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Abstract: Reconstitution of membrane proteins into lipo-
somal membranes represents a key technique in enabling
functional analysis under well-defined conditions. In this re-
view, we provide a brief introduction to selectedmethods that
have been developed to determine membrane protein orien-
tation after reconstitution in liposomes, including approaches
based on proteolytic digestion with proteases, site-specific la-
beling, fluorescence quenching and activity assays. In addi-
tion,webrieflyhighlight new strategies based on single vesicle
analysis to address the problem of sample heterogeneity.

Keywords: membrane protein; protease; proteoliposome;
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Introduction

Membrane proteins play an essential role in controlling bio-
energetics, the movement of ions, lipids, and metabolites
across cellular membranes, and initializing signaling path-
ways. Additionally, membrane trafficking is based on the
concerted action of multiple membrane proteins, wherefore

malfunction of these transport and signaling systems leads to
various diseases (Marinko et al. 2019). Given the pivotal role of
membrane proteins in cell homeostasis, a thorough under-
standing of their functioning anddynamics is highly desirable.

The study of membrane proteins at the molecular level
using in vivo experimental setups is hampered by the
complexity of the cell. A single membrane is composed of
hundreds of proteins and thousands of lipids continuously
interacting in timeand space, complicating thedissectionof the
molecular function and contributions of each component. To
reduce this high complexity, a wide variety of membrane
platforms has been developed for the investigation of mem-
brane protein function under well-defined conditions outside
the complex cellular environment. The boom of structural
biology boosting the number of resolved structures of trans-
membrane proteins and the development of computational
biology, linking the snapshot of proteins in different states via
molecular dynamic simulation, gives rise to newhypotheses on
detailed molecular mechanisms of transporters or receptors.
To prove and evolve those computational presumptions, ex-
periments on the molecular level are required. The most
common approach for membrane-mimicking systems is based
on the reconstitution of membrane proteins into lipid bilayers
to create proteoliposomes (Amati et al. 2020; Murray et al. 2014;
Rigaud et al. 1995; Rigaud and Lévy 2003; Skrzypek et al. 2018).
The approachoffers awell-defined experimental systemwhere
the protein of interest can be investigated individually. More-
over, proteoliposomes can be customized in a variety of ways
byfinetuning the lipid composition. On the onehand, lipids can
beutilized that promote protein stability and/or control protein
function (Corradi et al. 2019; Lasitza-Male et al. 2020; Natarajan
et al. 2009) and on the other hand, modified lipids such as
pH-sensors, fluorophores, or immobilization anchors to tailor
the vesicle for a variety of applications can be included (Kem-
mer et al. 2015; Schwamborn et al. 2017).

Different methods have evolved for the rapid and efficient
reconstitution of membrane proteins into lipid membranes,
whereas the most common method for proteoliposome prepa-
ration is based on detergent-mediated reconstitution (Rigaud
et al. 1995; Rigaud and Lévy 2003). After solubilization and
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purification, themembrane protein is supplementedwith an
excess of lipids and detergent molecules, leading to a
mixture of lipid-protein-detergent and lipid-detergent mi-
celles. Subsequently, the detergent is removed resulting in
the progressive vesicle bilayer formation and thereby
embedding the protein. While the membrane protein’s to-
pology in vivo is determined and ensured by the cellular
machinery, membrane proteins reconstituted in liposomal
model membrane systems have either the cytosolic (in-side-
out orientation) or the extracellular site (out-side-out
orientation) exposed. However, the orientation of the
reconstituted membrane protein appears to be specific to
each protein and dependent on the utilized reconstitution
conditions (Rigaud et al. 1995). In the case of mitochondrial
respiratory complex I, for example, the type of detergent and
the method of its removal affect the unidirectional incor-
poration (Biner et al. 2020). Furthermore, the protein itself
might prefer a specific orientation in the vesicle, due to
bulky domains and/or the curvature of the vesicle. For
instance, the F0F1 ATPase tends to be inserted into vesicles
with its large cytosolic domain outside, unlike the bo3 oxi-
dase which shows a more random insertion (Biner et al.
2020; Deutschmann et al. 2022). Thus, the protein orientation
is hardly predictable, which limits the quantitative and
functional analysis of vesicle preparations. Typically, only
enzymes exposing their substrate binding site to the outside
have access to substrates in the buffer and therefore
contribute to the sample’s activity. This resulting discrep-
ancy between the measured total protein amount and the
actual protein amount contributing to the recorded activity
of a proteoliposome sample emphasizes the importance of
protein orientation determination.

Several methods have been developed to analyze the
distribution of orientation for the reconstituted protein. In
this review, we will introduce selected methods to deter-
mine membrane protein orientation after reconstitution
into liposomes. The main approaches are all based on the
differences in accessibility of inside-out and outside-out
oriented protein together with impermeable and perme-
able modifying reagents (Figure 1). This review focuses
on approaches based on proteolytic digestion, site-specific
labeling, fluorescence quenching, and activity-based assays.
In addition, we will highlight new strategies to transfer the
common approaches from bulk to single vesicle analysis, to
address the problem of sample heterogeneity.

Protease-based approaches

A common approach to determine the orientation of trans-
membrane proteins in liposomes is based on proteolytic

digestion of the accessible outward-facing portion. For each
protein in proteoliposomes, either the cytosolic or extra-
cellular site is exposed to the extraluminal solution and
thus accessible for cleavage, resulting in a unique average
ratio of inside to outside oriented proteins for each sample
preparation. Consequently, protease-induced cleavage of
proteoliposome-embedded proteins produces protein
fragments depending on the protein orientation. Hereby,
the specificity of the used protease gives rise to different,
distinct sets of protein fragments, which are usually sepa-
rated by SDS-PAGE for subsequent analysis of the digestion
products (Figure 2). The comparison of the protease-treated
sample with an untreated sample allows to determine the
orientation of the reconstituted protein. Additionally, a
control for the complete digest is needed using a sample
treated in the presence of detergent to show that the
digestion conditions (time, protease concentration, tem-
perature) are sufficient for the digestion of the entire pro-
tein population in the sample.

The first decision when setting up a protease-based
orientation assay is the choice of protease. An overview of
frequently used proteases and their cleavage sites is provided
in Table 1. Depending on the published work, digest condi-
tions vary substantially regarding incubation temperature
(4–37 °C) and incubation time (minutes to overnight). Pro-
teolytic digestion with trypsin, a non-specific serine protease
(Polgár 2005) that cleaves at the carboxylic side of lysine and
arginine residues (Olsen et al. 2004; Rodriguez et al. 2008), has
been successfully used to characterize many reconstituted
proteins. The more aggressive Proteinase K, a serine protease
like trypsin, cuts preferentially after hydrophobic amino
acids (Kraus et al. 1976) and is often used if trypsin digestion is
not efficient enough (Lorenz et al. 2006; Rigaud and Lévy
2003). The high abundance of their cleavage sites leads to the
digestion of almost all outwards-facing protein portions,
leaving the membrane integral and inwards-facing portions
intact. After digestion, the sample is loaded on an SDS-PAGE
with subsequent Coomassie staining to analyze digestion
fragment ratios, which allows a conclusion about protein
orientation. Here, ratios need to be compared quantitatively
to translate the pattern in a ratio of inside-out to outside-out
orientation. However, if outwards facing loops are digested,
the leftover portions could lack connection and the digestion
pattern can be complex and thereby not straightforward to
analyze. In rare cases, destabilization of the vesicles upon
protease treatment has been reported (Hu et al. 1986) that
might compromise the assay results.

The introduction of a specific cleavage site in the protein
of interest allows to use the highly sequence-specific cysteine
protease from Tobacco Etch Virus (TEV) (Kapust et al. 2001;
Kostallas et al. 2011; Parks et al. 1994), resulting in two
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fragments only, thereby facilitating the analysis of the
fragments, as shown in Figure 2. This approach is often
combined with a fluorescent or epitope tag, which further
facilitates a comparison of cleaved and intact proteins,
referring to inside-out and outside-out oriented proteins,
respectively.

Although the protease-based approach is often used for
protein orientation determination after reconstitution, this
method has several potential pitfalls. Starting with the
digestion step, a prerequisite of the assay is that the protein
is susceptible to a selected protease in general and especially
under the used in vitro conditions; otherwise, no conclusions
regarding its orientation can be drawn from these experi-
ments. However, the actual accessibility of the exposed
cleavage site can be hampered sterically by the surrounding
lipid bilayer, large protein domains, high protein density, or
even oligomer formation, which could lead to an underes-
timation of outwards oriented protein.

The second prerequisite is a control to show that in
principle the digestion conditions were suitable for complete
digestion, which is usually addressed with a detergent-
solubilized sample. On the one hand, the solubilized state
differs significantly from the reconstituted system, regarding
protein density and thereby protease accessibility as
mentioned before. In fact, the comparisonwith the detergent-
solubilized sample could bemisleading, since steric hindrance
might be released inpresence of detergent. On the other hand,
detergents might alter the fluorescent characteristics of
fluorescent tags which are sensitive to their environment
(Galbán et al. 2009), influencing the subsequent intensity
analysis of the fragments.

The third prerequisite of the assay concerns the suc-
cessful termination of the cleavage at the end of incuba-
tion since the digest must be stopped before analysis via
SDS-PAGE. Otherwise, luminal protein gets accessible
after the destruction of the liposomes by SDS which might
lead to ongoing cleavage of the previously protected pool.
In some protocols, the addition of SDS itself is assumed to
be enough to inactivate the protease and prohibit further
cleavage (Ishijima et al. 2012; Schuette et al. 2004). In
contrast to soluble protein samples, heat inactivation of
the protease is normally not considered since membrane
proteins tend to aggregate upon heating. Two strategies
are used instead – often in combination – to inactivate the
protease: (i) treatment with an irreversible protease in-
hibitor (Cuello et al. 1998; Jeter and Escalante-Semerena
2021; Kalmbach et al. 2007; Tunuguntla et al. 2013) and/or
(ii) a fast denaturing protein precipitation step using tri-
chloroacetic acid or acetone (Ohnishi and Kamiya 2021;
Serek et al. 2004). However, the termination efficiency
must be verified for a reliable read-out e.g., with a control
sample in which the protease is added at the same time as
the stopping reagent which should result in no cleavage at
all. Alternatively, and especially for large transmembrane
proteins, samples can be undertaken a centrifugation step
to pellet the liposomes containing undigested membrane
protein and to prevent further digestion. The supernatant
containing the cleaved, soluble fragments can be loaded
on an SDS-PAGE together with a sample digested under
solubilization conditions and analyzed by Coomassie
staining. In combination with protease cleavable fluo-
rescent tags, the released fluorophores such as GFP or YFP

Figure 1: Schematic overview of the threemost common approaches for protein orientation determination in liposomes. All three approaches are based
on different accessibilities of outwards and lumen-facing protein portions. The protease-based approach relies on digestion of the outwards-facing
portion/tag by an impermeable protease. The site-specific labeling approach exploits differences in the permeability of protein-binding ligands.
Fluorescence quenching-based approaches take advantage of a fluorescent tag that is attached to the protein and whose fluorescence is diminished by
an impermeable quenching reagent.
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(Islam et al. 2013; Taylor et al. 2017) can simplify the
detection by in-gel fluorescence and might allow lower
detection limits.

Moreover, protease-based approaches can be combined
with blotting and epitope detection. If an antibody is available
specifically for one site of the protein, the destruction of the
epitope can be achievedwith unspecific protease treatment and
the intensity of thebandafterwesternblotting canbe compared
to a non-digested sample and/or a completely digested sample
(Cvjetkovic et al. 2016). On the other hand, if site-specific pro-
teases are used to cleave an epitope tag, the ratio of full-size
protein and free tag can be compared in the western blot.

Overall, the common advantage of the protease-based
approaches is their simplicity, requiring just a few specific

reagents (i.e., a protease with a suitable inhibitor) and
common protein analysis equipment (e.g., SDS-PAGE and
Western-blotting apparatus). On the contrary, optimization
of the cleavage conditions can be time-consuming since the
concentration of the protease, the incubation time and
temperature, aswell as the termination of the digestionmust
be optimized for every sample. More precisely, potential
steric hindrance and incomplete cleavage due to the mem-
brane environment must be considered. Furthermore, spe-
cial care needs to be taken, since many fluorophores are
highly sensitive to their environment and not only the
detergent-solubilized protein, but the cleaved, soluble tag
might have altered fluorescence properties compared to the
protein-linked tag (Galbán et al. 2009; Veshaguri et al. 2016).

Table : Common proteases and their cleavage sites.

Protease Cleavage sitea References

Serine
proteases

Trypsin Basic AA (Lys, Arg) Bayburt et al. (),
Cuello et al. (),
Gennarini et al.
(), Ishijima et al.
(), Iwahashi and
Nakamura (),
Lévy et al. (),
Schuette et al. (),
Serek et al. (),
Surrey and Jahnig
()

Chymotrypsin Aromatic AA and
Leu

Ishijima et al. (),
Schwarz and Steinem
(), Ueki and Iwa-
moto ()

Proteinase K Hydrophobic AA,
(Pro)

Fimmel et al. (),
Gerber et al. (),
Kalmbach et al.
(), Ohnishi and
Kamiya (), Ritz-
mann et al. (),
Tunuguntla et al.
()

Thrombin LVPR\GS Richards et al. ()
Human rhino-
virus (HRV) C
Protease

LEVLFQ\GP Taylor et al. ()

Cysteine
proteases

Tobacco etch
virus (TEV)
protease

ENLYFQ\G,
ENLYFQ\S

Eisinger et al. (),
Islam et al. (),
Martín et al. (),
Periasamy et al.
(), Stefan et al.
()

Papain Hydrophobic AA
followed by Arg
and Lysb

Engelhard et al.
()

aAA – amino acid. bWith complex environmental requirements.

Figure 2: Protease-based assay for determining membrane protein
orientation using a site-specific protease (e.g., TEV protease). (A) Proteoli-
posomes are incubated with a protease, resulting in the generation of
proteolytic fragments depending on which side of the protein is exposed
(Sample I). Controls include experiments performed in the absence of
protease, maintaining the undigested protein (Sample II) and cleavage in
presence of detergent, disrupting the vesicles and allowing access for the
protease to all protein (Sample III). (B) SDS-PAGE gel analysis of the
digestionproducts. Lane I: digested protein in intact proteoliposomes; Lane
II: undigested protein in proteoliposomes; Lane III: completely digested
protein in solubilized proteoliposomes; M, marker lane. Band of the non-
cleaved form (red box) can be used for quantification. Note, this is a
simplified gel result for site-specific cleavage. The use of non-specific
proteases will result in a more complex digestion pattern. Secondly, the
solubilized sample could show incomplete digestion due to aggregation.
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Site-specific labeling approaches

For site-specific labeling assays, many labeling methods
have been developed and utilized, all based on the binding of
a non-permeable factor to the exposed side of themembrane
protein only. The main advantage of these assays is their
high sensitivity and thus, only a small amount of sample is
required. Hereinwe highlight three common approaches for
site-specific labeling assays based on: labeling with anti-
bodies, cysteine labeling using thiol-reactive dyes, and self-
labeling enzyme tags.

Site-specific labeling with antibodies

A frequently used approach is based on affinity labeling,
using antibodies raised against a specific epitope located
at the termini or loops of the protein (Knol et al. 1998), or
antibodies specific for a tag introduced into the membrane
protein of interest such as poly-histidine or herpes simplex
virus tags (Tunuguntla et al. 2013). The protein copies with
exposed epitopes are labeled by incubation with an anti-
body solution, allowing subsequent immunodetection of
labeled proteoliposomes. The labeling of the intact pro-
teoliposomes will depend on the orientation of proteins
within the bilayer, as binding sites facing the internal
compartment will be inaccessible to the non-permeable
antibodies. Upon removal of the unbound antibody fraction
by centrifugation or size exclusion chromatography (Knol
et al. 1998; Tunuguntla et al. 2013), the ratio of tagfluorescence
to protein absorption ismeasured, or the proteoliposomes are
subjected to immunoblotting techniques. Limitations of the
approach include restricted antigen accessibility to the anti-
body and the potential impact of the tag on protein structure
and/or function as well as orientation.

Site-specific labeling via cysteines

Another common approach is based on site-specific label-
ing via cysteines using thiol-reactive reagents, as reviewed
by Bogdanov et al. (2005). Notably, labeling with reagents of
different permeability allows analysis under nondestruc-
tive conditions for the vesicle and the protein. For this, the
vesicles are first incubated in the presence of a membrane-
impermeable thiol-reactive reagent (e.g., 4-acetamido-
4′-maleimidylstilbene-2,2′-disulfonic acid) to block outwards
oriented cysteines followed by the addition of a membrane-
permeable thiol-reactive reagent to label inwards facing
cysteines (Fang et al. 1999; Knol et al. 1996), respectively.
Here, labeling of protein portions orientated to the inside of

the vesicle is achieved using labels, which are membrane
permeable in general (benzophe-none-4-maleimide), in a time
and concentration-dependent manner (3-(N-maleimido-pro-
pionyl) biocytin) or when combined with membrane lysis or
permeabilization. Importantly, the reaction can be stopped
easily by the addition of reducing agents such as dithiothreitol
(DTT) prior to SDS-PAGE analysis and thus vesicle destruction
(Loo and Clarke 1995; Poelarends and Konings 2002). The
subsequent analysis is achieved by antibody detection (Harris
et al. 2017), biotin/avidin interaction for biotinylated sub-
strates (Bayer et al. 1987; Knol et al. 1996), or by in-gel fluo-
rescence when using cysteine-reactive fluorophores such as
5-Iodoacetamidofluorescein during the labeling (Vecino et al.
2010;Wang et al. 2013). However, themembrane permeability
or impermeability of the probes needs to be validated. For
instance, thiol responder, such as thionitrobenzoate, can be
encapsulated in the proteoliposomes to test the permeability
of the cysteine labeling agents (Holmgren et al. 1996).

Cysteines are well suited for site-specific conjugation
because they are relatively rare throughout the proteome
and can be easily inserted at a specific position in the amino
acid chain of the protein. However, introducing a reactive
cysteine residue into proteins with multiple disulfide bonds
is often a challenging task as it may interfere with the
structural and functional properties of the protein. Addi-
tional bottlenecks in this approach include the different
accessibility and modification rates of cysteines depending
on the microenvironment of the membrane, the mainte-
nance of reactive thiol groups without oxidation before the
reaction, and the effective removal of unreacted labeling
molecules prior to analysis. To overcome some of these
limitations, non-natural, non-canonical amino acids can be
incorporated into membrane proteins to introduce reactive
chemical groups for direct protein labeling with small
organic fluorophores (Lee et al. 2019). However, the success
rate and efficiency of non-natural, non-canonical amino acid
mutagenesis vary considerably with the type of membrane
protein being investigated, the expression system, the choice
of amino acid, and the target site in the protein (Leisle et al.
2015).

Site-specific labeling using self-labeling
enzyme tags

Labeling methods based on enzyme reactions take advan-
tage of the specific interactions between enzymes and their
substrates. In this approach, self-labeling enzyme tags are
genetically attached to the target proteins, and the fluo-
rophores are then incorporated into the tag by enzyme
reactions with the substrates carrying those labels, such as
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SNAP, HALO, ACP, or CLIP tag (Andra et al. 2018; Cole 2013;
England et al. 2015; Gautier et al. 2008; Keppler et al. 2003;
Tirat et al. 2006). Recently, this approach has been used in
combination with membrane permeable and impermeable
dyes to determine membrane protein topology upon
reconstitution (Figure 3; Paweletz et al. 2022; Veit et al.
2022). In contrast to cysteine labeling, side specific, stoi-
chiometric 1:1 labeling without change of the amino acid
sequence is ensured. Stepwise incubation with non-
permeable and permeable dyes or blocking reagents is
used for the protein orientation determination, which can
be quantified by comparison of the in-gel fluorescence with
control samples in which no blocking/outside only label
was applied. In contrast to the protease-based approach, all
controls can be performed on the intact liposome sample
and allow comparability since detergent solubilization is
not needed when using labels with different permeability.
Yet, membrane permeability or impermeability of the
probes might depend on the liposomal lipid composition
and need to be validated and labeling conditions have to be
optimized for each sample.

Fluorescence quenching-based
assays

Fluorescence quenching-based assays employ a membrane-
impermeable agent that efficiently suppresses the fluores-
cence of a fluorophore, which is attached to a specific site of
the protein of interest in a fixed stoichiometry. The focus of
this section lies on fluorescent quenching, however, the assay
can be adapted to other spectroscopicmethods such asUV–vis
absorption for tryptophan quenching analysis and electron
paramagnetic resonance spectroscopy for spin-labeled pro-
tein (Pan et al. 2021). Upon reconstitution of the fluorescent-
tagged membrane protein, the fluorophore will either be
protected in the vesicle lumenor exposed to the outer solution
containing the quencher. By comparing the extent of fluo-
rescence reduction on intact and permeabilized vesicles, the
orientation of the fluorescent-tagged membrane protein can
be estimated (Figure 4). These assays allow for livemonitoring
by fluorescence spectrometry because they do not require a
separation step like the previously presented approaches. As

Figure 3: Site-specific labeling approach. (A) Proteoliposomes are labeled with an impermeable dye or blocking agent (green) only (I), a permeable dye
(red) only (III) or sequentially with the both (II) and analyzed via SDS-PAGE followed by in-gel fluorescence imaging and subsequent Coomassie staining.
(B) Exemplary read-out from SDS-PAGE analysis. All samples are normalized to their Coomassie signal as control for equal protein loading. A sample only
incubatedwith blocking agent/impermeable dye (I) is used for bleed-through correction in case of partially overlapping emission spectra of the two dyes.
The signal from inside labeled protein (II) is quantified using complete labeling (III) as 100% value. The actual orientation can be calculated as (Fii − Fi)/Fiii,
where Fi, Fii, and Fiii are the fluorescence intensities of sample I, II, and III, respectively.
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efficient quenchers for GFP-tagged proteins, copper (Isar-
ankura-Na-Ayudhya et al. 2010) and trypan blue (Jarvela et al.
2021; Karpowicz et al. 2017) have been reported; for RFP- and
Cy5-tagged proteins, copper and tris(2-carboxyethyl)phos-
phine) have been used, respectively (Deutschmann et al. 2022;
Marek et al. 2011). Furthermore, potassium quenching has
been applied onmembrane proteins labeledwith the Atto-520
dye to monitor protein orientation (Kuhn et al. 2017). Since
several lipid transport assays use nitrobenzoxadiazole (NBD)-
labeled lipids in combination with reductants and quenchers
(Chmyrov et al. 2010; McIntyre and Sleight 1991), this well-
established techniquehasbeen adapted toprotein orientation
assays. Labeling of small peptides with NBD and analysis of
orientation via dithionite reduction has been shown upon
self-insertion of the tested peptides (Drin et al. 2003; Reshet-
nyak et al. 2006; Thévenin et al. 2009). Furthermore, dithionite
reduction might be applied to dyes other than NBD, as
recently demonstrated for Atto-488 and Alexa647 labeled
membrane proteins (Andra et al. 2018, Veit et al. 2022).

Despite its simplicity, several aspects need to be
considered when performing a fluorescence quenching-

based assay for the determination of protein orientation.
First, the labeling of the protein needs to be homogenous to
allow a straightforward analysis. Furthermore, the
impermeability of the quenching reagent is crucial: If
the membrane is permeable for the quenching reagent,
the fluorophore fraction facing the inside of the vesicles
will also be quenched and the number of outwards facing
fluorophores will be overestimated. Moreover, the het-
erogeneity of the proteoliposome sample implicates
another level of complexity, since different sub-
populations can vary in their leakiness. Furthermore,
membrane permeability of a quencher reagent might
differ for liposomes of different lipid compositions and
should therefore be tested for every new sample, e.g., by
asymmetric labeled proteoliposomes or encapsulation of
soluble fluorophores into the vesicle lumen (Langner and
Hui 1993; Moreno et al. 2006).

Another important factor regards the complete
quenching control to show that in theory, the quencher
concentration and reaction time would have been suffi-
cient to quench all fluorophores. Therefore, the liposomes
are permeabilized by the addition of either a pore-forming
peptide or detergent to allow complete access of the
quencher to all fluorophores, resulting in a baseline. As
visualized in Figure 4, pore-forming peptides have the
advantage that the liposomes stay intact and contribute
consistently with their scattering to the measured signal,
while detergent solubilization removes the contribution of
the vesicle’s scattering from the measured signal, leading
to a lower baseline. Pore-forming peptides or ionophores
can be broadly used to change the permeability of reagents
and can be applied to several assay set-ups allowing for the
quenching of inward-facing dyes (Biner et al. 2020). In
contrast to fluorescence-based lipid transport assays, the
signal-to-noise ratio is lower for orientation studies as the
number of protein copies, and thus fluorophores, is lower
compared to the used number of labeled lipid probes.
Therefore, additional controls with unlabeled proteolipo-
somes are needed as scattering control.

In general, quenching-based approaches are fast and
easy to perform, when the reconstituted membrane protein
contains a fluorescent tag anyways, commonly used for
localization studies and further applications. However,
controls for scattering and complete quenching have to be
designed carefully. Notably, tagging the protein of interest
with an additional fluorophore can change the membrane
proteins’ orientation from the beginning due to changes in
e.g., bulkiness or charge, so it should be taken into consid-
eration when designing the construct (Ritzmann et al. 2017).
However, the effects of labeling are not yet sufficiently
known and cannot be reliably predicted.

Figure 4: Quencher-based assay for determining membrane protein
orientation. The fluorescence of tagged membrane protein reconstituted
into liposomes is monitored. Outside-oriented fluorophores are
quenched with a membrane-impermeable quencher (solid arrowhead),
before permeabilization of liposomes by a pore-forming peptide (solid) or
detergent (dashed), indicated by the non-filled arrowhead, leading to
maximal quenching. As liposomes contribute to the signal read-out via
unspecific scattering, the end plateau depends on the permeabilization
strategy as the vesicles stay intact (pore-forming peptide, small loss in
scattering), or are solubilized (use of detergent, loss of scattering).
Therefore, the contribution of scattering to the signal can be verified by
non-labeled liposomes. Membrane protein orientation corresponds to
the percentage of quenching after the addition of an agent normalized to
the initial signal.
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Activity assays with inhibitors

In contrast to the approaches presented previously, where
the assays were solely designed for orientation determi-
nation to support the interpretation of activity data, the
assays presented in this section are combinational ap-
proaches. For membrane proteins with enzymatic activ-
ities, the activity measurements can be combined in some
cases with the determination of the protein orientation.
These approaches are customized for each protein and
have integrated controls by membrane-impermeable sub-
strates or inhibitors. Often these activities are energy-
coupled (ATP or NADH consumption, light-induced activ-
ity). Thereby, the orientation can be determined based on
the limited access of the membrane-impermeable sub-
strate, such as ATP or NADH, to the proteins with the sub-
strate binding site oriented to the outside (Dröse et al. 2005).
Those experiments are often accompanied by an detergent-
solubilized control to determine the activity of all enzymes
independent from their orientation (Wiedenmann et al.
2008) or the use of pore-forming peptides such as alame-
thicin making substrates available on both sides of the
membrane (Biner et al. 2020). Additionally, the set-up is
expanded by the usage of site-specific inhibitors to allow
for conclusions on the orientation (Santos et al. 2005;
Wiedenmann et al. 2008; Young et al. 1997). Commonly used
inhibitors are vanadate (Santos et al. 2005) and fluorescein
5-isothiocyanate (Young et al. 1997) for P-type ATPases or
ouabain more specifically for the Na+/K+-pump (Bramkamp
et al. 2004). Alternatively, Iwahashi and Nakamura (1989)
titrated different amounts of antibodies against the en-
zyme’s substrate-binding site in reconstituted and solubi-
lized state to inhibit the outwards-oriented enzymes. In
these assays, one has to consider, that the use of detergent
for permeabilization can alter protein activity, compli-
cating the comparison of the activity before and after sol-
ubilization. Likewise, inhibitors are only affecting the
protein activity to a specific degree, requiring titrations of
detergent and inhibitor amounts (Santos et al. 2005).

In contrast, enzymes whose activity is not limited by
substrate permeability such as the light-driven bacterio-
rhodopsin (Rigaud et al. 1988; Seigneuret and Rigaud 1985)
or ion channels where ion permeability in both directions
can be measured (Wang and Sigworth 2009) require
adaptation of the analysis. Here, the protein orientation
distributions can be derived from the addition of the in-
hibitor itself, comparing the residual activity to the non-
treated sample, since no detergent treatment is needed.
However, special care is required in case of bidirectional
transport, since in and outward transport cannot be

differentiated (Li et al. 2015). Furthermore, activity-based
measurements can be applied and customized for most
enzyme types, e.g., redox enzymes such as cytochrome C
oxidase and site-specific binding of cytochrome (Öjemyr
et al. 2012), potassium channels with site-specific pore
blocking agents (Wang and Sigworth 2009) or removing of
attached subunits by washing with low ionic strength buffer
(Wiedenmann et al. 2008).

From bulk to single vesicle analysis

Classical analysis of reconstituted membrane protein
orientation is based on ensemble-averaged biophysical or
biochemical studies as described previously. A drawback of
ensemble measurements arises from the compositional
heterogeneity of proteoliposome reconstitutions which
hampers quantitative analysis of vesicle properties and
their correlation with the protein activity (Larsen et al.
2011; Veshaguri et al. 2016). Further technical issues with
commonly used ensemblemeasurements include potential,
heterogenous leakiness of proteoliposomes, and aggrega-
tion. Such heterogeneities can skew the results and lead to
misinterpretation, especially if only a distinct subpopula-
tion shows e.g., leakiness. The solution to this problem lies
in single vesicle experiments where the lipid and protein
content of individual vesicles within an ensemble can be
precisely determined.

Electron microscopy has been used to visualize single
lipid vesicles, as it allows imaging with nanometer resolu-
tion (Figure 5A). In combinationwith immuno-gold staining
it is possible to detect membrane proteins in the vesicle’s
membrane surface (Pal et al. 1987; Trépout et al. 2007). In
particular, cryogenic electronmicroscopy (Cryo-EM) allows
for the analysis of liposomes in their most native state. This
technique can provide detailed information on vesicle
morphology, but its ability to accurately determine vesicle
sizes of all subpopulation fractions is limited by low
throughput and artifacts that may occur during the prep-
aration (Wang and Sigworth 2009; Yao et al. 2020).

Furthermore, atomic force microscopy (AFM) of giant
vesicles with a size of around 10 µm was used to measure
the protrusion of the enzyme from the membrane (Figure 5B).
Due to a difference in enzyme height reaching out of the
membrane in the outside-out compared to inside-out orienta-
tion, a conclusion about protein orientation is possible (Bhatia
et al. 2016), revealing a suitable approach for AFM experts.

More recently, the presented bulk assays were trans-
ferred to the single-vesicle level utilizing fluorescence
microscopy. This technique allows formonitoring individual
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vesicles as diffraction limited spots with diameters ranging
from 50 µm down to 50 nm using fluorescent lipid probes
and fluorescently labeled membrane proteins within. The
first example is a protease-based assay that was established
based on the imaging of single fluorescent proteins in vesi-
cles prepared by blebbing plasma membranes (Richards
et al. 2016). In this approach, the protein fluorescence
intensity of each immobilized bleb or bleb bilayer is
measured followed by site-specific cleavage between the
protein and the fluorescent tag. Subsequently, the free tag is
washed away, and the same bleb or bleb bilayer is imaged
again. The comparison offluorescence intensities before and
after cleavage reveals a loss of fluorescence if the protein
had an outside-oriented fluorescent tag. This approach
might be applied to immobilized liposomes.

Furthermore, the fluorescence-bleaching approach
was transferred to the single vesicle level, allowing a
fluorescence intensity comparison of hundreds of individ-
ual vesicles before and after quencher addition (Veit et al.
2022). Here, a simultaneously quenchable lipid marker can
be used as leakiness control (Figure 6), allowing a more
reliable interpretation of the results compared to the bulk
assay. Furthermore, with a combination of fluorescently
taggedmembrane proteins, lipids, and luminalmarkers, this
approach permits parallel analysis of multiple parameters
besides the protein orientation (vesicle size, tightness, uni-
lamellarity, membrane protein numbers, activity) of indi-
vidual proteoliposomes. Applying single vesicle experiments
to proteins facilitating transport enables deducing the
orientation from the derived activity trace itself without the

use of inhibitors (Li et al. 2015), since the activity of a single
protein is recorded directly. In general, single vesicle ex-
periments allow exploiting the heterogeneity between in-
dividual vesicles to monitor thousands of individual vesicles
with single membrane proteins simultaneously. Thereby,
the main drawback of bulk analysis can be overcome by the
transfer of protein orientation assays to the single vesicle
level. However, bulk experiments like dynamic light scat-
tering for vesicle size distribution or quantitative Coomassie
staining for the determination of total protein amount can
be used to complement single vesicle data.

While surface-based detection allows for sensitive
analysis of vesicle populations, surface-immobilization has
the drawback of often requiring optimized surface chemis-
tries and several sample preparation steps, which is time-
consuming and could damage the sample. Furthermore,
single molecule microscopy is a technique that requires a
suitable setup for high signal-to-noise ratios. Due to the low
measured signal intensities of single molecules, data anal-
ysis requires customized, often home-written programs
for signal extraction and advanced data analysis skills
(Mathiasen et al. 2014; Thomsen et al. 2019; Veit et al. 2022).

Outlook

There is a wide range of techniques available for deter-
mining membrane protein orientation upon reconstitu-
tion into liposomes, limited by the proteins’ modifications
(Table 2). Each analytical method presented here has

Figure 5: Electron and atomic force microscopy-based techniques. (A) Electron microscopy. Fixed samples of the vesicle preparation are imaged by
electron microscopy, and computational analysis of the densities allows not only to resolve structural details but also analysis of the protein orientation,
depending on the curvature of the membrane. (B) Atomic force microscopy. Vesicles are scanned with the tip of the atomic force microscope, allowing
determination of the surface morphology. Protrusions of the membrane can be assigned to bulky protein domains oriented toward the outside of the
vesicle. To allow accurate determination of the orientation, the protein of interest must contain extracellular and intracellular domains of different sizes.
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particular advantages and technical limitations, and opti-
mization is required for each system. In particular, the
heterogeneity of proteoliposome preparations is a well-
known phenomenon, which limits quantitative analysis
by ensemble average measurements and prevents their
correlation with protein activity (Larsen et al. 2011; Lohse
et al. 2008; Mathiasen et al. 2014). Consequently, efforts

have been taken to obtain more homogeneous vesicle
preparations by tuning the reconstitution conditions and
performing liposome flotation assays. Such alternative
designs of workflows have not been considered in this
review, such as removing non-incorporated protein
(Althoff et al. 2012; Harris et al. 2017), enriching proteoli-
posomes of specific orientation (Madden and Cullis 1985) or

Figure 6: Fluorescence-bleaching approach on the single vesicle level. (A) Proteoliposomes are immobilized on a surface-inactivated dish via biotin-avidin
interaction. Liposomes can be detected via lipid marker (not shown) and proteins via protein marker (red), respectively. The addition of dithionite reduces
accessible fluorophores of the protein marker, which allows determination of orientation; (B) exemplary microscopy images of the protein marker as an
overview (left) and zoom-in (before and after dithionite addition, right). Dependingon the number of proteinswith anattached fluorophore, the intensities of
the single liposomes spots vary. Upon addition of dithionite, outward-facing dyes are quenched resulting in the loss of overall fluorescence when all protein
copies are orientated outwards, partial loss if orientation is mixed, or no loss when the tagged side is facing the vesicle lumen.

Table : Summary of important approaches for the determination of protein orientation upon liposomal reconstitution discussed in this review based on
the protein of interest.

Membrane protein of interest Approaches

Protease-based Site-specific labeling Quenching Activity-
based

Unspecific Site-
specific

Cysteine
based

Antibody
based

Self
labelling

Unmodified X Xf

Genetically
modified

Specific cleavage site X
Fluorescent tag Xc Xc,e Xg Xa,d

Self-labeling tag Xc Xc,e Xg X Xa,d

Site specific cysteine X Xa,d

Epitope tagb Xc Xc,e X
Enzyme activity Non-permeable substrates/

inhibitors
X

aFor fluorescent proteins suitable for quenching, see text. bOften used for purification, such as FLAG- or Poly-His-tag. cApproach is commonly used for
proteins, having additional fluorescent tags or antibody epitopes, thereby simplifying fragment analysis. dThe chromophore can be introduced in different
ways, e.g., via fusion to fluorescent proteins, via fluorescent tagging of cysteines or self-labeling tags. eRequires proteases cleavage site between protein
and fluorescent tag. fRequires antibody against protein of interest. gFor many fluorophores, antibodies are available commercially.
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aiming for oriented reconstitution (Dezi et al. 2013; Scha-
dauer et al. 2015; Zheng et al. 2015). As mentioned briefly,
a promising approach is to characterize intrasample
compositional variations at the level of single vesicles
(Christensen et al. 2012; Guha et al. 2021; Kuyper et al. 2006;
Veit et al. 2022; Veshaguri et al. 2016). Combined with new
technical advances that allow to generate liposomemodels
with defined lipid composition of the inner and outer
leaflets (Markones et al. 2020) and to analyze single vesi-
cles without immobilization (Górecki et al. 2022; Mutch
et al. 2011), this will open enormous possibilities for bio-
analysis and biotechnological applications involving
unprecedented miniaturization at the nanometer and
attoliter range. These studies will boost our understanding
of essential biological processes such as membrane
transport, vesiculation and fusion, signaling, and cell-cell
recognition. Future challenges remain concerning the
development of new, commercially available fluorescent
dyes and membrane probes.
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