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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

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
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integral proteins, whose hydrophobic domains are sta-

bilized by interactions with apolar acyl chains of lipids,

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 membrane, which implied that

proteins freely diffuse in the lateral directions within

the fluid-like membrane, was based on the sparse data

available on the membrane structure and dynamics

(Fig. 1A) [4,5]. The model dominated the following

decades, until technical 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

environments, where structurally distinct domains with

sizes ranging from tens of nanometers to micrometers

serve as platforms for specific reactions, such as cell

adhesion [13], chemoreception [14] or signalling [15].

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

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

(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

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 µm2 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

µm2 [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%

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 F1 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 µm2. This

density corresponds to 50% of the surface area, using

a monomer surface area of approximately 10 nm2, 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�1, 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

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:Ni2+-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 < r2> is

proportional to time t and the diffusion coefficient D

(Fig. 2A). According to Saffman–Delbr€uck model [47],

D of a particle, protein or lipid, within the idealized

fluid membrane is largely determined by the viscosity

of the membrane (lm ~ 0.05–0.1 Pa*s, [63,64]) and

weakly influenced by the low viscosity of the

surrounding medium. D shows a linear dependence on

the depth of embedding into the membrane (h) 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–Delbr€uck 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–Delbr€uck 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 ~ ln(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 a is intro-

duced when analysing the molecule displacement

(Fig. 2B). For the Brownian diffusion, a 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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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

a-helical membrane proteins, but also lipids, upon

increasing the protein content. The study suggested a

modest contribution of the anomalous diffusion

(a ~ 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 GPMV 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 lm2/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

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 (lm) and solvent (ls) and the depth of the

membrane anchoring h. c 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 a is below 1. The diffusion

coefficient D in the crowded membrane may strongly depend on the particle size.
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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�1 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–Delbr€uck 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 b-barrel proteins. Coarse-grained simula-

tions suggested that the diffusion rates of lipids

reduced by approximately twofold, from 8 to 4*10-7

cm2�s�1, and the parameter a 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

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–Delbr€uck 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 lm2/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 Ni2+-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].

Oligomerization of b-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 a-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

F€orster’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
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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 kcal�mol�1 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 Ire1 sen-

sor kinases and promote the unfolded protein response

(UPR) [107]. Contacts between the luminal domains of

Ire1 protomers mediate the oligomerization of this sin-

gle-pass membrane protein. Oligomerization is trig-

gered by interactions of Ire1 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 Ire1 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

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�1 for b2-AR adrenergic receptor

and �15 kcal�mol�1 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

5047The FEBS Journal 287 (2020) 5039–5067 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

M. L€owe et al. Macromolecular crowding in biological membranes



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

GUVs 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 molecules�lm�2, 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

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

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/

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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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 A1, 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

SlmA mediates the phase separation of FtsZ. Notably,

once encapsulated inside lipid vesicles, FtsZ:SlmA 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

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 Ab, 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 Ab 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 Ab 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

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 KCl 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

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 kBT, which

is a remarkably high value in comparison with the gat-

ing energy of MscL, which can be as low as 4 kBT 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 a-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

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

Sar1p, 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 FCHo1/2, 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 FCHo1 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

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

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.

5054 The FEBS Journal 287 (2020) 5039–5067 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Macromolecular crowding in biological membranes M. L€owe et al.



to trigger membrane remodelling, where mucins

switched from the ‘mushroom’ to the ‘brush’ packing-

mode at a concentration 700-1,000 molecules/µm2.

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-

ual transmembrane a-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 F1Fo ATP

synthase: its transmembrane domain consists of a

highly symmetric ring of Foc subunits and the Foa

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

cristae, stabilizing their sharp edges (Fig. 4E)

[188,189].

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

intracellular side of the membrane is mostly unknown,

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. 5A,

B). FPs have little interaction with the cytoplasm, and

the a-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

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 a-
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 a-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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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 (NFRET) due to a lower

bleed through [212–214]. The probes were applied to

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,

Fig. 5. Compression of a FRET-based

macromolecular crowding probe. Genetically

encoded probes/sensors of macromolecular

crowding rely on measuring F€orster’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.
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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

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,

either by diffusion or dedicated sensors, will offer

another piece of the puzzle of the crowding effects.
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