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Abstract

Microbes exhibit remarkable adaptability to environmental fluctuations. Signaling mecha-
nisms, such as two-component systems and secondary messengers, have long been rec-
ognized as critical for sensing and responding to environmental cues. However, recent
research has illuminated the potential of a physical adaptation mechanism in signaling—
phase separation, which may represent a ubiquitous mechanism for compartmentalizing
biochemistry within the cytoplasm in the context of bacteria that frequently lack membrane-
bound organelles. This review considers the broader prospect that phase separation may
play critical roles as rapid stress sensing and response mechanisms within pathogens. Itis
well established that weak multivalent interactions between disordered regions, coiled-coils,
and other structured domains can form condensates via phase separation and be regulated
by specific environmental parameters in some cases. The process of phase separation itself
acts as a responsive sensor, influenced by changes in protein concentration, posttransla-
tional modifications, temperature, salts, pH, and oxidative stresses. This environmentally
triggered phase separation can, in turn, regulate the functions of recruited biomolecules,
providing a rapid response to stressful conditions. As examples, we describe biochemical
pathways organized by condensates that are essential for cell physiology and exhibit signal-
ing features. These include proteins that organize and modify the chromosome (Dps, Hu,
SSB), regulate the decay, and modification of RNA (RNase E, Hfg, Rho, RNA polymerase),
those involved in signal transduction (PopZ, PodJ, and SpmX) and stress response (aggre-
somes and polyphosphate granules). We also summarize the potential of proteins within
pathogens to function as condensates and the potential and challenges in targeting biomo-
lecular condensates for next-generation antimicrobial therapeutics. Together, this review
illuminates the emerging significance of biomolecular condensates in microbial signaling,
stress responses, and regulation of cell physiology and provides a framework for microbiolo-
gists to consider the function of biomolecular condensates in microbial adaptation and
response to diverse environmental conditions.
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Author summary

Microbes have evolved to adapt rapidly to environmental changes, utilizing complex sig-
naling mechanisms. Among these, formation of biomolecular condensates by phase sepa-
ration has recently been identified as a potential method for bacteria, typically lacking
membrane-bound organelles, to organize their internal biochemistry. Condensates are
viscoelastic assemblies responsive to small fluctuations in the environment and function
as effective sensors and rapid response systems to environmental stresses. The review
highlights the role of phase separation in organizing essential biochemical pathways
within cells, including those managing DNA architecture, RNA modification and decay,
signal transduction, and stress responses. The discussion also extends to the potential of
targeting these protein condensates in pathogens with novel antimicrobial therapies. This
emerging understanding positions biomolecular condensates as crucial elements in
microbial signaling and adaptation, offering a new perspective for microbiological
research into the regulation of cellular responses and pathogen behavior.

Introduction

The success of microbes as symbionts and pathogens relies upon adaptive mechanisms that
allow them to sense and adapt to environmental fluctuations over short and evolutionary time
scales. Given pressures for survival and adaptation, microbes have evolved a broad range of
stress sensing and response mechanisms. The stress response in bacteria is a series of cellular
processes that are activated in response to various environmental stressors, such as changes in
temperature, pH, osmolarity, nutrient availability, and the presence of toxins. These include
sensory inputs from one- or two-component systems [1,2] and signal outputs in the form of
changes in second messenger concentrations [3,4]. One-component systems consist of a single
protein that directly functions as both the sensor and the regulator, while two-component sys-
tems are more complex and consist of 2 proteins: a sensor kinase and a response regulator.
The sensor kinase detects the environmental stimulus and autophosphorylates, transferring
the phosphate group to the response regulator. The phosphorylated response regulator then
modulates gene expression to counteract the stress (Fig 1). Both one- and two-component sys-
tems have their limitations. One-component systems are limited in sensitivity and range of
detection. Two-component systems provide greater specificity and amplification of signal and
access to signals in the periplasmic space. However, two-component systems are more com-
plex and energy-intensive, with potential issues of cross-talk among parallel two-component
systems. The issue of crosstalk may be significant without leveraging spatial organization
within a cell or a localized complex. Both systems commonly exert their control through gene
expression, motility, or proteolysis. Due to inherent limitations on the rate of gene expression,
one- and two-component systems exhibit slow regulatory changes compared to fast environ-
mental fluctuations. For fast signaling responses, bacteria exploit second messengers such as
guanosine pentaphosphate (pppGpp) and cyclic-di-GMP (cdG) as rapid response mechanisms
[5,6]. Another rapid response mechanism was observed in yeast where reversible self-assembly
of proteins under heat stress aids the cell’s adaptive response [7,8]. These reversible assemblies
form by a process called phase separation that partitions proteins and macromolecules into a
dilute and dense phase.

Phase separation can lead to the formation of membraneless organelles called biomolecular
condensates, which differ from lipid or protein-bound compartments in many ways [9,10].
Unlike lipid or protein-bound compartments where the boundary is defined by a distinct
chemical specie (such as lipid or protein), the condensate boundary is physical in nature,
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Fig 1. Comparison of signaling via two-component systems vs. biomolecular condensates. TCS (top) represents classical sensing mechanisms in
microbes whereby a membrane localized histidine kinase receives an environmental signal and transduces it via response regulators ultimately resulting in
regulation of gene expression that occurs over long time scales. Biomolecular condensates (bottom) are an attractive mechanism by which signaling
molecules such as kinases can be localized in the presence of environmental fluctuations including stress. The activity and function of localized enzymes
within fluid condensates can change rapidly in the presence of stressors. The viscoelastic properties of condensates themselves can be regulated by
environmental signals including stress that can transform condensates into solid-like arrested assemblies. Created with BioRender.com.

https://doi.org/10.1371/journal.ppat.1012413.g001

defined by a phase change [11]. A second distinction can be made based on macromolecular
transport into and out of organelles. While membrane-bound organelles often rely on active
transport systems, enrichment within condensates are then governed by diffusion and capture
mechanisms [11-13]. Further, biomolecular condensates exhibit a wide range of viscoelastic
properties, dissolution, demixing, and macromolecular exchange in response to the physico-
chemical environment [10,14-17]. The environmentally sensitive phase transitions provide
sensory capabilities that static membrane organelles lack. Finally, condensates often contain
proteins and nucleic acids with conformationally flexible regions that utilize weak, multivalent
interactions to promote self-assembly and phase separation [18]. By exploiting tunable, multi-
valent interactions, biomolecular condensate can modulate enzyme activity through mass
action, tune substrate specificity through co-localization, or inhibit enzyme functions through
the solidification of assemblies (Fig 1) [9]. Similar to rapid responses initiated by secondary
messengers, environmentally triggered phase transition provides another avenue for rapid
control of biochemical pathways.

Phase separation was initially observed in eukaryotic germ-line RNA processing granules
that continuously fuse and disassociate [14]. Notably, when subjected to shear stress, germ-
granules in a nucleolus flow, drip, and fuse as liquids. Since this groundbreaking discovery,
phase separation has been identified as a prevalent mechanism governing the organization of
macromolecules in eukaryotic cells [9]. It plays a crucial role in vital processes such as DNA
maintenance and replication (including the nucleolus and DNA damage foci) and RNA pro-
cessing and decay (such as p-bodies and stress granules) [9]. Spatiotemporal control of signal
transduction in a cell is crucial to achieving specificity in biochemical reactions that rely simply
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on diffusion and reactive collisions. Phase separation has been shown to organize multicompo-
nent networks in response to the activation of signaling proteins in immune cells. Salient
examples include the T-cell receptor phosphorylation-dependent phase transition of down-
stream signaling proteins [19] and the DNA-dependent activation of the cyclic GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING) signaling pathway [20]. It is pro-
posed that phase separation of key signaling proteins enhances their local concentration,
thereby increasing the probability of interactions and reducing the noise associated with sig-
naling reactions that mediate adaptive responses [21].

Since bacteria often lack membrane-bound organelles to separate various biological pro-
cesses, phase separation may present a ubiquitous mechanism for self-organizing biomolecules
in the bacterial cytoplasm. In line with this idea, many bacterial protein assemblies have been
proposed to be biomolecular condensates in the last 5 years [16,22-31]. Similar to their
eukaryotic counterparts, bacterial condensate-forming proteins are composed of both struc-
tured domains and intrinsically disordered regions (IDRs), and environmental parameters
control their assembly and disassembly. Owing to physical and chemical rules that govern
phase transitions, condensates can act as sensors and responders to their environment [32].
The first of these rules is the presence of a critical concentration (Cg,) above which condensate
formation takes place. In the bacterial cell, condensation of proteins and nucleic acids can be
achieved via cell cycle-dependent changes in expression and proteolysis, or environmental
fluctuations in pH or temperature, thereby shifting the equilibrium from mostly dilute mono-
meric macromolecules into a more dense phase. Once formed, condensate growth can occur
by the addition of more monomeric macromolecules or fusion events between fluid conden-
sates. Growth mechanisms of condensates are governed by molecular interactions within the
condensates that depend on posttranslational modifications, temperature, salts, pH, and oxida-
tive stresses that can act as signals. Further, the viscoelastic properties of the dense phase are
often modulated by IDRs [25,29], which has a direct impact on molecular diffusion. Coupled
with this, phase separation can result in a change in biomolecular activities and functions in
the dilute versus dense phases (Fig 2). It’s in this vein that we consider that phase separation
may represent a ubiquitous signaling strategy that can be used in sensing stress or as an adap-
tive output stress response. This review considers the broad potential of phase separation for
microbial signaling and stress response to complement the more well-studied signaling
modalities.

The relevance of condensate formation in bacteria that often lack
membrane-bound organelles

To answer whether phase separation is relevant for bacteria, it is imperative to understand the
universal nature of the physicochemical determinants of condensate formation. The intrinsic
determinants of condensate formation are multivalent biological polymers such as proteins
and nucleic acids. Unlike purely stoichiometric protein complexes composed of high-affinity
interactions, condensates rely upon a combination of multivalent structured domain interac-
tions and weak electrostatic, aromatic, or hydrophobic interactions via IDRs [9]. A distinction
can be made between the essential proteins that act as “scaffolds” to form the condensate and
the “client” or “member” proteins/nucleic acids that partition within the condensate [33]. In
addition to the condensate-forming scaffold proteins, interacting proteins can contribute to
multivalency and reduce the Cg,, for phase separation [34,35]. Owing to the ensemble of con-
formations of their components, condensate assembly and function are sensitive to extrinsic
physical and chemical parameters [36]. Key physical parameters that modulate scaffold inter-
actions within condensates are temperature, crowding, and pressure. Among chemical

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012413  August 15, 2024 4/25


https://doi.org/10.1371/journal.ppat.1012413

PLOS PATHOGENS

Changes in fluidity

*
Liquid Gel

@@ (R
® @

lava%
&
& ‘
il 2 > - @ @
—LL : &R \ 4 G
1a%ad E @ ‘ ) /ﬁg,%l:
No condensation : Condensation
Triggers and tuners
Protein-protein Inhibiti f
Stress Pressure Cell interactions ger:1ele>l(pl>cr):scs)ion
cycle
Glucose 5 .
depletion &T smotic
shock
Small H
p
mOIGCUIeS Post-translational

modifications

Fig 2. Triggers and tuners of condensates. Formation of condensates is triggered when the local concentration of macromolecules reaches a level
called Cg,. Cyy can be tuned by metabolic, thermal, or mechanical stressors. Once formed, condensates can grow by the addition of more
condensate-forming macromolecules or by fusion of fluid condensates. Condensate formation and growth is tightly regulated by a variety of
external factors such as fluctuations in pressure, temperature, pH, nutrient levels, osmolarity, and small molecule concentrations. On the other
hand, intrinsic factors such as protein—protein interactions, disruptions in gene expression, and protein posttranslational modifications are key
regulators of condensate properties and functions. Created with BioRender.com.

https://doi.org/10.1371/journal.ppat.1012413.9002

parameters, dielectric constant, pH, ionic strength, and amphiphilic molecules affect the
assembly of condensates. Additionally, a repertoire of small molecules including key metabo-
lites has been shown to modulate condensate formation and dissolution (Fig 3). For example,
ATP has been shown to be a dissolver for many condensates at physiologically relevant con-
centrations. This effect is exploited by bacterial condensates to control the activity of a member
kinase that regulates cell division [16]. Another example of metabolic regulation is seen with
the bacterial ribonucleoprotein-bodies (BR-bodies), where phosphate levels tune condensate
formation and activity of enzymes within the condensate. In addition to metabolites, aromatic
and hydrophobic molecules such as lipoic acid, cetylpyridinium chloride, and aliphatic polyols
have been shown to dissolve condensates. It remains to be seen whether microbe-relevant
small molecules such as the ubiquitous second messenger cdG or those involved in quorum
sensing such as acyl homoserine lactones (AHLs) can also act as selective modulators of bacte-
rial condensates [37,38].
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Fig 3. Small molecule-based regulation of condensate properties and function. (Top) Salient examples of condensates from the aquatic bacterium
Caulobacter crescentus that can be regulated by small molecule metabolites. SpmX is an IDP that forms polar condensates that localize the Histidine kinase
Div]. SpmX condensate formation is promoted under ATP depletion while dissolution is favored under high ATP concentrations. This ATP-dependent
feedback is in turn exploited to regulate Div] kinase activity in response to substrate availability. RNase E condensate regulates PNPase activity but is inhibited
by phosphate, which is the substrate of this enzyme. RNase E phase separation is regulated by positive feedback from one substrate (polyA) and negative
feedback from the other (phosphate). (Bottom) A repertoire of molecules that can tune condensate formation and disassembly. Lipoic acid, lipoamide,
cetylpyridinium chloride, ATP, and hexanediol have been shown to dissolve biomolecular condensates. Other molecules with similar structural features such as
antibiotics (Mitoxantrone), second messengers (cyclic di-GMP), and quorum-sensing ligands (AHLSs) can be putative modulators of bacterial condensates.

https://doi.org/10.1371/journal.ppat.1012413.9003
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Table 1. Condensates, their function and evidence for phase separation.

Dps
Hu
SSB

BR-body

Rho

PopZ

SpmX

Pod]
ABC transporter
Aggresome

Polyphosphate
granules

Stressor/signal sensed Response modulation Experimental evidence
Nutrient starvation (stationary phase) [28] | DNA compaction while allowing for In vitro reconstitution of condensates exhibiting
transcription [28] viscoelasticity and demixing [28,48]

Oxidative and pH damage [49] Modulates nucleoid compaction [49] In vitro reconstitution of condensates—viscoelasticity
and demixing [48]

DNA damage [55] DNA repair [55] In vitro reconstitution, dissolution, viscoelasticity
[56]

Stresses leading to increased RNA in the Regulation of RNA degradation [22] Fusion of clusters, RNA-dependent cluster size

cell, ethanol, heat shock [22], phosphate observed via super-resolution microscopy [22,58]

[65]

Nutrient starvation [66] Transcription [66] Cryo-ET with domain mutants, in vitro

reconstitution [66]

Nutrient starvation, cell cycle-dependent | Chromosome segregation, phosphosignaling | Cryo-ET observation of membraneless boundary,

localization [13,16,72]

ATP depletion [16]

[26,72] demixing, fusion, single-molecule studies of diffusion
[13,26,72,78]
Kinase activity modulation [16,80] Cryo-ET and live cell observation of demixing.

Single-molecule studies of diffusion with domain
mutants [16,78]

Cell cycle-dependent expression and Periodic phosphatase localization and activity | Client localization by phase separating domains in

proteolysis [88,89]

modulation as a cell-cycle checkpoint [31,90] | vivo, Interfacial demixing in vitro [31,90]

Cell cycle-dependent phosphorylation [24] | Phosphorylation-dependent assembly of the | Fusion of foci in a heterologous expression system

transporter [24] [24]
ATP depletion [94] Recovery from dormancy [94] Fusion of foci in live cells [95]
Nitrogen starvation, MgCl, fluctuation Cell cycle exit under starvation [114] Cryo-EM, transmission electron microscopy
[101,105,114] [114,125]

Evidence considered: Observation of membraneless boundary, fusion of clusters in vivo, demixing, measurements of diffusion or viscoelasticity on domain mutants,

phase separation response to relevant fluctuations in vivo and in vitro.

https://doi.org/10.1371/journal.ppat.1012413.t001

In the cellular context, protein modifications add a key regulatory layer in condensates as
they can change the context of multivalent interactions, thereby modulating client partition-
ing, scaffold assembly, and dissolution [39]. Together, the combined effect of intrinsic and
extrinsic parameters enables condensates to exhibit a spectrum of shapes (spheres, fibers,
amorphous solids) [40], viscoelastic properties (fluid, gel, solid) [41], and functions (signal
activation, inhibition, buffering) [9]. Both extrinsic and intrinsic regulators of condensate for-
mation are present across all kingdoms of life. Therefore, condensate formation could repre-
sent a general mechanism for stress adaptation. This argument has been supported by the
many observations of bacterial proteins that form phase-separated, viscoelastic condensates in
vitro [16,22-25,27-31,41]. However, the evidence for the mechanisms underlying condensate
assembly, modulation of material properties, and their function is still limited for bacteria due
to technical limitations in experimental strategies to assess condensate formation in bacteria
[42]. In this direction, application of the recently proposed experimental framework to assess
the formation and emergent properties of phase-separating proteins in bacteria [43] will be
critical for exploiting the sensing and response mechanisms of condensates in microbiology.
Nevertheless, the repertoire of proposed bacterial condensates grows, with several examples
from host-bacterial systems that could be promising avenues for antimicrobial therapeutics,
provided a connection between condensate formation, function, and cell fitness can be estab-
lished [33,44]. We summarize the condensates reviewed in Table 1, highlighting the stress sig-
nal they respond to, and the primary evidence for phase separation. In the next section, we
highlight selected systems in microbes where connections between condensate formation and
their function in vivo are alluded to.
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Phase separation as an adaptive response for nucleoid protection
during stress

The nucleoid, which is dynamic, organized, and compact, changes as cells grow, divide, and
become dormant. The nucleoid must be accessible for DNA replication, chromosome segrega-
tion, and gene transcription. While the nucleoid itself was observed to form a phase-separated
system within the bacterial cytoplasm [45], recent studies have provided some evidence that
nucleoid-associated proteins and DNA repair pathways can form biomolecular condensates to
promote genome organization across evolution [46]. This phase separation organizes large
stretches of DNA into a condensate state. This state of nucleoprotein material provides stress
protection from nucleases, reactive oxygen species, and UV damage. Notably, the weak inter-
actions within these liquid-like materials may enable the diffusion of transcriptional machin-
ery and access to DNA-binding sites, facilitating gene regulation. In contrast, more solid-like
compaction strategies may impede transcription. Together, the spectrum of material proper-
ties exhibited by nucleoprotein condensates offers the potential for fast adaptive responses to
nutrient deprivation, oxidative stress, and posttranslational modifications, influencing nucle-
oid properties. This review focuses on 3 nucleoid-associated condensates (Dps, Hu) and the
DNA repair complexes (SSB).

Dps condensates compact chromosomes while allowing transcription
machinery access

Under nutritional stress posed by the stationary phase, the Escherichia coli genome undergoes
compaction by expression of Dps (DNA protection during starvation). Studies by Meyer and
colleagues made the earliest assertion of a bacteria forming biomolecular condensates [28].
The foundation of this model was observations from in vitro single-molecule magnetic twee-
zers that showed a condensed phase of DNA upon Dps binding [28]. A previous study by the
same authors demonstrated in vitro that DNA compaction was persistent over long time scales
despite the dynamic binding and unbinding of Dps protein. However, phase separation was
not invoked as a mechanism then [47]. Recent in vitro studies have also observed liquid-like
Dps-DNA condensates [48]. However, whether or how the material properties of Dps-DNA
assemblies impact their function in vivo remains unanswered. A hint for this function comes
from Meyer and colleagues, who demonstrated that transcription is not blocked despite chro-
mosome compaction by Dps [28]. The study demonstrates that phase separation may provide
an elegant solution of high DNA compaction coupled with unperturbed access for transcrip-
tion, which would be essential for microbes to exit starvation conditions when more favorable
growth persists [28].

Hu condensates protect the chromosome from stress and respond to
phage-produced proteins

A second major nucleoid-associated protein is the Hu (heat unstable) protein, which binds
nonspecifically to DNA, albeit with some preference for ds-DNA break repair sites and AT-
rich regions. In Helicobacter pylori, Hu protects the nucleoid from oxidative and pH damage
[49]. In vivo, super-resolution imaging of Hu-eYFP in C. crescentus and E. coli observed largely
diffuse signals with sub-diffraction clusters of approximately 150 nm appearing in pre-divi-
sional cells [50,51]. Past experiments have shown that Hu impact upon compaction may be
highly responsive to posttranslational modification interaction with other proteins or small
molecules. For example, Hu-DNA interactions in Mycobacterium tuberculosis is regulated by a
posttranslational lysine acetylation that decreases DNA binding and genome compaction [52].
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Bacteriophage proteins may also regulate the functions of Hu; for example, the phage protein
Gp46 forms a complex with Hu and prevents DNA binding [53]. Recent in vitro studies have
shown that Hu forms condensates with DNA and exhibit demixing [48]. Future studies, pref-
erably following Moerner and colleagues’ high-resolution approaches [50,54], will be needed
to demonstrate how posttranslational modifications and phage-associated proteins impact Hu
phase separation in vivo and in vitro. Such studies could provide evidence that genome com-
paction mediated by phase separation is an adaptation to stress exposure.

SSB condensates coordinate the functions of DNA repair

The integrity of the chromosomal DNA of a bacterium in the host’s harsh environment
depends on robust repair mechanisms. Single-stranded DNA binding proteins (SSBs) bind to
exposed single-stranded DNA (ssDNA) regions, preventing them from reannealing while miti-
gating ssDNA degradation and damage. Super-resolution imaging of E. coli via structured illu-
mination microscopy showed that SSB localized as foci associated with the inner membrane
while biochemical assays revealed low micromolar affinity for phosphatidylglycerol. Upon
induction of DNA damage induced by mitomycin C, SSB localizes as foci within the nucleoid
[55]. In vitro studies demonstrated SSB phase separation at concentrations similar to endoge-
nous levels, where the ratio of SSB to ssDNA regulates the formation and dissolution of SSB
condensates [56]. From these studies, the authors propose that SSB serves as a scaffold for
DNA repair enzymes that are subsequently deployed when exposed to high levels of ssDNA
substrates. Among outstanding questions is how phase separation affects the partitioning of
SSB from the lipid-rich membrane to a DNA-bound state in vivo. Studies of DNA repair con-
densates across domains of life have shown varying material properties [57]. Understanding
the relationships between in vivo material properties of DNA repair condensates and the func-
tions of DNA repair will be a critical area of future research and could represent an untapped
antimicrobial strategy.

The RNA degradosome is a biomolecular condensate

In eukaryotic cell biology, biomolecular condensates are involved in diverse RNA biochemical
processes, including processing, splicing, degradation, and ribosome biogenesis. Biomolecular
condensates provide strategies to store and release RNAs in response to changing environmen-
tal conditions controlling critical gene expression programs. In bacteria, biomolecular conden-
sates have been implicated in RNA decay and transcription termination.

The endoribonuclease RNase E had several features suggesting it could be a bacterial bio-
molecular condensate. First, C. crescentus RNase E functions as a degradosome scaffold by
recruiting the exoribonucleases PNPase and RNase D, the helicase RhIB, and the TCA cycle
metabolic enzyme aconitase thereby mimicking some of the same functions as eukaryotic p-
bodies and stress granules [22,58]. Second, RNase E is composed of a long C-terminal IDR
enriched in acidic and basic residues [59]. Interestingly, while the primary sequence is non-
conserved, a polyampholyte-charged block patterning was observed between different RNase
E orthologs across bacterial species. This was reminiscent of multi-block copolymer designs in
polymer chemistry [60]. Finally, past cell biology studies have shown that RNase E forms foci
in cells [61]. These features provided the foundation to consider RNase E in a bacterial biomo-
lecular condensate framework.

Early experimental support for this idea came from live cell single-molecule tracking exper-
iments where RNase E molecules exhibited slow and fast diffusing populations. Confined
RNase E molecules diffused almost 2 orders of magnitude slower than the mobile population
[62]. A second key piece of evidence came from time-lapse imaging of RNase E- YFP imaging
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at endogenous expression levels that showed rapid fusion of short-lived foci in living cells. The
presence of RNA substrates stimulates the formation of RNase E condensates. At the same
time, depletion of RNAs from cells by treatment with the RNA polymerase inhibitor rifampi-
cin led to a decrease in RNase E cluster size, suggestive of reversibility [62]. A third key in vitro
study showed that RNase E’s C-terminal IDR phase separated as biomolecular condensates
dependent upon protein concentration and salt levels, supporting the observation that foci for-
mation in the cell is dependent upon the C-terminal IDR.

In addition, Hfq assemblies, termed H-bodies, can also form independent of RNase E in the
absence of RNAs. Single-molecule tracking revealed confined diffusion of Hfq monomers
within these assemblies [63]. Condensation of HfQ within the cytoplasm and at the cell poles
is crucial for their function as RNA chaperones under stress induced by high osmolarity or sta-
tionary phase [64]. These findings indicate that the composition of ribonucleoproteins can be
highly variable, which may imply diverse cell functions, particularly under stress conditions.

BR-bodies co-localize multi-step RNA decay and prevent the build-up of
toxic RNA intermediates

Differential centrifugation can also separate biomolecular condensates from other proteins in
a lysate. Using this strategy, it was demonstrated that BR-bodies were selectively permeable to
long and unstructured RNAs and excluded structured RNAs such as tRNAs and rRNAs [58].
Within BR-bodies, the degradosome enzymes work together in a two-step process to break
down RNAs. Many RNAs are largely unstructured but can contain some RNA secondary hair-
pins that limit the exoribonuclease activity of PNPase. So, in many cases, RNase E makes the
first rate-limiting cut, which generates RNA intermediates that can serve as better substrates
for the downstream PNPase enzyme. Strains lacking RNase E’s C-terminal IDR showed an
increase in observable RNA decay intermediates that are typically not observable in strains
with full-length RNase E. This suggests that one of the primary functions of RNase E is the
colocalization of RNase E, PNPase, and RNA intermediates to limit the half-life of RNA decay
intermediates and prevent any toxicity they may introduce. A comparison of 4 transcripts by
qRT-PCR revealed that RNase E variants that could phase separate had shorter RNA half-lives
in the 0.51 to 0.81 min range than the N-terminal domain that could not phase separate with
half-lives of 1.5 to 2.7 min [58]. In vitro studies show that phase separation also accelerates the
activity of PNPase about 3.4-fold compared to the PNPase in the dilute state [65]. This suggests
the phase-separated environment accelerates RNA decay in vivo and in vitro. More broadly,
BR-bodies highlight an example where biomolecular condensates can play critical roles in
multi-enzyme cascades to tightly control the half-life of intermediates to avoid toxicity. Prelim-
inary studies also suggest BR-bodies may be responsive to multiple stresses. For example, in
5% ethanol stress BR-body number and intensity increase. Moreover, RNase E’s C-terminal
domain, that is critical for phase separation, is also critical for high fitness when cells are
exposed to 5% ethanol stress [58,65]. These observations provide initial support for BR-bodies
in ethanol stress response. Therefore, an exciting research avenue will be to study how these
stresses modulate the material properties and functions of BR-bodies.

An IDR within Rho is required for colonization by a gut microbe under
nutrient scarcity

Nutrient-dependent phase separation is emerging as a common theme. Another possible area
of RNA regulation by phase separation is transcriptional termination regulated by Rho. Colo-
nization of the murine gut by the B. thetaiotaomicron (Bt) depends upon a ~300 amino acid

N-terminal IDR of Rho, which is required for phase separation in vitro and cluster formation
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in vivo. This IDR is unique in BtRho and absent in other commonly studied Rho homologs. In
vitro studies demonstrated an IDR and RNA-dependent phase separation [66]. Low RNA to
Rho ratios stimulate Rho phase separation in vitro, whereas high RNA to Rho ratios lead to the
dissolution of Rho condensates. While these results present interesting hypotheses about the
role of Rho phase separation in B. thetaiotaomicron, the in vivo evidence must be considered
critically. For example, fewer clusters were observed via diffraction-limited microscopy of
immunostained B. thetaiotaomicron expressing Rho without its IDR compared to full-length,
WT Rho, which is interpreted as a proxy for phase separation. An increase in the number of
clusters is observed when the cells are starved of glucose, and treatment with the compound
1,6-hexanediol decreases the number of observed clusters independent of glucose levels. Cryo-
electron tomography (Cryo-ET) data is also presented to support the idea that WT Rho forms
clusters in bacteria harvested from the mice gut, unlike the mutant lacking the IDR, where no
clusters were observed.

Given that immunofluorescence shows a relative decrease in clusters in the same strains,
alternative interpretations of the cryo-ET data must be considered. Further, use of compounds
such as 1,6-hexanediol could affect the membrane permeability and DNA organization,
thereby necessitating the reconsideration of these results carefully [16,67,68]. Despite limited
evidence for in vivo phase separation, this study demonstrates the importance of the IDR for
gene expression and fitness during nutrient starvation. Given that the Rho-IDR is not found in
pathogens such as E. coli, it is unclear whether bacteria universally utilize this domain during
host colonization. Similarly, the C. crescentus Rho contains only a short 19 residue IDR. A C.
crescentus BR-body client proteomic study identified Rho as a BR-body client, and observed
Rho was incapable of forming a biomolecular condensates independent of RNase E [69,70].
Future studies will be needed to solidify the in vivo evidence for phase separation and discern
its unique context-dependent advantages for Rho for the mammalian gut microbiome versus
other biochemical strategies used for transcription termination.

Condensates and signaling proteins are logically wired as a stress
response mechanism

Biomolecular condensates are also intertwined with the process of signal transduction. We will
discuss examples of PopZ, Pod], and SpmX proteins that show condensate regulation of signal-
ing enzyme localization and activity. Uniquely, the sensitivity of condensate material proper-
ties to stresses acts as an upstream sensory element for two-component systems that
commonly sit at the start of signaling cascades. In comparison, studies of Mycobacterium
tuberculosis (Mtb) ABC transporter Rv1747 demonstrate phosphorylation-dependent regula-
tion of condensate formation. These examples suggest condensates can be involved as sensors
or internal components within signaling cascades.

A polar signaling hub modulates client diffusion

Polar localization of proteins by diffusion and capture is a hallmark of bacterial cells. In many
cases, the captured proteins can localize to the poles via curvature sensing or nucleoid exclu-
sion [13,71-73]. One of the best-studied cases of polar localization due to phase separation is
the pole-organizing protein (PopZ) in Caulobacter crescentus [13,72]. Asymmetric cell division
of the alphaproteobacteria C. crescentus and its cattle pathogen homolog Brucella abortus rely
on 2 compositionally distinct polar condensates that PopZ organizes [74,75]. As the name
implies, PopZ is crucial in scaffolding over a dozen cell cycle-associated clients at 2 distinct cell
poles [75]. One of its earliest functions identified was to tether the nucleoid-binding protein
ParB to the cell poles after chromosome segregation [13,72,76,77]. PopZ’s polar foci formation
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mechanism was shown to occur by nucleoid occlusion well before the emergence of the bio-
molecular condensate field [72]. The earliest cryo-ET images of overexpressed PopZ show that
the PopZ condensates form a distinct zone with a membraneless boundary that excludes ribo-
somes [72,77]. Evidence for PopZ phase separation is further strengthened by observations of
fusion and viscoelastic properties when expressed heterologously in yeast and mammalian
cells [25,72].

While the earliest evidence of PopZ exhibiting a confined polar population was observed by
single protein tracking, more recent super-resolution microscopy experiments showed PopZ
to form a distinct cell pole localized zone [13,16,26,76]. These observations have been substan-
tiated via recent development in correlative electron tomography and single-molecule micros-
copy at cryogenic temperatures [78]. Modest fluorescent recovery after photobleaching
(FRAP) demonstrated that PopZ assemblies were more fluid than the solid-like IcsA assem-
blies but less fluid than its client protein CckA and diffuse GFP [75]. Single-molecule tracking
experiments showed that PopZ was significantly immobilized at the cell pole, and phospho-
signaling client protein diffusion slowed within the PopZ condensate [13,26]. Interestingly,
non-client proteins such as eYFP and fPIF-eYFP diffused through the cytoplasm but were
excluded from the PopZ condensates [26]. Experiments exploiting in vitro reconstitution and
heterologous expression in mammalian cells further support the idea that PopZ alone is a scaf-
fold and can form liquid-like droplets [16,25]. Thus, ample evidence exists that PopZ forms a
membraneless organelle that regulates signaling pathways and chromosome tethering.

Compositional diversification of these 2 condensates is achieved by 2 accessory scaffolds:
Pod] and SpmX [79,80]. At the new cell pole, Pod] organizes a chemical environment at the
new cell pole that activates CckA kinase activity. A second scaffold, SpmX, resides at the old
cell pole and facilitates a chemical environment that represses CckA signaling activity. Here,
we consider what is known about the phase properties of Pod] and SpmX and how they exert
control over the signaling chemistry in each condensate.

SpmX provides ATP-dependent kinase signaling to ward off nutritional
stress

During differentiation of C. crescentus from a planktonic to a sessile state, a membrane local-
ized intrinsically disordered protein (IDP) called SpmX localizes to the PopZ condensate [80].
SpmX directly interacts with the histidine kinase Div] that is required for the division of the
differentiated cell [80,81]. SpmX has been shown to form oligomeric assemblies that require
coordination between its lysozyme homology domain and its IDR [82]. In vitro reconstitution
and super-resolution microscopy support the idea that SpmX forms a biomolecular conden-
sate at the cell pole [16]. To explore the relationship between SpmX and PopZ condensates,
correlative cryo-ET with single-molecule imaging was applied to reveal that SpmX and PopZ
formed demixed condensates at the cell pole, a seminal observation that was also verified via in
vitro reconstitution and live cell super-resolution microscopy [16,78].

SpmX is an evolutionarily conserved developmental factor in alphaproteobacteria and its
function has been tied to the positioning of the stalk, a polar appendage crucial for nutrient
acquisition [83,84]. While these were the first studies highlighting the hypervariability of a bac-
terial IDR during evolution, the function this unstructured domain remained unclear.
SpmX-IDR was shown to interact with the Div]J kinase in vitro [82]. Interestingly, SpmX con-
densates exhibited a response to physiological levels of ATP, which has been suggested as a
functional link to modulation of DivJ kinase activity. ATP is a substrate for kinases and has
been shown to solubilize stress-responsive condensates in eukaryotes by a mechanism that is
not fully understood [85,86]. Low ATP levels promote SpmX condensation, increasing Div]’s
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local concentration and kinase activity while high levels of ATP dissolve SpmX condensates
[16]. In line with these experiments, the SpmX-IDR is dispensable in nutrient-rich conditions
but critical for Div] regulation under nutrient-poor conditions in live cells [16]. ATP’s role in
promoting condensate dissolution is likely a general mechanism for the delocalization of
enzymes that are clients of condensates, as is evident from studies of circadian cycle-connected
protein assemblies in Cyanobacteria [87].

Pod] condensates provide an intermediate cell-cycle checkpoint for spatial
control of signaling

Pod] provides an example of a condensate that is wired as an intermediate part in the cell-
cycle pathway of C. crescentus. As opposed to responding to external stress signals, Pod] is
expressed and proteolyzed in each cell cycle [79,88,89]. In this manner, Pod] biomolecular
condensate formation and dissolution act as a key checkpoint. Pod] has been shown to accu-
mulate as a foci in C. crescentus strains that lack the PopZ scaffold, indicating that Pod] can
form cell pole-associated foci without the assistance of PopZ. In vivo FRAP studies of overex-
pressed Pod] have shown rapid recovery of Pod] within 30 s. Notably, 50% of the population is
immobile, which is a proxy for the degree of protein localization within the condensate [31].
Further demonstration of PodJ’s condensate properties in vivo has been limited by its interac-
tion with the PopZ scaffold, which also supports its polar localization. In vitro studies of Pod]
have shown that the N-terminal region composed of an IDR and a coiled-coil oligomerization
domain also forms liquid-like condensates [31,90]. Pod] recruits one of its major clients, the
bifunctional histidine kinase PleC, through interactions with its PAS sensory domain. In vitro,
studies indicated that this Pod]-PleC interaction leads to robust repression of PleC kinase
activity. Thus, PodJ condenses and mediates the localization of PleC and simultaneously
represses PleC’s signaling functions. This coupling of allostery and recruitment provides a
strategy for spatial regulation of enzyme function.

Current examples of condensate regulation by two-component systems have been linked to
asymmetric cell division and cell polarity. The PodJ and SpmX studies highlight conceptual
links between phase separation and the stimulation of histidine kinase signaling. These studies
highlight the potential that two-component systems may leverage the phase separation process
to sense an array of cellular stresses. Moreover, it raises critical questions about how phase sep-
aration regulates other steps of bacterial signaling. For example, do condensate environments
impact phosphotransfer specificity through the selective recruitment of select response regula-
tors and exclusion of other response regulators? Moreover, it’s unknown if other major types
of bacterial signaling are impacted by phase separation. For example, it’s been speculated that
localized c-di-GMP is prevalent in bacteria, and biomolecular condensate may provide a
mechanism to regulate localized pools of c-di-GMP or other secondary messengers [91,92].

Phosphosignaling regulates ABC transporter condensates in
Mycobacterium tuberculosis

The Mycobacterium turberculosis (Mtb) ABC transporter Rv1747 interacts with the universal
stress protein Rv2623 and is significant for Mtb’s growth and virulence in hosts [93]. Rv1747 is
one of the best-studied systems within a pathogen where phase separation is tuned by post-
translational modifications [24]. The cytoplasmic regulatory module of Rv1747 which consists
of 2 phosphothreonine-binding domains connected by an IDR. It was shown that upon phos-
phorylation, this domain can form liquid-like condensates that are reversible and responsive
to environmental changes. Both phosphorylation and dephosphorylation processes regulate
the phase separation of Rv1747, mediated by a specific serine/threonine kinase and a
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phosphatase in Mtb. This regulation affects the clustering and activity of the transporter
within the mycobacterial membrane. Experimentation in live cells and supported lipid
bilayers revealed clustering of the Rv1747 regulatory module, suggesting that self-assembly
of this protein also occurs in more complex and biologically relevant environments. It’s
been proposed that phase separation mediated clustering of the ABC transporter could
increase transport efficiency due to allosteric activity regulation, amplify signals by selec-
tively filtering substrates, and form scaffolded complexes with cell wall biosynthesis path-
ways. These results can be further strengthened by future experiments and analyses of
Rv1747 clustering profiles and co-localization analyses of the interacting kinases and phos-
phatases. Regardless, this work implicates phase separation as a fundamental mechanism
for the spatial and temporal regulation of protein function in a pathogen, particularly in
response to environmental stresses. Future studies could use the lack of clustering as a selec-
tion criterion for ABC transporter inhibitors and this mechanism could potentially be tar-
geted for developing new antimicrobial strategies.

Formation of aggresomes and polyphosphate granule
condensates as an output stress response

When exposed to various stresses, bacterial cells leverage biomolecular condensates as survival
strategies. Nutrient deprivation stimulates the formation of polyphosphate granules, whereas
exposure to antibiotic or heat stresses can trigger the formation of aggresomes. Here, we con-
sider these structures in the framework of biomolecular condensates.

Aggresome formation during stationary phase as a reversible stress
response strategy

A significant strategy utilized by cells to avoid antibiotic stress is to go into a dormant growth
state. The degree of dormancy depends upon the formation of protein aggregates that, by
white light microscopy, appear as dark foci, termed aggresomes. These aggresomes accumulate
insoluble proteins including HslU, Kbl, and AcnB under extended stationary phase, heat
shock, and antibiotic treatment. Similar to other bacterial condensates, ATP depletion from
cells accelerates the formation of aggresomes and exit from the dormant state requires the
aggresome’s dissolution, mediated by the heat shock ATPases DnaK and ClpB [16,87,94]. A
follow-up study explored the possibility of phase separation as a mechanism behind formation
of aggresomes [95]. In vivo, single-molecule tracking of HsIU-EGFP observed diffusion con-
stants (D) that range from 0.19 to 0.32 um?/s, exhibiting slower diffusion in stationary phase.
Timelapse experiments also observed the fusion of aggresomes over 4 min, suggesting that the
assembly may have gel-like properties, although the lack of other diffusion regimes was not
explored which makes it challenging to assess the meaning behind these material states [95].
Proteomic studies have identified many of the insoluble proteins in cells, and challenges
remain if proteins play clear roles as clients and scaffolds within the aggresomes. Studies in the
alphaproteobacteria also show stress-induced aggregates, consistent with aggresomes, that are
dissolvable by the functions of DnaK and ClpB [96]. In yeast, work from Drummond and col-
leagues has demonstrated that acute heat stresses lead to the formation of poly(A)-binding
protein (Pabl) condensates, which require ATP-dependent chaperones for dispersal [7,32,97].
Moving forward, the biophysical mechanisms underpinning aggresome phase separation and
whether ATP can directly dissolve aggresome formation will be crucial to exploit their effects
on dormancy depth for antimicrobial strategies [98].
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Polyphosphate granules as survival strategy under nutritional stress

Polyphosphate (PolyP) is a widely conserved, energy-rich, anionic polymer critical for bacte-
rial virulence and host responses such as blood clotting and amyloidogenesis [99,100]. Its wide
conservation can be attributed to its stability across various temperatures, pH, and redox con-
ditions [101]. In the bacterial cell, polyphosphate exists as a polymer of tens to hundreds of
phosphate residues linked by “high-energy” phosphoanhydride bonds. Polyphosphate gran-
ules were first identified in 1888 in Saccharomyces cerevisiae cells [102]. PolyP is visible as a
spherical structure reminiscent of condensed droplets in the bacterial cytoplasm, even in the
early days of electron microscopy [103,104]. PolyP serves as a storage granule in bacteria that
facilitates survival under nutritional stress [101,105,106]. The primary enzyme responsible for
the synthesis of PolyP in bacteria is polyphosphate kinase, which catalyzes the transfer of the
terminal phosphate of ATP to the growing polyphosphate chain [107,108]. PolyP utilization is
carried out by the exopolyphosphatase enzyme that binds to the end of a polyP chain and
cleaves the bond between the last 2 phosphate groups in the chain, releasing 1 phosphate mole-
cule at a time [109,110].

Unlike protein-based condensates, polyP granules potentially function as a system where
the polymer product acts as the scaffold. This concept is supported by the reconstitution of
PolyP using cations and positively charged peptides, which leads to the formation of hetero-
typic coacervates [111]. PolyP is potentially involved in DNA condensation in Pseudomonas
aeruginosa and the cyanobacteria Synechococcus elongatus [101,112]. Additionally, PolyP has
been shown to exhibit bipolar localization in Corynebacterum glutamicum, which is enhanced
under high concentrations of MgCl,, but not due to changes in PolyP regulating gene expres-
sion levels [113]. The strongest evidence that PolyP is a condensate comes from live cell fluo-
rescence and electron microscopy observations of the biogenesis as a function of the cell cycle
in P. aeruginosa [114]. PolyP granules reduce in their abundance but grow in their size during
the cell cycle, likely by fusion. During these stages, the granules maintain a spherical shape.
The observation of spherical structures combined with the metabolic response of PolyP
strengthens the claim that this ancient structure is a condensate in vivo [113,114]. PolyP has
also been shown to form a three-component condensate with AT-rich DNA and the RNA
chaperone protein HfQ in vitro [115]. This observation supports previous electron microscopy
data from Murata and colleagues, and has been suggested to contribute to bacterial hetero-
chromatin formation aided by polyP and HfQ. However, chromatin-bound or phase-sepa-
rated Hfq has not been observed in vivo even using super-resolution microscopy. Future
studies should focus on the role of polyP phase separation in virulence and its co-condensation
with DNA or RNA-binding proteins. Another interesting question that remains to be
answered is whether PolyP can mediate the partitioning of proteins like HfQ between DNA
and RNA-dependent roles.

The untapped potential of intrinsically disordered proteins in
microbes

Studies over the last several years have highlighted over a dozen proteins as condensates in
bacteria, raising the question of their breadth and importance for pathogens. Condensates are
viscoelastic structures, where interactions between multivalent structured domains control
their assembly while IDRs control condensate fluidity [25,29]. Using the presence of IDRs as a
proxy for viscoelasticity tuning modules prevalent within condensates, we analyzed IDPs in
the proteomes of the ESKAPE pathogens to infer the potential of condensates as antibiotic tar-
gets (Figs 4 and S1 and Table 1). For all but 1 pathogen, P. aeruginosa, we identified approxi-
mately 70 to 100 IDPs across proteomes spanning approximately 2,600 to 5,000 proteins.
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Based on our search criteria, the Pseudomonas aeruginosa proteome of over 5,800 has 144
IDPs. Compared to the total number of different types of proteins in these organisms, IDPs
represent about 3.5% of the proteome. In comparison, about 23% of proteins within the sin-
gle-cell eukaryote S. cerevesiae contain IDRs longer than 50 amino acids. This is consistent
with past suggestions that the substantial increase in the abundance of IDPs in a proteome
could be correlated with organismal complexity [116-118].

Given that IDPs can self-organize under environmental fluctuations, it could be argued that
the more fluctuations an organism experiences in their evolutionary environment, the more
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utility IDP-mediated pathways could provide. In line with this idea, we observe that pathogens
that must adapt to diverse external and host environments have proteomes composed of about
2% to 3% IDRs longer than 50 amino acids. For obligate intracellular bacteria capable of
switching between hosts, we observe that despite a dramatic reduction in proteome size, the
proportion of IDPs is not significantly reduced. In endosymbionts such as Wolbachia, we
observed a dramatic reduction in proteome size yet, approximately 2% of the proteins consti-
tuting IDRs longer than 50 residues. This indicates that structured proteins are lost at approxi-
mately the same rate as unstructured proteins. Based on these observations, we posit that IDPs
may have a crucial role in opportunistic pathogens that need to adapt to a variety of host envi-
ronments. However, given the conservation of IDRs within bacteria with more minimal
streamlined genomes, this suggests bacterial IDRs may play fundamental roles in how cells
grow and divide, and likely, a substantial subset could be involved in phase separation.

A framework for considering IDR sequences is in the light of evolution. While evolutionary
analysis can be routinely applied to structured proteins, it is difficult to apply them to IDRs
because of a lack of sequence and secondary structure conservation. In this direction, new
methods have been developed to analyze sequence patterns and their variability across evolu-
tion. These analyses set the stage for evo-devo-based studies that include IDPs in bacteria and
can also be extended to the evolution of an IDP virulent factor under selection pressures
applied by the host. As a first step in this direction, IDR sequences can be categorized into clas-
ses based on the fractions of positively charged (f+) and negatively charged (f-) residues, in
addition to net charge per residue [119,120]. Our analyses show that most disordered
sequences from ESKAPE pathogens occupy the region of weak poly-ionic species and could
exhibit a high degree of context-dependent biophysical characteristics. This could have impor-
tant consequences in the search for compounds to target condensate formation. For example,
metabolite mimics that exhibit separated charges could be used to selectively dissolve ionic
condensates while not affecting bona fide metabolite-binding proteins.

Outlook

Biomolecular condensates are now known regulators of many essential processes within bacte-
ria, including pathogens. For example, Hu, RNase E, and ParB are 3 examples of condensate-
forming proteins considered antibiotic targets. These assemblies present fundamentally new
antibiotic target strategies with significant challenges that typical drug receptor targets do not
face. Small molecules could function by dissolving condensates that organize and regulate bio-
chemical pathways. This mode presents substantial challenges as small molecules must disrupt
several multivalent protein-protein and protein-nucleic acids “sticker” interactions. Dissolu-
tion of condensates by ATP and hexanediol provides a viewpoint of broad-spectrum conden-
sate dissolving approaches, but these mechanisms require significant improvements in
potency and specificity. Disruption of phase separation may be approachable if single protein-
protein or protein—-nucleic interactions regulate the degree of multivalency. For example,
given the importance of Hu functions for cell viability and survival, some progress has been
made in developing small molecule inhibitors and potential antibiotic properties. Structure-
based inhibitors that disrupt the Hu-DNA interaction have been shown to disrupt chromo-
some compaction in M. tuberculosis, highlighting Hu as a possible antibiotic target [121]. Sec-
ondly, small molecules could function as inhibitors that rewire the composition of
condensates by disrupting an essential client protein’s accumulation within condensates. This
requires the design of small molecules or peptides that compete with client-scaffold protein—
protein interactions. Finally, a third broad mechanism is molecules that function as molecular
glues, which harden and severely limit diffusion within condensates. That would involve the
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design of small molecules that mediate new sticker interactions or new scaffold—client interac-
tions that alter the material properties of condensates. For example, there has been a success in
designing small molecules that harden virus-induced inclusion body condensates that serve as
sites of virus replication [122]. In this direction, much remains to be gained by utilizing
machine learning-based approaches that have been applied in eukaryotic systems and in anti-
biotic discovery for targeting specific bacterial condensates [123,124]. This would open up ave-
nues of targeting pathogens by physicochemical disruption of condensates, an area that
remains promising for fighting the pervading problem of antimicrobial resistance.

By acting as sensors, biomolecular condensates contribute to cellular signaling, gene expres-
sion regulation, and stress response pathways. Biomolecular condensates can serve as the most
upstream components of signaling pathways by sensing variations in environmental factors,
such as temperature, nutrients, pH, or internal metabolites. Their ability to rapidly form, dis-
solve, and selectively concentrate specific pathways allows cells to fine-tune their responses
quickly and cooperatively to internal and external cues. For example, ATP may be a general
disaggregase for condensates highlighted by ATP’s dissolution effect on SpmX condensates.
Biomolecular condensates can also serve as intermediates in signaling pathways detecting
intracellular signaling events through response to posttranslational modifications that stimu-
late or dissolve condensates. For example, ABC transporter condensates are regulated by phos-
phorylation, and Pod] condensates are regulated by expression and proteolysis. Finally,
biomolecular condensates can mediate output responses by forming phosphate granules that
allow cells to adapt to low nutrients or initiate dormant states in response to antibiotic stress
with aggresomes. This sensing potential of condensates warrants their cautious investigation
to understand how microbes have fully leveraged the phase separation phenomena.

Supporting information

S1 Fig. Bar plots showing Gene Ontology (GO) term analyses of IDPs from ESKAPE path-
ogens. The numbers above each bar represent the total number of IDPs that were included in
the analyses. Each IDP’s GO term annotation was obtained from Uniprot. GO term categories
that occupied less than 2% in all species are excluded from the graph.

(PDF)

S1 Table. Abundance of IDPs in pathogens, free-living and endosymbiotic microbes.
(PDF)

S1 Files. Proteome files, codes, and spreadsheets utilized for analyses and making S1 Fig
and S1 Table are included as a compressed file with the publisher. They can also be down-
loaded from a Github repository (https://github.com/saurabhLabNYU/BacterialIDPAnalysis).
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