
living cell. In this chapter the effects of crowding in solution and interfacial crowding on the
membrane were evaluated in regard to their ability to influence one of the most fundamental
processes, translocation of preprotein via the SecA:SecYEG machinery. The translocation
activity was shown to decrease monotonically with the increasing concentrations of Ficoll
PM70 in solution and was attributed to the exclusion volume effect, rather than the rise of the
viscosity, as suggested by the control experiment using glycerol to modulate the viscosity.
Similar experiments using PEG as a crowder faced a methodological limitation due to the
precipitation step involving TCA that led to co-precipitation of PEG in course of procession of
established protocol (Kamel et al., 2022; De Keyzer et al., 2002). Instead, FRET-based assay
was employed, which allows for the measurement of the real-time kinetics of the pOmpA-
DHFR translocation intermediate formation at SecA:SecYEG. This assay was applicable only
till around 25% (w/v) PEG concentration due to the increased solution viscosities, which led to
the difficulties by homogeneous mixing of the sample. The reaction was performed in the
presence of Ficoll PM70 and showed similar results to the translocation assay, where the Sec
machinery manifested a two-fold decrease in activity at 25% Ficoll PM 70 (w/v), whereas the
number of formed translocation intermediate in the FRET-based assay was also approximately

halved, as concluded from the maximal signal intensity.

By the involvement of PEGs as crowders, the size-dependent and concentration-dependent
decrease of the translocation intermediate formation was observed. Notably, the results
obtained with PEG 1500 and Ficoll PM70 were comparable despite a smaller hydrodynamic
radius and more compact conformation of PEG 1500. A minor increase of the translocation
rates at low PEG 1500 and Ficoll PM70 were observed, followed by decrease at emerging
crowder concentrations, presumably due to the limited diffusion (Minton, 2001). With
increasing PEG size and concentrations, e.g. PEG 4000 and PEG 8000, the translocation rates
were further decreased, and no formation of the SecYEG:pOmpA-DHFR translocation
intermediate was observed at 25%, as no increase in the acceptor emission was detected.
The decrease of the amplitude of the measured FRET signal and the decrease of the
translocation rates suggests the inhibition of protein transport. Solution viscosity, which
increases with the increasing size and concentration of PEG (Gonzalez-Tello et al., 1994;
Junker et al., 2019; Regupathi et al., 2009) can play a role by the association of the
translocation intermediate, however to the lesser extent. As was mentioned before, the
translational and rotational diffusion of the biomacromolecules in the crowded environment
does not depend on the bulk viscosity of the solution, how it is predicted by Stokes law (Eqg. 1
and 2). Instead they experience a so-called micro-viscosity, which in turn depends on the size
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relation of the target protein and the crowder. With the increasing crowder size, the emerging
excluded volume effect in presence of the PEG crowders restricts the mobility and leads to the
anomalous diffusion of probes. As a result, the effective interaction between the reactants are
hindered by means of sieving effect (Junker et al., 2019; Lavalette et al., 2006).

Our experiments on interfacial crowding with synthetic crowders at the lipid membrane
revealed a decrease of the translocation activity via SecYEG, which was analyzed in the
membranes upon varying the size or the molar concentration of PEG-conjugated lipids.
Application of the PEG 1000 PE at 3 mol % barely affected the translocation activity, whereas
the doubling of the crowder size by involvement of PEG 2000 PE led to a two-fold decrease,
and the largest crowder PEG 5000 PE at the same concentration induced more than 20-fold
decrease of translocation activity. Same was observed by varying the molar concentration of
PEG 2000 PE in the proteoliposomes, so at the highest abundance of the PEGylated lipids

(10 mol %) no translocation activity could be detected.

To identify the reason for the observed experimental outcome, interactions of SecA with the
surface-crowded liposomes and SecYEG-containing proteoliposomes were studied. SecA and
SecYEG complex have to form a functional unit in order to translocate the substrate across
the membrane, and SecA:lipid interaction can modulate the translocation activity (Kamel et al.,
2022; Koch et al., 2016; Lill et al., 1990; de Vrije et al., 1988). Binding of SecA to the surface-
crowded liposomes was strongly hindered by PEGylated lipids, and the effect correlated with
their concentration and size. Presence of the SecYEG translocon partially restored SecA
binding in the presence of the crowders, which explained the residual translocation activity.
However even though the translocon was present in the membranes with 10 mol % of
PEG 2000 PE and the SecA was shown to be associated with the proteoliposomes no

translocation activity was observed, due to the induced surface crowding.

Binding of SecA to the crowded and non-crowded membrane vesicles as well as
SecA:lipid:SecYEG interactions were additionally analyzed using SPR. Upon injection of SecA
on the sensor chip surface coated with 3 mol % PEG 2000 PE crowded liposomes the
reduction of approx. 60% of the binding response was observed, which suggests more efficient
SecA binding to the vesicles than analyzed with flotation assay. It should be noted that the
binding experiments in SPR were performed with higher salt concentration (150 mM KCI) as it
was done in flotation assay (50 mM KCI, figure 4.9-B and 4.9-C). Still, it is predicted that
increase of the ionic strength would weaken the association of SecA with membranes as it was
reported previously (Kamel et al., 2022) and was observed in flotation assay with SecYEG
proteoliposomes (figure 4.10). The reason for elevated binding in SPR needs further
characterization, but it may owe to the unspecific interactions of SecA with the dextran matrix

exposed upon lower immobilization levels of PEGylated vesicles. Although the liposomal

149



3 Results — Chapter 3.4

suspensions were injected until the maximal saturation of chip surface, they all have shown
different immobilization levels due to their alternating physico-chemical nature. The reason for
this was briefly discussed in the Result chapter. Despite the differences in the immobilization
levels, it is still reasonable to maintain the described measurement approach. Under
assumption, that the same immobilization levels are applied for all the vesicles types and some
of them would not reach the saturation on the chip surface, it is possible that the dextran
coating would become more accessible to non-specific SecA binding, resulting in false-positive
sensor response. However, the binding of SecA to SecYEG reconstituted in liposomes was

restored, consistent with the results in flotation assay.

In addition to the results provided in the chapter, the performance of LD chip for the liposome
mobilization was tested. In contrast to the used LP chip the LD chip is more suitable for the
capturing of the vesicles and allows more efficient immobilization of liposomes on the chip
surface. However, the 3D-like surface consisting of carboxymethyl dextran was more
assessible for the unspecific SecA interaction. The same experiments were performed with
this type of chip (data not shown) and were found to be qualitatively same, besides more
pronounced binding of SecA to the reference channel covered with DOPC. On the other side,
the immobilization of the liposomes on the LP chip led to a more efficient coverage of the chip
surface thus *hiding” the chip matrix and restrain the unspecific SecA interaction. As an
alternative method, the supported bilayers can be formed and the SecA binding can be
measured with QCM (Kamel et al., 2022). However, application of the PEGylated lipids for the
formation of the supported bilayer may be challenging, since the steric effect of PEG may
hinder the liposome rupture on the chip surface. Another approach for the introduction
interfacial crowding has to be probed, and some options for this will be discussed below
(Chapter 4).

Application of the proteinaceous crowders to the membrane interface for studying their effect
on protein translocation via SecYEG proved to be challenging task. For the application of mSA
crowder on the proteoliposomes surface two strategies were employed, via introduction of
either 18:1 biotinyl cap PE or 18:1 DGS-NTA(Ni*) lipids for binding mSA via mSA:biotin
interaction or via complexation with mSA Hiss-tag, respectively. Unfortunately, the
translocation activity decreased with increasing abundance of 18:1 biotinyl cap PE lipids in the
synthetic membranes and no translocation of pPOmpA was observed for the proteoliposomes
containing 10 mol % 18:1 biotinyl cap PE, making this crowder coupling strategy unsuitable for
the study. Presence of the biotin on the surface disturbed the translocation whereas the reason
to this phenomenon remains currently unknown. However, the proteoliposomes with 10 mol %
18:1 DGS-NTA(Ni*") lipids have shown residual translocation activity, even though the

chaperone holdase SecB had to be omitted from the assay because of failed attempts to
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remove the encoded His-tag by enterokinase cleavage, possibly due to a poor accessibility of

the cleavage site.

The binding of mSA to the vesicle surface was confirmed upon employment of aH-SecE
crowding sensor from Chapter 3.2. Sensor response was similar on non-crowded liposomes
with or without co-reconstituted SecYEG and increased upon addition of mSA, as it was
already characterized before (Lowe et al,, 2023). At the low abundance of mSA on the
proteoliposomal surface, crowder to DGS-NTA(Ni?*) lipid of 0.1 and 0.3, an increase in
translocation activity was observed, whereas at the highest possible vesicle saturation (ratio
of crowder to DGS-NTA(Ni*) lipid of 1) the translocation activity decreased in comparison to
the non-crowded sample. The mSA protein in this sample saturates the surface of the
liposomes, thus is it possible that the binding of SecA is hindered. It is not clear what exactly
led to the increase of translocation activity at low mSA levels. One of the possible explanations
could be the partial shielding of positively charged NTA(Ni?*) groups, which may negatively
influence the translocation machinery. However, it can be clearly seen that application of
proteins to induce the interfacial crowding modulates translocation of pOmpA via SecYEG
translocon.
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4 Discussion and Outlook

4.1 Crowding sensors for macromolecular confinement in membranes

Studying the macromolecular crowding at membrane interfaces and its effects on biological
processes requires mimicking the crowded environment in vitro in physiologically relevant
ranges and systematical studies of crowding effects in vivo. However, the characterization of
the macromolecular confinement at and near the biological membranes remains challenging.
Developing sensors that allow a simple readout from in vivo and in vitro crowded systems
would offer non-invasive tools helping to measure and accurately replicate the confinement in
physiologically relevant range (Lowe et al., 2020). So far, there is a limited number of
approaches, that would allow this (Arnold et al., 2023; Houser et al., 2020; Takatori et al.,
2023). To facilitate the quantification of the interfacial crowding, we adapted the previously
published version of the FRET-based crowding sensors (Boersma et al., 2015). To apply the
sensor for the analysis at biological interfaces, a membrane-anchoring strategy was developed
and optimized. Transmembrane helices (TMHs) forming a helical hairpin or a helical bundle
were perceived as suitable candidates for being the anchors since they demonstrate
remarkable stability upon the lipid bilayer insertion (Engelman and Steitz, 1981) and their N-
and C-termini face the same side with in respect to the membrane for correct positioning of
the FRET fluorophores. Among possible candidates, THMs 1 and 2 of the translocon subunit
SecE of E. coli, Mistic from B. subtilis and the THMs of E. coli RseC protein were evaluated.
The helical hairpin of SecE proved to be the most suitable candidate for the current study and
was applied for the further sensor development with two principally different sensor designs
described in Chapter 3.2 and 3.3.2. Other tested anchoring domains were not able to fulfill the
requirements regarding either efficient membrane insertion in vivo or reconstitution into
synthetic vesicles in vitro, as well as the ability to respond to the crowding in solution or at the
membrane interfaces. Further search for optimal anchoring domains may enable robust sensor
application in different cell lines, e. g. for controlled targeting to specific organelles or plasma

membrane compartments in eukaryotic cells.

To this point, two types of membrane-anchored sensors differing by design and distinct linker
architectures connecting the fluorescent proteins to the anchor have been developed. The first
type of sensors, described in Chapter 3.2, is built of SecE-based membrane anchor introduced
between the fluorescent moieties of the sensor, that allows direct anchoring of the sensor in
the membrane as a single-chain protein. The second type, described in Chapter 3.3.2, consists
of two separate parts, the soluble sensory part and the SecE-based anchor. Both components
can be coupled together via SpyTag:SpyCatcher interaction forming a covalent bond (Zakeri

et al., 2012), thus allowing a robust application of the sensor to the membrane interfaces from
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the aqueous phase. The formation of the complexes with the SecE-SpyCatcher was successful
in solution and in IMVs, while lower efficiency was observed at the interfaces of the liposomes.
It remained not clear why the complexes formed with higher efficiency in the native membranes
in comparison to the synthetic vesicles. Potentially, the SpyCatcher domain anchored in the
IMVs is more exposed towards the aqueous phase, but also soft interactions with the
endogenous proteins could attract the soluble sensor closer to the membrane thus allowing a
more efficient reaction. A bottleneck of this sensor type, however, was the broad variation of
Fa/Fo ratios upon reconstitution. For the in vitro calibration of this sensor type, improved
binding between SpyTag-sensors and SecE-SpyCatcher should be achieved and the
reconstitution protocol for the sensor complex should be adjusted.

In contrast, the single-chain sensors aH-SecE and (GSG)s-SecE from the Chapter 3.2 yielded
reliable and robust experimental data regardless of the lipid composition of the tested
liposomes or type of crowder applied, i.e. synthetic or proteinaceous origin. The FRET signal
of the sensor increased upon increasing the crowder abundance, as would be expected from
the steric repulsion. We demonstrated the ability of aH-SecE and (GSG)s-SecE constructs to
fulfil the expected functions, being able to sense the confinement induced not only by
PEGylated lipids, but also by different proteins attached on the liposomal surface. Moreover,
the sensors in extracted IMVs manifested a signal within the range of values previously
measured upon titration with different proteinaceous crowders. In addition, they were
responsive to the surface crowding induced by addition of SecA protein, crowding in solution
rendered by PEG, and also to forced dissociation of peripheral proteins (Suppl. Information,
figure 13, Chapter 3.2).

The sensitivity of the single-chain sensors was estimated to be higher compared to the
SpyTag:SpyCatcher-based sensors. The higher response is possibly due to the architecture
of sensor, which minimizes the sensor elevation above the membrane. In contrast, for the
SpyTag:SpyCatcher-based constructs, additional spacing is provided by the coupling element,
so the crowder on the surface is not able to induce sufficient compression of the sensor. This
may also explain the absence of the response of aH-Spy-SecE and only a minor response of
(GSG)s-Spy-SecE complexes upon crowding with PEGylated lipids, since the synthetic
polymers have smaller molecular sizes with hydrodynamic radius of 0.9 nm for PEG 1000
(Chung etal., 2019; Dong et al., 2018) and PEG 2000 with 1.15 nm (Zhu et al., 2016) compared
to mSA with around 2.1 nm and its attached conformation accounting the linker of the
biotinylated lipid (Wu and Wong, 2005). Therefore, single-chain and Spy-based sensors can
be potentially applied for measuring the lateral confinement on different heights, thus allowing
for crowding quantification either directly at the membrane, or within the proximate
environment. The SpyTag:SpyCatcher-based system offers a great potential for different

applications and should be further optimized and applied for the study of organization on the
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cellular surfaces or extracellular space, e.g. dynamics of glycocalyx and bacterial
lipopolysaccharides, or for the characterization of the phase-separations in the membrane

proximity inside the cell.

However, even in case of the better-performing single-chain sensor constructs, further
characterization and optimization is required. In collaboration with the Institute for Physical
Chemistry, the steady-state anisotropy of the directly excited mCitrine was measured for the
detergent-solubilized and liposome-reconstituted sensors, aH-SecE and (GSG)s-SecE
(experiments guided by Dr. Jakub Kubiak). The preliminary results revealed a decay of the
anisotropy for the membrane-anchored sensor compared to the solubilized one. This can be
an indicator of intramolecular FRET resulting from sensor’s transient contacts within the
membrane and/or their partial clustering. The transient contacts of the sensor molecules
governed by diffusion within the lipid bilayer can be limited by reducing the sensors
concentration. The possible contribution of clustering was further examined by the steady-state
anisotropy measurements of mCerulean using a truncated mCerulean-SecE construct,
described in Chapter 3.2. The estimated anisotropy of the DDM-solubilized mCerulean-SecE
was barely different from the anisotropy measured for the same construct in extracted IMVs,
in contradiction to the decreased anisotropy observed for the full-length sensor upon excitation
of the mCitrine. That leads to the preliminary conclusion that mCitrine may mediate partial
clustering of the sensor, thus affecting the read-out signal. The significance of the
intramolecular FRET contribution was examined by varying inducer concentrations during
sensor’s expression. Although the senor amount in the extracted IMVs correlated with the
inducer concentration, only minor deviations of the sensor’'s response were observed. In
another approach, truncated sensor constructs mCerulean-SecE and SecE-mCitrine were co-
reconstituted in liposomes. The resulting Fa/Fp ratios were dependent on the amount of the
reconstituted proteins and increased with higher abundance of the proteins in the membrane.
However, the response of the truncated constructs upon induced crowding was significantly
weaker in comparison to the full-length sensors. It may be concluded, that the contribution of
the clustering is not expected to have significant effect on the measurements, when applied

under the characterized conditions for the sensor’s expression and reconstitution,

In summary, the presented architectures and designs of the crowding sensors, although
functional, are not the endpoint of the research, but should be regarded as foundation for the
further applications. They validate the feasibility and can be employed as a simple tool for

characterizing crowding conditions in vitro and in vivo.
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4.2 Effects of macromolecular crowding on protein targeting and

translocation via SecYEG

A large fraction of proteins synthesized in E. coli should be either translocated through or
inserted into the bacterial membrane. However, the studies of the protein biogenesis are
commonly conducted in the oversimplified and minimalistic environment that does not reflect
the naturally abundant crowding in the living cell. This thesis aimed to examine the effects of
macromolecular crowding in solution and at the membrane interface on post-translational
protein targeting and translocation via the SecA:SecYEG machinery. For this purpose,
synthetic polymers were utilized to mimic the crowding in solution, and both synthetic and
proteinaceous crowders were developed for rendering the confinement on the membrane
interfaces. Two previously established methods to address the translocon functionality were
applied, i.e. the protease-protection assay which measures the accumulation of multiple
translocated substrates in the vesicle lumen, and FRET-based assay for the estimation of
translocation kinetics and the effective amount of stalled SecYEG:pOmpA-DHFR translocation
intermediates. Both methods revealed their specific limitations when studying effects of
solution crowding on the translocation system. However, Ficoll PM70 and PEGs of different
sizes at 25% (w/v) could be employed, showing that crowding in solution inhibits the
translocation rates, and the transport is dependent on the type of the crowder, its size and the
effective concentration. Increasing the volume fraction of the synthetic crowders may affect
the translational mobility, thus providing a steric barrier for the assembly of the translocation
intermediate and negatively influences the translocation rates. While the synthetic crowders
are used mainly to mimic the exclusion volume effect, the interior of the living cell is crowded
by biological molecules, where the influence of the quinary interactions gets more pronounced.
As it was shown previously, proteins applied as crowders have a different effect on protein
translational and rotational mobility in comparison to synthetic polymers (Junker et al., 2019;
Wang et al.,, 2010), so the study of protein translocation in crowded solution should be
continued in the presence of proteinaceous crowders, which are not related to the system of

interest and can be concentrated to physiologically relevant concentrations.

Next to the crowding in solution, proteins and complexes that interact with membranes, e.g.
cytoskeletal proteins, ribosome-nascent chain complexes, chaperone-stabilized secretory
preproteins, and membrane-associated proteins, including the ATPase like SecA, experience
also the crowding at the membrane interfaces. The interactions of such proteins with
membrane surfaces and/or their interaction partners can be characterized in vitro. To render
the interfacial crowding on the membranes, both synthetic or proteinaceous crowders were
considered in this thesis. While PEGylated liposomes differing by the crowder size and the

abundance can be routinely prepared using the commercially available PEG-conjugated lipids,
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the native-like surface crowding requires proteins as crowding mimetics at the interfaces.
Employment of proteins as crowders may lead to alternate experimental outcome, in
comparison to the synthetic ones, due to the rise of the quinary interactions at the membrane
surface and potential interferences with the targets in the experimental setup and should be
studied in addition to the inert synthetic crowders. Proteins can be stably anchored at the
membrane interfaces via covalent and non-covalent binding, for example by cross-linking or
affinity binding to the modified lipid head groups, or via introduction of fusion proteins, which
contain membrane-associate domains, e.g. transmembrane or amphipathic helices
(Raghunath and Dyer, 2019; Snead et al., 2017). The method for attachment of the

proteinaceous crowers should be chosen carefully and be compatible with the assay used.

Real-time binding methods, such as SPR and QCM, can be used to characterize protein
association and dissociation kinetics, and to determine and binding affinity at the crowded
membrane surfaces, and can be employed for studying SecA:SecYEG interactions. For this,
supported bilayers, but also liposomes or extracted native membrane vesicles can be
immobilized on the sensor chip surfaces for the experiments via SPR (Erb et al., 2000; Kamel
et al., 2022; De Keyzer et al., 2003; Wu et al., 2012). In a conventional QCM set-up, formation
of supported bilayers is achieved upon saturation of the chip surface and subsequent rupture
of the vesicles (Kamel et al., 2022; Wang et al., 2018). However, in our trials it was not possible
to produce planar bilayer with PEGylated liposomes, since the crowder on the interface
hindered fusion of the liposomes. As an alternative approach, lipids with modified head groups,
e.g. NTA(Ni?*) or biotin, can be employed in QCM/SPR experiments for attachment of the
crowders to the pre-formed supported lipid bilayer. Furthermore, the surface crowding may be
rendered by synthetic polymers other than PEG, e.g. amphiphilic glycomacromolecules, which
can be inserted into pre-formed supported bilayer (Banger et al., 2021). QCM-D experiments
should allow then quantifying the amount of the crowder on the surface by measuring the

induced frequency shifts in response to the mass changes on the chip surface.

Another robust method described in this thesis is the flotation assay, which is easy to handle,
fast and does not require specialized equipment and expertise. The assay may be applied not
only for the protein:liposome binding studies, but can be used for estimation of reconstitution
efficiency of membrane proteins. Flotation assay was successfully employed for the estimation
of SecA interactions with non-crowded and PEG-crowded liposomes, where the suppressed
SecA binding was observed upon increasing concentrations and sizes of PEGylated lipids, but
was partially restored in the presence of reconstituted SecYEG translocon. Moreover, flotation
assays with SecYEG proteoliposomes served for the quality control, as it indicated that the
reconstitution efficiency of the translocon was dependent on the concentration and on the size
of the surface exposed PEG. Lower reconstitution efficiency could be readily explained by

additional steric barrier provided to PEG. However, no significant changes in the translocation
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activity were observed, likely due to limited number of available SecA and saturation of the
translocation reaction. In the samples with the highest applied surface crowding rendered by
PEGylated lipids, SecA was found to be barely associated with the proteoliposomes and no
translocation activity was observed despite approximately 30% of SecYEG being

reconstituted.

In the trial experiments on protein-based crowding, another complication was encountered.
Anchoring of the crowders to the membrane surfaces was achieved by means of either 18:1
biotinyl cap PE or 18:1 DGS-NTA(Ni?*) lipids present in the liposomes. However, those lipids
severely inhibited the functionality of the SecA:SecYEG machinery. The presence of
biotinylated lipids strongly downregulated the preprotein secretion via SecYEG, whereas the
modified DGS-NTA(Ni**) head groups reduced the translocation activity for more than 10-fold,
possibly due to the added positive charges on the liposomal surface. The translocation activity
is known to depend on the lipid composition of the membrane (Kamel et al., 2022; Lill et al.,
1990; de Vrije et al., 1988), and it seems also be affected by the modified lipid head groups.
However, even with this obstacle, the preliminary experiment with induced surface crowding
was performed and was shown to modulate the translocation activity. Notably, the
translocation activity increased with the increasing abundance of the crowder, mSA, whereas
at the highest possible liposome saturation of mSA on the proteoliposomal surface, the
translocation activity was lower compared to the initial levels. While it is tempting to relate the
stimulated translocation to crowding effects, it may also originate from partial shielding of
NTA(Ni**) groups on the vesicle surface. It is important to note, that the potential contribution
of the soft interactions by application of proteins as crowders may have a considerable effect
on the experimental outcome and the stimulation of the translocation activity cannot be
excluded. To achieve a better understanding of the effects of native-like interfacial crowding
on the translocation machinery, another strategy for the proteinaceous crowder attachment

should be used for this system. The possible approaches are discussed in the Chapter 4.3.

In conclusion, the existing strategies for studying the translocation activity, as well as the
characterization of protein-membrane interactions were adapted to examine the effects of
macromolecular crowding on the post-translational translocation via the SecYEG machinery.
It was shown that emerging exclusion volume effect in solution and at the membrane interfaces
negatively influences both the assembly of the translocation machinery components and their
translocation activity, making a first step towards contribution to a more comprehensive
understanding on how the complex bioprocesses are influenced by the confined environment

of the living cell.
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4.3 Outlook

4.3.1 The future perspectives for the membrane-associated crowding sensor

The aH-SecE and (GSG)s-SecE sensors for the interfacial crowding were characterized in
vitro, as their ability to respond to changing confinement in native and synthetic membranes
was validated. The results in vivo suggested that both sensors are inserted in the inner
membrane of E. coli cells, thus allowing further investigations of the dynamic crowding in living
cells. The sensor response in vivo may be measured by advanced microscopic methods, such
as laser scanning microscopy (LSM) or by fluorescence activated sell sorting (FACS)
technique, which was shown to be compatible for FRET measurements in living cells (He et
al., 2003). For this goal, expression, membrane insertion and functional characterization of the
sensor response should be continued in different bacterial strains and in eukaryotic cells. Also,
further exploration of new candidates for anchoring, their characterization and optionally
engineering is beneficial for the delivery of the crowding sensor to specific organelles and
membrane domains. In their turn, the two-component sensors aH-SpyTag and (GSG)s-SpyTag
may be employed for the quantification of crowding confinement at the cellular surfaces, since
they can be applied externally to the exposed SpyCatcher-modified anchors, for example for
studies of glycocalyx dynamics or measurements of bacterial LPS densities. Also, for this

application a suitable transmembrane anchor should be found and evaluated.

As discussed in Chapter 2, the first generation of the membrane crowding sensors can be
further improved by substitution of the one of the fluorescent proteins forming the FRET pair
for the SNAP-tag (figure 4.1). The enzyme was engineered from human O°-alkylguanine-DNA
alkyltransferase, a DNA repair protein, that performs a covalent binding with O®-benzylguanine
derivates (Dreyer et al., 2023; Juillerat et al., 2003). The benzylguanine substrates for the
SNAP-tag are commercially available, allowing for coupling with variety of the fluorescent dyes
with a high labeling efficiency, both in vitro and in vivo. These substrates, depending on the
application type, can be used for labeling of SNAP-tag fusion proteins on the cellular surfaces
or even inside the cell by employment of specialized cell-permeable substrates. Moreover, the
substrates can be designed in the way that fluorescence is switched only after the conjugation
with SNAP-tag is achieved, which reduced the background fluorescence from the free
substrate. This can be archived with employment of the quencher, which is then released
together with guanine (Sun et al., 2011). Application of a synthetic fluorophore instead of one
of the fluorescent proteins may additionally reduce the non-specific soft interactions between
the sensor and proteinaceous environment when applied in vivo or by calibration of sensor

with proteinaceous crowders in vitro.
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SNAP-tag

Figure 4. 1: Design of the crowding sensor with SNAP-tag

4.3.2 Overcoming obstacles for the characterizations of crowding effects on

protein targeting and translocation via SecYEG

The translocation via the SecA:SecYEG machinery was inhibited by soluble synthetic
crowders, and the effect was dependent on the crowders type, size and concentration, while
application of proteins as crowders may lead to the divergent results. The translational and
rotational mobility of the proteins in the presence of crowders of proteinaceous origin was
shown to have complex, crowder-specific effects (Wang et al., 2010). Several proteins, that
can be obtained at high concentrations to match the physiological crowding levels, e.g. BSA
or lysozyme, could be potentially employed in translocation assays in the further perspective
as crowders (figure 4.2-A). However, the conventional methods, such as the protease-
protection assay, would be possibly difficult to employ under crowded conditions. As SDS-
PAGE is involved to visualize the translocated protein, abundant proteinaceous crowders may
disturb the band migration and affect the subsequent quantification. However, for the
application of the surface crowders this method will be still suitable, since a low amount of
proteoliposomes are required for the translocation which in turn lowers the overall amount of
crowder employed in assay. Alternatively, fluorescence-based methods, including FRET, may
be utilized to measure translocon activity, while binding of the SecA ATPase to the membrane
interfaces can be potentially probed by QCM. The adsorption of SecA on the supported lipid
bilayer can be compared in the presence of various crowders of synthetic of proteinaceous
origin in the mobile phase. The association and dissociation kinetics may deliver more insights

on how confined environments influence SecA:membrane interaction.

As it was shown, the strategy for binding crowders to the surface of the model membranes has
to be chosen with care, since it may occur to be incompatible with the studied targets. Here,
introduction of lipids with functional head groups, biotinylated or carrying Ni*-NTA, led to
decrease of the translocation activity of the SecA:SecYEG machinery. Other approaches to

mimic the confinement at the membrane interfaces may be further explored, for example
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insertion of custom-designed amphiphilic glycomacromolecules with various sizes into pre-
formed proteoliposomes as shown in figure 4.2-B (Banger et al., 2021). This can allow a
uniform reconstitution of the translocon in samples with various surface crowding levels, and
the crowding may be monitored by aH-SecE FRET-sensor, as validated in Chapter 3.4.
Generation of fusion proteins carrying either self-inserting amphipathic helices, tail-anchored
domains or other membrane-targeting elements, e.g. fragments of pore-forming toxins, can be
another option for the surface crowding by proteins (figure 4.2-C and 4.2-D). Epsin | ENTH
domain can be inserted into membrane bilayer by its amphipathic helix, but requires binding
to phosphatidylinositol-4,5- bisphosphate lipid and can may cause deformation of the
membrane, when present at high surface concentration (Stachowiak et al., 2012). Using this
strategy, the occupancy of the membrane surface and compatibility with the studied system
should be characterized with care. Another possibility would be co-reconstitution of fusion
proteins with introduced transmembrane domain together with the SecYEG translocon. As
transmembrane domain the helical hairpin of SecE domain can be used, since it can be
reconstituted with high efficiency, as it was shown for the SecE-SpyChatcher protein used as
anchor for the FRET-sensor constructs in the Chapter 3.3.2. Instead of SpyCatcher, proteins
with various molecular sizes can be encoded and expressed recombinantly. However, the
method would be also limited by a low yield of final product extracted from the membranes and
the reconstitution efficiency of both, crowder and translocon, has to be characterized for each

experiment for example by flotation assay.

Whereas the research in this thesis primarily focused on the post-translational pathway, the
effects of the macromolecular crowding on the co-translational transmembrane transport and
insertion via SecYEG remain unexplored. Experimental approaches described in this thesis
may be further optimized and implemented to get valuable insights on how RNCs and SecYEG

interaction is affected in crowded environments.

Another interesting approach would be to characterize the influence of the in-membrane
crowding on the translocation activity. LacY protein, the symporter for the H ions and lactose,
is an integral membrane protein, that consists of 12 THMs organized in two bundles of six
helices bound together by the cytoplasmic loop (Abramson and Wright, 2021; Kaback et al.,
2011). The absence of the large extramembrane domains makes this protein for a good

candidate for simulation of naturally occurring membrane confinement.

In perspective, the intensively debated oligomeric state of SecYEG can be characterized using
the established crowded membrane systems. It was shown that a single translocon can
conduct the translocation (Kedrov et al., 2011), however, the stabilization of dimeric structure
was observed by interactions with cardiolipin (Gold et al., 2010), as well as SecYEG dimers

and higher oligomeric species were observed in extracted IMVs and proteoliposomes.
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However, this can be a result of high translocon concentration achieved by overexpression or
reconstitution, as only monomers and dimers were observed at naturally abundant
concentrations in the wild-type membranes (Bessonneau et al, 2002). The dynamic
dimerization of the translocon can be the consequence of the naturally occurring
macromolecular crowding conditions that would favor the assembly of the complexes and take
part in the sorting processes in heterogenic biological membranes.

Concluding this study, it is important to note that this thesis serves not as a final chapter;
instead it can be seen as a starting point for further research. The establishment and validation
of current strategies and developed tools has revealed a pathway for optimizing the system for
the study of the effects of macromolecular crowding on the vital membrane-related processes.
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Figure 4.2: Further perspectives for studying of translocation via the SecA:SecYEG machinery: (A)
employment of proteinaceous crowders in solution, (B) insertion of custom designed amphiphilic
glycomacromolecules, (C) development of membrane-anchored fusion proteins with various sizes or

(D) introduction of self-inserting amphipathic helices
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