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ABSTRACT: Macromolecular crowding affects the activity of proteins and functional

macromolecular complexes in all cells, including bacteria. Crowding, together with Cell division
physicochemical parameters such as pH, ionic strength, and the energy status, influences P
the structure of the cytoplasm and thereby indirectly macromolecular function. Notably, Phase
crowding also promotes the formation of biomolecular condensates by phase separation, Macromolecular: separation
initially identified in eukaryotic cells but more recently discovered to play key functions in Crowding
bacteria. Bacterial cells require a variety of mechanisms to maintain physicochemical Q
homeostasis, in particular in environments with fluctuating conditions, and the formation of
biomolecular condensates is emerging as one such mechanism. In this work, we connect Homeostasis
. . . ) . . itness o
physicochemical homeostasis and macromolecular crowding with the formation and % ©
function of biomolecular condensates in the bacterial cell and compare the supramolecular s, * é\\db
structures found in bacteria with those of eukaryotic cells. We focus on the effects of N &
crowding and phase separation on the control of bacterial chromosome replication,
segregation, and cell division, and we discuss the contribution of biomolecular condensates
to bacterial cell fitness and adaptation to environmental stress.
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1. INTRODUCTION

In bacteria and archaea, as in eukaryotes, macromolecular and
supramolecular assemblies are at the core of all biochemical
processes enabling cells to carry out their activities. Many of
these assemblies are dynamic structures whose functions
depend upon the ability of their constituent macromolecules
to reversibly dissociate and reassociate. These dynamics
regulate the biochemical activity of the interacting networks
and/or facilitate structural modifications linked to function.
The bacterial cell cycle machinery is an excellent example of an
organized structure in which molecular assemblies involved in
the initiation of replication, chromosome segregation, and cell
division coordinate with one another for bacterial survival and
genomic integrity.1

Although the intact cell represents an attractive system for
studying the structural and functional organization of
subcellular machines, interpreting the results obtained from
such studies must consider that these interacting systems
function inside the cell in a heterogeneous and highly volume-
occupied or crowded environment.””® These microenviron-
ments may influence the reactivity and location of proteins and
other biological macromolecules involved in essential
processes, thus acting as nonspecific modulating factors of
bacterial cellular functions. The purpose of this review is to
emphasize that the mode of operation of critical bacterial cell
cycle events depends not only on the specific molecular
interactions between their components but also on nonspecific
interactions with elements of their intracellular microenviron-
ments.

The cell interior of a simple organism such as Escherichia coli
is highly crowded, as approximately 20—30% of its volume is
occupied by macromolecules,”® although no single macro-
molecule needs to be highly concentrated for it to function.
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Therefore, a given protein X in the cytoplasm will be primarily
subjected to the influence of excluded volume effects due to
crowding by soluble macromolecules, leading to preferential
(size- and shape-dependent) exclusion from highly volume-
occupied elements. This exclusion may significantly alter the
extent and rate of macromolecular reactions mediated by X.
High macromolecular crowding can also drive phase
transitions, resulting in the formation of membrane-free
biomolecular condensates. During its life cycle, X will be
subjected to additional background interactions with elements
of its immediate surroundings, including ribosomes [ribosomal
RNAs (rRNAs) contain most of the nucleic acid in a bacterial
cell], the nucleoid (within which X will encounter a high local
concentration of DNA and nucleoid-associated proteins), and
the cytoplasmic membrane (within which X will encounter a
high local concentration of lipids and membrane proteins).

These background interactions (nonspecific interactions
between macromolecular reactants and other constituents of
the local environment) can lead to excluded-volume effects
(and beyond) due to natural crowding. These interactions also
can result in partitioning between immiscible phases and
surface adsorption that collectively contribute to the total free
energy of the system. These effects thereby substantially
influence the energetics, dynamics, and spatiotemporal
organization of macromolecular interactions and reactions.
The relative contribution of these effects on macromolecular
reactivity likely differs between each of the intracellular
environments.””

1.1. Macromolecular Crowding

The primary element of intracellular complexity is the presence
of locally high concentrations of multiple macromolecular
species. The importance of these background interactions
arising from steric repulsion in volume-occupied native-like
media lies in their generality; they are universally present,
independently of the presence or absence of other types of
interactions.” "' Crowding refers to the amount of free energy
required to transfer a macromolecule from a dilute solution to
a crowded environment. This is equivalent to the amount of
energy expended to create a cavity large enough to
accommodate the introduced macromolecule (the entropic
cost of changing the available volume around a macro-
molecule).'”"* Macromolecular aggregates exclude less volume
to other macromolecules than isolated molecules, so it is less
costly (in free energy) to add an n-mer to a crowded fluid than
n monomers (Figure 1). Therefore, a fundamental chemical
consequence of crowding is the nonspecific enhancement of
reactions and processes leading to a reduction of total excluded
volume. These reactions include the formation of macro-
molecular complexes in solution, binding of macromolecules to
surface sites, formation of insoluble aggregates, and compac-
tion or folding of proteins””'"'* (Figure 1C). These
predictions have been experimentally confirmed at physiolog-
ically significant regimes of volume occupancy (on the order of
10% or more), using a variety of macromolecules with different
properties as crowders (for a detailed description of crowders
and their use, we refer the readers to these comprehensive
reviews”' ' ¥'°), Interestingly, the impact of the configura-
tional entropic effects on the conformation of proteins has
been used to design fluorescence-based crowding sensors.'” ="
When the crowding (excluded volume) increases, the sensor
takes on a more compact shape, which leads to increased
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Figure 1. Molecular effects of crowding. (A and B) Crowding
increases the chemical potential (activity) of a test protein (T) in
solution in a size- and shape-dependent manner. The squares
represent a volume element containing spherical macromolecules
(in black) that occupy about 30% of the total volume, as is typical of
bacterial cytoplasm. The available volume to the center of T is
indicated by the blue-colored regions, and its complement (in red) is
referred to as the excluded volume. If T is very small relative to the
background macromolecules (A), the available volume is almost equal
to the total unoccupied volume. But if the size of T is comparable to
that of the other solutes (B), the available volume is considerably
smaller and the contribution of steric repulsion to reduced entropy
and increased free energy is correspondingly greater. Clearly, one of
the ways in which the system can reduce its free energy is to maximize
the available volume (or, alternatively, to minimize the excluded
volume). Reproduced from ref 20. Copyright 2001 Elsevier Inc. under
Creative Commons CC-BY license [https://creativecommons.org/
licenses/by/4.0/]. (C) Thermodynamic cycles illustrating how dilute
or crowded solutions determine free energy differences for (i) a
binary heteroassociation between molecules A and B, (ii) a ligand L
interacting with its binding site, and (iii) a two-state folding of a
protein (red). Reproduced from ref 15. Copyright 2008 Annual
Reviews.
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Forster resonance energy transfer (FRET) from cerulean
(CFP) to citrine (YFP).

Significantly, the expected magnitude of crowding effects
increases rapidly as the size of the tracer (protein) species
increases relative to the size of the crowding species.”'”
Therefore, the concerted formation of a large oligomer would
be much more sensitive to excluded volume effects than the
formation of a homo- or hetero-dimer, as observed
experimentally (refs S and 9 and references therein). Along
these lines, the most significant effects of crowding include
decreasing the equilibrium solubility of macromolecules, with
an increasing tendency to condense and enhance the formation
of higher-order protein assemblies.”' ~>* This can also induce
the spontaneous alignment and bundling of self-assembling
fibers, particularly relevant for cytoskeletal organization.23’25’26

As the cell interior is far more complex than systems studied
theoretically or experimentally in vitro, the potential
implications of additional specific and nonspecific interactions,
other than volume exclusion, on macromolecular reactivity in
crowded environments has been contemplated since the early
investigations on crowding.””*® More recent studies have
shown that additional attractive interactions between back-
ground molecules and the reactants studied could compensate
(to a varying degree) for the repulsive steric interaction due to
volume exclusion (refs 29—32 and references therein). While
excluded-volume effects are ubiquitous, the impact of
compensating attractive interactions is highly variable and
system-dependent, as they vary with the chemical nature of the
interacting species and the type of reactions studied. In this
regard, analyses of the effect of crowding composition on
protein solubility and fiber formation have revealed that when
the aggregating protein is small relative to crowders, attractive
protein—crowder interactions can eventually inhibit protein
polymer formation (and, likewise, inhibit association of
relatively small proteins). However, when the tracer protein
is larger than the dominant crowding species, nonspecific
attractive interactions between tracer and crowder are likely
insufficient to overcome the magnitude of the excluded volume
effect, thus promoting polymer formation and aggregation.”"

Finally, crowding can affect macromolecular reaction rates
by two distinct mechanisms (ref 15 and references therein). In
the case of slow, transition-state limited reactions, crowding
generally increases the association rate constant and has little
effect on the dissociation rate constant. In the case of fast
reactions, the limiting factor of the association rate is generally
the rate of encounter of the reactants, usually dominated by
translational diffusion, which decreases monotonically with
increased crowding. The combination of these effects may
result in a biphasic dependence regime in which the association
rate initially increases with crowder concentration, toward
reaching a maximum, and then subsequently decreases upon
increasing crowding.' >

1.2. Macromolecular Partitioning and Liquid—Liquid
Phase Separation (LLPS)

A second element of intracellular complexity relates to the
presence of multiple microenvironments, resulting in the
partitioning of macromolecular species between immiscible
phases with different concentrations of each macromolecule in
each phase. A variety of membrane-less organelles found
during the past decade within the cell interior that cluster
specific biomolecules away from their surroundings represent
examples of these local microenvironments.”* They have been
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tentatively identified as immiscible liquid phases, which most
likely arise through LLPS, a physicochemical process well
studied in polymer chemistry. The latter are also linked to the
formation of biomolecular condensates, dynamic structures
containing a wide range of proteins and nucleic acids. Such
condensates are thought to provide special microenvironments
in which the rates and e%uilibria of critical biochemical
reactions may be modulated.”>*°

These condensates have primarily been studied in eukaryotic
cells.”™** However, recent progress indicates that they are also
assembled in prokaryotic cells where they play key roles.”” As
bacteria typically lack membrane-bound organelles, phase
separation provides a compelling novel mechanism for spatial
and functional organization in this domain of life. Chromo-
some replication and segregation, and their tight coupling to
cytokinesis, provide examples of LLPS with implications for
bacterial fitness (vide infra).

A protein can undergo phase separation and form dynamic
droplet-like structures above a critical concentration threshold,
which is a function of temperature, pH, ionic strength, and
physiologically relevant ligands (e.g., nucleotides) and protein
modifications (Figure 2A).*° These droplets form a micro-
compartment that allows diffusion of molecules within the
container and promotes the dynamic exchange of molecules
with the dilute surrounding phase. The protein-containing
droplets are stable above the critical concentration, but the
protein system reverts to a one-phase regime when the protein
concentration decreases below the critical concentration.
Proteins that contain multivalent domains, which are mostly
involved in protein—protein and protein—nucleic acid
complexes, and those having intrinsically disordered regions
are prone to form these droplet-like dynamic structures.*®
RNA can further promote this process by interacting through
RNA-binding domains.”’”*’ Although intrinsically disordered
regions in proteins have been traditionally considered the main
drivers in the formation of condensates, there is growing
evidence that in many instances they have a secondary role,
acting as modulators of condensation events promoted by
folded domains."'

Crowding can promote these phase transition processes
(recently reviewed in ref 44). These studies have revealed two
major features.”**** If the proteins prone to phase separate
establish attractive and nonspecific interactions with each other
and with molecular additives such as nucleic acids or crowders,
these interactions will lead to the formation of an associative
LLPS. This phenomenon is also termed complex coacerva-
tion,” in which one phase is enriched in both proteins and
molecular additives and the second phase is depleted of both
macromolecular species. On the other hand, if the crowders
enhance protein associations via volume exclusion, then this
nonspecific interaction will lead to a segregative LLPS. In this
case, one phase is enriched (relative to the total composition)
in the protein and depleted (relative to the total composition)
of the crowder, while the second phase is enriched in the
crowder and depleted of the protein (Figure 2B).

Significantly, in some instances, such droplet-like structures
evolve with time (“age”) to form more solid-like or hydrogel
structures, and/or the concentrated molecules within them can
form fibrils, etc.*” These transitions are mostly related but not
restricted to disease states.* These observations have focused
on studying the final state of matter resulting from the phase
separation process. However, it is compelling to consider LLPS
as an active process that may be modulated nonspecifically by
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Figure 2. Phase separation. (A) Top: A scheme showing the time-
dependent formation of liquid droplets of a protein above the critical
concentration for phase separation. These protein microcompart-
ments are dynamic and can exchange molecules with the surrounding
phase. Below the critical concentration, they dislodge to form a one-
phase state. The insets above show original data from a phase
separation experiment with purified GFP-tagged FUS (a prion-like
RNA-binding protein). Bottom: Post-translational modifications
(PTMs) or changes in temperature or ionic strength can lower the
critical threshold for phase separation and allow droplet formation at a
much lower protein concentration. Reproduced with permission from
ref 42. Copyright 2017 Elsevier Ltd. (B) Liquid—liquid phase
separation in a solution containing two macromolecular solute
species. Black circles denote species 1, and red diamonds denote
species 2. Segregative phase transitions occur when the hetero-
interaction between molecules of species 1 and 2 is more repulsive
than self-interactions between molecules of either species 1 or species
2. Associative phase transitions occur when heterointeractions
between molecules of species 1 and species 2 are more attractive
than self-interactions between molecules of either species 1 or species
2. Reproduced from ref 43. Copyright 2020 American Chemical
Society under an ACS AuthorChoice license [https:/ /pubs.acs.org/
page/policy/authorchoice termsofuse.html].
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crowding and specifically by proteins (ie. those regulating
essential cellular processes), which eventually dynamically act
on the membrane (see below). Disentangling these inter-
actions is a challenging task, especially in cellular systems, as
phase separation and solubility may cooperate in poorly
controlled ways, partly due to the difficulties of measuring
precisely the composition dependence of phase diagrams in
complex cell-like reconstituted systems and cellular environ-
ments.***”** These experimental complications lead to
ambiguous interpretations of in vivo observations related to
phase separation and condensate formation."’

1.3. Interfacial (Surface) Effects

Surface interactions represent a special case of macromolecular
partitioning.4 A protein near a membrane is in an environment
significantly different from one that is distant from the
surface.*”” The same applies to the surface of large
supramolecular structures such as cytoskeletal fibers. Proteins
are localized at the surfaces of these structures by attractive
electrostatic and/or hydrophobic interactions in addition to
repulsive volume-exclusion interactions.”*’ Theory and experi-
ments have shown that adsorbed macromolecules have a
stronger tendency to self- or heteroassociate than those in bulk
solution and that the tendency to associate increases
substantially with the strength of attraction between the
soluble macromolecule and the surface.”® Therefore, surfaces
can act as scaffolds for protein organization in which
nonspecific attraction between soluble proteins and the
surfaces of membranes and fibers leads to enhanced surface
adsorption of protein and self- and heteroassociation of
adsorbed protein. Interestingly, these interfacial interactions
can facilitate the formation of surface-associated assemblies
and clusters, some of which could be compatible with phase-
separated condensates.”’ ~>*

Quantitative characterization and correct interpretation of
the combined effects of crowding, phase separation, surface
interactions, and physicochemical homeostasis on reconsti-
tuted systems of increasing complexity will narrow the gap
between in vitro and in vivo studies and provide further insights
on the control of cellular functions and the emergent
properties of the living cell. Moreover, this approach will aid
the building and integration of functional modules from the
bottom up in the context of synthetic cell research.’***

2. STRUCTURE OF BACTERIAL CYTOPLASM AND
PHYSICOCHEMICAL HOMEOSTASIS

2.1. Physicochemical Homeostasis

Physicochemical homeostasis is the ability of a system to
maintain steady internal physical and chemical conditions such
as (macro)molecular crowding, pH, ionic strength, and turgor
pressure. Control of these generic factors is important for the
catalytic performance, architecture, and vitality of any cell,
regardless of its specific function or ecological habitat. We
present the physicochemical homeostasis in connection to the
volume regulation of the cell, because osmotic perturbations
offer a means to alter and study the physical and chemical state
of the cytoplasm. Moreover, osmotic up- or downshifts affect
the macromolecular crowding and apparent viscosity, internal
pH, ionic strength, and turgor pressure, and it is almost
impossible to separate these properties from each other (see
extended abstract published in Poolman 2023).°° Finally, we
connect the physicochemical homeostasis to the energy status
of the cell and focus on various interdependencies of these

1903

cellular parameters rather than on the mechanisms of the
(membrane) proteins involved [for comprehensive reviews on
these topics, we refer to refs 57—62).

2.1.1. Quantitative Aspects of Macromolecular
Crowding. In bacteria, proteins make up the majority of the
cell’s macromolecules (~55% w/w) and, together with rRNA
(~15% w/w), are the most space-consuming molecules.®’
They occupy macromolecular volume fractions (®) in the
range of 0.13—0.24, depending on the growth condi-
tions.”'”**~% The excluded volume fraction of the cytoplasm
can be even higher when bacteria are exposed to severe
hypertonicity, and barriers for diffusion can form due to
aggregation of biomolecules.’” Intriguingly, in plasmolyzing E.
coli, the cytoplasm appears as a meshwork allowing the free
passage of small molecules while restricting the diffusion of
bigger ones. As described in the Introduction, the background
interactions (mostly nonspecific) between proteins and other
macromolecules and their surroundings within the highly
volume occupied bacterial interior can significantly influence
the equilibria and rate of macromolecular reactions when
compared to the same reactions in uncrowded media.

The high crowding of the cytoplasm speeds up slow
(transition-state limited) reactions, allowing processes to
occur rapidly and enabling bacteria to grow with doubling
times well below 1 h. But there is an optimum to the crowding,
because too high an excluded volume (@) slows down
diffusion-limited reactions.”® Computational modeling of a
model cell shows that protein synthesis, involving the
interaction of large macromolecules (e.g, tRNA and mRNA
with ribosomes), is more hindered by high crowding than
metabolic pathways involving diffusion of small molecules to
the active site of enzymes.*” For example, maximal biochemical
fluxes for ribosomal systems peak at @ = ~0.12, whereas
metabolic systems plateau at @ values from 0.1 to 0.6. The
(micro)organisms studied to date have macromolecular
volume fractions in the range of 0.15—0.20, which seemingly
is the optimum to maximize the overall reactions rates without
translational diffusion becoming a limiting factor.

2.1.2. pH Homeostasis. Protons, which participate in
biochemical reactions as reactants and/or regulators of enzyme
activity, can influence liquid—liquid phase separation and serve
as a source of electrochemical energy, known as proton motive
force (PMF). The PMF is composed of the membrane
potential (AP, typically negative inside the cell relative to the
outside) and the pH gradient (ApH, typically inside alkaline
relative to the outside). In the equation

[H]
8 =]

PMF = AY + 2'3§T 1

" = A¥ — ZApH

out (1)

2.3RT/F equals 58 mV (at T = 298 K) and is abbreviated as Z,
F is the Faraday constant, R the gas constant, and T is the
absolute temperature. The generation of PMF is inseparable
from the regulation of the internal pH. Bacteria and archaea
generate PMF by electron transfer or respiration, light-driven
proton translocation, ATP-driven proton pumps, or coupling
of electrogenic transport to a metabolic reaction,” and each of
these mechanisms increases the internal pH (the ApH
component of the PMF). Neutralophiles maintain a roughly
neutral cytoplasmic pH (7.0—7.5) when growing in environ-
ments at pH 5.5—9.0,”" which implies control of proton fluxes.
In fact, at alkaline pH the net translocation of protons will be
from outside to inside rather than inside to outside because the
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cytoplasm needs to be acidified. Consequently, the ApH is
reversed when cells grow at alkaline pH, and the ApH makes a
larger contribution to the PMF at acidic than at neutral pH;
the opposite relationship is observed for the AY such that the
PMF and internal pH of neutralophilic bacteria can be kept
relatively constant (see Figure 1b of ref 71).

Protons are pumped out by respiration or other mechanisms
and pumped back into the cell by PMF-consuming processes
such as ATP synthesis or nutrient uptake. These processes are
not necessarily in balance and prokaryotic cells have additional
mechanisms to fine-tune the internal pH, but first we should
estimate what is needed for bacteria to maintain a neutral
internal pH. A cell like E. coli with a radius of 0.4 ym and
length of 2.2 ym has a volume of ~1 fL. At pH 7.2 the number
of free protons is only about 10. A few protons entering or
leaving such a cell would have a large impact on the internal
pH in the absence of intracellular buffering capacity. In reality,
a bacterial cell typically has inorganic and organic phosphates
in the tens of millimolar range, and in several cases the total
phosphate pool is well above 100 mM;’* the latter would
buffer ~10 million protons, but additional buffer components
can be involved.

Does the internal buffering capacity play an important role
in pH homeostasis? The internal buffering capacity has been
determined experimentally for a number of Gram-negative and
Gram-positive bacteria,”* and for E. coli it is ~100 nmol H*"
(pH unit-mg of cell protein) ™" around neutral pH.”* The rate
of proton extrusion by respiring Escherichia coli cells is 200—

1000 nmol H”-(min~mg of cell protein)_l,75 which corre-
sponds to 1 to S million H*-(s-cell) ™. These numbers imply
that the internal pH would change by 1 pH unit within seconds
if the cell lacked additional mechanisms to compensate for the
proton extrusion by the respiratory chain. In addition to
passive influx of protons (leakage), the cell translocates
protons back into the cell via membrane transport (uptake
of nutrients, product excretion, and others), but most of these
systems have not evolved to maintain a constant internal pH.
For pH homeostasis the cell needs regulatory mechanisms that
act fast (high turnover number) and have a specific pH
dependence; that is, they are gated by the internal pH.

Cells use different transport mechanisms to simultaneously
maintain a relatively constant PMF and internal pH by
interconverting AY and ApH. Key regulators of bacterial pH
homeostasis are cation/H" antiporters, anion/H" antiporters
and metabolite decarboxylation pathways. pH-sensing cation/
H* antiporters, acidify the cytoplasm by exporting K* or Na* in
exchange for protons when the internal pH gets too high.”!
One well-studied K*/H" antiporter is Kef from E. coli.”®77
Another well characterized bacterial system is the Na*/H"
antiporter NhaA from E. coli, which has a turnover number of
>1000 s~', which exchanges 2H"* for 1Na* ions, and whose
activity displays a steep pH dependence.”®”” The transport by
NhaA is electrogenic, implying that it is driven by AY and
chemical gradients of protons and Na* ions. Assuming that a
typical E. coli cell contains ~1000 molecules of NhaA, this
antiporter alone would allow a respiring cell [translocating 1 to
5 million H*(s-cell)™] to maintain its internal pH within
limits. We note that NhaA is driven by AY, whereas
respiration is inhibited by a high AY. Hence, there is an
additional level of regulation (“respiratory control”) of the
internal pH beyond pH sensing and gating by the antiporter.
Furthermore, a cell typically has multiple ion/H" antiporters,
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and a large fraction of the protons enters the cell via solute-H"
importers for the uptake of nutrients and synthesis of ATP.”’

pH-sensing ion/H" antiporters acidify the cytoplasm,
whereas chloride/H" antiporters (pumping H* out and CI™
in) and metabolite decarboxylation operate during acid stress
and alkalinize the bacterial cytoplasm.”””"*" Decarboxylation
pathways are found in both respiratory and fermentative
bacteria, and they serve to decarboxylate carboxylic acids and
amino acids. How do these pathways contribute to pH
homeostasis and lead to the generation of a PMF? The
chemistry of a decarboxylation reaction requires a proton, and
thus, the internal pH is increased (and a ApH is formed) when
the reaction takes place inside the cell. The substrate and
product of the reaction differ in charge because a carboxylate
group is removed, but the molecules are otherwise structurally
similar. Hence, they can be transported by the same protein, as
has been shown for numerous substrate/product antiporters.”’
The substrate and decarboxylated product carry a different net
charge, and thus, a AW is generated when an antiporter
exchanges these molecules.”' " Figure 3 shows the case for
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Figure 3. Decarboxylation of malate by malolactic enzyme MleA,
and electrogenic transport of malate via antiport or uniport by
MleP. Passive diffusion of lactic acid across the membrane is shown
by the dashed arrow. The energetics of malate™/lactic acid antiport
and malate™ uniport plus lactic acid diffusion are equivalent.
Reproduced with permission from ref 70. Copyright 2019 Wiley-
VCHVerlag GmbH&Co. KGaA,Weinheim.

malate decarboxylation, and here AW is generated by malate/
lactic acid exchange or malate uniport, in addition to passive
diffusion of lactic acid across the membrane. In both scenarios,
the equivalent of 1 proton is pumped per molecule
decarboxylated. Bacterial amino acid decarboxylases have
remarkably low pH optima,gs’86 and their activity increases
when the internal pH drops due to enhanced proton influx.
Hence, the enzymes have a built-in self-regulatory mechanism
to deal with lower pH values and thus contribute to pH
homeostasis by pH-dependent decarboxylation.

In summary, the above analysis shows that a relatively high
buffering capacity of the cytoplasm is important for absorbing
fluctuations in the internal pH, but pH sensing cation/H"
antiporters are essential for pH homeostasis under alkaline
stress, whereas anion/H" antiporters and metabolite decar-
boxylation are required under acid stress. Additional levels of
regulation can come from the pH dependence of respiration,
ATP synthesis/hydrolysis by F(F,-ATPase, and other
processes.””’""*” For longer time scales, pH-dependent
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regulation of the expression of genes for proton translocating
systems can also play a role.

2.1.3. lonic Strength Homeostasis. The ionic strength of
a cell is the effective (and not total) ion concentration of the
cytoplasm, expressed in molar units (M). In the equation

n
I=1/2) ¢z’
i=1

i is the ion identification number, z is the charge of the ion, and
¢ is the concentration (mol/L) of free ion. The ionic strength
screens electrostatic interactions of (macro)molecules and is
used to tune enzyme activity and gate membrane functions.
The actual ionic strength of the cell is typically not known
because a large fraction of the ions is bound to macro-
molecules. The vast majority of prokaryotes have an overall
anionic proteome,*® and together with nucleic acids they bind
a large fraction of the cations of the cell. The fraction of bound
versus free ions is most often not known but can be obtained
by comparing the total ion concentration by atomic emission
spectrometry with the free ion concentration by specific optical
probes. Fluorescence-based sensors have been developed to
determine the actual ionic strength inside single cells."® These
probes allow observation of spatiotemporal changes in ionic
strength in the hundreds of millimolar range and have been
used to determine how the internal ionic strength of cells
adjusts in response to osmotic challenges.

The ionic strength influences the structure of intrinsically
disordered proteins,” the activity of enzymes,” ion channels”"
and transporters,92 protein aggregation, };hase separations,94
protein binding to (poly)nucleic acids,” and many other
processes. Hence, a given cell maintains its ionic strength
within limits, but the actual amounts of ions vary considerably
among different species. The most abundant cations in
(micro)organisms are K* (~0.2 M in E. coli; ~20 million K*
per cell) and Mg?* (20—40 mM total; 1—2 mM free ion),*® but
halophiles can also have a high concentration of Na*. The
reported concentrations of K* in E. coli, Lactococcus lactis, and
the halophilic archaeon Haloferax volcanii are ~0.2, 0.8, and
2.1 M, respectively,® which suggests that across prokaryotes
the ionic strength varies more than the internal pH does, but
within a species the ionic strength is constrained.

When cells are exposed to an osmotic upshift, the cell
volume decreases because water diffuses out. This results in an
increase in internal ionic strength and a decrease in internal pH
(the proton concentration increases, and a change in ionic
strength affects the apparent pK, of buffer components). The
primary driver of cell volume regulation in E. coli and other
bacteria upon osmotic upshift is the controlled accumulation of
potassium and its counterion glutamate,”*”*°” which increases
the cell volume but does not reduce the increased ionic
strength. Excessively high ionic strength can impair enzyme
function and be detrimental for the cell. Therefore, in a
secondary response to the osmotic upshift, bacteria like E. coli
and Bacillus subtilis replace the K' ions by zwitterionic or
neutral compatible solutes such as betaine (N-trimethylgly-
cine), proline, and trehalose, thereby maintaining the osmotic
pressure and ability to regulate the cytoplasmic volume but
reducing the internal ionic strength.”””® The osmoregulatory
transporters BetP (Corynebacterium glutamicum), ProP (E.
coli), OpuA (L. lactis), and homologues in archaea and bacteria
can accumulate high levels of zwitterionic compatible solutes,
which increases cell volume and reduces ionic
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strength.”>7%">?1% Importantly, these transporters sense
ionic strength (or K* ions) and are activated instantaneously
when the internal ionic strength reaches a threshold value.
Thus, like pH-gated cation/H" antiporters that regulate the
internal pH, ionic strength-gated compatible solute trans-
porters regulate cell volume and indirectly influence internal
ionic strength and pH.

In general, an ionic strength dependency suggests a role of
electrostatic interactions according to the classical electrolyte
and double layer theories.”'?"'** These theories predict that
electrostatic interactions between charged surfaces are
screened by a thermal distribution of small ions (ionic
cloud), which reduce the range of Coulombic forces as
measured by the Debye’s length, usually designated by 1/k. As
activation of osmoregulatory transporters takes place at
relatively high ionic strengths (e.g, from 0.2 to 0.5 M), the
contribution of the electrostatic force is small. Yet,
osmoregulatory transporters such as OpuA are switched from
off to on (maximally active state) over this range of ionic
strengths, most likely by disrupting multivalent electrostatic
interactions between protein residues and an anionic
membrane surface”'”” (vide infra).

2.1.4. Turgor Pressure. Cell turgor (AII) is the
hydrostatic pressure difference that balances the difference in
internal and external osmolyte concentration. In the equation

T
=R—ln

AIl [M] ~ RT(c;, — ¢,0)
iy

)

w

V,, is the partial molal volume of water, a is the water activity, ¢
is the total osmolyte concentration, and the subscripts in and
out refer to inside and outside of the cell, respectively. A cell
plasmolyzes when AII is zero. Although cell turgor is required
for expansion of the cell wall, there is little information on what
the lower limit of turgor pressure is before cell growth ceases.
Depending upon the species, a bacterial cell may develop up to
a few tens of atmospheres of pressure across the cell envelope.
Wall-less bacteria such as Mycoplasma sp. are not protected
against turgor pressure by a peptidoglycan layer, and thus, AIT
is low.'”* The turgor pressure in thin-walled Gram-negative
bacteria is in the range of 1—3 atm, which amounts to a
difference in osmolyte concentration (c;,, — ¢,,) of 40—120
mM (~40 mM/atm). The turgor pressure of thicker-walled
Gram-positive bacteria such as B. subtilis, L. lactis, and Listeria
monocytogenes can be as high as 20 atm,””**'*>'%® correspond-
ing to ¢, — ¢, of ~800 mM. Variations in turgor pressure
during nutrient shifts in E. coli and Caulobacter crescentus give
rise to elastic changes in surface area, which are thought to be
caused by changes in cell width rather than length.107 Thus,
mechanical forces originating from turgor pressure can regulate
the width of bacterial cells and influence macromolecular
crowding in the cytoplasm.

Turgor pressure variations are typically much larger when
cells are confronted with hypertonic stress (osmotic upshift
conditions). In E. coli turgor pressure decreases from ~3 to 1.5
and <0.5 atm when the osmolality of the growth medium is
increased from 0.03 to 0.1 and >0.5 Osm.'*® Although a turgor
pressure of <0.5 atm may be sufficient to sustain the growth of
E. coli, it is possible that Gram-positive bacteria have a higher
turgor pressure minimum, because of the potential require-
ment for higher mechanical (expansion) force acting on the
thicker cell wall.'*""°
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Figure 4. Osmotic challenges and changes in the physicochemistry of the cell. Hypertonicity leads to cell shrinkage and a lowering of the turgor
pressure (Ax); cells plasmolyze when Ar is zero. During plasmolysis, the cell membrane shrinks away from the cell wall, leading to the collapse of
the cytoplasm. The effect of hypertonicity on the overall physicochemistry of the cytoplasm is indicated in the bottom right of the figure.
Hypotonicity leads to water uptake and swelling of cells, which increases Az and ultimately leads to cell lysis. Figure modified from ref 56.
Copyright the Author(s) 2023. Published by Oxford University Press under the terms of the Creative Commons Attribution-NonCommercial
License [http:// creativecommons.org/licenses/by-nc/4.0/ ]. Top right: Illustration by David S. Goodsell, RCSB Protein Data Bank''* depicting
the high crowding environment of the bacterial cell, the exclusion of large macromolecular complexes [e.g., (poly)ribosomes in purple] from the
nucleoid, and the two-membrane system plus peptidoglycan layer of a Gram-negative bacterium.

Upon a sudden osmotic upshift, turgor pressure and
cytoplasmic volume decrease. In addition, the ionic strength,
crowding, and (macromolecular) viscosity increase while the
internal pH and water activity decrease (Figure 4). Cells
counter the detrimental effects of hypertonicity by activating
(gating) specific transport proteins that accumulate large
amounts of compatible solutes or by synthesis of these
molecules,"" '™ which hydrates the cytoplasm and reverses
the physicochemical changes. Various osmoregulatory mech-
anisms have been described to protect cells against hypertonic
stress. Here, we focus on the ATP-binding cassette transporter
OpuA of L. lactis, to illustrate how a single protein integrates
various signals and elicits a response to the stress that
encompasses several physicochemical properties.

When the volume of the bacterium decreases and the ionic
strength reaches threshold values, OpuA is activated and large
amounts of betaine are taken up.”” Passive influx of water
follows the accumulation of betaine, and consequently, the
volume of the cell increases and the ionic strength decreases.
The electrostatic gating force acts between a specific
osmosensing domain on the protein and the negative
membrane plane.”””’" Hence, the threshold ionic strength for
activation of the transporter can be tuned by varying the
fraction of anionic lipids in the membrane.'"> Macromolecular
crowding does not activate OpuA but acts synergistically with
ionic strength,''® presumably by adversely affecting the
electrostatic interactions of differently charged protein—
membrane surfaces via excluded volume effects. It was long
thought that ionic strength gating was the only mechanism that
controlled OpuA activity and the transporter would be
switched off after restoration of normal cell volume. The
second messenger cyclic-di-AMP has recently been shown to
act as a backstop for the protein to prevent rampant
accumulation of betaine,'” that is, when the volume has
been restored but the ionic strength of the stress-adapted cells

1906

is still above the gating threshold. Importantly, cyclic-di-AMP
also plays a key role in the control of potassium transport, the
other key component of cell volume regulation in bac-
teria, 117120

Figure 4 shows that hypotonicity leads to swelling of the cell
and an increase in AIL A lipid membrane can stretch up to
~3% area before lysis tension is reached.'”' To excrete
osmolytes when turgor pressure becomes too high, micro-
organisms activate mechanosensitive (MS) channels.’” Bac-
teria have different types of MS channels; for example, E. coli
has seven, but other microbes have a smaller number.'** The
best-studied MS channels are MscL and MscS, which jettison
solutes with little discrimination, except for size, and thereby
lower the AII and the risk of cell lysis. The sensing mechanism
of these MS channels is completely different from that of the
osmoregulatory transporters (vide supra). The increase in
tension in the membrane following water influx is sensed as a
decrease in lateral pressure on the protein, which facilitates the
transition from the closed to the open state. The closed-to-
open transition of MscL involves an iris-like expansion, which
leads to a final open pore diameter of ~2.8 nm and a
conductance of ~3 nS and requires a gating tension of ~10
mN/m."** The closed-to-open transition of MscS involves the
rotation and tilt of pore-lining helices,"”* which leads to a final
open pore diameter of ~1 nm and a conductance of ~1.25 nS
and requires a lower gating tension than that for MscL.>”'*
The MS channels act (gate) on short time scales (~20 ms),"*
which is required to counter the rapid swelling upon
hypoosmotic shifts. Both MscL and MscS are gated by
membrane tension (y) and the pressure across the membrane
(Ap) does not play a role as stimulus,"”” but the two
parameters are connected as shown in the Young—Laplace
equation:

v = Ap(n + 1) (4)
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Figure 5. Factors that affect protein diffusion inside cells. (A) Hard sphere collisions of the probe (blue) with other freely diffusing molecules
(crowders) lowers its diffusion coefficient. (B) Movement through the hydrodynamic wake of another molecule slows down the probe. (C)
Complex formation with another particle leads to a lower diffusion coefficient due to the increased effective size of the complex. (D) Immobile
barriers such as membranes confine particles in a given part of the cell. The dimensionality of diffusion is reduced at small distances from the
barriers. (E) Sieving effects occur when the mesh size of immobile barriers is smaller than the size of the probe, leading to a size-dependent
alteration of diffusion. (F) Weak intermolecular forces and steric repulsion between the different biopolymers induce spatial heterogeneity, leading
to location-dependent diffusion coefficients of the probe. Reproduced from ref 68. Copyright 2018 Schavemaker, Boersma and Poolman under
Creative Commons Attribution License (CC BY) [CC BY 4.0 Deed | Attribution 4.0 International | Creative Commons].

Here, r| and r, are the principal radii of the membrane, which
change when the cell volume changes.

2.2. Structure and Dynamics of Cytoplasm

2.2.1. Macromolecular Composition of Cytoplasm.
The bacterial cytoplasm is a complex and dynamic milieu that
consists of water, ions, metabolites, macromolecules, and
membraneless structures such as the nucleoid (DNA, DNA
associated proteins, and RNA), inclusion bodies (irreversible
assemblies of macromolecules), biomolecular condensates
(reversible assemblies of macromolecules), and membrane-
associated cytoskeletal elements. These complex assemblies are
universally present in prokaryotes, although well-defined
cytoskeletal structures are not found in the simplest bacteria
and biomolecular condensates have so far only been studied in
a few bacterial species. In addition, various metabolic enzymes
across diverse microorganisms form intracellular bodies in the
form of fibers and other types of functional mega-
assemblies,'**'*” which can be organism specific. The complex
assemblies of macromolecules are mostly segregated from each
other (vide infra), but they are not compartmentalized via a
membrane. A variety of mechanisms underlie the physical
separation of the cytoplasmic components, including macro-
molecular crowding, protein-based scaffolds, liquid—liquid
phase separation, and spatial organization via biochemical
gradients, but physicochemical factors such as the internal pH
and ionic strength also play a role. Subcellular compartmen-
talization by lipid-based membranes is rare in prokaryotes, but
anammoxosomes, magnetosomes, and acidocalcisomes are
notable exceptions.*’ Protein-based nano- and microcompart-
ments are found in bacteria and archaea,'>"'** and these
protein-bounded structures encapsulate dedicated cargo
proteins to create a specific environment for enzyme
functioning,

In E. coli the chromosome and nucleoid-associated proteins
localize around the cell center,”**"** where they form
heterogeneous phase-like structure(s)'* that exclude trans-
lating ribosomes. These polysomes or polyribosomes (Termi-
nology) localize at the cell poles and cytoplasmic periph-

1907

ry.?¥139137 Aggregated or misfolded proteins also localize at

the cell poles but typically not evenly between the old and new
pole.”**~"*% Single-molecule diffusion measurements with
nanoscale resolution have shown that each cell has a so-called
slow and fast pole."*"'** The slow diffusion at one pole
coincides with the old pole of a dividing cell, where aggregated
and misfolded proteins are more abundant and most likely
hinder the diffusion more than at the newly formed pole.'*’ In
terms of the structure of the bacterial cytoplasm, there is
increasing evidence for the formation of phase-separated liquid
droplets or biomolecular condensates,"**™"*" which are
metastable structures where certain proteins partition and
others are excluded (see also section 1). The function of
biomolecular condensates in bacteria is mostly unexplored
territory, but by analogy to mammalian cells they are likely
involved in selective recruitment of client proteins, improving
the efficiency of enzymatic reactions, and sequestering and
processing of RNA and protein molecules, which can help E.
coli cells resist environmental stresses."*” There are only a few
studies where condensates in bacteria have been shown to
increase the catalytic efficiency by concentrating enzymes and/
or its substrate(s). One example is the sequestration and
activity of a client kinase upon phase separation by ATP
depletion in C. crescentus,® showing that ATP depletion can
promote LLPS, enforce protein compartmentalization, and
sustain enzyme activity. Another example is the activity of a
bacterial polynucleotide phosphorylase, which is enhanced
when the enzyme colocalizes with RNase E within
biomolecular condensates (in this case ribonucleoprotein
bodies'*?).

The total of protein and RNA molecules in the cytoplasm of
bacteria can reach volume fractions of 15—20% in growing cells
and even higher in osmotically stressed cells.”'*'”** An
excluded volume of 20% is equivalent to 3 million globular
particles with a radius of 2.5 nm in a volume of 1 fL, which
reflects the number and average size of proteins in an
Escherichia coli cell. If the molecules were evenly distributed,
their surface-to-surface distance would be ~1.9 nm, which is
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Figure 6. Structure of Escherichia coli cytoplasm and impact of confinement, protein aggregation, and perceived viscosity on the translational
diffusion of proteins (red particles). The image in the middle shows a diffusion map obtained by single-molecule displacement mapping (right), a
method to determine the mobility of (macro)molecules,"*"""** which is overlaid with a schematic of the cytoplasm. The figure emphasizes three
factors that affect the translational diffusion of molecules: (i) confinement; (ii) aggregation of macromolecules at the cell poles; and (jii) perceived
viscosity. Since diffusion of proteins scales with their complex mass, bigger particles will be affected more by the crowding of the cytoplasm than
smaller molecules (hence they perceive a different viscosity) and move relatively more slowly, leading to the deviation from the Einstein—Stokes
equation. Dapp = apparent diffusion coeflicient of molecules; the pixel size indicates the spatial resolution at which the diffusion of molecules in the
cell can be determined. Reproduced from ref 143. Copyright 2023 Mantovanelli et al. under the terms of the Creative Commons Attribution
License [https:// creativecommons.org/licenses/by/4.0/ 1.

smaller than the radius of the proteins and thus should Below we discuss how these technologies have enabled the
significantly affect their diffusion. characterization of the dynamic structure of the cytoplasm.
The macromolecules, ions, and other small molecules of the 2.2.2. Dynamics and Translational Diffusion. Single-
cytoplasm form a gel-like medium with colloidal properties particle tracking in bacteria (E. coli and C. crescentus) and lower
(Terminology). We postulated two decades ago that macro- eukaryotes (such as Saccharomyces cerevisiae) indicates that the
molecules are not evenly distributed in the cytoplasm and that cytoplasm is an adaptable fluid that can change from a fluid-
regions of higher and lower crowding are present; transient like to a more solid-like (“colloidal glassy”) state when cells are
networks of electrolyte pathways would wire the cytoplasm, deprived of metabolic energy. Pioneering studies by the
guide the flow of biochemical ions, and increase local Jacobs-Wagner lab showed that the E. coli cytoplasm acts as a
diffusivity.””'*" The high excluded volume, together with glass-forming fluid in which the diffusion of molecules is
hyperstructures,'*” metabolons,"** intracellular bodies,'** and disproportionally limited by the size of the tracked
liquid—liquid phase separation,®”'** would shape the cyto- component,'>> which is an example of sieving effects (Figure
plasmic structure outside the regions of lower crowding. There SE). Cellular metabolism fluidizes the cytoplasm, which allows
is increasing evidence for this view of a dynamic and larger components to diffuse over larger regions of the cell.
heterogeneously structured cytoplasm, as we show below. When E. coli cells are exposed to osmotic (upshift) stress, the
One way to characterize the dynamic structure of the cytoplasmic volume decreases and consequently the excluded
cytoplasm is to determine the mobility or translational volume of the macromolecules increases beyond 20%.%”'%°
diffusion of a molecule. In fact, the translational diffusion The decrease in the translational diffusion coefficient of green
coefficient of a molecule inside the cell is frequently used as a fluorescent protein (GFP) is proportional to the magnitude of
proxy of macromolecular crowding under different metabolic the osmotic up-regulation, and under extreme conditions
or stress conditions. However, the intracellular environment is (=250 mM NaCl or >500 mM sorbitol in the case of E. coli),
not a homogeneous medium with a single diffusion coeflicient the excluded volume taken by the macromolecules is so high
for a given molecule; many factors may retard the diffusion of a that diffusion barriers (Figure SD, mobility barriers) are
protein in a crowded cell, as illustrated in Figure S. Moreover, formed and part of the GFP becomes trapped in discrete
the thermodynamic nonideality of the cytoplasm makes the pools.”””
diffusion coeflicient not simply a sum of its contributors. Analogous diffusion studies have been performed in the
Recently developed microscopy and computational methods cytosol of the budding yeast S. cerevisize. Macromolecules are
allow the diffusion coefficient of molecules inside cells 1t4c; 1112 less able to move around in the yeast cytosol when cells are

determined with high spatial and temporal resolution. starved of sugar,'>® which has been attributed to a decrease in
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cell volume and the accompanying increase in macromolecular
crowding. In addition to steric effects, altered physical
interactions between macromolecules (Figure SC), e.g. due
to an increase in jonic strength or lower pH at the smaller
cytosolic volumes, can also play a role in the translational
diffusion of proteins.'*” In another study,'® the more solid-
like state of the cytosol of energy-starved cells is attributed to
acidification of the cytoplasm, which leads to widespread
assembly of macromolecules and thereby a reduced diffusion of
large particles. Munder and colleagues conclude that acid-
ification and osmotic stress result in different states of the
cytoplasm, and thus, the underlying mechanism of reduced
diffusion may differ.'®" Altogether, these and other stud-
ies'®' 7' in prokaryotes and eukaryotes show that metabolic
activity directly or indirectly affects the apparent viscosity and
structural organization of the cytoplasm. Indirect metabolic
effects may include stress conditions that affect the stability of
the proteome.'® If a fraction of proteins or protein domains
unfold as a result of, e.g, heat stress, these denatured
polypeptides may exhibit properties akin to those of intrinsi-
cally disordered proteins and increase the (local) viscosity. In a
recent study,'®® Di Bari et al. show that the unfolding of just a
small fraction of proteins can cause a slowdown of protein
diffusivity by forming an entangling interprotein network
across the cytoplasm, which is dominated by hydrophobic
interactions.

The recently developed technique of single-molecule
displacement mapping has been used to resolve the dynamics
of a wide range of selected target proteins differing in mass,
oligomeric state, abundance, and number of interaction
partners (expressed as loneliness factor) with nanoscale
resolution, *"'** which has provided new insight into the
dynamic structure of the bacterial cytoplasm. It was shown that
the translational diffusion coefficient (D) of proteins in E. coli
scales with the complex molecular mass, that is, the mass of the
tagged polypeptide chain multiplied by the oligomeric state,
and not with their abundance in the cell or their loneliness
factor."*" Furthermore, the diffusion in the E. coli cytoplasm
does not follow the Einstein—Stokes equation:'®”

T
n(T)

b
67R (%)
The dependence of the diffusion coefficient on the complex

mass of proteins follows a power law relationship D = aM’,

where M is the complex mass and a and f are fitting
parameters. The exponent # would be —0.33 in the Einstein—

Stokes equation, assuming the proteins are globular and not

interacting with each other. A value of § = —0.6 has been

found for the diffusion of proteins in the cytoplasm of E.

coli.'*"'** The stronger than predicted dependence on

molecular mass reflects the high macromolecular crowding of
the cytoplasm and the collisions with other macromolecules,
for which the term “macromolecular viscosity” has been
introduced. The deviation of the diffusion coefficients from the
Einstein—Stokes equation is explained by the proposal that the
cytoplasm is a dilatant, non-Newtonian fluid. A characteristic
of dilatant fluids is that viscosity increases with stress applied to
the fluid. Larger components inside the cell impose a higher
pressure on the environment, which in response becomes more
viscous. In this view, the viscosity of the cytoplasm is
considered as a function of the analyzed macromolecule,
which will be subjected to a perceived viscosity depending on
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its size (Figure 6). This has led to a modified version of the
Einstein—Stokes equation (eq 6):

p= T

Oty gy " (6)
where 7,y represents the perceived viscosity as a function of
the molecular weight. The perceived macromolecular viscosity
varies from 9.9 cP to 18.1 cP for protein ranging in mass from
26 kDa to 318.9 kDa.

Similar observations of size-dependence of diffusion were
made in a recent study, employing fluorescence correlation
spectroscopy and computer simulations. Here, it was
concluded that the size-dependence of diffusion is consistent
with eq 5 when the specific dumbbell shape of the protein
fusions is taken into account.'®® Furthermore, pioneering
studies on protein diffusion in E. coli have been made by
ensemble measurements, using fluorescence recovery after
photobleaching (FRAP),*” 1391371997171 reviewed by Mika and
Poolman."”” Although the ensemble measurements provide
less detail and spatial resolution than single-molecule analyses
such as single-molecule displacement mapping, the data are in
agreement with the notion that the bacterial cytoplasm behaves
as a non-Newtonian dilatant fluid and has macromolecular
viscosity that is a function of the probe size. Finally, the
diffusion of proteins in the mass range of 26—319 kDa is in
agreement with the apparent average mesh size of ~50 nm of
the E. coli chromosome.'”® Thus, the tested proteins with a
Stokes radius up to S nm may not be affected by the meshwork
of the chromosomal DNA.

Importantly, the translational diffusion of the selected
proteins is location-dependent in E. coli, with the cell poles
displaying slower diffusion throughout the whole set of
investigated proteins and one pole showing faster diffusion
than the other."*"'** The extent of the slowdown in the pole
regions exceeds the confining effects of the cell membrane
boundary, as inferred from computer simulations, and instead
is most likely a consequence of hindrance by large macro-
molecular complexes due to accumulation of damaged proteins
primarily at the old cell pole (Figure 6)."** Preliminary
experiments on protein diffusion in the Gram-positive
pathogen L. monocytogenes point toward a similar location-
dependent mobility.'®'”* Tt still is an outstanding question
whether symmetrically dividing unicellular microorganisms
age.'”” The differences in diffusion coefficients and protein
probe concentrations between old and new cell poles suggest
that exclusion of aggregates and other supramolecular
complexes from the nucleoid leads to bacterial aging.'*” The
selective segregation of aggregates to the old cell pole may
maintain the viability of the whole population.

In general the diffusion coefficients for proteins like GFP are
similar across bacterial species,”® which points toward similar
levels of macromolecular crowding. Furthermore, both the
Gram-negative bacterium E. coli and the Gram-positive
bacterium L. lactis respond to osmotic stress by a drop in
protein diffusion, which is mitigated when the medium
contains osmoprotectants (Terminology). For both organisms
a drop in cell size and diffusion coefficient happens even after a
small osmotic upshift (0.1-0.2 Osm).'”® This suggests that the
cell wall, which is initially stretched, causes the cytoplasm to
shrink when the turgor pressure is decreased (see also ref 109).
There are also important differences between the two
organisms. L. lactis is less susceptible to osmotic challenge
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than E. coli, as it requires higher medium osmolalities to
decrease the diffusion, which most likely relates to the order of
magnitude higher turgor pressure of L. lactis relative to that of
E. coli.'’® An even more striking difference is that in L. lactis
the GFP diftusion coeflicient drops much more rapidly with
volume than in E. coli. This suggests a different adaptability of
the cytoplasmic fluid, but the underlying cause is unknown.

2.2.3. Diffusion-Limited Reactions and Surface Prop-
erties of (Macro)molecules. How common are diffusion-
limited reactions in the cytoplasm of prokaryotic cells?
Schavemaker et al.’® reviewed cases where protein diffusion
plays a determining role in the physiology and biochemical
organization of the cell. Reactions are diffusion limited when
the association rate constant (k,,) depends only on the
translational diffusion coefficient. The k,, gifrusion Of @ protein
diffusing in the cytoplasm with D = 10 ym®/s and needing to
interact with another molecule is ~10®° M™' s7'. As most
proteins are not reactive over their entire surface, a more
realistic diffusion-limited k,, is in the range of 10°—10° M~
s71.% Here the assumption is that only a fraction of the surface
(the interaction interface) of a molecule is reactive and the
interaction between two molecules is not steered through
specific (oppositely charged) surfaces. Protein pairs such as
Barnase—Barstar from Bacillus amyloliquefaciens manage to
have a k,, of 105~10'® M~ s™! and apparently behave beyond
the diffusion limit. The interaction of Barnase (cationic, pI
~9.2) with Barstar (anionic, pI ~4.9) is driven by electrostatic
attraction,””~"”” which allows the k,, for the binding of the
ribonuclease to the inhibitor protein to be orders of magnitude
higher than the nonelectrostatic diffusion limit. For such
interactions, the magnitude of the diffusion coeflicient is
crucial, with the initial interaction of the proteins likely to be
the slowest step. Other diffusion-limited reactions in
prokaryotes can include enzymes with very high k,, values,*®
the ternary complex of amino acyl-tRNA, EF-TU plus GTP
finding the ribosome, 8% proteins present in the cell at low
copy numbers (longer distances to cover), and proteins
transiently binding to membranes or other large structures
(e.g, the Min oscillation system'®”).

Most of the processes in the cell are most likely reaction
rather than diffusion limited, despite the high crowding in the
bacterial cytoplasm. This changes when cells are exposed to
osmotic upshift and the crowding increases further. Con-
sequently, the diffusion coefficient of macromolecules
decreases by orders of magnitude (Figure 7) and many
reactions will become diffusion limited. In extreme cases,
diffusion barriers (Figure SD) are formed and molecules are
trapped in supramolecular aggregates."”” Remarkably, under
conditions where proteins are trapped, small molecules like
fluorescent sugars (NBD-glucose in Figure 7) are little affected
by osmotic upshifts and can readily diffuse throughout the
entire cytoplasmic volume even at 1 M or higher
concentrations of NaCl stress (Figure 7). These data indicate
that the cytoplasm acts as a molecular sieve (Figure SE) during
both high and low osmotic stress but with a different mesh
size. The remarkable diffusion of NBD-glucose in plasmolyzed
cells is also consistent with the notion of electrolyte pathways
wiring the cytoplasm.'®" The rapid diffusion of small molecules
(ions, metabolites, signaling molecules) may keep the cell
biochemically active, even when the majority of enzymes are
trapped. This may allow the cell to recover from extreme
osmotic stress, provided it can take up or synthesize
compatible solutes.
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Figure 7. Effect of osmotic upshift (NaCl stress) on the diffusion
coefficient of the red fluorescent protein mPlum and NBD-glucose
(FSugar). The D values are normalized relative to the diffusion
coefficients in the absence of NaCl (D,); data taken from ref 67.
Copyright 2010 Blackwell Publishing Ltd. The images on the right
show a photobleaching experiment of E. coli cells untreated (left) or
upshifted with 500 mM NaCl (right).

The cytoplasm consists of various types of nucleic acids and
>1000 types of protein, but only 50 protein types make up 85%
of the cytoplasmic proteome of E. coli'®> These abundant
proteins have a large impact on the structure of the cytoplasm
through, e.g., weak and nonspecific interactions with other
molecules (https://www.ebi.ac.uk/intact/home). However,
analysis of protein diffusion as a function of loneliness factor
in the E. coli cell does not reveal a correlation between a
protein’s diffusion coeflicient and the number of interaction
partners.'*' The boundary conditions for the importance of
generic nonspecific interactions (Figure 5C) between macro-
molecules have been probed in a study of diffusion of surface-
modified fluorescent proteins. The diffusivity of a set of GFP
variants with a net charge ranging from —30 to +25 has been
analyzed in E. coli (Gram-negative bacterium), L. lactis (Gram-
positive bacterium), and H. volcanii (archaeon).®® These three
organisms differ in their cytoplasmic ionic strength, as shown
by measurements on the K" ion concentrations, which, as
mentioned above, are ~0.2, 0.8, and 2.1 M, respectively. In E.
coli the diffusion coefficient of GFP variants depends on the
net charge and its distribution over the surface of the protein,
with cationic proteins diffusing up to 100-fold slower than
anionic ones. The decrease in GFP mobility is due to the
binding of cationic GFP to ribosomes. This effect is weaker in
L. lactis and H. volcanii due to electrostatic screening.
Interestingly, the number of cationic proteins in E. coli with
a net charge >+10 (surface charge comparable to that of the
slowed cationic GFPs) is only 35, of which 18 are ribosomal
proteins, 14 are DNA/RNA associated, and 3 have unknown
functions. The same holds true for the vast majority of
(micro)organisms, with endosymbionts of plants and insects
being notable exceptions.” Protein—protein interaction pairs
such as cationic Barnase and anionic Barstar are rare in
bacteria. Thus, the proteome of bacteria is generally anionic
and appears to have evolved by avoiding highly cationic
surfaces; the cationic proteins would lower the overall
diffusivity and might affect the functioning of the ribosomes.
The highly cationic proteomes of some endosymbionts
indicate that these organisms have special mechanisms to
avoid slow diffusion and perturbation of ribosomal function.

2.2.4. Nucleoid Structure. The bacterial nucleoid
excludes ribosomes and some other proteins (see section
2.2.1), suggesting that it acts like a molecular sieve. As
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mentioned above, translating ribosomes (polysomes) are
excluded from the nucleoid and localize mostly at the cell
poles and cytoplasmic periphery.'”> Nevertheless, ribosomal
subunits with Stokes radii in the range of 15—20 nm can
penetrate the DNA meshwork of the nucleoid as shown in E.
coli and other bacteria."*”"**'®> This also holds for metabolic
enzymes with Stokes radii in the range of $ nm."*" When the
molecule size is close to the average mesh size of the nucleoid,
the diffusivity of the particle becomes limited but smaller
molecules diffuse freely through the meshwork (Figure SE).

What are the molecular sieving properties of the nucleoid
and what biophysical properties of the cytoplasm are important
for its structure? The apparent mesh size of the E. coli
chromosome is around 50 nm.'”* Obviously, the volume of the
cell, confinement by the cell membrane, ionic strength
(polyvalent cations in particular), and macromolecular
crowding play key roles in the structure and phase properties
of the nucleoid, in addition to specific proteins associating with
the DNA. The high excluded volume of the cytoplasm causes
repulsion between macromolecules, which results in a
compacting force through steric effects.”> This can lead to
condensation of DNA, nucleoid size reduction, and DNA
segregation,186 which can be antagonized by DNA-associated
proteins.'®” Furthermore, the overall quality of the cytoplasm
as solvent will play a role. In polymer chemistry the quality of a
solvent is classified as good when it exhibits a high degree of
solubility and compatibility with a polymer, that is, if it allows
the polymer to be well dissolved and dispersed. A poor solvent
has limited solubility or affinity for a polymer and can induce
phase separation in polymer solutions. Using the mesh size of
the nucleoid and DNA concentration in the cell, Xiang and
colleagues'”” concluded that the cytoplasm behaves as a poor
solvent for the chromosome. Computer simulations show that
the poor solvent leads to chromosome compaction and domain
formation. RNAs may contribute to the poor solvent effects,
which would connect chromosome compaction and domain
formation to transcription.

The volume of growing E. coli cells is ~1 ym?® and the
average volume of the nucleoid with one chromosome (~4.6 X
10° base pairs) is estimated to be ~0.7 um>'”® From these
numbers one can calculate the average DNA concentration in
the nucleoid region of around 7 mg/ mL,"”® but 10-fold higher
concentrations have also been reported (see footnote 6 in
Murphy and Zimmerman'*®). In the older studies, cells appear
larger and the nucleoid occupies a smaller fraction of the
cytoplasmic volume. Interestingly, when the genome size of
bacteria is plotted against cell volume'®” there is an enormous
variation in the amount of DNA per unit of cell volume. For
instance, the tiny Bdellovibrio bacteriovorus'”® accommodates a
chromosome of ~3.8 X 10 base pairs in a volume that is more
than 10 times smaller than the E. coli cytoplasm. Thus,
irrespective of the volume of the nucleoid region, the DNA
must be compacted even more than in E. coli. Similarly, other
small bacteria such as Haemophilus influenzae, Mycoplasma sp.,
and Pelagibacter sp. have much more DNA per unit of volume
than E. coli (see supplement of Bailoni and colleagues'®). The
more compacted DNA will result in a smaller mesh size of the
corresponding chromosome, which may affect the exclusion of
proteins from the nucleoid and the distribution of macro-
molecules inside these cells, and possibly their aging. Indeed,
the chromosome of B. bacteriovorus is highly compacted in a
polarized nucleoid that excludes freely diffusin§ proteins
during the nonproliferative stage of the cell cycle."”"
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2.2.5. Fluidization of the Cytoplasm. What causes the
fluidization of the cytoplasm by metabolism? Both in E. coli
and the lower eukaryote S. cerevisae, depletion of metabolic
energy reduces mobility of proteins, which has been attributed
to a lowering of the ATP pool,155 a lowering of the internal
pH,192 and an increase in macromolecular crowding.158 The
mechanistic basis for the fluidization of the cytoplasm is
complex, as ATP levels, internal pH, and crowding are
connected and each of these physicochemical parameters can
affect molecular interactions (e.g, protein aggregation) but
also chromosome compaction. Multiple antibiotics studies
have shown that changes in nucleoid compactness influence
the diffusivity of molecules.'”>™"*° Furthermore, when an
enzyme undergoes large conformational changes in its catalytic
cycle, it induces hydrodynamic flows in the surrounding fluid
or membrane.'”” Such pulsating flows can act on any passive
particles in the solution or lipid bilayer. The collective
hydrodynamic effects of active macromolecules can increase
diffusion of all particles in the medium and in special cases
result in directed flows. The collective conformational changes
of enzymes and other macromolecules will be higher when
cells are in a metabolically active state than when metabolic
activity is low.

How could a change in ATP concentration by itself affect
protein mobility? ATP has been postulated to act as a
biological hydrotrope'”® (Terminology). A hydrotrope is
capable of solubilizing (hydrophobic) substances in an
aqueous solution without the need for micelle formation.
ATP and GTP at physiological millimolar concentrations have
been shown, at least in vitro, to have hydrotropic properties
and keep proteins soluble and minimize their aggrega-
tion,"””**" which may keep the cytoplasm more fluid. NMR
spectroscopy has shown that ATP interacts weakly with various
proteins, which may provide protection to protein surfaces.””"
It has also been postulated that the dynamics of enzymes
catalyzing metabolic reactions can have a “stirring” role in the
cytoplasm.'®> Many enzymes are ATP or GTP dependent, and
depletion of these nucleotides will reduce the conformational
dynamics of these proteins, which indirectly may affect other
enzymes. There is debate whether or not enzymes at work
(irrespective of ATP) are able to self-propel or to break free
from supramolecular structures,””>~*°* which would also have
a fluidizing effect. Recent studies on the diffusion of single
molecules do not show catalysis-induced diffusion of alkaline
phosphatase and urge a revisit of previous findings and
models.”®> However, there is increasing evidence that
enzymatic activity generates a microflow in the surrounding
medium,””® which will impact the diffusivity and dynamic
structure of the cytoplasm.

3. THE BACTERIAL NUCLEOID

The bacterial nucleoid, with its several megabases of
chromosomal DNA, is remarkably confined and compact
despite the lack of a dedicated membrane to enclose it.”""**
Initially described as a collection of loops emanating from a
dense core organized by proteins and RNA,**?'° the nucleoid
has since been revealed to be a condensed phase (Figure 8)
formed by LLPS through the interaction of multivalent cations
and proteins in the presence of crowding agents.”'' ™"
Mobility within this dynamic structure allows organization of
the chromosomal loci as required during the cell cycle.”'”
Interestingly, its size and positioning within the cell are
regulated by crowding and cell geometry.'***'> Atomic force
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Figure 8. The bacterial genome is organized as a phase-separated
nucleoid. HU is a histone-like protein that packages DNA into a
dense core surrounded by a less dense phase of DNA and associated
proteins. Transcriptional foci are dynamic condensates comprised of
RNA polymerase and other transcription factors. The single-stranded
DNA binding protein (SSB) also forms compartments. Abbreviations:
dsDNA, double-stranded DNA; ssDNA, single-stranded DNA. Figure
adapted and modified with permission from ref 221. Copyright 2021
Elsevier Ltd.

microscopy and simulations with varying DNA concentrations
show that self-crowding modifies nucleoid shape and proper-
ties depending on supercoiling density, which is essential for
DNA replication.”'® Nucleoid size also changes in response to
antibiotics.”'”*'® For example, inhibition of translation with
chloramphenicol results in ultracompaction of the nucleoid,
presumably because of the loss of coupled translation with
membrane insertion of proteins (transertion)."'”>*? Although
most bacteria have a single, circular chromosome, in a few
cases the genetic material distributes in two or more
chromosomes.”*’

The role of phase separation in the organization of DNA-
based structures and regulation of protein-nucleic acid
complexes in different organisms, includin§ bacteria, has
been comprehensively reviewed recently.””' Quantitative
simulations propose that nucleoids are assembled and
organized by segregative phase separation, probably as a first
level of compaction, as a result of demixing of the chromosome
and the macromolecules within the cytoplasm. These
simulations show that different geometries of molecular
crowders result in different repulsive interactions important
for nucleoid organization.””” By analogy to the mitochondrial
genome in eukaryotic cells, the bacterial chromosome is further
organized by nucleoid associated proteins (NAPs), which bind
to DNA with little sequence specificity,””” in contrast to
mammalian nuclear genomes that assemble into orderly spaced
nucleosomes. It is worth noting that the highly crowded
conditions within the nucleoid result from the high density of
NAPs that coat the chromosome (ca. 30% of the chromosome
in E. coli), limiting its available protein-free regions.””” In fact,
a phenomenological model of cytoplasm length-scale-depend-
ent viscosity that considers crowding, including NAPs on
DNA, shows that it alters the nonspecific binding of
transcription factors and their 1D diffusion along DNA in E.
coli.”** Some of the NAPs exhibit phase separation behavior,
including the histone-like heat-unstable nucleoid protein (HU,
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see also section 7), a DNA-binding protein from starved cells
(Dps, see also section 7), single-stranded DNA binding protein
(SSB, see sections 6.1 and 7), and RNA polymerase (RNAP).

HU is one of the most abundant NAPs, and this protein is
conserved across all bacteria.”*® Upon interaction with MukB,
HU ensures proper positioning of the chromosomal replication
origin oriC in E. coli?*® Two isoforms, HU-A and HU-B,
contain intrinsically disordered regions and domains for homo-
and heterodimerization. In vitro, these proteins form
coacervates with DNA, causing phase separation, favored by
PEG as crowding agent.””® Using fluorescently labeled HU,
multiple dynamic submicron-sized condensates have been
observed in E. coli cells that rearrange, probably through
separation and fusion, over a time scale of a few tens of
seconds. DNA and protein concentration, increasing temper-
ature, and lower pH and salt concentrations are among the
factors that enhance the condensation of HU-B. HU-A also
assembles into homotypic and heterotypic condensates with
HU-B, although it is less prone to coacervation with DNA than
HU-B. This is consistent with the prevalence of HU-A mainly
as dimers and discrete complexes with DNA, whereas HU-B
self-associates into dimers, tetramers, and octamers and forms
multiple higher order complexes with DNA, emphasizing the
importance of weak multivalent interactions for condensation.
HU condensates recruit a variety of nucleic acids, and phase
separated HU-DNA droplets colocalize with DNA polymerase
in vitro.

HU proteins also form heterotypic condensates with Dps,”
a NAP that contains disordered regions and assembles into
dodecamers in vitro. In the presence of DNA, Dps demixes into
condensates of smaller size compared to those of HU. Despite
being dynamic and hence liquid-like, Dps condensates display
a mixture of round and irregular shapes, compatible with a
lower tendency to fuse. The distinct properties of HU and Dps
condensates may be due to differences in interfacial surface
tensions or shear relaxation characteristics. When assembled in
the presence of DNA, condensates involving the two proteins
consist of multiple droplets of Dps encircled by a larger droplet
of HU-A or HU-B, a remarkable behavior probably arising
from the different properties of HU and Dps condensates.
Moreover, this arrangement seems to be dependent on DNA
binding by Dps, as crowding-driven homogeneous conden-
sates, in which both proteins fully colocalize, are obtained in
the absence of nucleic acids.

Dissimilarities in the condensation features of the two HU
isoforms and Dps suggest an interesting mechanism to
spatiotemporally tune the level of phase separation through
the HU-A:HU-B:Dps ratio. For example, during the early
logarithmic growth phase, accumulation of HU-A would
decrease phase separation by DNA in nucleoids to allow
constant replication and gene expression. In contrast, higher
levels of HU-B in the late logarithmic phase and of Dps in the
stationary phase or during starvation”>” would favor phase
separation, promoting DNA compaction and providing
resistance to stress (see section 7).

RNAP forms clusters in E. coli that behave as biomolecular
condensates arising from LLPS."*> This ability to form
condensates is notable, as bacterial RNAP lacks the disordered
C-terminal domain present in eukaryotic Pol IL**® RNAP
condensates are prevalent in cells during the logarithmic phase
and gradually disband once cells reach the stationary phase.
The RNAP clusters seem to be independent of the folding of
the chromosome into a compact structure, emerging instead
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from weak protein—protein interactions that involve the
transcriptional antiterminator protein NusA. NusA exhibits
phase separation in vitro and in vivo (Figure 9), enhanced by its
modular architecture with multiple folded domains connected
by flexible linkers and the presence of protein and RNA
binding domains.'"* Biomolecular condensation of NusA is
driven by crowding, and phase diagrams in solutions
containing 100 g/L dextran show that it is regulated by
protein concentration and salt (ionic strength). LLPS of NusA
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Figure 9. Formation of biomolecular condensates by NusA and
dynamics of components of RNAP clusters. (A) Phase diagram for
purified NusA in the presence of dextran. Open circles correspond to
conditions in which the protein is dissolved, as in the image on the
right (top), while closed circles indicate conditions in which the
protein is condensed, as in the image on the right (bottom). (B, top)
A cartoon depicting how single molecules of NusA are tracked over
time in living E. coli cells. Cells expressing NusA fused to the
photoconvertible fluorescent protein mMaple are continuously
activated with 405 nm light, which photoconverts mMaple from a
green-emitting form to a red-emitting form, allowing single NusA-
mMaple molecules to be tracked over time. (B, bottom) Distribution
of D, (apparent diffusion coefficients) for fluorescent fusions of
RpoC, NusA, or Lacl that were tracked over time, showing faster
movement of the former two compared with DNA-bound Lacl.
Figure adapted from ref 145. Copyright 2020 the Authors. Published
by PNAS under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND) [CC BY-NC-ND 4.0
Deed | Attribution-NonCommercial-NoDerivs 4.0 International |
Creative Commons].
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in vivo is observed through cellular foci nucleated by protein—
protein or protein—RNA interactions, whose size depends on
protein concentration. Experiments in vivo suggest that another
protein in the antitermination complex, NusB, may also be
involved in the phase separation of RNAP.

Single-molecule tracking demonstrated that proteins within
the RNAP condensates are highly dynamic,'* indicating the
general usefulness of this technique to study biomolecular
condensates in living bacterial cells. Broad distributions of
diffusion coeflicients were observed for the RNAP /' subunit
(RpoC) and NusA. In the case of RpoC, this distribution is
likely the result of different activity states, including molecules
engaged in transcription or nonspecifically bound to DNA, in
agreement with other reports.”””**" These proteins had higher
diffusion coefficients with a wider distribution compared with
that of a DNA locus, indicative of slower diffusion compared to
the proteins (Figure 9). Some overlap between the
distributions of the proteins and the DNA was observed,
likely corresponding to protein molecules of RpoC engaged in
active mRNA transcription and NusA molecules engaged in
transcriptional antitermination. The ability of RNAP to
undergo LLPS in bacterial cells has important implications
for transcriptional regulation and subsequent rRNA processing
in bacteria, in response to internal and external cues.

4. CROWDING AND PHASE SEPARATION IN
MEMBRANE ENVIRONMENTS

Numerous cellular processes involve biological membranes,
which facilitate the local concentration of highly ordered
functional complexes at defined positions. In bacteria, the
cytoplasmic membrane is an asymmetric bilayer of variable
phospholipid and glycolipid compositions, depending on the
species, and occupied by a high amount of integral and
membrane-associated proteins231 (Figure 10). Gram-negative
bacteria such as E. coli have an additional outer membrane that
protects cells against harsh environments, contributes to their
mechanical stability, and excludes many types of antibiotics,
enhancing antibacterial resistance.”>> The outer membrane
consists of an asymmetric bilayer, with an inner leaflet of
phospholipids and an outer one of lipopolysaccharides (LPSs)
and membrane proteins.”>’ Bacterial membranes, whether
from Gram-positive or Gram-negative bacteria, can contain
hopanoids (sterols, equivalent of cholesterol in mammalian
cells), pentacyclic triterpenoid lipids that are thought to
enhance membrane integrity and impermeability by condens-
ing the membrane.””'

Membranes are characterized by the dynamic localization of
lipids and proteins. The diversity of lipid acyl chains [saturated,
(poly)unsaturated, branched, and cyclopropane rings] results
in different membrane packing densities and fluidities.”**
Membranes are normally in the form of liquid phases with
highly dynamic lipids, but liquid—liquid demixing is observed
in membranes of living cells composed of saturated and
unsaturated acyl chains, as well as with certain other types of
lipids, such as the aforementioned hopanoids, organized in
liquid-ordered and liquid-disordered domains™** (Figure 10).
Lipid rafts, nanoscale domains associated with the formation of
liquid-ordered regions, are well characterized in eukaryotic
cells*® but have also been observed in B. subtilis cells.”*®
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Figure 10. Structure of the bacterial cell envelope and fluid state of
the membrane. (A and B) Models of Gram-positive (A) and Gram-
negative (B) cell envelopes. Adapted in part from ref 237. Copyright
2019 the Authors. Published by Springer under the terms of the
Creative Commons Attribution 4.0 International License [http://
creativecommons.org/licenses/by/4.0/ ]. (C) Reversible phase sepa-
ration induced by reduction of membrane fluidity. Bilayers are
typically in the liquid-disordered phase (Ld, blue), but they can phase
separate into liquid-disordered and liquid-ordered phases (Lo, green)
when, e.g, hopanoids are present. Both are fluid phases. Extreme
fluidity reduction triggers massive phase separation into highly
ordered Lo phases within large parts of the membrane, forcing
membrane proteins into the fluid phases. Under these conditions the
membrane maintains its integrity and semipermeability. Adapted and
modified with permission from ref 234. Copyright 2022 the Author.

4.1. Remodeling of the Membrane by Crowding and
Phase Separation

The effects of macromolecular crowding on the structure and
dynamics of biological membranes, including those of bacteria,
have been comprehensively reviewed recently.49 It is clear that
the multifaceted effects of crowding pervade over multiple
length scales. Crowding in the membrane reduces the diffusion
of membrane proteins and increases their clustering, which can
alter their function. Crowding in solution increases membrane
adsorption of proteins and modulates the protein:lipid affinity
accordingly. The asymmetric crowding of one side at a
membrane, for example by binding a protein at the periphery
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of a membrane, can cause membrane remodeling by inducing
curvature leading to vesicle formation, as well as induce lipid-
phase separation. The high protein density in and at the
membrane thus has the potential to affect a plethora of
protein-associated processes and may play a role in tuning
higher levels of membrane organization.

Physicochemical properties of biological membranes largely
depend on changes in the environment such as temperature,
osmolarity, etc. Consequently, proper cell function relies on
homeostatic regulation to preserve vital membrane features
such as fluidity. Living organisms regulate their lipid
composition in response to changes in temperature through
reversible phase separation, which can result in formation of
specific membrane domains into which some proteins partition
and others are excluded. In bacteria such as E. coli or B. subtilis,
an overall low membrane fluidity induced by alteration of fatty
acid composition triggers large-scale lipid phase separation and
promotes segregation of normally dispersed integral membrane
proteins into the fluid areas.””” Extreme changes in lipid fatty
acid composition, more drastic than those in the normal
adaptation mechanism to temperature shifts, can lead to very
low membrane fluidity that reaches the limit for cell
viability.”*® This lipid phase separation results in partitioning
of membrane-associated proteins into the liquid membrane
regions, affecting protein function (Figure 10C). For example,
membrane fluidity affects the localization of MreB and FtsZ,
key proteins of the membrane-associated elongasome and
divisome complexes, respectively, perturbing cell morphology.
Whereas membrane fluidity changes do not affect cell division
in B. subtilis, similar changes in E. coli cells result in a defect in
divisome assembly. Conversely, membrane fluidity changes
perturb the cell wall synthesis machinery in B. subtilis but not
in E. coli. Low membrane fluidity has no detectable effects on
chromosome replication and segregation in B. subtilis, although
some effects on nucleoid compaction have been observed in E.
coli, possibly related to perturbation of RNase E (see section
7).

Localization of the phospholipid cardiolipin at the cell poles
of rod-shaped bacteria has been proposed to occur by
microphase separation produced by osmotic pinning of the
membrane to the cell wall?** Unlike individual lipids, large
lipid domains of finite size generated by such phase separation
gain the ability to sense cell curvature, favoring their
spontaneous localization to the most curved areas of the cell
(the poles). The biophysical model of Mukhopadhyay et al.
shows the dependence of lipid domain localization on size
distribution, which with increasing lipid—lipid short-range
interactions becomes larger and narrower.””” The relationship
between localization and strength of the pinning is determined
by the balance between the osmotic pressure difference along
the membrane (resulting from gradients of osmolyte
concentrations, environmental variables, and some growth
processes) and the inward force exerted by the cell wall.
Heterogeneity in membrane pinning facilitates localization of
lipid domains in cellular regions with reduced osmotic pressure
differences. In support of this idea, cardiolipin relocalizes from
the cell poles, where osmotic pressure differential is high, to
the midcell division septum, where osmotic pressure is
predicted to be lower, during B. subtilis sporulation.”*’ This
model also predicts a critical concentration for formation of
cardiolipin domains. For example, E. coli with reduced
cardiolipin content loses polar localization of both cardiolipin
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itself and the osmoregulatory integral membrane protein
ProP.”"!

Imaging by atomic force microscopy (AFM) of the entire
external membrane surface of live and metabolically active E.
coli has identified large-scale networks of proteins. Key
components of the outer membrane such as the porin OmpF
are distributed throughout, interrupted by small gaps of phase-
separated LPS that merge, grow, and split with time (according
to a liquid phase behavior) while maintaining their location***
(Figure 11). The surface fraction occupied by the lip-
opolysaccharide phase is dependent on concentration and
LPS-LPS interaction strength. Modulation of the levels of the
most abundant proteins has a clear impact on the amounts of
pores formed by the porins. Disruption of lipid asymmetry by
mislocalized phospholipids at the surface induces formation of
new phases that deform the membrane,*** likely altering its
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Figure 11. Outer membrane of E. coli contains protein-free LPS
patches. (A) AFM phase image with phase-separated LPS patches
highlighted by dashed lines. The pores identify the protein network
surrounding the patches, formed by porins as OmpF. (B) At time
scales consistent with cell division, under these experimental
conditions, patches merge, grow, and split apart. (C) Ilustration of
OmpF labeling by colicin N'™'**mCherry, used to localize the porin
within the membrane surface in the height image. The phase image of
the same area is used to localize the patches. Quantification of the
labels per area shows that OmpF colocalizes with the pore network.
Reprinted in part with permission from ref 242. Copyright 2021
PNAS.
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barrier function and rendering cells more susceptible to some
antibiotics.”*’ Along the same lines, molecular dynamics
simulations propose that polymyxin B, a lipopeptide with
antimicrobial activity, loosens the packing of the LPS external
membrane upon binding, which triggers the flipping of
phospholipids from the inner to the outer leaflet.”** This
results in phase separation of the outer leaflet, with defects at
the boundaries between LPS and phospholipid domains
because of the hydrophobic mismatch that facilitates internal-
ization of polymyxin B toward the inner membrane.

4.2. The Membrane as a Facilitator of Biomolecular
Condensation

There is increasing evidence that many protein and protein—
nucleic acid clusters assembled at the membrane display the
hallmarks of biomolecular condensates. The role of membrane
surfaces as key factors acting in the regulation of phase
separation, along with post-translational modifications, has
been analyzed in studies focused principally on eukaryotes (see
Snead and Gladfelter’' and references therein). According to
these studies, membranes generally lower the concentration
threshold for biomolecular condensation,*** likely because
they restrict diffusion to two-dimensions, although it is also
possible that specific factors present in membrane boundaries
may nucleate condensation and spatiotemporally regulate
phase separation through changes in their distribution.”' In
addition, it has been proposed that membranes can locally
control the stoichiometry of elements within condensates and
alter their dynamic properties and functions.”' Condensates in
turn can drive membrane remodeling, suggesting that there
may be an interdependence between lipid orsganization and the
condensation of proteins and nucleic acids.’'

Examples of biomolecular condensates at the bacterial
membrane can also be found in vivo and in cytomimetic
systems. One such example is the integral membrane ATP-
binding cassette (ABC) transporter Rv1747 protein from
Mycobacteria, a virulence factor whose cytoplasmic regulatory
module forms biomolecular condensates.”*® This module can
assemble into higher-order oligomers, depending on the
phosphorylation state of its intrinsically disordered domain
that bridges two 2 phosphothreonine-binding Forkhead-
associated domains. Interestingly, phosphorylation enhances
the reversible phase separation of this protein and modifies the
dynamic properties of the resulting condensates, probably
because of its impact on the self-association of the transporter.
This is in line with the idea that post-translational
modifications are a key cellular mechanism enabling the
control of biomolecular condensation,’’ suggesting that this
principle may be extended to the kingdom of bacteria. The
cytosolic domain of the Rv1747 transporter also forms
biomolecular condensates when attached, through a histidine
tag, to supported lipid bilayers containing the lipid 1,2-
dioleoyl-sn-glycero-3-[ (N-(5-amino-1-carboxypentyl)-
iminodiacetic acid)succinyl] (DGS-NTA) (Figure 12). Foci of
this transporter are also observed in the cellular membrane
upon heterologous expression in bacteria and yeast. Notably,
the full-length protein assembles into clusters in Mycobacterial
membranes that are more dynamic than those of the
cytoplasmic regulatory module, suggesting that the trans-
membrane and nucleotide-binding domains may regulate the
material properties of the condensates. Condensation in this
system appears to have a functional role, as serine/threonine
protein kinases and phosphatases colocalize differently with
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Figure 12. Biomolecular condensates formed by integral or
amphitropic proteins at the lipid membrane. (A) (top, left)
Fluorescence images showing spontaneous clustering of Rv1747' 73!
on supported lipid bilayers. Nonphosphorylated His-tagged OG-
Rv1747'731% is anchored to the DGS-NTA(Ni**) within the lipid
bilayers. (bottom, left) Quantification of the phase separation by the
fractional fluorescence intensity vs weight percentage of the
NTA(Ni**) lipid. (right) Clustering also occurs in yeast, as shown
by the arrowheads in the fluorescence images of cells expressing
msfGFP-Rv1747' 3%, in contrast to cells expressing msfGFP.
Reprinted in part with permission from ref 246. Copyright 2019
PNAS. (B) Representative merged confocal images of the
encapsulated FtsZ-SImA-SBS nucleoprotein condensates into micro-
fluidics-based microdroplets stabilized by the E. coli lipid mixture,
showing preferential membrane location in a homogeneous crowding
model generated with dextran (top) and in a compartmentalized
cytoplasm model generated by a binary PEG/dextran LLPS system
(bottom). The distribution of the condensates within the encapsu-
lated systems is depicted on the right. Top, partly reproduced from ref
247. Copyright 2023 the Authors. Published by the Royal Society
under the terms of the Creative Commons Attribution License
[http://creativecommons.org/licenses/by/4.0/]. Bottom, partly re-
produced with permission from ref 248. Copyright 2018 the Authors.

biomolecular condensates of the transporter: the kinases are
homogeneously distributed within the condensates, while the
phosphatases form foci at condensate interfaces.

Other integral membrane proteins that assemble into
condensates are SpmX and PodJ, both involved in the
regulation of asymmetric division in C. crescentus (see section
6.3). Mediated by their respective intrinsically disordered
regions, SpmX forms biomolecular condensates on its own and
with the pole-organizing protein PopZ, resulting in the
regulation of Div] kinase activity in response to nutrient
availability.*® Furthermore, SpmX antagonizes phase separa-
tion of the polar organelle development protein Pod], which
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forms condensates whose fluidity is possibly regulated by the
membrane.”*’

In addition to integral membrane proteins, amphitropic
proteins able to interact peripherally with the membrane can
also form biomolecular condensates in bacteria. As part of their
functional interactions, some of these proteins also bind
nucleic acids, concomitantly with the membrane or in a
competitive manner, participating in the overall regulation of
phase separation. This is the case for the single-stranded DNA-
binding protein (SSB)*** involved in DNA replication (see
section 6.1) and the nucleoid occlusion factors from B. subtilis
and E. coli, Noc'*”**" and SImA,****** respectively, important
for proper positioning of the cell division ring (see section 6.3).
In the case of SSB, reversible foci lacking DNA at the
membrane of E. coli cells disband upon DNA damage,**’
compatible with biomolecular condensates negatively regulated
by DNA binding.”>® This suggests a model in which phase-
separation at the membrane would serve as a mechanism to
store SSB in an inactive state when the levels of its ssDNA
substrate are low.”>*

The role of lipid membranes in the biomolecular
condensation of bacterial proteins has been addressed through
reconstitution of nucleoid occlusion factors SImA and Noc in
minimal membrane systems. When heterotypic nucleoprotein
condensates of SImA are encapsulated inside cell-like micro-
fluidics microdroplets that display crowding and compartmen-
talization in the lumen and are stabilized by E. coli lipids, they
preferentially localize at the membrane boundary”*® (Figure
12). Condensation of these cell division proteins is enhanced
by lipid surfaces, as determined by reconstitution in supported
lipid bilayers.”>" In fact, the enhancing effect of the lipid
membrane is also observed with FtsZ alone, as incipient
formation of FtsZ condensates in microdroplets occurs in
conditions under which no condensates are formed in bulk.”*®
Similarly, condensates of Noc interact with the outer
membrane of giant unilamellar vesicles (GUVs), with the
membrane monolayer of water-in-oil droplets in which the
protein is encapsulated, and with supported lipid bilayers."*’
Membrane binding seems to stabilize Noc condensates that
display a notable preference for the more flexible liquid
disordered domains, and negatively charged lipids significantly
increase phase separation. Noc condensates also change the
physical properties of the membranes. Therefore, as in
eukaryotic cells, some membrane-associated condensate
forming proteins in bacteria have the ability to modulate,
and be modulated by, their membrane partners.

5. COMPARISON OF PROKARYOTIC AND
EUKARYOTIC CYTOPLASMIC STRUCTURES

Comparison of prokaryotes with eukaryotes often provides
insights into general principles of biochemical organization.
Most studies on biomolecular condensates and biochemical
organization of the cytoplasm have been conducted in
eukaryotes due to their relatively large size, which permits
formation of larger condensate structures and facilitates their
imaging. The prokaryotic and eukaryotic domains of life share
many biochemical similarities despite the hallmark macro-
scopic structural differences. Notable examples of the
similarities are major metabolic pathways; the proteostasis
machinery, with major chaperones having homologues in both
domains; the machinery and mechanisms of macromolecular
synthesis (DNA replication, transcription, and translation); as
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well as energy transducing machinery and signal transduction,
which are highly conserved across different kingdoms of life.

Prokaryotes and eukaryotes are enormously diverse, and
comparison based on model systems can become anecdotal.
For example, the two most common model systems to
represent prokaryotes and eukaryotes, E. coli and HeLa cells,
differ significantly in size, but some plant cells have a cytosol
that is only 100 nm in diameter, as the vacuole takes up most
of the cytoplasm.”*® This cytosol is almost 10 times smaller
than the diameter of E. coli, and hence more similar to those of
Pelagibacter species, which is one of the smallest (and most
abundant) bacterial species on Earth. Eukaryotic organelles
such as the endoplasmic reticulum (ER) and mitochondria
have dimensions similar to bacteria, but there is a tremendous
diversity among organelles depending on cell function. We will
thus compare eukaryotes and prokaryotes with these
limitations in mind.

5.1. Cell Volume

E. coli has a volume of 0.5—2.0 um> whereas a HeLa cell
reaches 500—4000 um>°® This difference in cell size has a
number of consequences for biochemical organization, most
notably that a smaller volume limits the number of molecules
needed to achieve high concentration: a HeLa cell needs
~2,000 more molecules to reach the same concentration as E.
coli. A small cell volume induces more confinement effects, and
combined with the lower number of molecules, this reduces
the size of biomolecular condensates and aggregates in
bacteria. For example, polyQ-containing proteins grow into
aggregates with dimensions corresponding to the cell diameter
of E. coli (about 1 ym)>’ and can be more than 5 um in
diameter in HEK293T cells, depending on the expression
level>® In general, the size of biomolecular condensates can
be expected to scale with the cell volume.”>” Although small
bacterial cells generally have higher surface to volume ratios
compared with most eukaryotic cells, the intracellular
membrane systems of the latter compensate for this with a
high membrane surface area that can promote more
condensate adsorption or formation. For example, condensa-
tion of an RNA-binding protein is promoted at the ER
membranes, and the properties of these condensates are
modulated by the presence of RNA.** Condensate-like
clusters also occur at the plasma membrane during the
formation of F-actin.”®’ In these cases, a condensate scaffold
component is proposed to be tethered to the membrane. Such
membrane tethering is analogous to the bacterial RNA
degradosome that forms condensates on the bacterial
cytoplasmic membrane,'** suggesting that condensate tether-
ing is a more general strategy in all cells.

5.2. Diffusion and Active Transport

The small size of most bacteria allows them to rely solely on
passive diffusion as the main mode of intracellular transport. As
mammalian cells are larger, they evolved an additional active
transport network where myosins carry cargo alon§ actin
filaments, and kinesins and dyneins along microtubules.”*> The
importance of the cytoskeleton is underscored by the notable
abundance of actin and tubulin in such cells. The cytoskeletal
network enables long(er) distances to be reached for large
cargo (vesicles and organelles) rapidly, which is especially
relevant in axons, flagella, and other cell extensions. It has
recently been proposed that most vesicles, which are in the 25-
nm-size range, similar to that of ribosomes and other
supramolecular complexes, rely on passive diffusion in a
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normal mammalian cell.”®® The mammalian cell is less
crowded than bacterial cells such as E. coli and can therefore
maintain >3 times higher diffusion coefficients (vide infra).
The distance a particle travels by Brownian motion is
determined by the diffusion coefficient:

d = V2Dt (7)

where d is the distance traveled, n is the dimensionality of the
confinement, and D is the translational diffusion coefficient.®®
Although a mammalian cell is much larger than a bacterial cell,
a molecule or complex rarely needs to travel from one end of
the cell to the other but instead more locally between
membranes or molecular complexes. Travel between compart-
ments such as the ER, Golgi, mitochondria, and plasma
membrane is shortened by large membrane surface areas,
which increases the chance for membrane proximity and
membrane contact sites. Hence, both mammalian and bacterial
cells rely in large part on Brownian motion of their
components.

In addition to being the highways of the cell, microtubules
and other filamentous structures are major dynamic organizers
of the cytoplasm of mammalian cells, as filaments are in
bacteria. In both cell types, protein filaments are crucial in
coordinating cell division (see section 6.3). In mammalian cells
they provide mechanical strength and shape, which are largely
provided by a rigid cell wall in most prokaryotes and
eukaryotes such as fungi and plants. Cell walls are stronger
and can withstand the higher pressures that these species have
to endure. The cytoskeleton also provides additional organiza-
tional roles. For example, F-actin serves as a functional
adhesion site for biomolecular condensates.”**

5.3. Biomolecular Condensates

An emerging mode of dynamic organization is phase
separation that results in biomolecular condensates. Here,
proteins interact in a multivalent manner, driving phase
separation. Proteins that undergo phase separation frequently
have intrinsically disordered domains and heterotypic inter-
actions with RNA. Intrinsically disordered regions (IDRs)
modulate phase separation based on polymer-physics princi-
ples: comparatively unfavorable interaction with the solvent
drives self-assembly of the polymers, reducing the energetic
cost. Bioinformatics allows estimation of the percentage of
proteins with extended disorder and found 28-—42% in
mammalian cells, 19—44% in yeast, and 4—29% in E. coli.
While the numbers among studies vary widely, bacterial
proteins have consistently less disorder than eukaryotes.’**%°
IDRs in mammalian cells are often used in signaling, where
their residues are phosphorylated or decorated with other post-
translational modifications such as ubiquitination, glycosyla-
tion, lipidation, methylation, etc. Phosphorylation can
determine whether a protein partitions into condensates:**°
for example, NPM1 (nucleophosmin 1) phosphorylation
drastically changes its interaction network, resulting in reduced
partitioning in the nucleolus. In other cases, phosphorylation
induces phase separation, such as condensation at a
phosphorylated disordered domain of EGFR, a receptor
tyrosine kinase.””” Kinases can also be recruited into
condensates where they phosphorylate their target, which in
turn modulates the condensate size.”*® Also, in bacterial cells,
many hydroxyl or nitrogen bearing amino side chains are
phosphorylated and used for signal transduction. In C.
crescentus, condensates are used as localized signaling hubs
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where phosphates are transferred between the participants for
asymmetric patterning (described in more detail in section
6.3).>° The efficiency of this pathway depends on the material
state of the condensate, with optimal performance and
sufficient fluidity, which is governed by the IDRs and
oligomerization domains of the scaffold protein PopZ.'*°

IDRs are, in principle, not needed for phase separation, as
proteins with multiple interaction domains can form
condensates similar to patchy colloids that undergo phase
separation.””’ Nonetheless, IDRs seem to be pervasive, for
example, in the phase separation of the enzyme ribulose-1,5-
biphosphate carboxylase (RuBisCO), which is mediated by the
disordered protein Essential Pyrenoid Component 1 (EPYC1)
of Chlamydomonas reinhardtii (green algae), which has
multiple binding sites to connect multiple RuBisCOs.””!
Similarly, disordered proteins assemble RuBisCOs in prokary-
otic cells. For example, the intrinsically disordered protein
Cs0S2 assembles RuBisCOs through multivalent binding in
the a-carboxysome from the y-proteobacterium Halothioba-
cillus neapolitanus.””> In the case of the S-carboxysome from
cyanobacterium Synechococcus elongatus, the RuBisCOs are
linked by the protein CcmM.””® This protein has folded
domains that bind RuBisCOs and has IDRs between the folded
domains that function as linkers. Each RuBisCO specifically
binds four CcmMs. The dynamic biomolecular condensate
properties result from the disordered linker domain within
CcmM, creating a network of RuBisCOs. McdB assists in
positioning these carboxysomes in S. elongatus.””* This protein
has been shown to phase separate also. This occurs through
self-association with a coiled-coil dimerization and a
trimerization domain while its IDR modulates its solubility.
The functional relevance of self-assembly is not yet clear, but
may involve tuning McdB binding to the carboxysome
components, such as CcmM. NusA, an antitermination factor
for RNA polymerase involved in rRNA synthesis, is one of the
few proteins with high disorder in E. coli."** It phase-separates
in vitro and in vivo and may thereby nucleate RNAP foci (see
also section 3).

RNA is a prevalent component in biomolecular condensates
in eukaryotes, including stress granules and the nucleolus.
mRNA halflives are shorter in E. coli (4 min) than in
mammalian cells (10 h) and comparable to S. cerevisiae (20
min).”> A short mRNA lifetime does not seem to prevent
condensate formation, as RNA condensates containing stably
incorporated mRNA are found in S. cerevisizge, such as P
bodies,”’”” and in mammalian cells. RNA-containing droplets
have also been found in various bacteria (see section 3), for
example, in the form of the RNA degradosome.276 Moreover,
RNAP condensates are formed through protein—protein
interactions and are mostly involved in rRNA synthesis (in
E. coli)."* This is particularly interesting because the nucleolus
of mammalian cells is a separate compartment that produces
rRNA.

In addition to these useful functions, biomolecular
condensate formation can potentially be an intermediate step
toward pathological protein aggregates.*® Notable examples of
such behavior are the protein Huntingtin exon 1 associated
with Huntington disease,””” tau associated with Alzheimer’s,””®
and FUS associated with some forms of fALS.””” Preconcen-
trating such proteins enhances aggregation, although the
probability of a transition to a fibrillar state will also depend
on the chemical properties of the biomolecular condensate.”*
Furthermore, it is unclear if these pathways are relevant
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beyond experiments with purified protein, high overexpression
levels, or model cell lines. Nonetheless, biomolecular
condensates have the potential to alter protein aggregation,
and there is no reason to assume that this cannot occur in
prokaryotes.

5.4. Molecular Density

Molecular density affects biochemical organization through
macromolecular crowding effects, chemical interactions, and
solvent quality. Molecular density is commonly measured by
refractive index and, recently, by Raman imaging.”*"*** The
refractive index, which mostly reports on protein content,
combined with volume measurements, indicates that E. coli
maintains a macromolecular density of 300 mg/mL + 15%.""
This compares to the 300—400 mg/mL biomacromolecule
(protein + RNA) concentration obtained from cell dry
weight.7’283 This is similar to fission yeast, which maintains a
density of 280 mg/mL.*** In contrast, mammalian cells
maintain a somewhat lower concentration of about 200
(90—260) mg/mL, as shown by a wide range of techniques
and mammalian cell types.”®' Normalized stimulated Raman
imaging also reports on protein content.”*”**> Using this
method, the densities of the mammalian cytoplasm, nucleus,
and nucleolus are 75, 85, and 115 mg/mL, respectively, and
vary upon perturbations such as osmotic stress, ouabain
treatment (inhibition of Na*/K' ATPase), cytoskeleton
disruption, cell senescence, and quiescence. Interestingly, the
concentrations of protein in cell tissues vary: pancreatic islet
maintains about 200 mg/mL, kidney glomerulus 100—200 mg/
mL, skeletal muscle cells 200—300 mg/mL, and Zymogen
granules in the pancreatic islet 300 mg/mL. Perhaps the matrix
stiffness in different tissues reduces cell volume and thereby
increases crowding.”*® These findings suggest that measure-
ments of immortal cell lines on glass slides or in suspension
have less relevant densities. Determining protein concentration
requires separate cell volume measurements, which can be
challenging given the variety of cell shapes, and sample
preparation (e.g,, fixation) may generate artifacts. Nonetheless,
if mammalian cells in tissues indeed have higher density, they
may be more similar in density to cells of other domains of life.

The protein density is related to macromolecular crowding.
Density is usually the weight per volume, whereas macro-
molecular crowding is the volume taken up by the bystander
macromolecules providing steric hindrance. Macromolecular
crowding is a function of the steric properties of the
macromolecules, their number density, and how they are
organized and can be measured by diffusion or dedicated
probes.'” Diffusion of GFP suggests there is lower crowding in
mammalian cells than bacterial cells (vide supra), which
matches the density measurements. The lower crowding in
mammalian cells has also been confirmed by a macromolecular
crowding sensor (unpublished). The biochemical organization
can strongly increase macromolecular crowding effects™®” such
as increased protein self-assembly.”*”

A common source of a change in density and crowding in
most cells is osmotic stress. Fundamentally, the different
domains of life have a similar response: release of water to the
extracellular environment with a higher osmolality leads to a
reduction of cell volume, which increases crowding, ionic
strength, and internal osmolality.mg’289 Cells recover volume
through uptake of potassium ions and compatible solutes from
the medium, as well as synthesis of other noncharged
molecules such as sugars over the longer time frame. Full
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crowding recovery and adaptation takes half an hour to hours
in E. coli and HEK293T, as shown with a FRET-based
macromolecular crowding sensor.'”*® Cell growth already
resumes before the crowding stabilizes at a new level
Hyperosmotic stress is one of the most frequently used
perturbants in the laboratory to generate phase separation in
mammalian cells. Phase separation may be induced by
increased concentration of phase-separating proteins, macro-
molecular crowding, a change in ionic strength, or an active
response of the cell. For example, the eukaryotic protein
WNKI1 kinase phase separates due to the macromolecular
crowding in cells with hypertonicity, which activates a signaling
pathway for cell volume recovery.”” As protein condensation
has been less investigated in bacteria, osmotic stress-induced
phase separation has not been described yet to the best of our
knowledge. It is, however, known that hypertonic stress leads
to nucleoid condensation.””!

5.5. Stickiness

Weak and native associative interactions can alter protein
stability or trigger formation of (transient) protein assemblies,
as has been shown for purinosomes or G bodies in eukaryotic
cells. Stickiness can also arise from nonspecific (hydrophobic,
electrostatic) interactions between macromolecules,””> where,
for example, chaperones bind to exposed hydrophobic surfaces
or unfolded proteins expose their hydrophobic regions to stick
to the cell's biomacromolecules. Human cell lines possess a
more extensive and complex chaperone and proteostasis
system compared to prokaryotes and may have a different
stickiness profile than bacteria, which are, on the other hand,
more crowded.

When biomacromolecular surface chemistries are incompat-
ible, it can cause misfolding, aggregation, and phase separation.
Generic nonspecific interactions, or stickiness, lead to lowered
diftusion, which can be tuned by the charge of biomacromo-
lecules, as shown for the set of charged GFPs.*® The internal
ionic strength depends on the bacterial species (section 2.1.3)
and further tunes these interactions. The regulation of protein
surface properties through mutation, i.e., the tuning of protein
stickiness, is required in the presence of macromolecular
crowding. Cellular macromolecules have coevolved over many
generations, which may have led to “optimal stickiness”, but
this is not the case when new proteins are introduced (e.g, by
heterologous expression). In-cell NMR measurements have
shown that amino acid substitutions in a Cu/Zn superoxide
dismutase (SOD1) did not significantly impact its stability in
eukaryotes but did in bacteria.””® Differences in stability of
macromolecules in mammalian and bacterial cell lines can be
related to the lower macromolecular crowding in eukaryotes.

Translational diffusion modulates diffusion-limited reactions
and depends strongly on the physicochemical characteristics of
the macromolecules such as stickiness and crowding, and these
differ for numerous bacterial and mammalian cell types.
Indeed, the less crowded mammalian cells allow faster
translational motion of fluorescent proteins than bacteria do:
fluorescent protein diffusion in various bacteria is in the range
of 3—12 /,tmz/ s, whereas it is 27 ﬂmz/ s in fibroblast cells and
24 pum?/s in Dictyostelium discoideum,”® compared with 87
um?/s in aqueous media. The diffusion in bacteria is more in
the range of that in the ER lumen, which is 5—10 ym?*/s.*”* In
both eukaryotes and E. coli, diffusion depends on stickiness,
where supercharged cationic GFPs have been shown to stick to
ribosomes. In human cells, a positively charged peptide fused
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to GFP has a lower diffusion coefficient in the vicinity of F-
actin.*®"** The diffusivity in E. coli shows stronger dependence
on the charge of an introduced protein than in mammalian
cells,””® probably due to higher crowding providing shorter
distances for sticky, electrostatic interactions. Also, rotational
diffusion (i.e., the rotation of a molecule along its own axes) of
human SODI barrel is lower in E. coli than mammalian
cells,””® but the same rotational diffusion coefficient is found
for GFP.””* Homologously expressed bacterial TTHA rotates
freely in E. coli, whereas heterologously expressed HAH1 does
not. Here, the most important factor is the intracellular
context, which has coevolved with the native protein, whereas a
protein that is not in its native environment may experience
enhanced stickiness and thus a slowed rotation.””> Amino acid
substitutions have been shown to increase the rotational
diffusion coefficients of HAH1 and SODI1 in bacteria,
apparently by reducing their stickiness in the cell.””°

Aside from stickiness and additional weak and transient
molecular interactions, there are significant differences in other
structural levels of cellular protein organization. Whereas
prokaryotes have smaller proteins on average than mammalian
cells,”® recent predictions based on Alphafold2 indicate a
higher degree of protein homo-oligomerization in bacteria than
in mammalian cells. According to Schweke et al,”” 45% of the
E. coli proteome forms homo-oligomers, compared to 20% in
human cells. We suggest that bacteria use more noncovalent
homo-oligomerization, such as ATP-binding cassette (ABC)
transporters consisting of self-assembled dimers that originate
from a single short gene, whereas equivalent genes in
eukaryotes have been duplicated and fused. Indeed, most
ABC transporters in E. coli are homodimers, whereas they are
fused in mammalian cells.””***’

5.6. Ribosomes

Cells contain a high concentration of ribosomes, and it has
been proposed that they reduce diffusion of particles in the
range of 20—40 nm. Cryo-TEM measurements suggest that the
cytosolic concentration of ribosomes in yeast cells is
exceptionally high, at 23 uM or 20% of the cytosolic
volume.'®> The concentration drops to 13 uM when cells
are treated with rapamycin. Rapamycin targets mTORCI,
which prevents mTORC1 from sensing amino acids and
controlling ribosome concentration. The ribosome concen-
tration estimated for E. coli is 10 uM, which is close to that of
yeast.” The ribosome concentration for mammalian cells has
been estimated at 1 zM,**° but this concentration may be less
accurate, as the cell volume was not measured precisely.
Rapamycin reduces both diffusion and protein phase
separation in yeast and mammalian cells; in yeast, the diffusion
coefficient increases 1.8-fold, and in human HEK293 cells,
1.25-fold. In addition, there is an 80% and 50% decrease in
SUMO,-SIM; droplet area in yeast and HEK293 cells,
respectively. As the cytoplasmic ribosome concentration may
be very low in mammalian cells, this would suggest an
additional mechanism, such as the presence of mRNA, that
determines the viscosity. Indeed, a recent study by Xie et al.
shows that mRNA condensation upon stress, such as carbon
depletion, increases the diffusivity of proteins in the cytosol.”"
Barriers presented by mRNA organization may in fact
dominate over the ribosome crowding effects proposed earlier.

By analogy with rapamycin treatment in eukaryotic cells,
ATP depletion in E. coli cells reduces the diffusion of particles
larger than 30 nm,">* although the mobility of GFP is not. The
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size dependence is similar to that of a colloidal glass transition.
The same reduction in diffusion can be seen in yeast, where
energy depletion reduces the diffusion of the same viral matrix
particles as in E. coli.'”> Munder et. al suggested this is caused
by an acidification of the cytoplasm, and Joyner et al. suggested
an increase in macromolecular crowding.'**'*’ Later TEM
images showed major changes in the yeast cytoplasm upon
energy depletion, including more lipid droplets, membrane
invaginations, membranous structures, and fibrillar aggre-
gates,’®> each of which could present roadblocks for larger
diftusing particles. This is likely similar to an aging yeast cell,
where similar large ultrastructural changes were seen.””® Of
note, the direction of the diffusion change of these particles is
strongly dependent on the particle identity,””" which may be
due to a change in proteomic stickiness upon ATP
depletion.’®* This suggests that other phenomena may play a
role.

5.7. lonic Strength

In the cell, ionic strength plays a crucial role in organizing
biomacromolecules. As biomacromolecules are charged, ion
pairing between their residues increases affinity and specificity
in protein—protein and protein—polynucleotide interactions.
However, counterions screen the charge of these residues and
need to be replaced during binding. Hence, counterions play a
role in protein—protein and protein—polynucleotide inter-
actions, as well as complex coacervate formation. E. coli has a
cytoplasmic ionic strength of ~300 mM, which compares to
~140 mM for the cytosol of mammalian cells.'"®** Counterions
need to be removed for charged proteins to interact, which
costs energy and is less favorable at higher counterion
concentration. Furthermore, a higher ionic strength leads to
increased Debye screening of the protein charge, resulting in
shorter-range attraction between opposite charges. This
assumes the ions to be inert point charges, but the identity
of small molecule anions also matters, as it can determine
preferential interactions as given by the Hofmeister series.
Glutamate is the predominant anion in E. coli, whereas chloride
is the most abundant anion in mammalian cells. Glutamate is
more kosmotropic (Terminology) than chloride and should
interact less with proteins.’” Indeed, preferential exclusion of
glutamate from a single-stranded DNA binding protein
enhances condensation of this protein, whereas chloride
interacts with the protein and therefore reduces condensa-
tion.>*® Moreover, kosmotropic salts such as sodium fluoride
can enhance the phase separation of the RNA-binding protein
FUS, whereas chaotropic salts such as sodium bromide and
sodium iodide inhibit it.**” Therefore, the specific ion
interactions and ionic strength together may alter the
biochemical organization of the cytoplasm in eukaryotes in a
different manner than in prokaryotes.

Next to ionic effects, interactions with species-specific and
electrostatically neutral osmolytes also have the potential to
affect solvent quality and potentially trigger phase separation.
Here, the effect of the solutes is highly solute specific, which is
determined by how well they are hydrated and mostly how
much they directly interact with a protein and with which
moieties (amide or side chain).’*® Common kosmotropes such
as glycine betaine and trehalose are thus excluded from the
protein surface, stabilizing the proteins. These are thus called
compatible solutes and used in the different domains of life.>*”
They are vital when the intracellular solute concentration
needs to be increased upon hypertonic stress. Chaotropic
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solutes such as urea are less common in cells. Urea is a waste-
product in mammals but can be a nitrogen source for
bacteria.>'® Indeed, buffer experiments show that TMAO,
which is a common cosolvent in deep sea fish and highly
kosmotropic, enhances phase separation of y-p-crystallin,
whereas urea inhibits it.”'' Because the cell’s small molecule
composition is highly species- and (stress) condition-depend-
ent, the interactions of small molecules with the biomacro-
molecules that drive biochemical organization will vary in
different species and conditions.

6. THE BACTERIAL CELL CYCLE MACHINERY

6.1. Effects of Crowding and LLPS on Chromosome
Replication

Replication of the bacterial chromosome is an essential cell
cycle process that ensures faithful duplication of the genetic
material to pass onto daughter cells, which is followed by
segregation and completion of cell division. Chromosome
replication is driven by a protein machine, the replisome, that
acts bidirectionally to duplicate the DNA, from the
chromosomal origin of replication (oriC) to the terminus of
replication (ter), in three stages: initiation, elongation, and
termination.”’” The replication process in bacteria is
exquisitely coordinated by crosstalk mechanisms with
chromosome segregation and cell division, partially over-
lapping with them, as a means to rapidly proliferate and
survive.”> The impact of macromolecular crowding on some
of the multiple systems involved directly or indirectly in
replication has been described. So far, a protein involved in the
process, (ss)DNA-binding protein (SSB), has been shown to
form biomolecular condensates. It would not be surprising if
other proteins participating in chromosome replication will
also be found to undergo phase separation, given their multiple
domains of homo- and heteroassociation and their ability to
form complexes with long DNA chains (single or double
stranded) or to bind membranes, features commonly observed
in proteins prone to phase separation.

6.1.1. Crowding and Chromosome Replication.
Various studies in bacteria and other microorganisms have
indicated that DNA replication has a strong dependence on
macromolecular crowding.>'*™*' One of these studies
demonstrated that crowding increases the activity of E. coli
DNA polymerase I, a processive enzyme that participates in the
joining of Okazaki fragments durin% lagging-strand replication
and in repair of damaged DNA.”"" Addition of PEG 8000,
dextran T-70, Ficoll 70, or bovine plasma albumin as crowding
agents enhances the reaction rates of nick-translation and gap-
filing by the enzyme, counteracting the ionic strength-
dependent reduction of activity observed at KCI > 0.1 M in
dilute solution, or with other salts. Smaller molecules such as
glucose, sucrose, or low molecular weight PEG have lower or
no effect on DNA polymerase I activity. Crowding remarkably
decreases the apparent Ky; values of DNA polymerase I for
DNA, counterbalancing the increase in Ky; observed at high
ionic strength in dilute solution and presumably enhancing the
binding of the polymerase to DNA. These early results suggest
that crowding could act as a metabolic buffer on macro-
molecular interactions, extending the range of intracellular
conditions to which bacteria can adapt.

Crowding also seems to play a crucial role in regulating the
precise timing of chromosomal replication initiation by the
protein DnaA.”>'® This protein is an ATPase that binds to
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specific DNA sequences within o0riC, leading to the assembly of
the replication complex in all known eubacterial species. DnaA
is active when bound to ATP and inactive in its ADP-bound
form. The exchange of ADP for ATP is stimulated upon
interaction of the protein with the lipid membrane or with
specific sequences on the chromosome.’’”™**' By using
fluorescent analogs of ATP, it was found that high
concentrations of Ficoll 70 accelerate the exchange of ATP
on the membrane-bound DnaA.>"® Thus, a crowding effect at
the interface between the membrane and the aqueous phase,
where the protein is located, accounts for the highly
cooperative shift from a relatively slow to a rapid nucleotide
exchange. Crowding would probably enhance DnaA oligome-
rization, consistent with the known tendency of this protein to
self-associate,””” although stabilization of a compact con-
formation cannot be ruled out. In addition, it is possible that
interactions with other proteins are facilitated by crowding in
vivo, but this remains to be confirmed.*'®

6.1.2. Phase Separation and Chromosome Replica-
tion. Bacterial SSB, essential for chromosomal DNA
replication and repair, has been shown to form biomolecular
condensates.”*” The intrinsically disordered linker of SSB is
required for condensation, and the interactions of its conserved
ssDNA binding domain and C-terminal peptide upon self-
association of the protein enhance the process, as do glutamate
ions.’”® SSB condensation occurs in the absence of DNA
(Figure 13). In contrast to many other examples of phase
separation either aided or disfavored by nucleic acid binding, in
this case the role of DNA depends on the ssDNA:SSB
stoichiometry. In vitro, SSB phase separates at low ssDNA:SSB
ratios and, under these conditions, DNA partitions into the
condensates. Increasing the ssDNA:SSB ratio inhibits phase
separation, caused by competition between ssDNA and the
SSB C-terminal domain for binding to the ssDNA binding
domain. SSB partner proteins such as the DNA repair protein
RecQ strongly partition into the SSB condensates, including
those with low binding affinity (Kj in the tenths of micromolar
range), although specific interaction is required. Small
molecules such as nucleotides also accumulate to a slight
degree inside the condensates, and the diffusion of clients
within them scales with their size. Besides its canonical
interaction with ssDNA, SSB enrichment inside the con-
densates also enables binding to RNA despite its lower affinity
for SSB compared to ssDNA. This suggests that SSB may have
a role in RNA metabolism.

Formation of SSB condensates has been analyzed in vitro, in
dilute solutions containing glutamate and with BSA or PEG as
crowding agents, and in cell extracts.”>’ As is typical for
condensates assembled in bacteria, in vivo confirmation of
these condensates remains challenging due to their small size.
Theoretical estimations by the authors®’ show that the
maximum diameter of an intracellular SSB condensate would
be ~120 nm, if the entire pool of cellular SSB molecules
(~2,000 SSB tetramers) formed a single droplet. Although
super-resolution microscopy approaches allow visualization of
particles of this size, assessing their dynamic properties for
compelling demonstration of LLPS behavior is not straightfor-
ward. Nonetheless, in vivo reports show the formation of SSB
foci at replication forks and also near the cytoplasmic
membrane,”” presumably reflecting the known interaction of
SSB with membrane lipids. This suggests that condensation
may provide a means to regulate SSB function, favoring its
storage near the membrane at low local ssDNA concentration
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Figure 13. Formation of biomolecular condensates by SSB and
regulation by ssDNA. (A) Multifaceted interactions of SSB structural
regions are required for efficient LLPS. Schematic domain structures
of SSB constructs are shown at the top, with numbers indicating
amino acid positions at boundaries of structural regions. The SSBdC
construct lacks the C-terminal peptide region. Below, turbidity is
shown as a function of protein concentration, in the absence and
presence of BSA (150 g/L), along with a model of LLPS-driving
interactions. (B) SsDNA regulates SSB phase separation, as shown at
the left by fluorescence microscopy of samples containing SSB,
fluorescein-labeled SSB, and increasing concentrations of unlabeled
dT5, and, on the right, a schematic model for the LLPS-inhibiting
effect of ssDNA (black line). (C) Proposed model for the in vivo role
of SSB LLPS, based on data from refs 253 and 250. Figure adapted
from ref 253. Copyright 2020 the Authors. Published by PNAS under
Creative Commons Attribution-NonCommercial-NoDerivatives Li-
cense 4.0 (CC BY-NC-ND) [CC BY-NC-ND 4.0 Deed | Attribution-
NonCommercial-NoDerivs 4.0 International | Creative Commons].

when DNA repair needs are minimal (Figure 13). When the
free SSB pool exceeds the DNA-bound fraction, condensation
would be expected to occur even at genomic DNA sites. An
increase in cytoplasmic ssDNA, reflecting a demand for SSB in
DNA repair, would dissolve the condensates and “release the
guards” of the genome, enabling SSB to repair damaged DNA.
6.2. Effects of Crowding and LLPS on Bacterial Plasmid
and Chromosome Segregation

Prior to division, each future daughter bacterial cell inherits a
fully replicated chromosome as a consequence of chromosome
segregation. In many bacteria, this crucial process begins
during replication with migration of the duplicated replication
origins to opposite cell poles, followed by bulk segregation of
the chromosome toward each cell pole and the resolution and
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transport of the replication termini at the division septum.*'*

Segregation is promoted by chromosomal macrodomains that
further organize the DNA.>>’ Segregation mechanisms vary
within bacterial species.324 C. crescentus, B. subtilis, and Vibrio
cholerac use an active pulling mechanism (Figure 14) that
directs the chromosomes toward the bacterial poles through
forces and directionality, using the dynamic parABS system.
During growth of C. crescentus and V. cholerae, the ParB
CTPase binds the oriC-proximal parS sequences in the
chromosome, and the nucleoprotein complex thus formed
moves poleward through interaction with the ParA ATPase,
which seems to form a concentration gradient within the cell.
In bacteria devoid of these active segregation systems, such as
E. coli, spontaneous demixing of chromosomes occurs by
entropic forces exerted on the replicating DNA.**®

Segregation of plasmids, which are much smaller than
bacterial chromosomes (1—1,000 kbp vs 1—10 Mbp**°) is
simpler and more widely studied. Segregation of most high-
copy-number plasmids occurs through random Brownian
motion.””” Low-copy-number plasmids, on the other hand,
often encode dedicated segregation systems to maintain
inheritance.””***” One such system, plasmid P1 of E. coli,
uses parABS®** (vide infra). The other, plasmid R1 of E. coli,
uses a mitotic-like mechanism powered by two proteins
encoded by the plasmid, ParR and ParM; the latter is a
homologue of actin. In this system, parC DNA sequences near
the replication origin of the plasmids bind to the ParR protein,
which in turn interacts with the ParM actin. As a result, R1
plasmid segregation is driven by ParM polymers, which
connect a pair of plasmids through the ParR-parS interaction,
pushing them toward opposite cell poles.””®

6.2.1. Crowding Promotes DNA Segregation. Entropy-
driven segregation of the two replicated daughter chromo-
somes in rod-shaped bacteria has been modeled using two
flexible ring polymers in the presence of cylindrical confine-
ment and crowding agents.””’ Crowders were simulated as
spherical particles of MW 67 kDa, and the volume fraction of
crowders (@) ranged between 0 and 0.3 to mimic the cell’s
response to external osmolarity changes that cause dehydration
of the cytoplasm, resulting in increased macromolecular
crowding.67 In unsegregated polymers, contacts between
them increase with higher @ due to slower polymer dynamics.
However, stronger crowding induces crowding particles to
localize between polymer rings, enhancing ring—ring separa-
tion and increasing the mean residence time of separated rings
at the cylinder ends. This is in agreement with theoretical
predictions of entropic repulsion between overlapping seg-
ments of long polymer chains.”®' According to Langevin
dynamics simulations using a similar model, the segregation
time was determined to increase with increasing ® due to
slower chain diffusion, whereas, for a fixed volume fraction, the
segregation time decreases with increasing size of the
crowders.””” Experiments with E. coli showed that protein
oscillations exerted by the Min system can guide demixing of
the chromosomes through interactions between MinD and
DNA. Such interactions can enhance the entropic effects that,
according to simulations, do not seem to be sufficient to drive
full segregation on their own.”*’

Although the influence of crowding for each specific
segregation step remains largely unknown, there are several
reports that characterize the effects of crowding on overall
segregation. For example, bacterial actin-like proteins, known
as Alps, form polymers to promote segregation of various
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Figure 14. DNA segregation and effects of phase separation. (A)
(top) Plasmid segregation by parABS following a pulling mechanism
(Type I). ParB binds parS sequences on the plasmids, and the ParB-
parS nucleoprotein complex moves poleward, with its attached
plasmid, through interactions with ParA that is localized between
ParB-parS and the poles. Dashed arrows depict the path of the
plasmids. (bottom) Plasmid segregation by ParMRC through a
pushing mechanism (Type II). ParR binds parC sequences on the
plasmids. A ParM filament polymerizes from soluble monomers
between the ParR-parC nucleoprotein complexes on a pair of
plasmids and pushes them apart toward the poles. Reprinted in part
and adapted from ref 324. Copyright 2021 Gogou, Japaridze, and
Dekker under the Creative Commons Attribution License (CC BY)
[CC BY 4.0 Deed | Attribution 4.0 International | Creative
Commons]. (B) Dynamic properties of ParB condensates. (left)
Representative image of a live cell (cell contour represented by a
white line) with low-mobility (blue) and high-mobility (red)
trajectories of single ParB molecules. Magnified views of each ParB
condensate with different low-mobility trajectories are shown with
different colors. (right) Histogram of apparent diffusion coefficients
for low-mobility (blue) and high-mobility (red) trajectories.
Reprinted in part with permission from ref 148. Copyright 2020
Elsevier Inc.
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plasmids, and molecular crowding enhances their organization
into complex structures.’** Supramolecular structures are also
formed by AIfA protein from B. subtilis to segregate pBET131
plasmids during bacterial growth and sporulation,”” ParM
polymers to segregate plasmid pSK41 in Staphylococcus aureus,
as well as ParM polymers to segregate plasmid R1 in E. coli. All
of these structures exhibit a multiplicity of states depending on
nucleotide association, ionic strength, and pH. Besides
electrostatic interactions through counterions with like-charged
filaments,™*® excluded volume effects from macromolecular
crowding shift the equilibrium between single filaments and
bundles.””*** In vitro studies have determined that R1-ParM
bundling results mainly from molecular crowding, with a
random distribution of filament polarity within the bundles
stabilized by 10ng—ran§e electrostatic attractive forces between
patches of residues.”> These properties presumably result in
equally efficient DNA capture at both ends of the bundle. The
increased stiffness of the filaments, their ability to handle large
DNA cargos, and their structural plasticity’* are all factors
that allow segregation to occur. Interestingly, ATP-triggered
filament bundles formed by AIfA over a wide range of ionic
strengths and pH values in dilute buffers were similar to
supramolecular structures formed in the presence of crowding
agents.”*' As with pSK41-ParM, which also spontaneously
forms bundles in the absence of crowders,>** the formation of
the different kinds of polymorphic structures is thought to be
mostly mediated by counterions.’**** It is notable that
bacterial actins work with a small number of associated
regulatory proteins compared with the multiplicity of
eukaryotic actin- or microtubule-associated protein modula-
tors. Thus, it is attractive to postulate that in bacterial
polymerizing systems, the greater functional degrees of
freedom conferred by molecular crowding and counterions
result in a greater diversity of filament—filament interactions,
which obviates the need for numerous accessory proteins.”**

6.2.2. Direct and Condensate-Driven Effects of Phase
Separation on Segregation. Phase separation-related
demixing of the multiple DNA molecules found in a typical
prokaryotic cell’* affects its internal organization and
function. An artificial nanofluidic model has allowed
quantification of the interactions of two dsDNA molecules in
cavities with controlled anisotropy. The conclusion was that
the two molecules spontaneously demix in elliptical cavities
and orient along the poles with increasing cavity anisotropy.**®
Mixing a large dsDNA molecule with a plasmid results in the
exclusion of the plasmid toward the poles. Such an uneven
distribution is enhanced by molecular crowding and is
reminiscent of similar nonuniformity observed for high-copy-
number plasmids in bacterial cells.”*’ Interestingly, a variety of
large structures in bacterial cells, described as biomolecular
condensates, foci, aggregates, etc., seem to often localize in
zones excluded by the nucleoid. These structures appear at the
cell poles, form in response to internal and environmental
stresses” 7" (see section 7), and freely diffuse in the regions
of the cytoplasm devoid of nucleoid, ****° suggesting their
localization might be influenced by segregation-induced
entropic forces. One example of a protein involved in
chromosome segregation®>" that forms such structures under
starvation conditions is the E. coli GTPase Ong,348 which
localizes in the cytoplasm and partly associates with the
membrane.*>'

Phase separation has been described in vivo for the
aforementioned E. coli parABS system that segregates plasmid
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P1."*® Similar to the chromosome segregation systems in other
species, it consists of the DNA site parS, the DNA binding
protein ParB, and the ATPase ParA. In E. coli cells plasmid
parS-associated ParB forms nanometer-sized condensates
whose fusion is prevented by the ATPase activity of the
ParA motor.'* Two different dynamic behaviors have been
found by using single-molecule tracking photoactivated
localization microscopy (sptPALM) within these condensates:
a low-mobility fraction of immobile ParB dimers bound to
parS, and a high-mobility fraction of ParB dimers nonspecifi-
cally interacting with the DNA (Figure 14). Distribution of the
replicated DNA along the cell length occurs upon ParA
binding to the condensates that, accordingly, appear
segregated. In a separate study, the effect of high pressure on
the ParB condensates has been addressed in live E. coli cells by
fluorescence intensity fluctuation-based methods, namely two-
photon scanning number and brightness (sN&B) and raster
scanning imaging correlation spectroscopy (RICS).**> Appli-
cation of 100 MPa of pressure disrupts ParB condensates,
some of which reassemble upon pressure release, indicating
that they are reversible. Brightness analysis shows that the
protein forms dimers in the condensates, disrupted by the
application of pressure.

The ParB-parS partition complex of the parABS system was
demonstrated to undergo LLPS in vitro.”>® In the presence of
crowders such as PEG, dynamic round condensates of ParB
from C. glutamicum are stabilized by the interaction with parS.
Electrostatic interactions regulating ParB self-association seem
to be involved in the formation of these condensates, because,
as for many others, an increase in the ionic strength of the
solution increases the saturation concentration needed for
LLPS. As mentioned above, ParB binds and hydrolyzes the
nucleotide CTP, and this CTPase activity is enhanced by
interaction with parS. Interestingly, CTP stabilizes ParB
condensates, significantly decreasing the saturation concen-
tration for phase separation. This effect is specific for CTP,
since nucleotides such as ATP or GTP, not recognized by
ParB, disfavor condensation. This constitutes another example
of phase separation promoted by the nucleotide CTP, as is the
case for the nucleoid occlusion factor Noc of B. subtilis (see
section 6.3). ParB homologues from other bacteria also form
biomolecular condensates with analogous CTP regulation,
suggesting an evolutionarily conserved mechanism for this
protein in segregation. In C. crescentus, specific association of
ParB to parsS sites is controlled by the ATPase ParA, with the
latter pulling the duplicated origin region toward the opposite
cell pole. ParA concentrations at the new pole become thus
slightly higher, triggering polymerization into a liquid phase-
condensate of PopZ, the 6polar organizing protein that anchors
ParBS to the pole.*>*™3*

Chromosome segregation may be also affected by crowding
effects and phase separation in other or;anizational systems
that contribute to this essential process,35 its regulation, or its
coordination with other cell cycle steps. For example, SMC
(Structural Maintenance of the Chromosome) proteins, which
are present in all bacteria as well as eukaryotes, organize and
compact the DNA and probably mediate segregation by
organizing replicated DNA into individual chromosomes prior
to segregation. In B. subtilis and C. crescentus, SMC condensins
interact with ParB*****” bound to parS sequences. Distribution
of SMC proteins in B. subtilis is modulated by XerC and XerD
recombinases, which bind to the dif site at the chromosome
replication terminus (ter) and catalyze the resolution of
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chromosome dimers that arise from replication.’® In E. coli,
the SMC homologue MukB along with its partner proteins
MukE and MukF organize in axial cores, including in cells with
lower molecular crowding.**" The MukBEF complex binds to
chromosomal sites everywhere except in the ter macrodomain,
as a result of the antagonistic action of MatP protein,®* a key
organizer of the ter macrodomain. In B. subtilis and E. coli,
SMC proteins also interact with bacterial topoisomerases that
contribute to chromosomal organization and segrega-
tion, 363364

Other factors driving segregation include systems that
coordinate chromosome segregation with cell division.
Among them are the divisome spatial positioning systems in
E. coli such as the Ter-linkage mediated in part by MatP;*** a
similar system has been characterized in C. crescentus.’*® The
nucleoid occlusion effector in E. coli, SImA protein, also
coordinates cell division and chromosome segregation when
bound to its specific sequences in MatP-free DNA regions
outside of the Ter macrodomain.’®” SImA has been shown to
form heterotypic condensates with the central division protein
FtsZ in vitro (see section 6.3) that might ultimately affect its
role in the coordination of segregation with division.

6.3. Effects of Crowding and LLPS on Bacterial Cell
Division
Most bacteria divide by binary fission, relying on a multi-
protein machinery, the divisome, whose assembly is subjected
to a precise regulation in time and space through the
coordinated action of various protein factors (Figure 15).%%8
The cytokinetic ring is built by polymers of the protein FtsZ, a
GTPase engaged in a complex scheme of reversible self-
association reactions controlled by nucleotides, cations, and
salt.’®® Regulation of assembly of this “Z-ring” takes place
through interactions of FtsZ with partners and ligands, some of
which bind to a conserved C-terminal domain (CCTD) of
FtsZ, which in E. coli interacts with at least 6 different
proteins.370

6.3.1. Macromolecular Crowding and Cell Division.
The vast majority of the studies exploring the impact of
macromolecular crowding on bacterial cell division have
focused on FtsZ, because of its ability to form polymorphic
structures of large size, alone or assisted by the many proteins
with which it interacts, whose interconversion equilibria are
susceptible to modulation by excluded volume effects.’”*

6.3.1.1. Crowding and FtsZ Oligomers. The impact of
crowding on the oligomerization of the GDP-bound form of E.
coli FtsZ has been studied using nonideal tracer sedimentation
equilibrium, a method in which the dilute species is labeled to
distinguish it from the crowders.””” This oligomerization takes
place according to an indefinite linear self-association model in
which a Mg** ion is bound by each protein monomer added to
the oligomer, and the affinity for monomer incorporation
gradually decreases with oligomer size.”’* This mechanism is
radically different from that used for the cooperative formation
of FtsZ polymers elicited by GTP.>”* By using iodinated FtsZ
as tracer, equilibrium gradients have been measured and
analyzed to retrieve the apparent weight-average molar mass of
this protein as a function of its concentration and of those of
the crowders, BSA or cyanmethemoglobin.”””> The two
crowders tested interact with FtsZ exclusively via steric
repulsion, having large effects on its association constants in
the presence of Mg**. The effects are particularly pronounced
at high crowder concentration, leading to high oligomer sizes.
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Figure 15. Schematic representation of a dividing E. coli cell
showing the FtsZ ring at midcell. (A) Nucleoid occlusion, mediated
by the protein SImA bound to specific DNA sequences (SBSs) on the
chromosome, antagonizes Z-ring formation near the chromosome.
(B) Two proteins, ZipA and FtsA, anchor the Z-ring to the
membrane. (C) The Ter linkage involving the proteins ZapA,
ZapB, and MatP, which binds matS sequences at the Ter
macrodomain of the chromosome, promotes Z-ring assembly at
midcell. (D) The oscillatory MinCDE system, formed by the proteins
MinC, MinD, and MinE, prevents Z-ring assembly at the cell poles.
Adapted from ref 371. Copyright 2021 by the Authors. Published by
MDPI, Basel, Switzerland under the terms and conditions of the
Creative Commons Attribution (CC BY) license [https://
creativecommons.org/licenses/by/4.0/].

Consequently, decamers and larger oligomeric species of FtsZ,
only minimally represented in dilute solution, become more
abundant in crowded conditions.*”?

Brownian dynamic simulations have been applied to study
macromolecular crowding effects on the rates of FtsZ
dimerization. In this approach, the rate constants in crowding
conditions are obtained from the rate constant in the dilute
solution, applying a factor that accounts for the crowding
effect.”® Simulations show that crowding reduces the diffusion
of FtsZ, due to the concomitant increase in viscosity. At
crowder excluded volume fractions below 0.3, this reduction is
somehow counteracted by crowding-related enhancing effects,
resulting in negligible overall changes in the FtsZ dimerization
rate constant. At excluded volume fractions of 0.3, however,
the enhancing effects prevail and the dimerization rate constant
is ~4 times higher compared to that in dilute solution.

6.3.1.2. Crowding and FtsZ Polymers. Dramatic effects of
crowding on GTP-induced E. coli FtsZ polymers, usually one
subunit-thick under dilute solution conditions,>”® have been
reported by different laboratories. Electron microscopy and
AFM images of FtsZ in the presence of high concentrations of
model crowding agents like Ficoll 70 or dextran T70 evidence
the formation of FtsZ bundles through lateral association of
single-stranded protofilaments™ (Figure 16). These larger
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Figure 16. Effect of crowders on the polymerization of FtsZ. (A)
Electron microscopy images of GTP-triggered FtsZ polymers in the
presence of the specified crowders. (B) Variation of the critical
concentration of polymerization (Cc) of FtsZ with the concentration
of Ficoll 70, ovomucoid, and RNase A. Lines correspond to
simulations according to a volume exclusion model, showing a pure
volume exclusion behavior for Ficoll 70 (vg;eoy = 0.96 mL/g) and for
RNase A (Ugngse = 0.703 mL/g). Experimental data in the presence of
ovomucoid cannot be explained in terms of a pure volume exclusion
behavior (dashed line, vg,, = 0.69 mL/g) or assuming repulsion with
like molecules (dotted line, vo,, = 1.61 mL/g), instead being
compatible with a model assuming additional effects (solid line, v, =
6.6 mL/ g). Arrow in the legend depicts increasing volume exclusion.
Adapted or reprinted in part from ref 378, copyright 2016 Monterroso
et al. Published by PLOS under the terms of the Creative Commons
Attribution License [CC BY 4.0 Deed | Attribution 4.0 International |
Creative Commons], and ref 23, copyright 2003 Elsevier Inc. under
the terms of the Creative Commons CC-BY license [CC BY 4.0 Deed
| Attribution 4.0 International | Creative Commons].

structures are energetically more favorable under crowding
conditions than the protofilaments, as they exclude less
volume. The bundles are still dynamic, but their disassembly
rate and GTPase activity are lower compared to those of the
protofilaments. In addition to linear bundles, rings and toroids
of E. coli FtsZ have been described in an electron microscopy
study, in which methyl cellulose or poly(vinyl alcohol) is used
as a crowder.””’

Polymerization of Mycobacterium tuberculosis FtsZ has also
been scrutinized using these crowding agents.””” Variable
arrangements of the same type as those observed with E. coli

1925

FtsZ are observed, including rings and toroids, in the presence
of KCl. However, when more closely inspected, some
structural features of these M. tuberculosis FtsZ assemblies
are different from those of E. coli FtsZ, suggesting distinctive
assembly mechanisms.>”® Moreover, in the presence of Na*
ions, FtsZ from E. coli forms helical spirals, whereas for M.
tuberculosis FtsZ the equilibrium is shifted toward long
bundles. By using time-lapse TIRF microscopy, the rate of
elongation of the FtsZ bundles from M. tuberculosis in
crowding conditions has been determined. After an elongation
phase, a steady state is reached after which the lengths of the
bundles mostly decrease or remain unaltered.

Taken together, these studies indicate that the polymorphic
nature of the GTP-induced FtsZ filaments is also maintained in
crowding conditions. Their final arrangement strongly depends
on conditions such as type and concentration of salts or pH
and on the particular FtsZ protein being studied, similar to that
usually observed for this protein in dilute solution.’*’
Importantly, all these studies conclude that crowding favors
lateral interactions of FtsZ polymers, known to be a
prerequisite for engaging in a functional Z-ring.**"**” Indeed,
bacteria have proteins specifically devoted to the cross-linking
of FtsZ protofilaments, acting as positive regulators of Z-ring
assembly, the most important ones being the Zap proteins
(ZapA, B, C, and D). As Z-ring formation needs to be
restricted to the cell center at the time of cell division,
mechanisms antagonizing the crowding-induced bundling are
likely necessary in vivo.”> Consistent with this, several negative
regulatory proteins and systems in bacteria inhibit Z-ring
formation at the wrong places in the cell. In E. coli, the two
main spatial regulators are the Min system and nucleoid
occlusion, which act on lateral interactions between FtsZ
filaments as well as longitudinal interactions between FtsZ
subunits within protofilaments.

The Min system of E. coli comprises the proteins MinC,
MinD, and MinE that together block FtsZ ring assembly at the
cell poles (Figure 15). Powered by ATP-driven bulk migration
of MinD and MinE from one cell pole to the opposite cell pole,
the concentration of the MinD-binding protein MinC over
time ends up being highest at the cell poles and lowest at
midcell, where the future Z-ring forms.”*»*** The key
regulatory mechanism is that direct interaction of MinC with
FtsZ selectively inhibits Z-ring formation at the cell poles, thus
helping to corral FtsZ polymers to midcell. The C-terminal
region of MinC recognizes FtsZ,>8° interfering with the lateral
association of its filaments.**® The N-terminus of MinC, on the
other hand, inhibits protofilament assembly,’®’ resulting in a
two-pronged disruption of FtsZ protofilament bundles.

Co-reconstitutions of FtsZ and the Min system on lipid
bilayers, together with the membrane tethering protein ZipA
that interacts with FtsZ (Figure 15), have shown strong
coupling between both systems, which is reflected in the
formation of antiphase waves that are enhanced in crowding
conditions.*® This behavior is consistent with the antagonistic
regulation of FtsZ polymerization and bundling by the Min
system, and its corralling of FtsZ to midcell.

FtsZ bundles formed in noncrowding conditions are also
disrupted by SImA,**” the protein that mediates nucleoid
occlusion in E. coli.””® Nucleoid occlusion, mediated by SlmA
binding to several SImA binding sequences (SBSs) on the
bacterial chromosomal DNA, prevents FtsZ rings from forming
over unpartitioned chromosomes and causing potentially
catastrophic chromosome breakage (Figure 15). Notably, the
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nucleoprotein complexes of SImA with its specific binding
sequences accelerate FtsZ depolymerization in crowdin

conditions comparable to those found in the cy’tozplasm24
analogously to that described in dilute solution.”' This
suggests that lateral interactions do not confer particular
resistance to the antagonistic action of SImA. Interestingly, the
positive regulator ZapA (Figure 15) partially reverses the
acceleration of FtsZ disassembly by SImA/SBS, and it does so
more efficiently in the presence of crowding agents.”*” These
results suggest that excluded volume effects might contribute
to the regulation of Z-ring formation, reinforcing the agonistic
action of specific factors, while not interfering with the
antagonists, as they are designed to counteract crowding-
related effects such as lateral interactions and bundling. We
speculate that crowding could be one of the missing factors
determining Z-ring localization, since in the absence of both
negative (the Min system and nucleoid occlusion) and positive
regulators, multiple discrete Z-rings still form and are biased
toward the cell center.*”

The polymerization of FtsZ by GTP occurs through a
cooperative mechanism characterized by a critical concen-
tration (Cc), which reg)resents a threshold above which
polymers are formed.”® Light scattering and fluorescence
anisotropy based determinations of Cc*” have shown that high
concentrations of unrelated proteins, Ficoll, dextran, or sucrose
decrease its value’” (Figure 16), consistent with the notion
that crowding generally favors self-association. Evolution of the
experimentally determined Cc with the concentration of the
different crowders is compared in this study with simulations
based on volume exclusion theory, assuming that FtsZ
polymerization behaves as a first-order phase transition and
with activity coefficients defined in terms of the exclusion
volume (V,,), concentration, and masses of all species in the
solution. The extent of crowding effects on the Cc agrees with
the exclusion volume behavior (i.e., simulations using partial
specific volumes of the species as V,, are compatible with the
experimental data) in the case of neutral inert polymers such as
Ficoll or dextran and for proteins like RNase A when its own
oligomerization is considered. In contrast, reductions in the Cc
larger than expected for a pure exclusion effect are observed for
ovomucoid as crowder and for DNA at relatively low
concentration. Effects beyond excluded volume predictions
may be partially attributed to additional electrostatic repulsion
between negatively charged ovomucoid or DNA and FtsZ,
which is also negatively charged at neutral pH.

FtsZ polymers have also been studied inside microdroplets
generated by microfluidics, through which hundreds of
droplets of controlled size and composition are obtained,
containing crowding agents coencapsulated with the protein
and stabilized by E. coli lipids.””* The distribution of the
fibrous protein networks was found to be dependent on FtsZ
and crowder concentration. In both cases, increasing
concentrations rendered a spread of the FtsZ polymer network,
reducing the so-called depletion zone most probably generated
by geometric and entropic restraints. Restrictions imposed by
the spatial boundaries are also characterized by modifying the
container shape. FtsZ has been later encapsulated inside lipid-
stabilized microdroplets containing protein crowding agents or
E. coli lysates.”™ The appearance of bundles is observed in all
cases, either from the beginning or after shrinkage of the
microdroplets, leading to concentration of the crowding agents
but also of FtsZ and, presumably, of the buffer components.
Macromolecular crowding is one of the decisive experimental
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factors in the bottom up reconstitution of a minimal machinery
for autonomous division, as shown in a study in which FtsZ
and the Min system were encapsulated in lipid vesicles with
crowding agents (Figure 17).°°° This study provides a
showcase of the emergence of cell division in a minimal
system.

6.3.1.3. Mixed Macromolecular Crowding and FtsZ. The
assembly of FtsZ has also been probed in single-phase systems
containing two crowders,”’® as a closer approximation of the
bacterial cytoplasm, in which crowding effects arise from
various macromolecules with different properties rather than
from one type of macromolecule. This is one of the few studies
available on mixed macromolecular crowding, aimed at
discerning whether these mixtures display additive or non-
additive behavior. The Cc of FtsZ assembly in these mixtures is
always lower than that in dilute solution, but the effects
generally deviate from the plain sum of those exerted by the
individual crowders, and either reinforcement or counteraction
of each other’s effects occur, depending on their physicochem-
ical properties (Figure 18). Thus, the dramatic effects of
negatively charged ovomucoid are strongly potentiated by
Ficoll or dextran but counteracted by positively charged RNase
A or by the osmolyte sucrose.

6.3.1.4. Crowding and Other Division Proteins from E.
coli. In addition to the above-described analysis of crowding
effects on the Min system reconstituted on supported lipid
bilayers alongside FtsZ and ZipA,**® two other crowding
studies have focused on this oscillating protein complex. The
first study used it as a model system to evaluate the ability of a
new multicompartmental reaction-diffusion modeling method,
Spatiocyte, to reproduce the effects of volume exclusion
associated with crowding.*”” This method is applied for the
simulation of MinD translational diffusion in a crowded
compartment with a 34% volume occupancy and also on a
crowded surface with 23% of the area occupied with inert and
immobile crowder molecules. Anomalous diffusion is observed
in both cases, more pronounced on the crowded surface
despite the lower occupancy, which is attributed to the lower
dimensionality of the surface space. The results agree with
previous studies suggesting that crowding on the cell
membrane reduces diffusion of MinD and MinE.*”® The
second study investigates the impact of sucrose as a crowding
agent on MinE amyloid-like structures involving its N-terminal
domain. Lateral bending of the protein fibrils on mica surfaces
seems to be modulated by crowding and ionic strength,
according to AFM imaging.399

6.3.2. LLPS and Cell Division. As with the crowding
reports, most studies of LLPS involving bacterial division
proteins have been focused on E. coli FtsZ oligomers,
polymers, and multiprotein or nucleoprotein complexes with
partners. These works address two LLPS-related phenomena:
the behavior of FtsZ in model crowding systems displaying
aqueous two-phase behavior, and assembly of FtsZ into
homotypic and heterotypic phase-separated biomolecular
condensates driven by crowding400 (Figure 19). There is also
a large body of research on the phase separation of proteins
involved in the regulation of asymmetric division in C.
crescentus.

6.3.2.1. LLPS and E. coli FtsZ. The possible impact of the
membraneless microenvironments inherent to all kinds of cells,
including bacteria, on the reactivity and distribution of FtsZ
has been analyzed in binary mixtures of PEG and a second
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Figure 17. Positioning of Z-ring by the Min system in vesicles. (A)
3D maximum projection of a merged confocal image of vesicles
containing the MinCDE proteins (mScarlet-I-MinC, magenta) and
FtsZ-Venus-MTS (green) in dextran 70, showing that Z-rings are
spatially restricted to the vesicle midpoint by the inhibitory action of
the Min-oscillatory wave. The MTS is a heterologous amphipathic
helix (membrane targeting sequence) fused to FtsZ-Venus that
artificially tethers it to the membrane. (B) 3D projections of a Z-ring
positioned by the MinCDE system (top) as in panel A, and a Z-ring
that is still positioned at the vesicle midpoint, albeit less efficiently, by
the Min system lacking MinC (bottom: Min waves are not visible
because of the absence of mScarlet-I-MinC). (C) Time-lapse confocal
images of the Z-ring (FtsZ-Venus-MTS, green) stabilized by the
oscillatory pole-to-pole Min waves (magenta) as reflected by
mScarlet-I-MinC. Adapted in part from ref 396. Copyright 2022 the
Authors. Published by Springer Nature under a Creative Commons
Attribution 4.0 International License [https://creativecommons.org/
licenses/by/4.0/].

crowder™”! (Figure 19). Determinations by fluorescence of the
partition coefficient (K) of FtsZ used the following equation:

_ [FtSZ]PEG—rich phase
|FtsZ]

©)

non-PEG-rich phase
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where the fraction terms are the protein concentrations in both
phases. The results show that FtsZ unevenly distributes in
systems with two crowders at concentrations at which they
demix, forming two compartments with distinct physicochem-
ical properties. Confocal images of the samples are also in line
with this observation (Figure 20). K-values < 1 are always
obtained, meaning that FtsZ species are generally excluded
from the more hydrophobic PEG phase, in which denatured
proteins usually partition because of the exposure of their
hydrophobic amino acid residues.*”> FtsZ strongly accumu-
lates in Ficoll 70 or DNA phases, reflected by K-values < 0.2,
while K-values around 0.5 were obtained in LLPS systems with
dextran 500, indicating a lower preference for this phase. Being
both inert crowders, differences in FtsZ partition between
Ficoll 70 and dextran 500 could be ascribed to their different
properties rather than their size, as similar partitions are found
in dextrans 500 and T40. The asymmetric distribution of FtsZ
suggests that microenvironments could contribute to the
spatial regulation of FtsZ assembly, facilitated in areas where
the protein accumulates above the Cc and hindered in regions
of insufficient protein concentration.

A significant fraction of the protein locates at the interface of
the dextran/PEG compartments when polymers are triggered
by GTP.*”" This interfacial localization, often observed for
large particles because of the concomitant reduction of
interfacial tension,**> might serve to concentrate the FtsZ
polymers within a defined region and to organize them in two
dimensions, perhaps rendering a relative orientation more
suitable for constriction than the arrangements in three
dimensions. Moreover, the distribution of FtsZ in these
systems seems to respond dynamically to the self-association
state of the protein, which shifts from one location to another
in response to GTP addition and depletion. This has been
verified by encapsulation of the LLPS system within water-in-
oil microdroplets stabilized by lipid membranes, which provide
a more stable platform than the bulk phases (Figure 20). These
cell mimics can be generated by manual emulsion, rendering a
multiplicity of containers of different sizes**’ which may be
advantageous in some instances, as with size-associated
phenotypes,”™* or in a more controlled manner by micro-
fluidics microdroplets with the exact same size and
cornposition.405

FtsZ was later found to self-assemble into biomolecular
condensates arising from phase separation facilitated by
crowding”*®*** (Figure 19). Indeed, FtsZ is a good candidate
for LLPS because it contains an IDR that flexibly links the
globular core polymerization domain and the CCTD****"” and
exhibits homo- and heteroassociations that confer multi-
valency.375’380 Addition of SImA/SBS to FtsZ in the absence
of GTP results in dynamic structures enriched in both proteins
and SBS DNA that display characteristics of liquid-like
condensates”*® (Figure 21). Biomolecular condensation is
favored by the additional multivalency conferred by the FtsZ/
SImA/SBS system. Notably, SImA dimerizes and forms SImA-
SBS complexes with a 4:1 stoichiometry under conditions at
which FtsZ oligomerization is insufficient to drive its own
phase separation. Homotypic FtsZ condensates can be
detected only at lower salt, higher Mg** and crowder
concentrations.”>> The intrinsically disordered linker sequence
of FtsZ is not essential for condensation in this case, because
its removal still permits condensation with similar c_,, (protein
concentration at which condensates start assembling) to that
for the full-length protein, as measured by turbidity. None-
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theless, the linker does play a role in condensate assembly
kinetics.”>

Homotypic FtsZ condensates and heterotypic FtsZ/SImA/
SBS condensates recruit the division ring regulator ZapA, an
agonist of Z-ring formation that does not display condensation
on its own and, contrary to SImA/SBS, does not promote
condensation of FtsZ under conditions disfavoring its
oligomerization.”*” This regulator shows a minimal reduction
in the apparent ¢, of formation of the FtsZ/SImA/SBS
condensates (Figure 21). Determination of c,, for condensates
involving more than one macromolecule is not straightfor-
ward*®® and, in this case, an apparent value is obtained from
turbidity measurements in which the ratio between the three
elements is kept constant and the total concentration
increased.”*’

Perhaps the most noteworthy feature of FtsZ condensates in
vitro is their ability to interconvert with FtsZ polymers when
GTP is added, followed by condensate reassembly after GTP
depletion due to FtsZ’s GTPase activity. The prevalence of
condensates or polymers depends, therefore, on the nucleotide
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present and is also subject to regulation, with SImA/SBS
strongly favoring condensates vs polymers, and ZapA favoring
polymers.”*” This suggests that, in vivo, condensates may
prevent FtsZ assembly into the bundles that are normally
competent for Z-ring assembly at noncentral areas of the cell
or under nongrowing conditions, when GTP levels are low.
Similarly, accumulation of positive regulators at the cell center
could rescue FtsZ from the condensates, favoring the assembly
into polymers and, hence, Z-ring formation at midcell.
Interestingly, heterotypic FtsZ/SImA/SBS condensates
preferentially locate at the membrane when reconstituted
inside microdroplets generated by microfluidics that display
crowding and compartmentalization as cell mimics™*® (see
section 4; Figure 22). This behavior is consistent with the
tendency of SImA to bind to membranes™>” and is also in line
with the known enhancement of condensation by surface
effects.”’ The influence of lipid membranes on the formation
of these biomolecular condensates has been further analyzed
using supported lipid bilayers as minimal membrane systems in
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buffers containing glutamate, the most abundant anion in E.
coli, which favors formation of condensates of large size.”>*

In light of the current body of knowledge about LLPS
behavior, it is likely that the formation of FtsZ condensates has
been previously overlooked in in vitro and in vivo studies.”"’
Indeed, structures compatible with condensates can be
observed in images taken upon disassembly of FtsZ polymers
reconstituted alongside SImA/SBS in GUVs, long before they
were described as such.’' Similarly, expression of E. coli FtsZ
in mammalian cells resulted in formation of dozens of round
foci throughout the cytosol that disassembled upon addition of
vinblastine, an antitubulin drug, leading to FtsZ polymer
assembly"” (Figure 22). FtsZ condensates in bacterial cells
have not yet been confirmed, but E. coli cells under long-term
nutritional stress form polar foci containing FtsZ (and other
divisome proteins) that convert back to polymers upon
nutrient addition.*'® These reversible foci, along with
reversible foci of FtsZ during the nondividing portion of the
C. crescentus cell cycle that convert to polymers prior to cell
division,*'" require further study but are suggestive of
condensates.

6.3.2.2. LLPS and B. subtilis Noc Protein. Like SImA in E.
coli, the Noc protein mediates nucleoid occlusion in the Gram-
positive species B. subtilis."'* Unlike SImA, Noc does not seem
to interact with FtsZ directly and instead inhibits FtsZ
migration away from the midcell FtsZ ring.""’ Intriguingly,
however, Noc shares with SImA the ability to form
biomolecular condensates, which have been characterized
through reconstitution in GUVs and supported lipid

1929

bilayers.'*” Phase separation of Noc scales with its
concentration, and it is sensitive to the type of salt present
in the solution, being favored by potassium glutamate and
inhibited by KCI and NaCl. In addition, as observed for other
proteins in the DNA-binding ParB family, Noc condensates are
strongly promoted by the nucleotide CTP, also known to
regulate its membrane binding activity.*'* Indeed, these
condensates bind to the lipid membrane of water-in-oil
microdroplets and GUVs, where they form either film-like
structures or round 3D-condensates depending on the protein
concentration. Noc condensates induce membrane deforma-
tions and preferentially bind to the liquid-disordered phase
domains in GUVs exhibiting different membrane domains.
Deformation of lipid membranes has also been found in other
phase separated systems (see section 4). One interesting
observation is that Noc condensates recruit FtsZ, whether the
latter is membrane-bound through a membrane targeting
sequence or not, despite the lack of any known direct
interaction between these proteins. This is probably because of
the enhanced concentration of Noc within these condensates,
which might potentiate possible weak interactions with FtsZ.
Round structures resembling condensates are observed in
images taken in vivo in prior work where the interaction of Noc
with the membrane was revealed.””"

6.3.2.3. LLPS and C. crescentus Cell Division Proteins.
PopZ, an intrinsically disordered, oligomerizing protein
involved in the cell division of the model Gram-negative
species C. crescentus, forms a large biomolecular condensate in
the cytoplasm at one cell pole. In addition to their
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obtained from fluorescence measurements. Reprinted in part from ref
401. Copyright 2016 the Authors. Published by Springer Nature
under a Creative Commons Attribution 4.0 International License [CC
BY 4.0 Deed | Attribution 4.0 International | Creative Commons].

characterization in C. crescentus cells, PopZ condensates have
been analyzed in vitro in the presence of divalent cations and
after expression in mammalian cells.'*® As in other instances,
e.g. the eukaryotic stress sensor Pabl*'® and E. coli FtsZ,>>
condensation is not driven by IDRs of PopZ but by folded
regions within the oligomerization domain. Nevertheless, as
with FtsZ, the IDRs of PopZ contribute to the regulation of
the process. The ¢, and ¢ thresholds for the two-phase and
the single-dense-phase regimes, respectively,36 and the
dynamics of the condensates depend on the length of the
unstructured sequence (Figure 23). These key parameters
defining condensation behavior could also be tuned by the
degree of multivalency of the C-terminal helical region.
Interestingly, intrinsically disordered proteins are less common
in bacteria compared with eukaryotes (see section 5.3). o7
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Figure 21. Dynamic FtsZ-SImA-SBS condensates in crowded
media. (A) Assembly of GTP-triggered FtsZ polymers after addition
of nucleotide to FtsZ-SImA-SBS condensates. The number of
condensates decreases with polymer formation. After disassembly of
the polymers due to GTP exhaustion, condensates reassemble. Times
are in minutes (time zero, GTP addition). Scale bars: 5 ym. A scheme
of the dynamic process is shown below. Reprinted in part with
permission from ref 248. Copyright 2018 the Authors. (B)
Incorporation of ZapA slightly decreases the ¢, of condensation of
FtsZ-SImA-SBS, monitored using turbidity. Reprinted in part from ref
247. Copyright 2023 the Authors. Published by the Royal Society
under the terms of the Creative Commons Attribution License
[http://creativecommons.org/licenses/by/4.0/].

Alterations in the fluidity of the natural PopZ condensates
change their cellular localization and ability to recruit
regulatory proteins, implying that modified condensates are
often unable to fulfill their role in the orchestration of
asymmetric division, which compromises cellular fitness.
Notably, not only solid-like but also PopZ condensates that
are too liquid are not perfectly suited for their function. From a
synthetic biology standpoint, a recent study'*® nicely illustrates
how synthetic condensates can be rationally designed by
dissection of the molecular grammar driving their formation,
enabling applications of these structures in biotechnology and
biomedicine. It is also proposed that thorough analysis of the
material properties of condensates could help us to understand
their role in pathologies such as neurodegeneration, mediated
by the formation of solid aggregates of proteins like FUS.
Another interesting aspect of this study is that the PopZ
condensates assembled within mammalian cells are larger than
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Figure 22. E. coli FtsZ foci suggestive of condensates. (A) FtsZ-
GFP foci and filament formation in Chinese hamster ovary cells, after
treatment with vinblastine. FtsZ-GFP localization is shown in the
same living cell at various times after addition of the drug, in minutes.
Arrows indicate growth of filaments from the foci at random locations
in the cytoplasm. With time, filaments grow longer, forming a network
of filaments, while foci disappear except in the nucleus. Reprinted
with permission from ref 409. Copyright 1999 The Company of
Biologists Ltd. (B) Representative confocal images of FtsZ-SImA-SBS
condensates (top) and GTP-triggered polymers (bottom) in lipid-
stabilized microfluidics-based microdroplets. Also shown are the
intensity profiles of the green and red channels, obtained along the
line drawn in the images. Reprinted in part from ref 247. Copyright
2023 the Authors. Published by the Royal Society under the terms of
the Creative Commons Attribution License [http://
creativecommons,org/licenses/by/4.0/].

those occurring in their native bacterial cells. These larger
condensates retain their intrinsic properties such as the specific
partitioning of bacterial proteins and their dynamics, as
measured by FRAP. This suggests that mammalian cells, like
the microdroplets or GUVs used in other studies, may serve as
convenient platforms to reconstitute biomolecular condensates
of bacterial origin in order to facilitate their analysis. This also
brings up the question of whether components within the
crowded cytoplasm of bacteria, such as ribosomes, limit the
size of these condensates in the cytoplasm of bacterial cells
compared with the eukaryotic cell cytosol.

Other proteins involved in the asymmetric division of C.
crescentus have also been described to form biomolecular
condensates. For example, SpmX, an integral membrane
protein, directly interacts with PopZ at the pole of C. crescentus
cells opposite from the FtsZ focus mentioned above. This
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1.

PopZ-SpmX condensate recruits the cell division protein Div]
to the polar microdomain, stimulating its kinase activity.">
Although SpmX and PopZ form condensates at the same
cellular location, they are demixed, forming distinct zones
within the condensate (Figure 24). Multivalent interactions
between these two proteins are modulated by protein
concentrations, temperature, salt, and nutrients. Interestingly,
ATP concentrations in the low millimolar range, which occur
when nutrients are plentiful, dissolve the condensates of SpmX
or PopZ. This behavior is consistent with the previously
described role of this nucleotide as a hydrotrope.'”®
Surprisingly, while SpmX condensation is inhibited by 1,6-
hexanediol (1,6-HD), that of PopZ is promoted, despite its
demonstrated biomolecular condensation properties.'*® This
constitutes a good example of the limitations of 1,6-HD to
assess biomolecular condensation behavior, as previously
discussed.’® In contrast to the dissolution of condensates
with ATP, depletion of ATP promotes condensation of the
SpmX disordered domain. This leads to compartments with
Div] at higher concentrations, which in turn enhances its
activity when its substrate is scarce, for example under low
glucose conditions.

Interestingly, SpmX acts as a negative regulator of phase
separation by PodJ, another membrane protein involved in the
regulation of cell division,”* and this behavior could have
profound implications for the regulation of the cell cycle of C.
crescentus. In vitro, biomolecular condensates of Pod], driven by
its disordered domains and coiled-coils, are assembled at
relatively low protein concentrations, and they are highly
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Figure 24. Biomolecular condensates of the proteins SpmX and
PopZ from C. crescentus. (A) Localization of PopZ and its associated
scaffold proteins PodJ and SpmX, and signaling proteins PleC and
Div], at specific cell poles of C. crescentus before and after cell division.
SpmX recruits Div] to condensates at the old pole and stimulates the
latter’s kinase activity. CtrA-phosphate is a master transcriptional
regulator that controls expression of multiple C. crescentus genes and is
selectively enriched at the new cell pole. Figure reproduced from ref
249. Copyright 2022 the Authors. Published by Springer Nature
under a Creative Commons Attribution 4.0 International License
[http://creativecommons.org/licenses/by/4.0/]. (B) Super-resolu-
tion images of purified PopZ (labeled with Atto488) and SpmX
(ATM, labeled with Cy3) with (top) or without its IDR (bottom),
showing demixing of the condensates of SpmX within the condensates
of PopZ in vitro, driven by the IDR. (C) False-colored images of C.
crescentus cells expressing mCherry-PopZ (green) and SpmX-dLS
(magenta) with (top) or without the SpmX IDR (bottom), suggesting
that wild-type SpmX forms multiple condensates in the PopZ
microdomain in vivo, also promoted by the IDR. The percentage of
PopZ condensates enclosing more than one SpmX condensate (B) or
cells with more than one SpmX cluster in the PopZ microdomain (C)
is indicated on the right. Scale bars, S pm. Figure adapted from ref
150. Copyright 2022 the Authors. Published by American Association
for the Advancement of Science under a Creative Commons
Attribution License 4.0 (CC BY) [https:// creativecommons.org/
licenses/by/4.0/].

regulated by salt. Below 100 mM NaCl, irreversible structures
are observed, whereas above this concentration, liquid droplets
form and high salt concentrations dissolve them. Biomolecular
condensates of Pod] have also been detected in vivo, and they
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are less fluid compared with those assembled in vitro.
Macromolecular crowding and the cell membrane to which
PodJ is tethered are among the factors invoked to explain this
difference in fluidity. In fact, as mentioned, macromolecular
crowding has been described to play a key role in the assembly
of biomolecular condensates,* including those of the bacterial
cell division proteins from E. coli. Hence, it would not be
surprising that the condensates from C. crescentus proteins are
also affected by crowding.

The inhibition of Pod] phase separation and cell pole
targeting by SpmX could have a role in the clearance of Pod] at
the old cell pole, since SpmX is expressed after the formation
of the Pod] condensates. Moreover, these condensates act as
hubs that accumulate client-signaling factors through inter-
action with different regions of the protein, such as the
histidine kinase PleC. Recruitment of PleC by Pod]J
condensates inhibits PleC activity, suggesting another way
that phase separation, in conjunction with allosteric mecha-
nisms, could contribute to the regulation of enzymatic activity
in bacteria."'® Some of these studies were conducted by
heterologous expression of the proteins of interest in E. coli,
exploiting the lack of homologues of C. crescentus polarity
proteins in this organism.

7. CONNECTIONS BETWEEN PHASE SEPARATION
AND BACTERIAL FITNESS

Since the discovery that bacterial proteins are also able to
assemble into biomolecular condensates arising from phase
separation, it has become clear that one potential role of these
structures is to protect bacterial cells from stressful conditions.
For example, the first bacterial condensates identified in vivo,
the bacterial ribonucleoprotein bodies (BR-bodies) from C.
crescentus assembled by RNase E*’® and mRNA-dense bodies
at the poles of L. lactis,'® are thought to be analogous to
eukaryotic P-bodies and stress granules. RNase E is crucial for
mRNA degradation, and it has been hypothesized that its
phase separation, promoted by RNA and reverted by its
cleavage, might accelerate mRNA degradation. Typical of
many condensate-forming proteins, RNase E harbors an IDR
that is necessary and sufficient for its LLPS. In vitro, phase
diagrams show that this condensation depends on protein
concentration and ionic strength. Cells respond to cellular
stress (EDTA or ethanol treatment, or heat shock) by forming
BR-bodies, which are subsequently dissolved upon removal of
the stress. The BR-bodies increase stress tolerance and overall
fitness, as disruption of the RNase E disordered region and
inhibition of condensate formation lead to higher susceptibility
to stresses.”’® Such effects are seemingly not related to the
ability of the BR-bodies to recruit degradosome components.
The presence of the aberrant polar mRNA foci in L. lactis
correlates with cessation of cell division, a heat shock response
and loss of nucleoid-occluded ribosomes. The mRNA dense
bodies accumulate when transcripts are formed that encode
poorly produced membrane proteins, suggesting defects in the
coupling of transcription, translation, and membrane insertion.

More recently, it has been proposed that biomolecular
condensates called aggresomes increase bacterial fitness,
enabling cells to survive stresses such as antibiotic treatment,
starvation, oxidative stress, heat shock, or phage infec-
tion."*”"*> These structures can be found in E. coli but also
in other Gram-negatives, and they accumulate proteins such as
HslU, a component of the HsIVU protease, Kbl, an enzyme
that degrades threonine as part of the serine biosynthetic
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pathway, and AcnB, a cis-aconitase involved in central
metabolism. Cells with aggresomes are more resistant to stress
because these structures sequester proteins vital for cellular
function, thereby shutting down their associated processes and
forcing the cell into a dormant state.*'”**° This state correlates
with a marked change in the physical properties of the
cytoplasm, which changes from a fluid state to a more glass-like
state.'>> Biomolecular condensation is indeed emerging as one
of the possible mechanisms behind the intriguing formation of
dormant and persister cells in bacterial populations,421 which
are able to withstand stresses such as antibiotic treatment,
hence representing a threat to human health. Cellular ATP
levels decrease markedly upon entry into the stationary phase
as a result of the decrease in cellular energy levels. This ATP
depletion favors the formation of aggresomes, consistent with
ATP acting as a hydrotrope that dissolves aggregates and
biomolecular condensates.'”® These condensates are hetero-
geneous in composition and physical properties, and it is
hypothesized that these properties might be tuned to respond
to stresses of different intensities and durations. Similar to BR-
bodies and many other dynamic biomolecular condensates,””®
aggresomes form under stress conditions and disassemble
when the stress is over. In a recent study of bacterial dormancy
in response to antibiotic exposure, faster rates of aggresome
disassembly correlated with shorter lag times for cells to exit
the dormant state and regrow.**”

LLPS also seems to play a role specifically in the protection
of bacterial DNA from damage due to stressful conditions such
as exposure to UV light. For example, biomolecular
condensates enriched in the (ss)DNA-binding protein SSB
serve to sequester excess levels of this protein alongside its
interacting partners near the membrane.”>” Early reports show
that SSB levels largely exceed those required to cover the
ssDNA sites during replication.””’ Storage of this excess in
phase-separated compartments would facilitate rapid mobi-
lization of the SSB protein pool when necessary to protect the
exposed ssDNA and repair damaged genome loci, as the
increase in ssDNA sites dissolves the condensates. In support
to this model, cells with mutant SSB unable to efficiently phase
separate but still able to bind ssDNA are viable in stress-free
conditions but more sensitive to UV light damage than wild-
type cells.**

Biomolecular condensation of the DNA protection protein
Dps shields DNA under stress conditions by its compaction
into a dense complex, also acting as a global regulator of
transcription>****  (Figure 25). Dps condensates do not
prevent binding of RNAP, which has access to buried genes,
but exclude some other DNA-binding proteins like restriction
enzymes, the activity of which decreases with increasing Dps.
Upregulation of Dps may also ensure that transcription can
continue under conditions of extreme stress. Indeed, Dps
deletion reduces survival rates over a diverse range of stress
conditions (e.g, heat shock, osmotic shock, starvation, UV
exposure, antibiotics, and oxidative stress). Intracellular Dps
levels are specifically regulated by the selective ATP-dependent
protease ClpXP, which hydrolyzes Dps in the presence of
glucose.426 Finally, other NAPs that can form phase separated
condensates on DNA are the HU proteins226 (see section 3),
implicated in stress response pathways such as the SOS and the
osmolarity/supercoiling responses and in the environmental
programming of the cellular response during aerobic and acid
stress.*”” Some NAPs provide an efficient response to various
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Figure 25. Protection of the DNA by Dps under stress conditions.
(A) In wild-type cells, Dps condenses the DNA during the stationary
phase (left). This condensation does not take place in the absence of
Dps (right). Below, ratios of nucleoid length to cell length in cells
with and without Dps. (B) Schematic representation of the model
proposed for the protection of DNA by Dps. In the absence of stress
conditions, Dps binds to DNA but no major condensation of the
nucleoid occurs (left). Under stress conditions, Dps forms
biomolecular condensates on a large part of the nucleoid into
which RNAP can freely diffuse while other proteins are excluded,
which blocks their access to the DNA (right). Figure adapted with
permission from ref 425. Copyright 2018 Elsevier Inc.

stress conditions, re§ulating transcription through condensa-
tion of the nucleoid.”’

In contrast to eukaryotic cells, bacteria often have to survive
in environments with highly varying nutrient availabilities and
types. Biomolecular condensation has been proposed to
concentrate enzymes present at low copy numbers, thus
enhancing their activity under starving conditions. This is the
case of the above-described condensation of C. crescentus
SpmX, which at low ATP levels recruits the Div] kinase as a
client to the condensates.”” This recruitment of Div]
concentrates it and results in more efficient kinase activity
when ATP levels are low, which is crucial in this aquatic
species that often encounters low nutrient densities. Phase
separation is also used by the commensal bacterium Bacteroides
thetaiotaomicron to maintain fitness in the mammalian gut, a
hostile environment with highly variable nutrient levels,
multiple competitors, and threats posed by the host immune
system.*”® Nutrient starvation in this bacterium triggers phase
separation of the transcription termination protein Rho, which
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is driven by its IDR and regulated by protein concentration,
salt concentration, and RNA binding. The sequestration of
Rho molecules into these membraneless compartments
increases Rho transcription termination activity, which in
turn modifies the RNA abundance of hundreds of genes,
including several required for gut colonization, ultimately
promoting bacterial fitness. Finally, photosynthetic cyanobac-
teria regulate the availability of metabolic enzymes during
light—dark cycles by sequestering them in puncta at night and
releasing them in a soluble form during the day.*”

Other phase-separation related defenses against starvation
involve nucleotides and polyphosphate (polyP). PolyP
granules are constitutively assembled in some bacteria but
also are often formed in response to nutrient limitation.**" In
Pseudomonas aeruginosa, in conjunction with the universal
starvation alarmone (p)ppGpp, polyP has an additive effect on
the nucleoid dynamics and organization, protecting the
chromosome during starvation, increasing fitness, and helping
cells to survive stresses such as antibiotics. Signaling by
(p)ppGpp downregulates enzymes involved in GTP biosyn-
thesis in both B. subtilis and E. coli,"”*"*** and connections have
been established between this signaling and persister cell
formation.** Persister cells display slow or arrested growth,**’
and this may be related with their low GTP levels that would
shift the equilibrium of FtsZ away from polymers and toward
biomolecular condensates.”** Along these lines, foci containing
folded FtsZ localize to cell poles in nongrowing late stationary
phase E. coli, Salmonella typhimurium, and Shigella flexneri cells
and are related to multidrug tolerance.*'

8. CONCLUSIONS AND FUTURE PERSPECTIVES

Macromolecular crowding is a key element of the intracellular
complexity that potentially modulates the protein—protein,
protein—nucleic acid, and protein—lipid interactions in cells.
Complexes or assemblies of molecules occurring in bacteria are
particularly exposed to crowding effects, because the total
concentration of macromolecules in the cytoplasm of these
microorganisms is higher than in the cytosol of eukaryotic
cells. Crowding in bacteria has been shown to promote the
assembly of proteins into larger complexes, to facilitate the
binding of proteins to nucleic acids, to stabilize the structure of
macromolecules, and to modulate their activity. Macro-
molecular crowding also elicits the formation of distinct
compartments by phase separation, which appears most
relevant in the case of bacteria, as they generally lack the
membrane-bound organelles that are so crucial for organizing
the eukaryotic cytoplasm.

Evaluation of crowding effects on biomolecular interactions
and the characterization of biomolecular condensates are
technically challenging and further aggravated in vivo by the
small size of bacterial cells. Fluorescence methods are among
the most useful tools, because of their ability to specifically
monitor the molecules of interest in the presence of crowding
agents together with the temporal and spatial resolution they
provide. The rapid development of fluorescence super-
resolution imaging methods and the application of fluores-
cence microspectroscopy such as fluctuation approaches
partially overcome the hurdles resulting from the small size
of bacteria, allowing identification of biomolecular condensates
and assessment of the dynamics and function of their hallmark
components. An alternative to the cellular studies is the
reconstitution of the macromolecules in model crowded
systems, in bulk solution, or encapsulated within a lipid

monolayer or bilayer. Compared with the studies in cells, this
strategy allows evaluation of the system in more controlled
conditions and a more straightforward interpretation of the
results. However, performing quantitative measurements of
interactions is still more complex in these reconstituted
systems than in the typical dilute solutions.

The rapidly growing number of studies reporting bacterial
biomolecular condensates emphasize their importance, but
their precise role in bacterial physiology remains elusive.
Nevertheless, they seem to potentially participate in the
regulation of cell cycle processes, as some factors engaged in
cell division, nucleoid replication, and segregation have been
shown to undergo phase separation. Biomolecular condensates
may therefore be part of a mechanism to provide spatial
control of these and other essential processes, a role
traditionally attributed principally to the membrane. Moreover,
such subtle mechanisms would be particularly appropriate for
bacterial cells, which need to rapidly adapt to changes in
environmental conditions. There is solid evidence supporting
the implications of biomolecular condensates in cellular fitness
and protection against adverse environmental conditions.

Despite intensive research during the last years, there are still
many unsolved questions concerning the structure, function,
and regulation of biomolecular condensates in general and of
those assembled by bacterial proteins in particular. Some of the
outstanding questions are summarized in Box 1. An interesting

Box 1. Outstanding Questions

e What are the functions of biomolecular condensates in
prokaryotes?

e Do ribosomes influence the mobility of native proteins
in the cytoplasm of bacteria, archaea, and endo-
symbionts?

e What is the relation between reaction rates, diffusion
coefficient, and protein concentrations in the cyto-
plasm?

e What is the mechanistic basis for the fluidization of the
cytoplasm under different metabolic conditions?

e What is the molecular basis for the differences in
protein mobility at the old and new pole of the cell?

e Do bacteria (and archaea) age?

e What determines the compaction of the nucleoid, given
the large differences in the amount of DNA per volume
of cytoplasm?

e How do the physicochemical characteristics such as
crowding and confinement in bacteria affect phase
separation differently than in mammalian cells, and does
this give unique functional opportunities to bacteria?

e What are the factors that determine the size of bacterial
biomolecular condensates?

e How is condensate assembly regulated by nucleotides in
bacteria?

e How are the different components arranged within
heterotypic bacterial biomolecular condensates?

o Is the stoichiometry of heterocomplexes maintained
when they phase separate to form condensates in
bacteria?

e How does crowding affect bacterial biomolecular
condensates triggered by other factors?

aspect is the regulation of biomolecular condensate formation
by nucleotides, with CTP often having an enhancing effect and
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ATP and GTP usually a negative impact, along with other
physicochemical factors such as pH, ionic strength, and
cosolvents (e.g., compatible solutes). Bacterial condensates
are also regulated by supramolecular structures such as DNA,
RNA, and the membrane, but the underlying mechanisms are
far from well understood. Particularly interesting would be
elucidating the role of the nucleoid surface in the modulation
of protein phase separation in bacteria. There are studies
pointing to post-translational modifications as possible
regulators of phase separation, by analogy with eukaryotic
condensates, but further studies are needed to evaluate the
generality of these observations. The ultrastructure of
condensates and the precise arrangement of the components
within the condensates, especially in the case of heterotypic
ones, is still enigmatic. It also needs to be defined if the
stoichiometry of the complexes in dilute solution is maintained
when they phase separate to form the condensates. Super-
resolution imaging methods together with single-molecule
diffusion to probe the dynamics of molecules within the
subcompartments of the cell will surely help to answer these
questions. In addition, the factors determining the size of these
condensates, which in bacterial cells are necessarily smaller
than in eukaryotic ones, remain elusive. We hypothesize that
the nucleoid-free space of the cell may be a major determinant
of condensate size. The cellular amount of the protein forming
the condensates and the relative amounts of the different
components, in the case of multicomponent condensates, will
likely influence their final size.

It is still puzzling why the material properties of condensates
such as fluidity need to be maintained within a narrow range to
ensure functionality, with deviations toward either lower or
higher fluidity seemingly detrimental in the few examples
thoroughly analyzed. For natively disordered protein domains,
the length of the disordered regions appears to control
important material properties of the condensates, but generic
physicochemical factors likely also play a role. Although some
bacterial biomolecular condensates seem to be driven by
macromolecular crowding, the crowding effects in other cases,
where condensation is triggered by factors such as ionic
strength changes or membrane surfaces, remain to be
addressed. It is likely that in many of these cases, crowding
will decrease the concentrations of the proteins at which phase
separation occurs. Finally, we predict that many structures
previously described as foci, bodies, diffusion barriers, or
clusters that participate in cell division, SOS response, volume
regulation, toxin-antitoxin systems, development of persister
cells, and many other cellular processes finally turn out to be
biomolecular condensates when viewed in light of the current
body of phase separation research.
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TERMINOLOGY

Amphitropic proteins bind weakly (reversibly) to mem-
brane lipids, and this process regulates their function.
Biomolecular condensates are membraneless organelles
that form dynamic and compartmentalized structures inside
cells and can be described as physical gels. They form
through phase separation and can have a wide range of
viscoelastic properties. Condensates can bring molecules
together that need to interact or segregate molecules from
others.

Chaotropes are molecules such as urea, guanidinium, and
iodide that disrupt the structure of water and biomolecules.
They weaken the hydrogen bonding network, leading to
increased disorder and reduced structure in the surrounding
water molecules.

Colloids are mixtures of two or more phases where one
substance is dispersed evenly throughout another one. The
nucleoid behaves as a colloidal system within the bacterial
cytoplasm.

Cytoplasm is the intracellular fluid plus membrane-bounded
compartments surrounded by the plasma membrane.
Cytosol is the aqueous portion of the cytoplasm without
organelles. We use the term cytosol in the context of
eukaryotic cells and the term cytoplasm to describe the
intracellular fluid of bacteria and archaea, which typically do
not have organelles.

Density is the macromolecule weight per volume, the
number density (macromolecule concentration), or volume
density (volume fraction). This is not the same as
macromolecular crowding, which is the increase in chemical
activity due to the colloidal osmotic pressure difference.
Hydrotropes increase the solubility of poorly soluble
compounds by reducing the surface tension of water.
Hyperstructures refer to organized assemblies of cellular
macromolecules such as the replication machinery,
ribosomes, cytoskeleton, and divisome.
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Inclusion bodies are intracellular (irreversible) aggregates
and typically result from overexpression and misfolding of
proteins.

Intracellular bodies are specialized structures such as
ribosomes or compartments such as the nucleoid or
protein-bounded cages in the cytoplasm.

Kosmotropes are small molecules such as betaine and K*
and Na" ions that have a stabilizing effect on the structure of
water and biomolecules. They promote the formation of
hydrogen bonds and tend to increase the order and
structure of the surrounding water molecules.
Macromolecular crowding refers to the effects of excluded
volume on the energetics and transport properties of
macromolecules within a solution containing a high total
volume fraction of macromolecules.

Metabolons are multienzyme/protein complexes that work
in close proximity to enhance the efficiency of metabolic
reactions. Examples are the glycolysis and fatty acid synthase
metabolons and the pyruvate dehydrogenase complex.
Micro- and nanocompartments are protein-bounded
structures that serve to sequester specific metabolic
processes or enzymatic reactions. An example is the
carboxysome that contains enzymes for CO, fixation.
Osmoprotectants (also known as compatible solutes) are
small organic molecules that accumulate in cells to high
levels (up to molar concentrations) without interfering
negatively with metabolic activity. The high and regulated
levels of osmoprotectants help maintain osmotic balance by
increasing the internal osmotic pressure.

Plasmolysis refers to the loss of water from cells in a
hypertonic environment (hyperosmotic stress). At high
osmotic stress (when the turgor has become zero) the
cytoplasmic membrane will shrink away from the cell wall,
which is known as plasmolysis.

Polysomes are mRNAs loaded with multiple ribosomes,
also known as polyribosomes.

Turgor or turgor pressure is the hydrostatic pressure
difference that balances the difference in internal and
external osmolyte concentration (osmolarity).
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